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Introduction

1. Introduction

1.1 Hydrogels
Hydrogels could be defined as semi-solid pharmaceutical preparations where the dispersed
phase, of colloidal size, creates a three-dimensional network that retains the aqueous liquid
dispersing phase. The dispersed phase can be either inorganic or organic, but it must be
capable of establishing intermolecular bonds with other particles or macromolecules within
the dispersed phase, creating a three-dimensional network that can incorporate water,
thereby forming a high-viscosity system[1,2].
However, most hydrogels are based on three-dimensional hydrophilic polymer networks that
contain water or aqueous media, such as physiological fluids[3,4].
Thanks to their interesting properties and high versatility, hydrogels are, today, exploited in
various fields: they are particularly well-suited for applications in tissue engineering and
regenerative medicine[5-9], as carriers for drug delivery[10-13], as sensors and
actuators[14,15], in wearable electronics[16], in catalysis[17], for solar water

purification[ 18] and as supercapacitors[3,19].

1.2 Hydrogels for biomedical applications
Hydrogels have been explored and used in various biomedical applications thanks to their
advantageous physicochemical, biological, and structural properties. In detail, they have
been employed as 3D models of different diseases[20,21], for pathogenesis study or high-
throughput drug screening, but, additionally, for cancer therapy[22,23] and for tissue
regeneration (bone, cartilage, skin, heart, nerve, skeletal muscle)[5,8,9,24-27], also through
cell encapsulation[28,29], and as drug carriers for controlled and sustainable

release[2,10,30-32] (Figure 1).
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Figure 1. Schematic overview of the applications of hydrogels in the biomedical field and

of their properties and advantages[33].

The success of hydrogels in the biomedical field is mainly related to their ability to mimic
the extracellular matrix (ECM) of various tissues. In particular, this similarity is due to
different aspects, like their porous structure, which could promote cell adhesion and
proliferation, their composition, since they can be formulated with ECM-like materials
(mainly composed of collagen, glycosaminoglycans, growth factors and tissue-specific
components), such as polysaccharides, proteins and nanomaterials, and their high-water
content, which creates an environment similar to that of native tissues. This is an important

feature because it underlies the interaction of the cells (encapsulated into the hydrogel or
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present in the tissue) with the system, enabling cell proliferation, activation of differentiation
mechanisms and cell communication, potentially leading to regeneration of damaged
tissue[33,34].

A key consideration in the use of hydrogels in the biomedical field is related to their
physicochemical, viscoelastic, and mechanical properties. First of all, since hydrogels may
be implanted or injected into the human body, biocompatibility is paramount. This means
they should perform their function without inducing toxicity in the host tissue: specifically,
the polymer biomaterials that constitute the hydrogels, along with their degradation products,
must be non-toxic. Furthermore, the gelation process and preparation techniques should be
non-cytotoxic: it is essential to remove any unreacted monomers or initiators that could cause
adverse effects. Also, the hydrogels should not elicit any immunological response[35-37].
Another important feature of hydrogels is biodegradability and bioresorbability. The latter,
in particular, refers to the ability of the system not only to degrade but also to be absorbed
by the organism, through physiological processes; indeed, generally, natural biomaterials
and their derivatives, such as polysaccharides and polypeptides, contain chemical bonds that
can be broken by physiological processes, thus making these polymers generally
biodegradable and bioabsorbable[35,38,39]. In addition, controlled degradation within the
human body is essential so that the system does not remain indefinitely at the site of injury
but can be gradually removed and replaced by new tissue. For this reason, the rate of
degradation should ideally be customizable during the design phase according to the
application required, to make it as close as possible to the rate of new tissue formation[40].
Researchers demonstrated that another hydrogels’ essential parameter that should be taken
into account is their swelling ratio; this is a measure of their ability to absorb and retain water
or other fluids and it is typically defined as the ratio of the weight or the volume of the

swollen hydrogel (including the absorbed fluid) to respectively the weight or the volume of
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the dry hydrogel. In this sense, the swelling ratio provides valuable information on the
expansion capacity of hydrogel and its overall water absorption capacities, which are crucial
for some biomedical applications such as drug delivery, tissue engineering and, most
importantly, wound healing[35,41,42].

A further aspect to be emphasized concerns the porosity and pore size of hydrogels. Since
these features affect the diffusion of nutrients and oxygen necessary for cell survival and
proliferation, but also influence drug release, they need to be accurately regulated[43,44]. In
general, the required porosity depends on the application: for example, for bone tissue
regeneration is usually requested a minimum pore size of 100 pm, with an optimal range of
200 to 350 um[40]. Furthermore, some studies highlighted that multi-scale porous systems,
combining micro- and macroporosity, offer more advantages for cell attachment and
colonization than purely macroporous systems, while a homogeneous pore size and
distribution is desirable for drug delivery system to better control release profile[45,46].
However, the correlation between porosity and mechanical properties needs to be
considered; indeed, increased porosity can reduce the mechanical strength of the hydrogel,
so a suitable balance between these two parameters should be pursued[47,48].

Lastly, also the mechanical and viscoelastic properties of the hydrogel must be taken into
account as they have to match those of the natural tissue being treated. Hydrogels designed
for regenerative medicine should have rheological and mechanical properties similar to those
of the target tissue to withstand the physical stresses encountered under normal conditions,
which means they should show appropriate strength, stiffness, and surface characteristics
necessary for tissue formation. In this sense, hydrogels are highly versatile systems, because
they can be engineered to exhibit a wide range of rheological and mechanical properties,
from very soft and flexible to more rigid and robust, depending on the specific

application[49-51].
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1.3 Physical and chemical hydrogels classification

Hydrogels can be classified according to different criteria. Firstly, based on the type of
interactions among the dispersed phase, they can be divided into physical or chemical
hydrogels[52,53] (Figure 2). The first ones are composed of reversible non-covalent bonds
such as hydrogen bonds, Van der Waals forces, ionic bonds, and hydrophobic interactions.
Although these bonds are, individually, quite weak, collectively they contribute to a stable
structure: hence, they are referred to as cooperative bonds[54—-56]. In physical hydrogels,
stimuli such as temperature can induce gelation. For example, in thermoresponsive
hydrogels, a temperature change can cause the reorganization of the dispersed phase, the
establishment of new weak bonds and the subsequent formation of a new three-dimensional
network, modifying the properties of the system[57,58].

These hydrogels offer a lot of advantages for clinical applications, such as the absence of
potentially toxic chemical crosslinkers, ease of preparation and handling through simple
procedures, and reversible gelation in response to mild environmental stimuli.
Polysaccharides-based hydrogels are, usually, belong to this group, because of the presence
of a large number of hydrogen bonds or electrostatic interactions inside their network. Such
hydrogels are potentially applicable in the regeneration of small defects (e.g. wound healing,
alveolar and cranial bone lesions) and as injectable systems[52,54]. Given all these positive
aspects, the development of these hydrogels has received increasing interest for tissue
engineering applications; however, the weak nature of these interactions prevents the system
from meeting the mechanical properties required for certain applications.

On the other hand, covalent bonds between polymer chains provide a more stable network
in chemical hydrogels. These linkages are usually produced via reactions that result in
disulfide bridges, Schiff bases (such as imines, oximes, and hydrazones), or other covalent

connections like those formed via click chemistry, involving either the use of molecular
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agents or electromagnetic waves. Indeed, a variety of crosslinking approaches, such as the
creation of covalent bonds between functionalized polymer chains, crosslinking with small
molecules, photo-crosslinking, and enzymatic crosslinking, is frequently used to produce
chemical hydrogels[52,59,60].

Compared to physical systems, these are more robust and stiffer due to the covalent character
of their network, which makes them appropriate, for instance, for use in hard tissues like
bone[61,62]. They, also, differ from physical hydrogels, in that they have a better load-
bearing capacity, less deformation under stress, and increased stability, which makes them

perfect for applications where mechanical robustness is crucial[63].

Interpenetrating networks

Enzymatic crosslinking

Chemical gel Photo crosslinking

Polymer-polymer crosslinking

Small-molecule crosslinking

Hydrogels Supramolecular chemistry

Stereocomplexation

Physical mixtures and H-bonding
Physical gel

Polyelectrolyte complexes
Charge interactions

Hydrophobic interactions

Figure 2. Schematic illustration of interactions within physical and chemical hydrogels[64].

1.4 Stimuli-responsive hydrogels classification
Hydrogels can also be classified based on their responsiveness to different stimuli, such as
biological (e.g. enzymes), chemical (ionic strength, pH, presence of glucose or other

molecules) and physical stimuli (temperature, light, electric field, magnetic field, pressure
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and ultrasound radiation)[65] (Figure 3). The temperature-, pH- and light-sensitive

hydrogels will be discussed below.
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Figure 3. Schematic illustration of different smart/stimuli-responsive hydrogels employed

for biomedical applications[65].

14.1 Temperature-responsive hydrogels

Temperature-sensitive hydrogels change their properties by varying the environmental
temperature because they contain polymers with both hydrophilic and hydrophobic groups,
whose interactions are influenced by temperature[66].

One of the most extensively studied temperature-responsive hydrogels is poly(N-isopropyl
acrylamide) (pNIPAM)-based one. pPNIPAM hydrogels are particularly interesting since they
exhibit a lower critical solution temperature (LCST) around 32-33°C[67]: this means that
below this temperature, they are hydrophilic and swollen, while above the LCST, they
become more hydrophobic and contract into a condensed state, due to a coil-to-globule

change that involves the release of water molecules bound to the polymer’s isopropyl side
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groups, leading to increased intra- and intermolecular hydrophobic interactions[68,69]
(Figure 4). This value of LCST is particularly useful because allows it to easily operate at
environmental temperature, but at the same time, enables the creation of stable systems when
pNIPAM-based hydrogels are administrated into the human body[33]. For this reason,
thanks to its advantageous properties, this biomaterial has been exploited to functionalize
polymer backbones like chitosan, gelatin, hyaluronic acid, and dextran and create, in this
way, novel derivatives for temperature-responsive hydrogels for regenerative medicine[70—

72].

T>LCST T<LCST

.....

Figure 4. Schematic temperature-induced transition for pNIPAM[67].

Another class of temperature-responsive injectable hydrogels, widely used for cell delivery,
includes block copolymers made of polyethylene glycol (PEG), polypropylene glycol (PPG),
polylactic acid (PLA), poly(lactic-co-glycolic) acid (PLGA), polycaprolactone (PCL), like
PEG-PPG-PEG, PLGA-PEG-PLGA, PEG-PLA-PEG, PCL-PEG-PCL, and PEG-PCL-PEG.
These copolymers consist of hydrophobic and hydrophilic blocks; consequently, at low
temperatures, the amphiphilic polymer chains assemble into micelles and bridged micelles,
while as the temperature reaches the LCST, the exposure of more hydrophobic segments
increases the hydrophobicity, leading to the micellar aggregation and the hydrogel’s

formation[70,73,74].
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1.4.2 pH-responsive hydrogels

pH-responsive hydrogels, on the other hand, modify their structure, morphology and
properties in response to changes in environmental pH[75]. This responsiveness is
particularly useful because of the presence of various pH values in different parts of the
human body: 7.35-7.45 in most tissues, 4.0-6.0 on the skin, around 5 in inflamed or infected
sites, and 6.0-7.0 in solid tumours[35].

To produce pH-responsive materials, the main strategy is the incorporation of functional
groups into the hydrogel polymer backbone, undergoing protonation or deprotonation in
response to pH changes: in this way, a sol-gel transition (and vice versa) could occur,
affecting the hydrogel’s stiffness, permeability, and ability to release active substances or
drugs. This kind of hydrogel is particularly promising for targeted drug delivery and tissue
engineering applications, where controlled response to physiological or pathophysiological

pH variations is crucial[76,77].

14.3 Light-responsive hydrogels

Light-responsive hydrogels incorporate materials with photo-responsive moieties, known as
chromophores, which absorb or respond to specific wavelengths of light and convert optical
signals into chemical ones resulting in isomerization, rearrangement, dimerization, chain
cleavage reactions or photo-crosslinking[78].

The energy and wavelength of light are critical factors for these hydrogels’ applications.
Indeed, ultraviolet (UV) light, thanks to its short wavelength and high energy, allows for
rapid responsiveness but is limited in its ability to penetrate biological tissues, restricting its
use to superficial applications; conversely, visible or infrared light, which can penetrate
deeper into tissues, offers a promising alternative for more extensive biomedical

applications[79,80].
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Among light-responsive hydrogels, photo-crosslinkable systems have gained significant
interest and a wide application[81]. These systems, when irradiated in the presence of
photoinitiators (eosin Y, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), Irgacure-
2959), crosslink prepolymers containing photoreactive moieties like thiol-ene, acrylate, or
methacrylate groups, leading to gelation or increasing system’s stiffness[82—84]. This
mechanism offers several advantages, including an efficient curing rate, mild reaction
conditions without the need for organic solvents or heating, low cytotoxicity, and precise
spatiotemporal control[85,86]. Moreover, by regulating crosslinking degree, it is possible to
modulate the physicochemical, viscoelastic, and mechanical properties of hydrogels: this is
a great advantage when designing new therapeutic systems for advanced applications in
tissue engineering, drug delivery, and other areas where precise control over material

properties is essential.

1.5 Preformed and injectable hydrogels classification

Hydrogels can also be classified considering their application method in two different
classes. The traditional method requires directly applying preformed hydrogels to the
damaged area, while the innovative strategy involves the injection of the gelling system in
the lesion site[2]. The first approach can be advantageous in cases where surgery is
necessary, although it has certain limitations, particularly related to the hydrogel’s ability to
optimally conform to the shape of the lesion, resulting in reduced retention of the system on
the wound site and then, diminishing its regenerative potential. Moreover, if the application
requires surgical procedures, it can lead to longer hospitalization and recovery times,
increased post-operative pain, and the risk of bacterial infections[87—89].

The alternative strategy involves the use of injectable hydrogels, which, thanks to their

viscoelastic nature, allow for an efficient filling of target sites even with irregular geometries.

10
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Injectable hydrogels can be classified into two main types considering the injectability
mechanism: in situ forming hydrogels and shear-thinning hydrogels[90-92].

In situ forming hydrogels, due to chemical and physical crosslinking mechanisms, mediated
by click chemistry, enzymatic crosslinking, light-induced crosslinking, the formation of
dynamic covalent bonds, or induced by stimuli present at the administration site, such as
temperature, ionic strength or pH, undergo gelation directly at this site, throughout a sol-gel
transition[93-95].

On the other side, shear-thinning hydrogels, also known as shear-responsive hydrogels, are
in a gel state before of the injection, but exhibit a reversible gel-sol transition mediated by
the stress applied during the administration, due to the presence of reversible bonds like
electrostatic interactions, hydrogen bonds, guest-host interactions or dynamic covalent
bonds (e.g. Schiff base, hydrazone bonds, Boronate-diol complexation, thiol-disulfide
exchange bonds, coordination bonds). Specifically, this means that these hydrogels (existing
initially in gel state) show a gel-sol transition when high shear stresses are applied, such as
during the injection but return to the starting gel state once the stress is removed (after the
administration), quickly recovering their initial viscoelastic properties and preventing, in this

way, the material’s flow into surrounding tissues[96-98].

1.5.1 Shear-thinning injectable hydrogels’ properties
Going into more detail, shear-thinning injectable hydrogels should possess some viscoelastic
properties that allow them to be easily injected into the lesion site, while quickly recovering
their original viscoelastic properties after the injection[90]. This implies that, generally,
injectable hydrogels should exhibit pseudoplastic and self-healing behaviour.
Pseudoplasticity, or shear-thinning, refers to the decrease in viscosity of a fluid, as the shear
rate increases. From a molecular point of view, this behaviour is mainly related to the

alignment and disentanglement of polymer chains under shear stress: when a shear force is

11
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applied, the polymer chains align in the direction of flow, reducing internal bonds and
resistance and decreasing viscosity, while, since this alignment is reversible when the shear
force is removed, the polymer chains return to their original and more entangled state,
allowing the hydrogel to go back to its higher starting viscosity (Figure 5)[92]. This is a
fascinating feature since it enables easy administration of hydrogels while at the same time
maintaining in situ the system. However, viscosity influence also mechanical properties,
which are essential for the biomedical aim of the developed biomaterial: in this sense,
achieving the right balance between injectability and mechanical strength is a key challenge;
indeed, hydrogels must be sufficiently fluid under shear to be easily injected but, at the same
time, they should provide adequate mechanical support once in place[99-101].

Regarding self-healing behaviour, this is deeply connected with shear-thinning properties
and refers to the hydrogels’ intrinsic ability to autonomously repair structural damage or
restore their original viscoelastic properties after being damaged, without the need for
external intervention or manual repair processes[102]. Both properties, self-healing and
shear-thinning behaviour, are the result of the dynamic nature of the physical or chemical
bonds that create the hydrogel network, which can break and repair reversibly as a result of

various types of mechanical damage[92,103].

Injection Self-healing

Figure S. Schematic behaviour of shear-thinning injectable hydrogels[92].
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Before treating the nature of bonds that confer injectable properties, it is important to discuss
the viscoelastic properties and investigate the rheological parameters of these hydrogels,
since they need to be carefully controlled to develop new systems. Firstly, it is essential to
balance elastic and viscous moduli, and, thus, the elastic and plastic response of the hydrogel,
in order to regulate its viscoelastic properties. In detail, the elastic or storage modulus (G”),
describes the hydrogel’s ability to store and recover elastic energy and refers to its solid-like
behaviour and elastic response. Actually, a high G’ indicates a stiff material, which is
essential for applications that require considerable mechanical resistance (e.g. bone),
ensuring that the hydrogel maintains its shape and provides mechanical support after
gelation. The viscous or loss modulus (G”’), on the other hand, measures the hydrogel’s
ability to dissipate energy as flow, and thus, its liquid-like behaviour and more plastic
response. In this sense, a high G suggests great fluidity and less rigidity, which can be
advantageous for hydrogels that need to adapt to dynamic conditions within the body.
Balancing carefully G’ and G is extremely important for producing hydrogels that are both
injectable and stable in their final form[92,104].

Additionally, the viscosity of injectable hydrogels affects their injectability and then, their
administration. In particular, hydrogels with appropriate viscosity can be easily injected into
target sites without clogging the needle or requiring excessive force, while a higher or lower
viscosity could respectively make injection difficult as well as determine pain during the
administration or cause an excessive flow of the gelled system, resulting in low retention of
the system in administration site[ 105].

Another important parameter, considered the threshold stress at which a hydrogel transitions
from a solid-like to a more fluid-like state, is the yield stress, which precisely refers to the
minimum stress required by the hydrogel to start flow. This property is the one that most

regulates that the hydrogel remains stable and does not flow under low-stress conditions
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while still being injectable and, at the same time, it’s a key parameter to manage easy
handling and administration. Specifically, a hydrogel with too high yield stress may be
difficult to inject, requiring excessive force and potentially causing discomfort in the patient;
meanwhile, a hydrogel with too low value of yield stress might not hold its shape after
injection, leading to suboptimal placement and reduced efficacy. Thus, yield stress is a
fundamental property that influences the injectability, stability, and overall functionality of
injectable hydrogels[106,107].

In summary, the viscoelastic properties of injectable hydrogels are decisive factors in
controlling their performance and efficacy in biomedical applications. By optimizing these
properties, it would be possible to develop hydrogels that are not only easy to inject (the first
key aspect for the patient’s compliance), but also effective in supporting tissue regeneration,

delivering drugs and enhancing healing processes.

1.5.2 Chemical and physical bonds in injectable hydrogels

As often mentioned, injectable hydrogels owe their properties to dynamic and reversible
bonds, both physical and chemical, which make them suitable for biomedical applications
(Figure 6)[108].

Noncovalent or physical interactions are the main linkages within the hydrogels’ network
and represent a key feature in the design of injectable systems due to their reversibility and
compatibility with aqueous environments. Although they are individually quite weak, their
cumulative effect (there is a huge amount of them in a hydrogel) can lead to robust gelation
and self-healing properties. Several noncovalent strategies have been explored (electrostatic
and metal coordination interactions, hydrophobic and hydrogen bonds) depending on the
chemical nature of the polymer backbone[92,109].

Electrostatic interactions between oppositely charged chemical groups commonly involve

harnessing the intrinsic attractive forces between anionic and cationic polymers or
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incorporating an ionic monomer, such as negatively charged citrate, to crosslink a cationic
polymer like chitosan[110].

Additionally, natural polymers, like proteins, which are polyampholytes with both anionic
and cationic groups distributed along their backbone, can establish electrostatic interactions
with other macromolecules of the same biomaterial[111]. The same result has been obtained
with synthetic zwitterionic polymers, which are synthesized by copolymerizing anionic and
cationic building blocks[112,113]. Even if electrostatic interactions could be extremely
strong, they are highly sensitive to the ionic strength and pH of their environment. Indeed,
high ionic strength can shield these electrostatic forces, while variations in pH can alter the
net charge of the polymers, reducing, thus, their effectiveness and compromising the
hydrogel’s formation and stability[110,114].

Hydrophobic interactions, driven by the tendency of nonpolar groups to minimize contact
with water, play a critical role in biological processes like protein folding and are often
exploited for hydrogel formation, even if, considering their high-water content cannot be
considered among the main gelation causes. With this in mind, hydrogels that use these
interactions are formulated by incorporating hydrophilic biomaterial, whose backbone was
functionalized with hydrophobic moieties, such as alkyl chains or peptides[115,116]. Within
this class, there are also host—guest interactions which involve cyclodextrin motifs that, with
their hydrophobic cavities, can form reversible complexes with hydrophobic guest
molecules like adamantane, facilitating the self-assembly of the hydrogels[117,118].
Among hydrophobic bonds, n-r stacking involves interactions between aromatic systems,
where attractions are due to the overlap of electron clouds in the aromatic rings[35,119].
Liang et al. exploited this kind of interaction to produce injectable composite hydrogels as
suitable drug delivery systems for wound healing involving hyaluronic acid-graft-dopamine

and reduced graphene oxide coated with polydopamine[120].
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Regarding hydrogen bonds, they are particularly prominent in polysaccharides-based
hydrogels such as those composed of hyaluronic acid, chitosan, alginate, gellan gum, and
xanthan gum, due to the high density of hydroxyl groups present in their polymer
backbones[95,111,121-123].

Metal-ligand coordination interactions (often classified as covalent interactions) are
established through chelation between ligands and metal ions. The strength of these bonds
varies depending on the specific ligand—ion pair since it is influenced by the ion charge, the
number of ligands and the physicochemical properties of these chemical species. For
instance, mussel-inspired self-healing hydrogels often use catechol-Fe** coordination to
enhance their properties, bisphosphonate-containing compounds like alendronate could bind
calcium to support bone regeneration or, also, biopolymers such as alginate and carrageenan
form hydrogels with Ca?" ions t00[23,92,124—-126].

Regarding covalent interactions, it is necessary to remember that chemical crosslinking has
traditionally been used for hydrogel formation even if in the form of static interactions,
which often lacked the necessary reversibility for creating self-healing injectable hydrogels.
As a result, dynamic covalent interactions like Schift base reactions, Diels—Alder reactions,
boronate-diol complexation, and disulfide bonds, have gained significant attention
lately[92].

Schiff base reactions refer to the formation of reversible imine or hydrazone bonds between
a nucleophilic group (such as an amine or hydrazine) and the electrophilic carbon of
aldehydes or ketones[127—131]. Indeed, a common application of Schiff base chemistry is
the reaction between aldehyde-functionalized polymers and amine-containing biomaterial,
as in systems made of such as gelatine and oxidized hyaluronic acid[132] or chitosan

crosslinked with aldehyde-functionalized dextran[133].
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Similar to the previous, acylhydrazone bonds are often exploited for the same purpose. In
this case, these bonds are formed between aldehyde or ketone groups (like the previous
example) and imine groups derived from acylhydrazine[134].

Diels—Alder reactions, that involve a diene and a dienophile, are often used by exploiting
polymers functionalized with maleimide groups (dienophile) and furan groups
(diene)[135,136]. The reversibility of these bonds depends on their ability to undergo a retro
Diels—Alder reaction, although this reversibility typically requires elevated temperatures,
limiting their use for certain biomedical applications[137]. However, some recent examples
suggested the possibility of obtaining this reversibility at room temperature, using fulvene-
modified dextran and dichloromaleic-acid-modified PEG as hydrogel’s components[138].
Boronate-diol complexation involves ester bond formation between boronic acids and
hydroxyl groups, mainly diols, resulting particularly useful in the presence of catechol
functionalized biomaterial[35,139,140]. Shi et al. developed a hydrogel composed of
phenylboronic acid, hyaluronic acid, and polyvinyl alcohol, demonstrating that its self-
healing mechanism is based on boronate-diol complexation[141].

Thiol—disulfide exchange reactions, on the other hand, take advantage of the dynamic nature
of disulfide bonds in the presence of nucleophilic thiols under neutral or alkaline conditions,
allowing a reversible crosslinking. During this reaction, a thiolate anion attacks a disulfide
bond, generating a new disulfide bond and releasing a new thiolate[142—144]. Thiolation of
polymer building blocks can be achieved by introducing thiol groups into polymer chains or
by reducing disulfide bonds in proteins as demonstrated by Zhang et al.[35,145]. Here, using
hydrogen peroxide on a bovine serum albumin dispersion, known for its high disulfide bond
content, they activated the hydrogel’s self-healing mechanism by cleaving disulfide bonds
within individual albumin molecules, leading, thus, formation of free sulthydryl groups,

which then interacted with other albumin molecules to form new disulfide bonds. As a result,
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the hydrogel exhibited rapid self-healing properties and showed promise as an injectable
system, highlighting its potential for use in regenerative medicine and tissue

engineering[ 145].
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design of self-healing and shear-thinning injectable hydrogels[121].

Even though each type of reversible bond possesses its advantages, the development of
injectable hydrogels increasingly integrates various dynamic interaction approaches. This
can be obtained either by employing different interaction types within a single polymer
network (dual-crosslinked hydrogels)[146], between two different biomaterials (double-
crosslinked hydrogels)[62], or, also, by combining two different and independently

crosslinked polymer networks (double-network hydrogels)[147]. As already highlighted,
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although noncovalent interactions are valuable, they are often weak and sensitive to
environmental factors such as pH and ionic strength. As a result, researchers frequently
combine multiple noncovalent interactions or merge dynamic covalent interactions with
noncovalent bonds to enhance performance[148—151].

From this point of view, double-network and double-crosslinked hydrogels represent a
significant innovation in injectable hydrogel technology. Specifically, the first ones consist
of two interpenetrating polymer networks with different crosslinking mechanisms and
different functions in the hydrogel formation. The second ones, on the other hand, usually
exploit a double-crosslinking process between the biomaterials composing the hydrogels,
thus, creating a three-dimensional network. In both cases, the mechanical and viscoelastic
properties of these systems are derived from the combined effects of both
networks/crosslinking: one of them is formed by weaker, often noncovalent crosslinks,
facilitating injection and rapid self-healing, while the other one consists of "stronger" (often
covalent) bonds, that confer additional mechanical support[92]. Furthermore, static covalent
bonds, although generally not used in self-healing injectable hydrogels due to their
irreversibility, can be leveraged to improve hydrogels’ stability when introduced post-
injection, such as through photo-crosslinking, stabilizing the material in situ (Figure 7)[152—

154].
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double-crosslinked hydrogels[155].

In synthesis, by integrating both dynamic and covalent networks, these hydrogels not only
achieve self-healing and shear-thinning properties but also exhibit excellent shape retention
after injection or extrusion[156]. Dynamic linkages, indeed, facilitate easy injection and
recovery from deformation, while irreversible covalent bonds improve shape stability, as
well as mechanical and viscoelastic properties[157—159]. Consequently, double-crosslinked
hydrogels are particularly well-suited for 3D printing since reversible dynamic crosslinking
enhances printability and toughness, and irreversible crosslinking provides structural

reinforcement after printing[159].

1.6 3D printable hydrogels
3D printing, also known as additive manufacturing, is a production technology that allows

the creation of 3D structures by depositing successive layers of material, starting from a
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digital model, generally obtained using computer-aided design (CAD) software; this is then
converted into precise instructions for the 3D printer, that through layer-by-layer deposition
of materials (plastic, resin, metal, or even biocompatible substances), can create complex
and customized designs[160]. In this sense, 3D printing is an advanced biofabrication
technique capable of fine control over morphological and structural properties of created
structures, and of remarkable geometric accuracy at both the macro and, mainly, microscale
levels[161].

Regarding its application in the biomedical field, 3D printing is revolutionizing regenerative
medicine since it is possible to create highly personalized and complex biological structures.
In this context, 3D printing and, especially, 3D bioprinting can fabricate tissue-like structures
that can deeply mimic the architecture and function of human organs, by precisely
controlling the geometry, porosity and composition of these structures[162].

One of the most significant advantages of 3D printing in the biomedical field concerns the
possibility of its application in personalised medicine since it can create patient-specific
implants (Figure 8)[161,163]. In particular, 3D printers can produce highly accurate
structures that perfectly match the patient’s lesion, by using their medical imaging data,
allowing, thanks to this level of customization, a better integration in the lesion site, reducing
the risk of rejection and improving overall outcomes. It is in this sense that 3D printing
shows great potential for personalized healthcare, offering the possibility to treat conditions
that currently have limited or no effective therapies[164,165].

3D printing methods include inkjet printing, extrusion-based printing, laser-assisted printing,
stereolithography, and VAT polymerization[160].

Extrusion-based 3D printing is the most used 3D printing technique thanks to its different
advantages, like efficiency, adaptability and the possibility to work with a wide range of

materials. In this process, inks are extruded through a micronozzle or an extrusion head,
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controlled by mechanisms like an endless screw, pneumatic pressure, or a mechanical
piston[166]. The creation of 3D structures, regulated by CAD file (like for the other 3D
printing techniques) is obtained by the ink deposition layer-by-layer throughout the print-
head movement in x y z directions. Different parameters (nozzle diameter, number of print-
head, type of materials) can be controlled, providing the creation of advanced structures with

various types of layers with different composition and function[167].
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Figure 8. 3D printing for precision medicine[168].

Inside the extrusion-based 3D printing, hydrogel-based extrusion has been generating
increasing interest across various biomedical fields (oral and topical/transdermal drug
delivery, tissue engineering and regenerative medicine (Figure 9)), because of the numerous
advantages derived from the use of hydrogels[163,169—171]. Indeed, as already discussed
in detail, they can replicate the intricate tissue microenvironments; at the same time, they
also allow to operate at or near room temperature, which represents an advantage for
materials that are sensitive to high temperatures and if the ink (bioink) contains

cells[161,163,172,173].
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Figure 9. Current biomedical applications of 3D-printed hydrogels[174].

The main component of this technique is the ink, even if it is, at the same time, one of the
most limiting factors because of the lack of a wide availability of such materials. This is why,
the development of new inks is a continuous challenge: developing and optimizing printable
ink materials, indeed, is essential to obtain the desired physicochemical, mechanical,
rheological and biological properties[175-177].

An ideal ink for extrusion-based 3D printing should satisfy different primary criteria:
relatively high viscosity, pronounced shear-thinning behaviour, and a rapid crosslinking
process after printing, to be easily extruded and maintain the original shape. Most hydrogels
lack self-supporting properties, necessitating a secondary crosslinking immediately after
printing, to stabilize the structure[178]. From this point of view, injectable hydrogels, as

described previously, could be considered an interesting perspective in extrusion-based 3D
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printing as inks, with double-crosslinking hydrogels that appear as ideal
candidates[159,179].

Given these premises and considering that the main feature of inks is their ability to be
continuously extruded from the needle during printing, several parameters need to be taken
into account to predict extrusion performance. In this sense, the rheological parameters
highlighted so far (viscosity, shear-thinning behaviour, viscoelastic moduli, yield stress,
gelation rate) need to be deeply controlled for 3D printing application[180].

Firstly, the ink’s extrudability is mainly determined by its shear-thinning properties. Indeed,
if a hydrogel ink has sufficient shear-thinning behaviour, it will be printed with good shape
retention[181,182]. Furthermore, for the ink to flow, it must reach a critical stress level,
defined by the yield stress: the higher this value, the greater the pressure required to
overcome the intermolecular bonds in the crosslinked network[183,184]. Additionally, to
ensure optimal printability, the gelation time of the hydrogel should be minimized as much
as possible. For this reason, injectable hydrogels, because of their pseudoplastic behaviour,
appear as optimal candidates as inks[161].

Another key physicochemical factor influencing the suitability of hydrogels for 3D printing
i1s their viscosity. While higher viscosity can technically improve printing accuracy
enhancing the extrusion of stable layers that could prevent the entire printed construct from
collapsing, it also could cause nozzle clogging and non-continuous filament extrusion during
the printing process. On the other side, low viscosity can minimize nozzle clogging during
printing but can result in poor printing accuracy and shape fidelity retention[ 183]. Moreover,
the viscosity of the ink also affects the porosity of the printed scaffolds, influencing, thus,
the mechanical, pharmaceutical and biological properties of the printed structures[161].

Furthermore, an increase in viscosity, requiring an increase in the extrusion shear stress, can
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also influence cell viability and consequent biological performance (for bioink which
encapsulates cells), or drug retention capabilities[185].

Therefore, it is essential to evaluate the viscoelastic moduli, G’ and G”’. While for the
injectable hydrogels, only their single values were discussed, in this section it is necessary
to focus also on their ratio of G” to G’, known as the loss tangent (tan d), which determines
the main viscoelastic response of the ink. In particular, if the tan o is too high, the ink is more
in a liquid state and may collapse after printing, while, if it is too low, the extrusion may be
not continuous. To achieve a construct with good resolution and mechanical strength, and,
thus, good printability, the ink should show both high viscosity and an appropriate G’ to G’
ratio[161,183].

Injectable hydrogels usually respect these parameters: this is why they are suitable to be
exploited as inks. Furthermore, injectable double-crosslinkable hydrogels could represent
interesting candidates for 3D printing, because their double-crosslinking mechanisms allow
respectively easy extrusion and good shape maintenance: the reversible dynamic crosslinks
are used as the energy dissipation mechanism to improve the printability as described before,
while the second, often irreversible, crosslinking can be used to reinforce the structure after
printing[156,159].

For example, Jafari et al. designed double-crosslinked hydrogels using marine poly- and
oligosaccharides for wound healing. In detail, they exploited both enzymatically mediated
crosslinking via glucose oxidize/horseradish peroxidase and phenolated polyelectrolyte
complex between positively charged chito-oligosaccharides and phenolated chitosan with
negatively charged phenolated alginate. In this way, they developed injectable and printable
hydrogels, with antioxidant and antibacterial activities, which enhanced in vivo wound

healing in a rat model[186].
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Osi et al. designed a new bioink based on methylacrylated chitosan and gelatin doped with
hydroxyapatite nanoparticles with a thermo/photo-crosslinking strategy. Specifically, the
thermal gelation of methylacrylated gelatin was used to improve the viscosity of
methylacrylated chitosan inks and stabilize the 3D-printed structures before photo-
crosslinking. In this manner, a long-term stable structure able to promote cell attachment and
growth was obtained, appearing as a prospective material for tissue engineering[ 187].

In another study, Wang et al. developed a double-network/double-crosslinked hydrogel with
significantly enhanced mechanical strength, self-healing, and shear-thinning properties.
Thanks to the dynamic hydrazone crosslinking (oxidized and adipic acid dihydrazide-
modified hyaluronic acid) and photo-crosslinking (due to the presence of gelatin
methacrylate), this double-network hydrogel represents a promising material for 3D printing
in tissue engineering[188].

In order to establish if the printing process is successful and, therefore, evaluate the printing
quality, different parameters can be taken into account. As often highlighted, an important
aspect that should be considered in 3D printing is the printability of inks. Literally, this refers
to the ability of a material to be used in a layer-by-layer system to create a 3D structure
according to a computer-defined design[185,189]. However, at the same time, several
definitions of printability refer to different parameters of the inks (rheological properties,
gelation mechanisms (crosslinking)) and of the printing process (printing rate, printing
pressure, printing temperature, construct design, nozzle geometry). There are also some

equations that allow to describe printability quantitatively[190—-192]:
= (1

where C is the circularity of an enclosed area (C = 4:—2‘4), while L stands for perimeter and A4

for area (Figure 10A).
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research. Application of the printability formula developed by Ouyang et al.[192], (Pr=1
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nonuniform (U>1) and a uniform strand filament (U =1)[190](C). Schematic
representation of printing fidelity proposed by He et al.[194], in which ratios closer to 0

depict enhanced printing fidelity(D)[185].

Furthermore, another term that is often used for this evaluation is “printing accuracy” which
normally describes how similar the printed construct is to the CAD model in terms of
geometry and spatial resolution. The printing accuracy is defined as the degree to which
printed constructs match their intended size, shape, and location when applying determined
printing parameters[195]. For Webb and Doyle, printing accuracy depends on the geometry
of printed structures and the printing pressure[196]. Indeed, an increase in shear rate due to
a decrease in nozzle diameter or an increase in printing pressure could affect negatively
printing accuracy. To maximise the latter, Webb and Doyle considered the new Parameter

Optimization Index (POI), determined by the following equation:
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POI = Accuracy X LI — (2)
DGXp tlinexDGXp

where DG represents the nozzle gauge, p is the pressure and tline corresponds to line
thickness.

In another study, Kang et al.[193] evaluated printing accuracy utilizing another equation,
where it was taken into account the layer thickness considering its length, width, and height.

Printing accuracy was evaluated by length index L’:

c
T (A+B+0) ©)

LI

where A is the average underprinted, B is the overlapping and C is the overprinted length of
the printed construct (Figure 10B).

Another parameter that is often used for the description of printing success is printing or
shape fidelity, which refers to the shape maintenance ability after extrusion. According to
Gillispie et al.[195], printing fidelity can be analysed by measuring the size of printed
filaments and evaluating phenomena like filament collapse and height maintenance. In
particular, different parameters, correlated to the printed structure, could be considered:
filament circularity, pore geometry and optical visual grid. To do that, Soltan et al.[190]

defined uniformity factor with the following equation (Figure 10C):

lenght of the printed strand

- (lenght of theoretical stright strand) (4)
He et al.[194], on the other hand, used another equation to refers to printing fidelity:
(Ar _Are)
Q=" (%)

Art

where 4,; is the theoretical area of a lattice and 4. is the experimental area of the lattice

(Figure 10D).
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Lastly, extrudability is another concept derived from printability, it is macroscopically
evaluable and refers to the capability to obtain suitable extrusion. A good extrudability is
essential for further printing quality[185]. A filament drop test could be carried out to
determine, macroscopically, the extrusion-related parameters of the ink. This is a test of static
extrusion that gives information about the gelation status and homogeneity of the ink, and,
consequently, about its extrudability[194].

Specifically, inks are generally classified as under-gelled, if a droplet forms at the nozzle tip,
properly gelled if a continuous filament is extruded, or over-gelled if an irregular, curvy and
non-uniform filament is formed. Only a continuous filament could be, theoretically, well
printed. For under-gelled inks, the viscosity is too low, leading to the extrusion of droplets
instead of a filament and the printed structure could collapse during the printing process
itself. Regarding the over-gelled inks, the printed structure would show irregular pores and
low fidelity to the digital model[185,190-192].

In synthesis, the printing quality, which could be expressed with different parameters,
depends on many aspects mainly related to the hydrogel ink itself like polymer
concentrations, molecular weight or water content but also to the printing process. Indeed,
the temperature, nozzle diameter, printing speed, extrusion pressure, and flow speed could

also influence the printing quality[180,194].

1.7 Biomaterials for injectable and printable hydrogels
After examining and evaluating the properties of injectable hydrogels, as well as their
potential use as inks for 3D printing, it is important to highlight their composition and, thus,
the most used biomaterials for biomedical applications.
As widely described, hydrogels are formulations where the dispersed phase creates a three-
dimensional network that retains the aqueous liquid dispersing phase. This dispersed phase

has colloidal size and can be organic or inorganic, although organic macromolecules like
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polymers (natural, synthetic, or semi-synthetic) are the most exploited biomaterials[3,4].
Among all of them, natural polymers are preferred over synthetic ones due to their higher
biocompatibility, biodegradability, and low toxicity. Regarding their source, they are
generally isolated from plants or algae (alginate and cellulose), animals (elastin, collagen,
and chitosan), and bacteria (xanthan gum or gellan gum), while, about their chemical nature,
most of them are proteins and polysaccharides[90,197]. Proteins like collagen, gelatin and
elastin are employed for the presence of domains that cells can bind (cell adhesion
properties) and for their ability to promote tissue regeneration[93,132,198,199];
polysaccharides such as hyaluronic acid, alginate, chitosan, gellan and xanthan gum, on the
other hand, are utilized for their capability to mimic the native ECM and for they easy
functionalization that allow modifying their physicochemical properties, making them very
versatile[95,111,121-123,200-202].

Compared to natural ones, synthetic biomaterials generally show more definite and
repeatable physicochemical, and therefore mechanical properties, thanks to the fact that
reaction conditions can be finely controlled during synthetic processes. PEGs, for instance,
easily synthesisable with precise control on the desired molecular weight, are valued for low
toxicity and low immunogenicity, and, thus, for their biocompatibility. In general, synthetic
polymers can be customized to obtain a wide range of mechanical and chemical properties,
making them extremely versatile[203,204].

In summary, while natural hydrogels show higher biocompatibility and similarity to the
ECM, synthetic hydrogels offer greater customization and control of material properties.
With this in mind, to combine the advantages of both biomaterials’ classes, the ideal choice
is the use of semi-synthetic polymers, which are usually obtained through the chemical

functionalisation of the natural polymer backbone.
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Regarding the chemical nature of the most used natural polymers, it is important to make
some clarifications and highlight the different advantages related to protein and
polysaccharides in hydrogels’ preparation.

Protein and peptide-based hydrogels, since they are often components of the ECM, show
high biocompatibility, minimal immune response and interesting biological properties in
terms of cell interaction capabilities[205]. Common proteins, exploited in hydrogels’
formulation, include gelatin, fibrin, elastin and serum albumin, which undergo gelation
generally through non-covalent interactions. However, these hydrogels often show some
limitations, like low mechanical properties, and more laborious preparation since proteins
are particularly delicate to handle (unfolded proteins are required for protein-based
hydrogels), needing to be combined with other polymers[202,206].

Polysaccharides, instead, are mainly derived from animals, plants, algae, and
microorganisms. Thanks to their good biocompatibility, biodegradability and low toxicity,
but also to their self-healing and shear-thinning behaviour (due to the dynamic covalent and
non-covalent interactions within their molecular structure) they are extensively used for
biomedical applications[207,208]. Polysaccharide-based hydrogels are particularly
exploited as drug carriers due to their strong affinity for mucosal layers (e.g. in the
gastrointestinal tract), and their ability to stabilize encapsulated drugs allowing controlled
release[207]. However, traditional polysaccharide-based hydrogels composed of one single
component present some limitations, like poor mechanical strength (Figure 11). Despite
these challenges, both polysaccharide-based and protein/peptide-based hydrogels are
promising for biomedical applications, especially after chemical modifications that allow to

overcome their single disadvantages and improve their properties[202,209].
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Figure 11. Summary of the main advantages and disadvantages of polysaccharide-based

hydrogels and protein/peptide-based hydrogels[202].

Below there are some examples that highlight the remarkable applicability and versatility of
some of the most used biomaterials.

Gelatin, a natural polymer derived from animal collagen’s hydrolysis, has been often used
for hydrogel formulation thanks to its temperature-induced gelation and its several biological
properties, like biocompatibility, low antigenicity, biodegradability, and ability to promote
cell growth and attachment. For these advantageous features, gelatin is utilized in various
medical applications as a tissue engineering scaffold, supporting cell growth and tissue
regeneration, for wound dressings, to create a conducive healing environment, in controlled
drug delivery systems, and as a haemostatic agent during surgical procedures. As
methacrylated gelatin, it is often exploited in 3D printing, stabilizing the printing constructs
after extrusion by photo-crosslinking [82,132,210-212].

Chuang et al. designed a biofunctionalized hydrogel incorporating lyophilized platelet-rich
fibrin (containing several growth factors), into a genipin-crosslinked gelatin/hyaluronic acid

hydrogel to create an injectable material for segmental bone defect repair. The study
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highlighted the advantages of this type of hydrogel as well as the benefits of biological
properties linked to the use of this mix of growth factors, demonstrating the potential
application of the developed system for bone tissue engineering[211].

Shih et al. fabricated 3D-printed biocompatible proangiogenic patches using a combination
of living cells and biodegradable hydrogels. In detail, they formulated a bioink incapsulating
endothelial cell in photo-crosslinked gelatin bioink and smooth muscle cells in polyurethane
hydrogels. Implantation of 3D-bioprinted proangiogenic patches in a mouse model showed
the formation of new microvessels, indicating the system’s capability to induce angiogenesis
for treating ischemic vascular diseases[212].

Alginate is a natural polysaccharide mainly extracted from marine brown algae, whose
backbone is composed of B-D-mannuronic acid and a-L-guluronic acid connected by
glycosidic bonds. Alginate-based hydrogels, whose formation is favoured by the presence of
divalent ions, particularly calcium (Ca?"), are widely used in drug delivery systems, in
wound healing, but also in 3D printing as inks, where inotropic crosslinking can stabilize
printed constructs [191,213,214].

Fang et al. developed an injectable hydrogel based on oxidized sodium alginate, gelatin and
chondroitin sulfate for the minimally invasive treatment of osteochondral defects. The
hydrogel possessed a double network based on hydrogen bonds and dynamic Schiff-base
bonds, demonstrating impressive injectability and self-healing properties. Furthermore, it
guided the controlled release of active components to the lesion site and promoted the
formation of new tissue, providing interesting results for both articular cartilage and
subchondral bone injuries[214].

Hyaluronic acid is a glycosaminoglycan, naturally present in human ECM, whose structure
is composed alternately of D-glucuronic acid and N-acetyl-D-glucosamine. It is well-known

for its strong hydrophilicity, due to its numerous carboxyl and hydroxyl groups, for its high
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biocompatibility, biodegradability and low toxicity, which make it a valuable component in
many cosmetic products and an interesting biomaterial for wound healing and drug delivery
hydrogels[142,215-217].

For example, Duan et al. designed injectable hyaluronic acid-based hydrogels for diabetic
wound healing. In particular, the latter was developed by incorporating platelet-rich plasma
into dopamine-modified hyaluronic acid crosslinked through Fe*". In this way, the systems
showed good injectability, tissue adhesiveness, rapid self-healing and anti-inflammatory and
anti-oxidative properties. At the same time, the hydrogels demonstrated the capability to
promote fibroblast proliferation and migration (thanks to the platelet-rich plasma) and
antibacterial properties, proving, in vivo, a fine regulation for the microenvironment of the
diabetic wounds and promoting their complete regeneration[216].

In another study, Wang et al. evaluated the application of a hyaluronic acid-based hydrogel
for the preservation of cardiac functions after myocardial infarction. In detail, they
developed an injectable hydrogel composed of hydrazide and phenylboric acid derivatives
of hyaluronic acid and oxidized dextran, which showed a strong antioxidant effect in vitro
and in vivo and the capability to protect cells from oxidative stress damage. Furthermore, it
reduced fibrosis, promoted vascularization, and preserved cardiac functions over a long-term
period, suggesting its potential use to preserve cardiac functions after infarction, but, at the
same time, its application for the treatment of other types of inflammation-related
diseases[217].

Chitosan, on the other hand, is a linear polysaccharide derived from chitin (extracted from
crustacean exoskeletons), consisting of D-glucosamine and N-acetyl-D-glucosamine units.
Chitosan is particularly known for the presence of free amino groups, which are protonated
under neutral or acid conditions, enhancing, thus, its water solubility and bioadhesiveness

(by electrostatic interactions with negatively charged mucosa surfaces), but, above all,
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conferring it intrinsic antimicrobial and antifungal properties that are useful for the treatment
of infected wounds[26,76,104,218-220].

Ding et al. designed injectable hydrogels based on salic acid chitosan and oxidized dextran
incorporating also different amounts of plant-derived polyphenol tannic acid. The hydrogels,
based on Schiff-base reaction, exhibited excellent self-healing and injectable properties, as
well as, in vitro ROS scavenging and antibacterial activity, suggesting their potential in
treating skin wounds in clinical practice[220].

All these examples highlight the potential of both injectable hydrogels and natural-derived
biomaterials for this purpose. However, among polysaccharides, gellan gum and xanthan
gum need to be carefully and thoroughly focused for their remarkable properties, which have

significantly increased their use in the biomedical field.

1.7.1 Gellan gum

Gellan Gum (GG), a water-soluble linear anionic polysaccharide with high molecular
weight, shows a wide range of applications in the chemical, pharmaceutical, cosmetic, and
food industries due to its exceptional biocompatibility, biodegradability, low cytotoxicity,
low cost and industrial reproducible production. Indeed, it is a highly versatile food additive
used as a stabilizer, texturizer, film-forming and suspending agent. However, it is, also,
extensively applied in the production of biomaterials for biomedical applications, thanks to
some own peculiar features like temperature and ionic strength-sensitive gelation properties
and adjustable physical and mechanical characteristics. It is an optimal starting material for
the development of hydrogels for the controlled delivery and release of therapeutic agents,
as well as a good material for regenerative medicine applications[221-223].

GG is an exopolysaccharide, produced by the bacterium group Sphingomonas, discovered
in 1978 but approved by the FDA in 1992. The primary structure of this biomaterial consists

of the repetition of tetramers formed by -D-glucose, -D-glucuronic acid, -D-glucose, and
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a-L-rhamnose, linked by a- and B-glycosidic bonds according to the following structure: [D-
Glc(B-1,4)D-GlcA(B-1,4)D-Gle(B-1,4)L-Rha(a-1,3)]. (Figure 12)[224].

The secondary structure can be represented by a coaxial double helix where each chain twists
three times on its vertical axis. The interactions between the two linear chains of the helix
are due to the chemical groups of the repetitive units: specifically, the three f-1,4 glycosidic
bonds allow for equatorial bonds, meaning they lie in the same plane as the ring; while the
a-1,3 bond induces an orderly and repetitive rotation in the polymer’s structure. This type of
twist is not random but follows a regular and predictable pattern, influencing the 3D
conformation of this polysaccharide and, thus, its properties[225].

The natural form of GG presents an L-glycerol substituent on the third carbon of the first
monomer (D-Glc) of the repeating unit and an acetyl group on the anomeric carbon of the
same residue, that, however, can be removed with a thermal treatment with alkali[226,227].
This leads to a classification of GG into two main types based on its acyl group content:
high-acyl GG (haGG) and low-acyl GG (1aGG) (Figure 12), which have different
physicochemical properties and, consequently, give rise to aqueous dispersions and
hydrogels with different viscoelastic behaviour[228]. The haGG forms soft and elastic
hydrogels, while 1aGG produces brittle hydrogels. Additionally, haGG is remarkably stable
and maintains its properties over a wide temperature range. Therefore, the choice between

haGG or 1aGG depends on the specific application requirements[229].
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Figure 12. Chemical structure of high acyl gellan gum (haGG) and low acyl gellan gum

(1aGG)[224].

Regarding the gelation process of GG, its gelling properties are influenced by various
factors, such as temperature, pH, polymer concentration, molecular weight, and the presence
and type of cations in the solution[223]. One of the main gelation features of GG in its natural
form is the physical and reversible gelation depending on temperature, which leads to
physical hydrogels; indeed, when heated to temperatures equal to or higher than 90°C, a
homogeneous liquid dispersion of GG is obtained. As the temperature decreases, there is a
sol-gel transition that leads to the formation of GG physical hydrogels. In more detail, GG
exhibits a thermotropic gelation process due to a random coil to double helix conformational
transition. At 90°C, the GG polymer chains (in aqueous dispersion) are in a random coil
state, while as the temperature decreases, the polymer chains undergo structural
reorganization into double helix systems (coil to helix transition), followed by the formation
of complex and ordered 3D network due to aggregation resulting in hydrogel’s formation

(thermo-induced sol-gel transition) (Figure 13)[224].
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GG, also, shows an ionotropic gelation, which means that GG is ion-sensitive as its
dispersions are sensitive to the presence of ions in the medium. Specifically, both
monovalent and divalent cations can interact electrostatically with the carboxylate groups of
D-glucuronic acid, inhibiting the repulsion between the polymer chains. This clearly leads
to a greater degree of interaction between them, thus increasing the hydrogel’s architectural
strength. Moreover, divalent cations can form additional bonds between spatially close
carboxylate groups, resulting in more intense ionotropic crosslinking than that given by
monovalent cations[230].

Furthermore, since GG is an anionic polysaccharide due to the presence, in its backbone, of
not completely protonated carboxylic groups (in physiological conditions), it is strongly
influenced by pH too. Specifically, it has been observed that at pH values between 3 and 5,
carboxylic groups will predominantly be in non-ionized form, minimizing repulsions
between polymer chains and inducing stronger aggregation and greater structuring of the
corresponding hydrogels. Additionally, the H" ion, like monovalent cations, exerts a
shielding effect on the electrostatic repulsion between the ionized carboxylic groups,

increasing aggregation of the different helices[231].
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Despite these interesting properties, that led to the application of GG-based hydrogel in
many fields, it is worth highlighting some disadvantages of the native form of the
polysaccharide. For example, the gelation temperature is incompatible with most cell
encapsulation strategies, GG hydrogels are unstable due to cations exchange in physiological
media (the higher concentration of Na* compared to Ca®" results in the substitution of Ca*
with Na*, which weakens the hydrogels and leads to premature degradation in vivo) and is
free of specific attachment sites for anchorage-dependent cells. However, different strategies
have been developed to reduce the gelation temperature of GG and improve the
processability of its dispersions and the stability of its hydrogels[224].

Strategies for reducing GG molecular weight through ultrasound, alkaline or oxidizing
solutions result in a suitable decrease in molecular weight and thus gelation temperature,
overcoming the aforementioned disadvantages. Furthermore, reducing molecular weight
often allows GG derivatives to be dispersed in saline solutions (e.g., phosphate buffer) due
to lower ionic strength sensitivity, making formulations easier to handle and prepare, even
in cell therapy[226,232,233].

Moreover, GG can be functionalized in various ways, depending on the application for which
the hydrogels are intended (Figure 14). For instance, degradation kinetics, rheological and
biological characteristics, as well as tissue-specific properties, can be modified through
grafting or copolymerization, achieving new and desired physicochemical properties. The
latter depends on the degree and type of functionalization: carbodiimide amidation,
esterification, and other chemical reactions have enabled the functionalization of hydroxyl
and carboxyl groups of the repeating units with acrylates, methacrylates, thiol groups, amine,

alkyl chains and other substituents[95,111,234-236].
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Figure 14. Chemical structures of some GG derivatives[224].

One of the main chemical modifications of GG is the methacrylation. This functionalization,
introducing methacrylic groups into the GG backbone, allows photo-crosslinking of its
hydrogels, increasing their in vitro and in vivo strength and stability, making it possible, also,
their application in the regeneration of hard tissues, like bone and cartilage. Many
researchers have studied this reaction, developing it with different approaches[234,237,238].
For example, Coutinho et al. developed methacrylated GG (GG-MA) hydrogels by reacting
GG with varying amounts of methacrylic anhydride, creating hydrogels with two different
degrees of methacrylation. Combining physical crosslinking methods (such as adding
cations) with chemical crosslinking approaches (via photo-crosslinking) allowed the
development of GG-MA hydrogels with highly adjustable physical and mechanical

properties without compromising biocompatibility[237].
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Additionally, Vieira et al. developed a methacrylated GG (GG-MA) through the reaction of
GG with glycidyl methacrylate to formulate hydrogels to promote osteogenesis and allow
dexamethasone release. GG-MA hydrogel undergoes an initial photo-induced crosslinking
process followed by subsequent ionotropic crosslinking with calcium chloride, further
improving its hydrolytic resistance and viscoelastic and mechanical properties[238].

These two different approaches, using a different chemical mechanism of functionalization,
exploited both double physical and chemical crosslinking.

Jongprasitkul et al. exploited GG-MA for 3D printing for biomedical applications. In detail,
they pre-crosslinked GG-MA dispersion with Ca®" to confer suitable viscoelastic properties
to obtain good extrudability. The 3D-printed constructs were further photo-crosslinked to
stabilize their structure. In this way, the two-step crosslinking approach allowed to get
hydrogel-inks with good printability for future biomedical applications[239].

Pitarresi et al. designed a hydrogel based on a low molecular weight alkyl derivative of GG
containing tricalcium phosphate and hydroxyapatite nanoparticles as an injectable scaffold
for bone tissue regeneration. The alkyl derivative functionalization occurred on the free
hydroxyls of the polysaccharide, leaving the acid functions (carboxyl group) free and thus
not altering the polymer’s ionotropic properties. The amphiphilic nature of the obtained
derivative, along with its thermotropic behaviour and ionotropic crosslinking characteristics,
enabled the production of scaffolds that mimic bone tissues and can be used to release
osteoinductive biomolecules[240].

Functionalization could also improve the biological properties of GG. This polymer, indeed,
is characterized by the lack of cell adhesion sites, mainly attributed to the extreme
hydrophilic nature of its hydrogels, which per se allows water molecules to bind to the
polymer backbone, but also to the negative charge of the polymer that repulse cells, limiting

the adsorption of cell-adhesive proteins before cell attachment[241]. To overcome this
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feature, GG was often functionalized or used in combination with proteins and peptide
sequences[242-244]. Alheib et al. developed injectable GG-based hydrogels for the delivery
of skeletal muscle cells to treat localized muscular trauma. In particular, they functionalized
GG with laminin-derived peptide to mimic the native muscular ECM, thus conferring the
polysaccharide cell-friendly properties. In this way, it was possible to encapsulate muscle
cells into the hydrogels, thus promoting myogenesis, neoinnervation and angiogenesis. The
obtained results suggested that this type of approach could represent a reliable strategy for
the regeneration of localized muscular trauma[244].

The results of all these studies indicate that the use of GG derivatives allows for overcoming
some limitations of the native polymer, such as reduced physical stability, handling
difficulty, high-temperature operating conditions and the lack of cell adhesion thus obtaining
a biomaterial suitable for the desired applications. These properties make the described
polymer ideal for biomedical applications.

From this point of view, as partially highlighted with the previous examples, GG is, often,
used for the production of injectable hydrogels for drug delivery and regenerative medicine
applications.

Chen et al., for example, formulated a new injectable, double-crosslinked and magnetic
hydrogel for drug delivery and bone repair. The systems were prepared by Schiff-base
reaction and ionic interactions between carboxymethyl chitosan and oxidized GG.
Furthermore, magnetic hydroxyapatite/gelatin microspheres containing antibacterial drugs
(tetracycline hydrochloride and silver sulfadiazine) and hydroxyapatite were incorporated
into the hydrogels to improve their mechanical and biological properties and confer
antimicrobial activity, with a controlled (magnetically) release of bactericidal substances. In
this manner, the formulation could be a therapeutically effective platform for drug delivery

and bone regeneration[245].

43



Introduction

Choi et al. functionalized GG with -cyclodextrin derivative to administrate dexamethasone
by forming inclusion complexes. In this way, it was possible to formulate injectable hydrogel
for the delivery of this anti-inflammatory drug and thus reduce the inflammatory response
in cartilage tissues improving, at the same time, chondrogenesis[246].

Biscari et al. synthesized dopamine and PEG functionalized GG for the production of
injectable hydrogels with radical scavenging activity and both specific and nonspecific
antimicrobial properties. Specifically, the hydrogels were produced by mixing this derivative
with colistin sulphate, thanks to the formation of electrostatic interactions. Also, polymeric
GG-based microparticles, with polydopamine coating, were introduced into the system
conferring simultaneously antioxidant and photothermal and, thus, non-specific
antimicrobial properties. In this way, a synergistic antibacterial effect was possible by
combining the photothermal effect with colistin’s release. The obtained results demonstrated

that the hydrogels could be interesting candidates for the treatment of infected wounds[247].

1.7.2 Xanthan gum
Xanthan gum (XG) is a natural biodegradable exopolysaccharide extracted from
Xanthomonas microorganisms through a fermentation process[248,249]. It is a water-soluble
polymer with high molecular weight (around 10° g/mol) composed of repetitive units
consisting of a B-D-glucose backbone alternatively linked by B-1,4 bonds to trisaccharide
side chains of f-D-mannopyranosyl-(1,4)-a-D-glucopyranosyl-(1,2)-B-D-mannopyranosyl-
6-O-acetate. The ketal linkages connect pyruvic acid residues to about half of the terminal
mannose residues. The amount of pyruvic acid is related to the fermentation process and the

Xanthomonas strain used (Figure 15)[250,251].
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Figure 15. Primary structure of xanthan gum[252].

The secondary structure of XG is represented by a helix with a pitch of 4.7 nm and a diameter
of 1.9 nm, which undergoes a thermally induced conformational transition from a helix to a
spiral structure[253,254]. XG, easily dispersible in hot water, but also in cold water under
intense agitation to avoid clumping, gives rise to viscous dispersions which behave as non-
Newtonian fluids and exhibit highly pseudoplastic behaviour. Generally, the thermal stability
of XG is far better than many other polysaccharides or water-soluble polymers, likely due to
the ordered helical structure of XG protecting the molecules from depolymerization[255].
Thus, the viscosity of XG dispersions is only minimally affected by thermal treatment
processes (e.g., sterilization) and is also not influenced by pH.

XG acts as a polyanion at pH levels higher than 4.5 due to the deprotonation of O-acetyl and
pyruvyl residues[252]. For this reason, the viscoelastic properties of XG dispersion can be
influenced by monovalent and divalent ions depending on their concentration. In detail, the
viscosity could decrease because of the charge shielding effect on the electrostatic repulsion
between carboxylate groups[256], but, from the other side, it may increase in the presence

of divalent ions because of their crosslinking effect[248,257]. Regarding the latter, XG
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chains can form physical networks with divalent cations by involving two disaccharide units
in the main chain and O-acetyl and pyruvyl residues in the side chains, leading to
intramolecular crosslinking and chain contraction[248].

A key factor that needs to be discussed refers to the rheological properties of XG dispersions
since it is crucial for the development of injectable hydrogels. The viscosity of XG
dispersions strongly depends on several factors, like ion concentration, polymer
concentration or XG molecular weight. In particular, because of shear-thinning properties,
at low shear rates, the viscosity of XG aqueous dispersions is higher than the viscosity when
high shear rates are applied. Moreover, at low shear rates and in the absence of electrolytes,
the viscosity increases linearly with the increase in XG concentration in the range of 0.3-2.0
g/L, but it decreases substantially when salt is added[258]. Furthermore, for XG
concentrations above 2.0 g/L and in the presence of salt, the viscosity increases with
increasing shear rate. These changes occur due to the variation in molecular conformation
from an ordered state (helical molecular conformation) to a disordered state (extended
conformation due to strong electrostatic repulsions between like charges) (Figure 16)[259].
Indeed, at lower concentrations below 2.0 g/L, the addition of salt neutralizes the ionic
charge of the XG chains, resulting in a conformational change towards a helical structure,
with a decrease in viscosity. However, at a higher polymer concentration (> 2.0 g/L), the
addition of electrolyte causes a conformational change towards the more extended form,
responsible for the increased viscosity[254].

Despite all the advantages of XG, one limitation, linked to its physicochemical properties,
is its slow dissolution rate since it first needs to swell, after solvent penetration, and only
then it can dissolve. This process can sometimes be excessively long (based on molecular
weight and concentration of XG), to the point that it could be disadvantageous to use this

biomaterial[260].
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Concerning XG applications, due to its advantageous properties (absence of toxicity,
biocompatibility, biodegradability, thermal stability), this biomaterial has been recognized
as safe and approved by the US FDA for use as food additive without any application
limit[262,263]. Furthermore, XG has, also, extensively been used in a wide range of
applications such as food packaging, water-based paints, the petroleum industry, water
treatments, oil recovery, toiletries, cosmetics, and drug delivery[264-267]. Regarding the
latter application, due to its mucoadhesive properties, XG has found widespread application
in the formulation of drug delivery systems for the localized release of drugs, ensuring they
remain longer at the application site (buccal, topical, mucosal)[268-270].

XG has recently attracted great attention as a biomaterial for the preparation of hydrogels
for tissue regeneration. However, it is often mixed with other materials or functionalized to
improve some properties or better meet the application needs[254].

Indeed, XG possesses hydroxyl and carboxyl groups that can be modified through physical,
chemical, chemo-enzymatic methods, or a combination of these approaches.
Carboxymethylation is among the most common modifications of XG: in the presence of
chemical agents such as monochloroacetic acid and sodium hydroxide, ether bonds are

formed between the primary hydroxyl groups of the XG repeating units and

47



Introduction

carboxymethylated molecules. The modification results in a reduction in the molecular
weight of XG, an increase in hydrophilicity, and a reduction in the viscosity and elastic
modulus of aqueous dispersions[271,272].

XG can also be functionalized through the esterification of the primary hydroxyl group,
binding molecules of different natures and properties[273,274]. Another modification of the
XG polymer backbone is oxidation, which partially converts glucopyranose units into
aldehydes and creates additional functional sites for covalent crosslinking. Oxidized xanthan
gum (XGox) can be obtained through oxidation mediated by sodium metaperiodate, which
causes the cleavage of C—C bonds between (—-CHOH) groups of the D-glucose units to form
dialdehydes. Specifically, this method improves the reactivity of the polysaccharide and
allows covalent interaction with polymers having amino or hydrazine groups, thus forming
Schiff bases[264,275-278]. Kumar Sharma et al. formulated an injectable hydrogel based
on oxidized XG (XGox) and 8-arm polyethylene glycol functionalized with hydrazine for
controlled release of doxorubicin. Through the formation of hydrazone bonds, an injectable,
self-healing system with optimal rheological properties was obtained for local anticancer
treatment[278].

Namazi et al. exploited XGox for 3D printing through dynamic crosslinking with gelatin via
Schiff base reaction. The developed hydrogel/inks showed suitable viscoelastic properties,
good extrudability and shape maintenance making possible their future use for 3D printing
applications[277].

In another study, Chen et al. designed double-crosslinked hydrogels using Schiff base
reaction, but at the same time, adding one more crosslinking through UV irradiation. In
detail, they utilized carboxymethyl chitosan and aldehyde/glycidyl methacrylate
functionalized xanthan gum to develop a 3D-printed hydrogel for the treatment of tubular

enterocutaneous fistulas. While the first dynamic network enhanced printability, the second
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one (photo-crosslinking) conferred to the system enough high strength and effective
resistance against corrosion by intestinal fluid and the high pressure of the intestinal cavity,
and, lastly, excellent anti-digestive performance[276].

Double-network formation was exploited also by Zhang et al. to develop an injectable
conductive hydrogel for cardiac regeneration after myocardial infarction. The system was
composed of oxidized xanthan gum grafted with 3-aminophenyl boronic acid, gelatin and
dopamine-grafted gelatin, which established imine and boronic ester bonds. By
encapsulating polydopamine-rosmarinic acid nanoparticles and adding conductive
polypyrrole-modified gelatin, the hydrogel showed anti-inflammatory and anti-fibrosis
effects, good mechanical strength, conductive properties, restoring electrical signal
transmission in the infarct area, inducing angiogenesis and promoting the expression of
cardiac-specific markers to restore cardiac function[275]. These examples from the scientific
literature highlight the possibility of exploiting XG and its derivatives both for injectable

hydrogels production and 3D printing applications.

1.8 Biomedical applications of injectable hydrogels

The use of injectable hydrogels has greatly increased due to their versatile and highly tunable
properties, as well as advances in biomaterial technologies. They are currently employed for
several biomedical applications, including tissue engineering, drug delivery, wound healing,
cellular encapsulation, disease modelling, immunomodulation, biosensors, and cosmetic
fillers. Furthermore, as previously highlighted, they could be exploited, with some
appropriate modifications, in 3D printing and bioprinting for the regeneration of damaged
tissues, the creation of disease models for drug screening, and the development of new
advanced drug delivery systems[2,33,279].

Injectable hydrogels exhibited excellent properties as carriers for topical and localized drug

delivery. Various kinds of payloads, e.g. drugs, peptides, proteins, nanoparticles and genes,
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can be loaded into a hydrogel matrix, by absorption and/or encapsulation method. Compared
to systemic administration, topical injectable hydrogels are favourable for sustained or
controlled release and, of course, to treat local wounds[76,120]. In this sense, incorporated
drugs (both hydrophilic and hydrophobic molecules) can be released from the hydrogel
matrix by various mechanisms: free diffusion and erosion of the matrix are usually the main
ones. Furthermore, the release can be also influenced by external or internal stimuli
(temperature, pH, glucose concentration, redox, enzymatic reactions, magnetic field and
light irradiation) thanks to the incorporation of sensitive moieties in the polymer backbone.
Thus, these drug delivery systems, are exploited for different purposes: treatment of
inflammatory diseases, eradication of microbial infections, and cancers, tissue repair and
regeneration through the delivery of growth, and chemoattracted factors[90].

As already mentioned, injectable hydrogels are, also, increasingly used in regenerative
medicine for tissue regeneration due to their exceptional ability to mimic the natural 3D
tissue environment. This capability makes possible cell encapsulation and the incorporation
of bioactive molecules and nanostructures, rendering ideal candidates for promoting the
regeneration of damaged tissues[2]. Furthermore, when combined with 3D printing
technology, these hydrogels allow for precise control over morphological properties and, for
3D bioprinting, also on the cellular disposition, allowing too deep imitation of the
physicochemical, = mechanical and biological properties of the  human

tissues[93,98,123,161,171].

1.8.1 Use of injectable hydrogels for the treatment of local microbial infection
As drug delivery systems, injectable hydrogels are often applied for the delivery of
antimicrobial agents to eradicate topical infections and, thus, support the regeneration of

wounds or injuries[120,198,280,281].
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The prevention and treatment of local infections caused by microbes like bacteria, viruses,
mycetes and parasites, is a global health issue, mainly due to the low efficacy of current
antimicrobial treatments and the rapid development of antibiotic resistance[282]. The main
factors of increasing antibiotic resistance are the misuse and overuse of conventional
antibiotics, coupled with a declining tendency for new antibiotic development against
resistant microbes[283,284]. Consequently, there is an urgent need to develop innovative
strategies to overcome this challenge[285,286].

To address this goal, several therapeutic approaches have been developed: new micro- and
macromolecular antimicrobial agents, as well as natural extracts with antimicrobial
properties and metallic nanoparticles, emerged as effective treatments[287-290]. However,
despite their effectiveness, these materials show some limitations that restrict their
therapeutic efficacy, such as low potency, limited bioavailability, lack of controlled release,
high dosage requirements and potential toxicity[291].

In this scenario, hydrogels appear as attractive systems for the delivery of antimicrobial
agents, allowing high efficacy, improved bioavailability, long-term effects and
controlled/sustained release. Furthermore, their rheological properties allow for prolonged
retention on the surface and controlled diffusion of bioactive molecules that may reduce the
need for frequent administration, enhancing patient compliance[292].

In addition to the mentioned advantages, it is important to highlight that the use of hydrogels
in the treatment of infected wounds offers significant benefits since they can absorb exudate
from the wound, maintaining, at the same, time, a hydrated environment that facilitates
physiological diffusion of nutrients and bioactive molecules. Moreover, injectable hydrogels
can efficiently fill target sites with irregular shapes and guarantee perfect integration with

surrounding tissues[293].
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Several systems have been developed over the past few years to address this issue. These
treatments are directed not only towards the mucous membranes of our body (vaginal,

buccal) but are specially designed for the regeneration of chronic and infected skin wounds.

1.8.1.1  Imjectable hydrogels in wound healing
The skin, composed of three layers (epidermis, dermis, and hypodermis), is the largest organ
of the human body and represents the first defensive barrier of the organism against
pathogens, UV radiation, chemicals and mechanical damage[294]. Following the formation
of wounds, the skin can regenerate itself since it possesses self-repair capabilities: this is
particularly true for acute injuries, which are usually healed within 8-12 weeks. However, if
the regeneration process goes over 12 weeks or does not complete normally, the wound is
considered chronic and needs an external intervention for a complete regeneration[295,296].
In general, wound healing is a complex process that can be ideally divided into four phases
(haemostasis, inflammation, proliferation, and remodelling), which involves cells, proteins
and enzymes, aiming to restore the morphological and functional properties of the damaged
site[297]. However, several factors can influence this process, leading to a tardive or
incomplete regeneration and, thus, to the formation of chronic wounds (Figure 17). They
include pathological conditions such as diabetes, poor blood circulation, old age, weakened
immune system, large-sized injuries, excessive oxidative stress and pro-inflammatory
responses, or infections caused by resistant microorganisms such as bacteria
(Staphylococcus aureus, Streptococcus pyogenes, Pseudomonas aeruginosa, Escherichia

coli), mycetes (e.g. Candida albicans) or protozoa (e.g. Leishmania)[298-300].
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Figure 17. Overview of the physio-pathological mechanisms in acute and chronic wound

healing[297].

In all these cases, innovative therapies are necessary: in this scenario, the use of injectable
hydrogels and 3D printing systems plays a significant role. The latter, in particular, allows
not only the previously mentioned advantages but also to modulate the architecture of the
constructs for perfect adaptability to the lesion’s shape, as well as to better control the release
of pharmacological agents, thus playing a crucial role in personalized therapy.

For example, Bergonzi et al. developed printable antibacterial hydrogels based on chitosan
and alginate, doped with silver sulfadiazine as a drug model, for wound healing. The study
demonstrated the advantages of 3D printing since it was possible to obtain different drug
release profiles and, consequently, antimicrobial potency from different 3D printed
constructs, offering, thus, a key for the tailoring of drug administration as a function of the
wound-healing stage. In this sense, 3D printing could apport significant advantages in
personalized therapies[301].

In another study, Wang et al. exploited the advantages of 3D printing for wound regeneration
using novel hydrogels with antibacterial and antioxidant properties composed of glycidyl
methacrylate-modified carboxymethyl cellulose and &-polylysine. Combining the good

mechanical properties of carboxymethyl cellulose-derivative hydrogels with the strong
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antibacterial properties of e-polylysine, they obtain systems with a higher capability for
commercial dressing and which were applicable in personalized medicine[302].

Tang et al., on the other hand, developed a ROS-responsive injectable hydrogel composed
of e-polylysine functionalized with caffeic acid and phenylboronic acid grafting hyaluronic
acid, doped with a mixture of CaO2@Cur-PDA consisting of calcium peroxide (CaO3)
coated with polydopamine (PDA) and curcumin (Cur). The release of caffeic acid-grafted ¢-
polylysine, Oz, curcumin, conferred to the system antibacterial, antioxidant and angiogenetic
properties, allowing also to regulate macrophage polarization. In this way, it could be
possible to accelerate the regeneration of diabetic-infected skin wounds[303].

Wei et al. designed an antimicrobial injectable hydrogel exploiting the photothermal
properties of PDA. In detail, the hydrogel was composed of methacrylated gelatin and
oxidized hyaluronic acid, incorporating also polydopamine nanoparticles; the latter, by
means of its photothermal conversion under near-infrared light irradiation conferred to the
hydrogel not-specific antimicrobial properties overcoming classic antibiotics limitations. In
this way, thanks to its antioxidant potential too, the hydrogel appeared as a good candidate
for the treatment of infected skin wounds[304].

As previously discussed, and also highlighted from the previous examples, the delivery of
antimicrobial agents that are not only effective against various microbial strains (primarily
bacteria) but also prevent the emergence of resistant microbial species is a crucial aspect. In
recent years, new molecules extracted from animal and plant organisms[305,306], as well as
metal nanoparticles[288,307], have gained significant attention.

In particular, metal nanoparticles represent an innovative approach for the treatment of
microbial infections, given their non-specific action and the limited phenomena of bacterial
resistance mechanisms[288]. Among them, silver, gold, and titanium-based nanosystems are

the main ones. However, silver nanoparticles (AgNPs) have found wider application for their
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remarkable antimicrobial activity against Gram-positive and Gram-negative bacteria, as well

as against other microorganisms (viruses, mycetes, protozoa), and for their low tendency to

induce bacterial resistance. Moreover, compared to other metals, silver is more active against

the above-mentioned pathogens and is often more cost-effective[308].

During the last few years, several hypotheses have been proposed regarding their mechanism

of action, and to date, it seems that their antimicrobial activity can be referred to different

factors: reactive oxygen species (ROS) production, interaction with proteins and Ag” release.

In detail, AgNPs can induce the production of ROS, which can, subsequently, interact with

the bacterial proteins (e.g. plasma membrane proteins), altering their structure and function;

they can directly interact with bacteria membranes, modifying their integrity, and, finally,

they can, also, release Ag" ions, which interact with intracellular enzymes and proteins,

affecting, in this way, essential biological function like cellular respiration and

transmembrane transport (Figure 18)[288,307,309,310].
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AgNPs can be delivered through hydrogels by doping them during their
formulation[311,312] or by in situ synthesis[313]. The latter is the most efficient approach
as highlighted in different examples. Furthermore, several studies have highlighted the
capability of polysaccharides as capping agents towards AgNPs[313-315].

Wang et al. developed an easy, reproducible, green and low-cost method for the production
of AgNPs-containing hydrogels. This system was achieved by using cellulose nanofibrils
containing carboxylated lignin as a reducing agent for Ag" ions and, also, as a stabilizer for
AgNPs. This approach is particularly interesting because it allows nanocomposite gels to be
obtained in a single production step[313].

Xiang et al. exploited tannic acid-reducing properties to in situ synthesize AgNPs. In detail,
they developed a bioadhesive antibacterial hydrogel based on silk fibroin and tannic acid
doped with AgNPs produced in situ during hydrogel formation, thanks to tannic acid. The
hydrogel showed shear-thinning, self-healing, and wet tissue adhesion as well as an even
distribution of AgNPs in the adhesive network and antibacterial activity, suggesting the
potential application of the system as biological tissue adhesives and wound healing
dressings[316].

On the other hand, Reithofer et al. reported an efficient synthesis of AgNPs by in situ
reduction using only UV irradiation and no additional chemical-reducing agents. In
particular, they formulated an innovative system based on ultrashort peptides which can self-
assemble in water to form hydrogels, which were used as a matrix for in situ AgNPs
synthesis[317].

Several studies demonstrated that AgNPs have significant toxic effects also against protozoa
like leishmania, suggesting the application of an AgNPs-based system not only for the
treatment of bacterial infections but also for protozoan lesions. Specifically, the activity of

AgNPs results in promastigote (infective stage of leishmania parasites) death through ROS-
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mediated apoptosis and loss of mitochondrial integrity, phosphatidylserine exposure and
damage to promastigotes membrane[318,319]. Fanti et al. demonstrated that the treatment
with AgNPs causes a significant reduction in infected macrophages, decreasing thus the
number of amastigotes (intracellular forms of leishmania). In addition, these systems
influenced the immunomodulatory capacity of infected macrophages, reducing the synthesis

of mediators of inflammation that would otherwise aggravate leishmaniasis lesions[318].

1.8.2 Injectable hydrogels for bone tissue engineering

Bone is a specialized connective tissue with different biological functions, mainly
constituted by osteoblasts, osteoclasts, osteocytes, and osteogenic cells. Osteoblasts are
responsible for bone tissue formation through the production of several components of the
bone ECM, like calcium phosphates in the form of hydroxyapatite (mineralization process),
collagen I, proteoglycans, cell adhesion proteins (integrins, cadherins, osteopontin, bone
sialoprotein, fibronectin) and osteocalcin and osteonectin (proteins involved in bone
mineralization)[320].

Osteoclasts, multinucleated cells derived from monocytes, are engaged, in response to local
stimuli, in bone resorption, an essential physiological process involved in maintaining blood
physiological calcium levels. Osteocytes, instead, derived from osteoblasts that get trapped
within the mineralized bone matrix, detect mechanical stresses, converting them into
physiological responses and facilitating the physiological exchanges within the bone tissue.
Osteogenic cells, finally, are mesenchymal stem cells crucial in bone tissue formation and
maintenance, since they can differentiate into osteoblasts[321].

Bone regeneration, a complex self-healing process that starts in response to trauma, consists
of different sequential phases: an inflammatory phase, a repair step (also divided into the
hematoma organization phase and callus phase), and a remodelling step[322]. Even if the

human body usually can regenerate bone injuries, this process is limited to small fractures
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(less than 6 mm). In the presence of larger injuries or adverse physio-pathological
conditions, such as osteoporosis, diabetes, or rheumatoid arthritis, bone repair could not lead
to complete regeneration, needing external help[323].

Currently autografting is considered the gold standard, although its application is limited by
various disadvantages, including the risk of infection, donor-site morbidity and poor
integration with host tissues[323]. In this scenario, tissue engineering has emerged as one of
the most effective strategies for bone regeneration[324].

Before describing its approaches, it is necessary to explain tissue engineering principles to
better understand its application in bone regeneration. Tissue engineering is an
interdisciplinary field which, combining principles of engineering and life sciences, is
focused on the design, development and production of specific constructs in order to repair
or enhance the function of damaged tissues after trauma or diseases[325]. To reach this goal,
it relies on the production of bioengineered tissues, composed of implantable scaffolds,
autologous cells (stem or differentiated cells), and bioactive molecules such as growth
factors and/or drugs, whose combination allows the creation of three-dimensional structures
that mimic the composition, architecture, and functions of natural tissues[326].

In particular, the scaffold is designed to mimic ECM and is designed to mimic its function,
since, in this way, could promote cell growth and differentiation, and tissue functionality. On
the other hand, the incorporation of bioactive molecules such as growth factors, peptides, or
small molecules, can improve the effectiveness of the scaffold, since they can stimulate
physiological biological functions. Finally, bioengineered tissues can also incorporate cells,
increasing their similarity with the native ones. It is important to use directly progenitor cells
derived from the patient because this practice guarantees faster tissue regeneration, better
delivery of the cells to the damaged site and, above all, optimization of immunological

properties, with a reduction of inflammation and immune response[327].
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Among the strategies employed in tissue engineering, the development of hydrogels has
garnered widespread interest and has demonstrated significant potential, especially in bone
regeneration, for all the advantages described before. In this sense, indeed, injectable
hydrogels are often used in bone tissue engineering as a filling material for irregular bone
defects that are not subjected to large forces, like alveolar, maxillofacial and cranial bone
fractures[328]. Furthermore, the similarity to the soft callus (a cartilage-like intermediate
rich in collagen and glycosaminoglycans, formed before mineralization) could allow its use
as a transient and intermediate structure for the subsequent formation of bone
tissue[329,330].

Amiryaghoubi et al. formulated a thermosensitive injectable hydrogel based on pNIPAM,
graphene oxide and chitosan for the proliferation and differentiation of human dental pulp
stem cells to osteoblasts. The hydrogels thus prepared accelerated the expression of certain
osteogenic genes as well as the ALP activity and also calcium deposition[331].

Chu et al. developed an injectable, self-healing hydrogel with remarkable bone regeneration
properties. In particular, the system was formulated by exploiting a double-crosslinking
between N-succinyl chitosan and oxidised hyaluronic acid loaded with exosomes derived
from mesenchymal stem cells. The hydrogel showed good injectability and osteogenic,
angiogenic and murine cranial defect regeneration properties[332].

Moreover, although bone is a hard tissue and many systems for its regeneration are made of
metallic supports (such as titanium prostheses) or biomaterials with higher mechanical
strength (e.g., polyesters), hydrogels or 3D-printed hydrogel-based systems possess suitable
viscoelastic and mechanical properties to support the stresses to which small bone lesions,
such as those in the mandible or cranium, are subjected[333].

On the other hand, 3D-printed hydrogel-based scaffolds could be an interesting alternative

in bone tissue engineering, since as already described, it is possible to develop personalized
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constructs tailored to individual requirements utilizing patient-specific medical imaging
data. Moreover, 3D printing facilitates the fabrication of intricate geometric structures that
are challenging to achieve using traditional manufacturing methods. In this way, it is possible
to deeply regulate the mechanical and structural properties of implantable constructs[334].
Monavari et al. employed 3D printing for the fabrication of an osteogenic construct. They
used alginate dialdehyde-gelatin hydrogel doped with bioactive mesoporous silica-calcium
nanoparticles loaded with osteogenic phyto therapeutic drug. The 3D printed nanocomposite
hydrogel showed promising potential for applications as bone defect osteogenesis filling
materials, since increased proliferation, adhesion, and differentiation of osteoblasts as well
as induced mineralization[335].

As highlighted by the examples provided, an ideal system for bone regeneration must also
be osteoconductive, osteoinductive, and osteogenic. This means it should support cell
colonization and proliferation (osteoconductive), as well as the cell migration differentiation
and migration (osteoinductive), and the formation of new bone tissue (osteogenic)[336].
For this reason, the incorporation of biological or chemical factors such as ceramics,
bioactive glass nanoparticles (sodium calcium phosphosilicate), and magnesium-based
nanocomposites, mimicking bone natural properties, is essential. Calcium phosphate
ceramics, in particular, present chemical similarities with human bone matrix, as observed
in many studies, can induce bone formation in animals without the addition of any osteogenic
biomolecules, since their intrinsic osteoinductive properties[320].

Hydroxyapatite (Hap, Caio[POs]s[OH]>) is the most commonly used calcium phosphate to
produce coatings or thin films on the surface of prosthetic devices to accelerate bone healing
after implantation[337]. This coating must be biocompatible, bioactive, and osteoconductive
and should promote osseointegration, i.e., the anchoring of bone tissue around the implant

without the formation of fibrous tissue at the bone-implant interface. However, recently,
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synthetic Hap and its nanocomposites have been employed also in bone tissue engineering,
thanks to their above-mentioned properties, but also because they can stimulate macrophages
to secrete angiogenic and osteogenic growth factors[338].

Pan et al. incorporated nanoHap into a self-healing Schiff base-based hydrogel composed of
N-carboxyethyl chitosan, oxidized hyaluronic acid and adipic acid dihydrazide for bone
regeneration and alveolar ridge promotion. The study highlighted the presence of Hap-
induced osteogenic differentiation and the formation of mineralized matrix, providing an
excellent osteo-conductive and osteoinductive micro-environment that facilitated bone
formation in vivo and, thus, accelerating alveolar ridge preservation in the aesthetic
area[329].

Similarly to Hap, B-tricalcium phosphate (B-TCP), with a chemical formula of Ca3(POa)2
and a Ca/P ratio of 1.5, is often incorporated in bone healing hydrogels. Its use is linked not
only to its excellent biocompatibility and osteoconductivity, as it promotes bone cell growth
and new bone formation by providing a scaffold for cell adhesion and proliferation but also
to the fact that its degradation releases calcium and phosphate ions, which can stimulate and
enhance the healing process. Various studies in the literature reported its use and significant
results when incorporated into different systems[339].

Zhuang et al. demonstrated the great advantages of the incorporation of B-TCP into a
gelatin/sodium alginate hydrogel. The results showed that the presence of this bioceramic
improved the osteogenic differentiation ability of bone marrow mesenchymal stem cells
(BMSCs) affecting phosphorylation of ERK1/2 and BMP-2 signalling pathway, suggesting
a positive role of B-TCP in bone regeneration[340].

At the same time, the incorporation of zinc-based compounds can further stimulate the
regenerative process while also conferring antibacterial properties. In this regard, zinc oxide

nanoparticles (ZnO NPs) contribute to the creation of wound regeneration systems due to
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their non-toxic, antibacterial, anti-inflammatory, pro-regenerative, and antioxidant
properties. These effects are linked to the reduction of pro-inflammatory cytokines and the
increase of anti-inflammatory ones, inhibition of osteoclast activity and the stimulation of
that of osteoblasts, inducing, thus, calcium and phosphate deposition, collagen synthesis,
reducing oxidative stress and ensuring, in this way, a favourable environment for bone
regeneration[341-343].

Tang et al. demonstrated the potential of ZnO NPs on osteoblast differentiation and inhibition
of osteoclastic activity. Specifically, in vitro studies on MG-63 conducted with nanoparticles
synthesized using extracts from the plant S. baicalensis, showed a remarkable ability to
stimulate cell proliferation and differentiation, as well as the deposition of new bone

matrix[341].
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2. Aim of the work

In light of what has been discussed, it is evident the need to develop advanced therapeutic
systems for tissue regeneration and the delivery of bioactive molecules and, thus, allow a
suitable restoration of the morpho-functional characteristics of damaged tissues. Among the
various strategies being scientifically investigated, hydrogels emerged as one of the most
promising alternatives due to their high application versatility, ease of production, and
numerous advantages[2]. The fine control over the physicochemical, biological, and
viscoelastic properties, the ability to mimic the ECM of human tissues, the possibility to
control the release of bioactive molecules, and the enormous potential to regulate cell
adhesion, proliferation, differentiation, and function represent undisputed application
advantages[33]. In addition, injectable hydrogels allow efficient filling of target sites even
in the presence of lesions with irregular geometry, making better treatment and thus better
healing of damaged tissues[90,92]. At the same time, the application of hydrogels in 3D
printing enables the creation of highly personalized and complex biological structures, since
it makes it possible to reproduce the shape of the lesion faithfully and, thus, fine control over
the geometry, porosity, and composition of these structures, thus creating patient-specific
implants[161,163].

In this context, the development of new biomaterials for the formulation of hydrogels is an
ongoing challenge. In this sense, natural polymers, and especially polysaccharides, appear
to be the most suitable starting biomaterials, given the numerous advantages already
discussed. In detail, gellan gum and xanthan gum have shown considerable potential, such
that they can be widely applied in the biomedical field[224,254].

At the same time, the formulation of hydrogels that simultaneously show good injectability
or extrudability and good permanence at the site of the lesion is a considerable challenge in

the technological formulation field. The use of multiple crosslinking strategies allows for an
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innovative approach, both in the production of injectable hydrogels and in the development
of new 3D printing inks. The presence of dynamic bonds (covalent or non-covalent) allows
the system to be easily extruded, while the creation of further networks through successive
crosslinking or the reinforcement of the same through changes in the polymer molecular
structure allows the hydrogel to remain in situ or stabilize the 3D-printed construct[155].
With this in mind, in this thesis work, several injectable and/or printable hydrogels were
designed and developed for drug delivery and/or regenerative medicine. In particular, these
systems were designed for the local treatment of infected lesions and the regeneration of
small bone defects. Therefore, the first objective was to design and synthesize new
biomaterials that would make it possible to overcome the limitations of the starting polymers
(GG and XG) and, above all, to formulate injectable and possibly also printable hydrogels
with suitable physicochemical, biological, and viscoelastic properties that would meet the
therapeutic needs of the lesion to be treated. At this stage, various synthetic strategies have
been adopted to achieve the intended goal: carboxy- or hydroxy-functionalisation,
methacrylation, and oxidation have been exploited.

In the second step, the obtained biomaterials have been used for the formulation of hydrogels
with specific properties. In each case, the aim was to guarantee both injectability or
extrudability as well as suitable permanence in situ. In this respect, the development of
dual/double-crosslinked hydrogels was the main approach pursued. The produced systems
were then doped with suitable active agents because of the proposed application:
antimicrobial peptides and silver nanoparticles for the treatment of infected lesions,
hydroxyapatite, B-tricalcium phosphate, and zinc oxide nanoparticles for the regeneration of
bone lesions. Finally, the systems produced were studied to assess their physicochemical,

viscoelastic, and biological/microbiological properties.
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Specifically, in a first work, an injectable thermosensitive hydrogel was developed for the
treatment of local candidiasis through the delivery of a recently discovered synthetic
antifungal peptide. In detail, an XG/pNIPAM graft copolymer (named XG-pNIPAM) was
synthesized and exploited for the formulation of a thermoresponsive hydrogel. Since
pNIPAM exhibits an LCST around 32-33 °C[67], the ratio of the synthesis of this derivative
was to obtain a biomaterial and, so, a hydrogel that could be easily injected in the lesion site
but, once in contact with the human body, it could create a more stable network, thanks to a
coil-to-globule transition, promoting its permanence in situ, which was also favoured by the
mucoadhesive properties of XG. Furthermore, the incorporation of a recently designed
peptide with antifungal activity allows to confer anti-candida properties to the hydrogels
thanks to its controlled release. In addition to the synthesis of XG derivative and to the
production of the hydrogel, physicochemical, rheological, and biological analyses were
conducted; in this sense, the shear-thinning, mucoadhesive, and thermosensitive properties
were explored as well as the hydrogel’s stability in physiological fluids. At the same time,
the drug release profile and antifungal activity were investigated, validating the prospective
application of the hydrogel in managing mucosal and superficial candidiasis.

In another work, an amino derivative of gellan gum (GG-EDA)[122] was chosen as a starting
polysaccharide for the production of antibacterial and antileishmanial injectable hydrogels.
In detail, through functionalization with glycidyl trimethyl ammonium chloride (GTMAC),
a novel cationic derivative of gellan gum (named GG-EDA-GTMAC) was synthesized and
exploited to formulate injectable AgNPs nanocomposite hydrogels. The introduction of
quaternary ammonium groups into the GG backbone could potentially confer to the hydrogel
the capability to stabilize AgNPs[344,345] produced within the hydrogel itself through UV
irradiation and thus, to obtain an injectable system for a suitable delivery of such broad-

spectrum antimicrobial agents. Furthermore, since GG possesses ionotropic gelation, the
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system could be a promising candidate for 3D printing applications, stabilizing the printed
constructs with CaCl; solutions. With this in mind, after the synthesis of the new derivative,
several hydrogels were prepared by mixing the aqueous dispersion of GG-EDA-GTMAC
with different amounts of AgNOs solution. Silver reduction was conducted by irradiating the
system with UV light to enable the in situ production of the metal nanoparticles, through a
simple and reproducible method, and obtain injectable nanocomposite hydrogels with
different amounts of AgNPs. The developed systems were further characterized by
spectroscopic analyses to confirm quali-quantitatively the formation of AgNPs with the
hydrogels. Moreover, degradation studies were conducted to investigate samples’ stability
in physiological fluids. The rheological characterization allowed to further investigate the
injectability, self-healing behaviour, ionic strength and temperature sensitivity of all
hydrogels. The preliminary printing tests evaluated the capability of the materials to be
applied in extrusion-based 3D printing as inks. Lastly, in vitro cytocompatibility analysis
and antimicrobial studies (against Gram-negative, Gram-positive bacteria and Leishmania
infantum protozoan) were carried out to prove the possible application for the treatment of
infected wounds.

After dealing with applications in wound healing, other works focused on bone regeneration
and, in particular, on the healing of small bone defects.

In the first of these, double-crosslinked 3D-printed hydrogels were designed and developed
by combining XGox and a methacrylate polyaspartylhydrazide (PAHy-MA), incorporating
also hydroxyapatite nanoparticles. PAHy-MA, a novel synthetic biomaterial with a
polyaminoacid-based structure, with its dual functionalization (both hydrazine and
methacrylic groups), acts as a macromolecular crosslinker, allowing the spontaneous
formation of dynamic bonds with XGox under physiological conditions and, at the same

time, a controllable covalent crosslinking upon UV irradiation. In this way, hydrazone bonds’
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formation and photo-crosslinking were exploited to confer the hydrogel respectively
injectability and shape retention after printing. Different amounts of Hap were introduced
into the hydrogel, to assess its influence on viscoelastic, printing and biological properties.
For these reasons, rheological characterization took place to investigate viscoelastic,
pseudoplastic and self-healing properties as well as the hydrogels’ responsiveness to UV
light. Printing tests allow to verify the printability of the hydrogels, evaluating the influence
of the concentration of Hap. Lastly, cell differentiation experiments were carried out
evaluating collagen 1 deposition, mineralization and the expression of characteristic
osteogenic markers. Part of this work (printing and biological evaluation) was carried out
during my time at the Polymat-Basque Center for Macromolecular Design and Engineering
in Donostia - San Sebastian and in particular at the BioSmarTE Lab of Dr. Sandra Camarero-
Espinosa.

Finally, in the last work, injectable gellan gum-based hydrogels were developed as bone
fillers for small bone defects, like alveolar, maxillofacial and cranial ones.

This work aimed to design and develop injectable hydrogels that could be both injected and
stabilized at the lesion site. To reach this goal, a low-molecular-weight methacrylate
derivative of gellan gum was produced as a starting biomaterial by functionalising this
polysaccharide by means of 2-amino-ethyl methacrylate (AEMA), obtaining GG-AEMA. In
order to produce hydrogels with cell adhesion properties, methacrylated elastin (ELMA),
obtained by functionalising a soluble fraction of bovine elastin with methacrylic anhydride,
was covalently incorporated into the hydrogel network. The production of the hydrogels was
carried out by exploiting the thermotropic properties of gellan gum, as well as the possibility
of photo-crosslinking the obtained system and further stabilizing it by ionotropic
crosslinking. The synthesized polymers were characterized by spectroscopic analysis and

colourimetric assays, while the hydrogels obtained were investigated by rheological

67



Aim of the work

analysis, to assess their viscoelastic properties, injectability, the strongness of the different
types of crosslinking and their influence on the rheological properties.

At the same time, ZnO and B-TCP NPs were further incorporated to provide osteoinductive
properties. The produced systems were characterized by physicochemical, rheological and
biological analyses highlighting the potential of hydrogels for applications in bone tissue
engineering. In particular, the stability of the systems in a physiological medium, the
influence of concentration and type of particles on the rheological properties of the systems,
the cytocompatibility of the produced samples as well as the adhesive capabilities provided

by the presence of elastin were evaluated.
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3. Results, discussion and conclusions
3.1 Developing xanthan gum-based hydrogel with thermosensitive and
mucoadhesive properties for the treatment of local candidiasis

Candidiasis is generally caused by Candida albicans, an opportunistic fungus living in
human mucous membranes and skin, whose excessive proliferation can cause severe
infections in different parts of the body, like throat, mouth, genitals, skin, and sometimes in
the whole organism[346,347]. The treatment of these infections could be often difficult,
depending on their location and severity, due to the rise of drug-resistance phenomena and
the formation of biofilm, leading to the inefficacy of traditional antifungal medications
(triazoles, echinocandins, polyenes)[348-351].
However, natural and especially synthetic, antimicrobial peptides (AMPs) could be an
interesting alternative to overcome the limitations of conventional treatments[352].
Currently, novel AMPs are being studied, thanks to protein engineering and peptide library
screening technologies, to discover novel therapeutic molecules that could help the medical
treatment of various diseases, especially infections[289,290,353]. In a recent study, a
synthetic peptide (FHLVWRAGGTF, named AMP14d), with great antifungal and
antibiofilm in vitro activity against C. albicans, was designed thanks to computer modelling
and bioinformatic analysis, starting from a series of peptides discovered in hemocytes and
hemolymph extracts from freshwater crayfish Procambarus clarkia, improving some
physicochemical parameters (percentage of hydrophobic ratio, charge, Boman index)[354].
Given these considerations, this work has aimed to formulate an injectable hydrogel,
potentially useful for the easy administration of the synthetic antifungal peptide for the
treatment of local candidiasis[355]. To achieve this goal, a thermoresponsive and
mucoadhesive injectable hydrogel was designed and developed starting from an

XG/pNIPAM graft copolymer.
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The easy preparation and administration on various mucosal or skin surfaces made the
system an interesting platform for the delivery of a new anti-candida peptide. Furthermore,
its high stability, tunable temperature-dependent viscoelastic properties and mucoadhesion
behaviour highlighted its retention in the application site long enough to perform its intended
function.

Lastly, the peptide’s release profile coupled with its efficacy in inhibiting fungal growth
validates the prospective application of the formulation in managing mucosal and superficial

candidiasis.

3.1.1 Synthesis and characterization of XG-pNIPAM

The synthesis of the copolymer consisting of XG grafted with pendant pNIPAM moieties
was carried out by pre-activating the terminal carboxylic group of pNIPAM and allowing its
reaction with primary hydroxyl groups of XG (Figure 19A). In detail, the molar ratio
between pNIPAM and XG repetitive units was fixed to 0.1 to obtain a derivative that
maintained the viscoelastic and mucoadhesive properties of XG hydrogels while
concurrently exhibiting the thermosensitive behaviour of pNIPAM. The functionalization of
primary hydroxyl groups of the polysaccharide instead of the carboxylic ones was made to
preserve the negative charge of XG related to its pendant trisaccharide chains since the latter
play a key role in influencing the XG dispersibility in an aqueous media[248].
Furthermore, this synthesis approach allows the reaction in two simple steps without
isolation of the intermediates, followed by purification through dialysis to remove all the
unreacted species. In this sense, it does not need the previous activation of XG usually
requested for free-radical grafting with pNIPAM as already reported elsewhere[356].

The characterization of the new derivative was conducted by FT-IR and '"H-NMR. The FT-
IR spectrum for XG-pNIPAM (Figure 19B) shows XG and pNIPAM characteristic

transmittance peaks: in particular, it is possible to note, for XG, the O—H axial deformation
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and the C-H (methyl and methylene groups) symmetric and asymmetric stretching

vibrations respectively around 3280 cm ™! and 2850-2950 cm ![201,357], but, at the same

time, for pNIPAM, its typical peaks at 1530 cm™! (N-H bending) and 1630 cm™!' (C=0

stretching)[358,359].

Furthermore, the success of the reaction and the derivative structure were also confirmed

through 'H-NMR spectroscopy. As shown in Figure 19C, comparing XG and XG-pNIPAM

spectra, the derivative shows the typical peaks of both polymers[356,360—363].
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3.1.2 Production and characterization of XG-pNIPAM hydrogel

XG-pNIPAM hydrogels were formulated using a polymer concentration of 5% (w/v) in
MilliQ water. This value of concentration was chosen because it allowed for relatively easy
dispersion of XG-pNIPAM, producing a viscous system that can still flow upon vial tilting
at room temperature, but not after heating the hydrogel to 37°C. Furthermore, when the
system was heated to this temperature, a chromatic change from transparent to opalescent
was observed, confirming the thermoresponsiveness of the obtained graft copolymer.
Indeed, as already reported, in aqueous media, pNIPAM shows a conformational variation
from a hydrated to a dehydrated form (highlighted by the obtainment of a milky solution)
when the temperature is higher than the LCST (around 32 °C)[364]. As shown in Figure 20,
the 5% w/v pNIPAM aqueous solution initially exhibits high fluidity and undergoes the
distinctive temperature-induced transition when exposed to 37 °C while the unmodified XG
aqueous dispersion (5% w/v) forms a structured hydrogel with limited macroscopic fluidity
both at room temperature and at 37 °C and does not show any colour variation.

In this sense, the macroscopic behaviour of XG-pNIPAM dispersion confirms that grafting
synthetic thermosensitive polymer chains onto the polysaccharide backbone confers
interesting properties to the starting underivatized XG, enhancing its suitability as a starting
material to produce advanced pharmaceutical hydrogels. The improved fluidity at room
temperature improves its administration, while the capacity to structure at 37 °C makes it

particularly advantageous for its prolonged retention in the administration site.
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Room temperature 37°C

pNIPAM
5%(w/v)

XG
5%(w/v)

XG-pNIPAM
5%(w/v)

Figure 20. Macroscopically view of thermoreversibility of pNIPAM, XG and XG-pNIPAM

hydrogels at room temperature (left) and at 37 °C (right).

Since a new antimicrobial peptide, AMP14d (FHLVWRAGGTF) was previously designed
and synthesized starting from some natural peptides from P. clarkia, showing interesting
anti-Candida activity and low toxicity towards human cells[354], a peptide-loaded hydrogel

was formulated.
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For the preparation of the AMP14d-loaded sample, the peptide was simply mixed with the
aqueous dispersion of XG-pNIPAM at room temperature through mild shaking, highlighting
the extraordinary versatility of the developed system in producing pharmaceutical hydrogels.
The peptide concentration, however, was set above its Minimum Inhibitory Concentration
(MIC, 31.2 pg/mL)[354], since the system was designed as a drug reservoir for controlled
release.

The degradation studies of XG-pNIPAM hydrogels revealed a very low weight loss of
approximately 9% after 24 h (Figure 21). This indicates that the hydrogel can withstand in
infected sites long enough to perform its function. This result is in accordance with the
expected stability profile for hydrogels intended for local administration, as they remain

stable over a certain period between potential administrations.
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Figure 21. Degradation profile of XG-pNIPAM hydrogel after 24 h of incubation in DPBS.

Figure 22 macroscopically demonstrates the stability of the hydrogel over 24 h when applied
to porcine skin tissue. As observed, the hydrogel (area within the red lines) remains attached

to the skin surface for the entire investigation period even when the sample is completely
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soaked in DPBS, showing, also, its representative chromatic change from transparent to

opalescent when incubated at respectively at 25 °C and 37 °C, as described before.

DPBS 37°C e ° | DPBS37°C 24 hincubation |

Figure 22. Macroscopic stability of XG-pNIPAM hydrogel after 24 h of incubation in DPBS

when adhered to porcine skin tissue.

3.1.3 Rheological characterization

The rheological characterization allowed to quantitatively confirm the macroscopic
behaviour of the XG-pNIPAM hydrogel both at room temperature and at 35 °C. Oscillatory
experiments were carried out to determine the viscoelastic properties of the system and
highlight its gel state both under and above the LCST. In detail, as shown in Figure 23A,
when low values of strain % were applied, the system exhibited a G’ higher than the G,
which means it possesses a more pronounced elastic character and a solid-like behaviour,
which is typical of physical hydrogels.

However, increasing the strain % (after the cross point,), G’ becomes higher than G’, which
indicates that formulation shows a more liquid-like behaviour. This is a remarkable result
because it means the system is in a gel state before the administration at room temperature
but still capable of being potentially injected or extruded, e.g. from a syringe or a commercial
container. On the other hand, thermo-rheological experiments (Figure 23B) showed, as
expected, an increase in viscoelastic moduli with temperature: in particular, at 30 °C there is

a rapid increase of G’ and G” due to the presence of pNIPAM[364]. This test confirmed the
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advantage of grafting pNIPAM into the XG backbone since the increase of G’ and G” could
improve the stiffness of the formulation and, consequently, its permanence in situ. Flow
sweep tests allowed to study the relationship between the viscosity of the hydrogel and the
shear rate, evaluating if XG-pNIPAM hydrogel had shear-thinning properties. The test was
carried out at both 25 °C and 35 °C to study the flow behaviour before and after the
administration. In both cases (Figure 23C-D), the formulation showed a shear thinning
behaviour, with higher values of viscosity at lower shear rate at 35 °C. This result, due to the
capability of the molecular chains to align in the direction of the shear rate, reducing the
viscosity of the dispersion is particularly interesting since suggests that the formulation could
be easily extruded and administered to the application site.

Furthermore, this result confirms the influence of temperature on the viscoelastic properties
(in this case viscosity) outlined in the previous test (thermo-rheological experiment) and the
possibility that the formulation could remain on the administration surface.

All the obtained results confirmed the viscoelastic and pseudoplastic behaviour of XG-
pNIPAM formulation, as well as its thermoresponsiveness, suggesting easy administration

and good retention on administration sites.
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Figure 23. Rheological characterization of the XG-pNIPAM hydrogel. Results of oscillation
amplitude tests (A), thermo-rheological experiments (B) and flow sweep tests at 25 °C (C)

and 35 °C (D) for XG-pNIPAM hydrogel.

3.14 Mucoadhesive behaviour

XG usually shows good mucoadhesive properties, that are useful for its administration as a
drug carrier, but also as a scaffold since they allow it to resist on mucosa surface. The
evaluation of the mucoadhesive properties of the XG derivative was performed by measuring
the force required to detach the formulations from a mucin film (mucoadhesion force). The
analysis was performed focusing on the surface interactions between the formulation and a
mucin film acting as a biological substrate. In this test, the force of detachment was recorded

and the data obtained with and without mucin film were compared (Figure 24)[95]. The

results showed a significantly higher increase of this force in the presence of mucin film,
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indicating a positive interaction between the formulation and mucin. On the other hand, there
was a small difference between XG-pNIPAM and XG dispersion, that may be attributed to
the presence of pNIPAM, which, however, does not interfere so much in the interaction with
the mucin film.

These results suggest that the interaction between the hydrogel and the mucin of the infected
areas could enhance the retention of the formulation upon local application in the ocular,

oral, or vaginal mucosa, thereby facilitating a prolonged and more effective treatment.
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Figure 24. Results of the mucoadhesion test for XG-pNIPAM and XG with and without

mucin film (A). Schematic representation of the mucoadhesion test (B).

3.1.5 In vitro cytocompatibility

NIH/3T3 cells were employed as a model to evaluate the cytocompatibility of the hydrogels.
Both peptide-loaded and non-peptide-loaded hydrogels were studied, introducing them
directly into the wells of the plate where the cells had been seeded 24 h earlier. Figure 25
shows the results of cell viability expressed in terms of both metabolic activity (MTS) and
live/dead staining.

No cytotoxicity (cell viability above 80%) was detected by the analysis of the metabolic
activity of cells cultured in the presence of the two hydrogels after 24 h of incubation,

suggesting that both the biomaterial and the entire formulation were not cytotoxic (Figure
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25A). The results were also confirmed through the live/dead staining, which allows a
qualitative observation of viable (green) and non-viable (red) cells using different
fluorescent probes. No dead cells were detected either in the absence nor in the presence of
the peptide and, as it was possible to observe by comparing to the control, the cells have

maintained their characteristic morphology (Figure 25B).
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Figure 25. Cytocompatibility results for XG-pNIPAM and XG-pNIPAM-AMP14d
hydrogels with NIH/3T3 cells (A). Live/dead staining of NIH/3T3 after incubation with XG-

pNIPAM and XG-pNIPAM-AMP14d hydrogels (B). Scale bars are 100 pm.

3.1.6 Release study of AMP14d and in vitro antifungal activity of the hydrogel
As explained in the experimental section, the hydrogels were loaded with the AMP14d and

then its release was studied in DPBS pH 7.4. The release graph of peptide 14d from the XG-
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pNIPAM hydrogel studied up to 24 h shows an interesting profile (Figure 26A), with the
gradual release of the peptide, approximately 90% within the first 24 h. The timing and
magnitude of release could be attributed to specific characteristics of the hydrogel structure,
such as temperature sensitivity, to the nature of the interactions between pNIPAM and the
XG backbone and to the possible electrostatic interactions between the negative charges of
XG-pNIPAM and the positive charges of AMP14d. All these parameters could influence and
explain the release of the anti-Candida peptide.

Furthermore, since the hydrogel is stable over 24 h, the peptide release is not mainly due to
the degradation of the system, supporting the hypothesis that diffusion is the predominant
release mechanism. Anyway, these data indicate high efficiency in the process of peptide

release from the hydrogel system, suggesting its potential use in the treatment of candidiasis.
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Figure 26. Release of AMP14d from XG-pNIPAM hydrogel. All data are shown as a mean
value + SD (n =3) (A). Antifungal activity of XG-pNIPAM-AMP14d hydrogels (viable cell
count method) against C. albicans ATCC 10231 after 24 h incubation at 37 °C. Growth
control) microorganisms without hydrogels. XG-PNIPAM) microorganisms incubated with

XG-pNIPAM hydrogels without AMP14d (B).

Regarding the antimicrobial effect of the formulation, the inhibition of C. albicans

planktonic growth in the presence of the XG-pNIPAM-AMP14d hydrogels after 24h of
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incubation, was evaluated by the count of viable fungal cells. In particular, the hydrogel
showed antifungal activity against planktonic strain: indeed, the fungal counts of C. albicans,
incubated with XG-pNIPAM-AMP14d hydrogels for 24 h, was equal to 1.9 x 10%, while the
growth control fungal count was equal to 2.3 x 107 CFU/mL (Figure 26B). The incubation
with non-peptide-loaded hydrogel did not affect the viability of C. albicans, while that with
XG-pNIPAM-AMP14d hydrogel resulted in an efficient reduction in viable fungal cells,
achieving a logarithmic reduction of 1.08.

The antifungal activity coupled with the release profile suggested a potential use of the

developed hydrogel as a new alternative approach for local candidiasis treatment.

3.1.7 Conclusions
In this work, a novel thermoresponsive biomaterial was successfully synthesized by grafting
pNIPAM onto the XG backbone. The resulting XG-pNIPAM hydrogel exhibited
macroscopic thermoresponsiveness, transitioning from a more fluid state at room
temperature to a more viscous gel state at 37 °C. Rheological characterization highlighted
the viscoelastic properties of the XG-pNIPAM formulation, demonstrating its gel-like state
at both room temperature and 37 °C and confirming, also, its thermoresponsive behaviour.
Flow sweep tests demonstrated shear thinning behaviour at both temperatures, advantageous
for easy administration. Importantly, the hydrogel displayed resistance to washout,
enhancing its stability on potential application surfaces, as well as good mucoadhesive
properties. Cytocompatibility studies using NIH/3T3 cells revealed good cell viability
(>80%) for both peptide-loaded and non-peptide-loaded hydrogels, with live/dead staining
showing no significant impact on cell morphology or viability. Employed as a carrier for the
anti-Candida AMP14d, the formulation showcased a gradual peptide release, with
approximately 90% released within the first 24 h. Lastly, antimicrobial studies, assayed in

vitro against C. albicans, highlighted an effective logarithmic reduction of the pathogen
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cultures in planktonic conditions which means an antifungal activity of XG-pNIPAM-
AMP14d hydrogels according to the release profile of antimicrobial peptide.

In summary, the XG-pNIPAM hydrogel presented promising attributes for peptide delivery,
combining thermoresponsiveness, efficient release, rheological versatility, and
mucoadhesive characteristics, positioning it as a potential candidate for local biomedical and
pharmaceutical applications and a new therapeutic approach alternative to conventional

topical antifungal treatment.
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3.2 3D-printed quaternized gellan gum-based hydrogels doped with in situ
synthesized silver nanoparticles for the treatment of infected wounds

Infected skin wounds represent a serious health concern because of the risk of colonization
by multi-drug-resistant bacteria and the subsequent long healing process[365]. At the same
time, cutaneous lesions caused by parasites like Leishmania could be difficult to treat due to
poor efficacy and compliance with conventional medications[300]. In this sense, developing
smart biomedical systems with non-specific antimicrobial properties could be a promising
strategy in wound healing[198]. Silver nanoparticles (AgNPs), with their broad-spectrum
antimicrobial properties[366,367], could enhance the treatment of infected wounds.
For these reasons, in this work, a novel cationic derivative of gellan gum (named GG-EDA-
GTMAC) was synthesized and exploited for the formulation of printable AgNPs
nanocomposite hydrogels. It was demonstrated that AgNPs can be easily synthesized and
stabilized within the hydrogels without the need for toxic reducing agents, thanks to the
capping properties of the derivative. The rheological characterization highlighted good
viscoelastic properties, injectability and self-healing, as well as confirmed ionic strength
sensitivity of all hydrogels, suggesting also the suitability of the developed systems as
printable materials, as further demonstrated. Indeed, thanks to the advantageous viscoelastic
properties of the hydrogels and their strong ion sensitivity, it was possible to print the
hydrogels and subsequently stabilise the printed constructs.
Lastly, in vitro biological studies proved cytocompatibility and strong antimicrobial activity
against both Gram-negative and Gram-positive bacteria and Leishmania infantum protozoan,
suggesting that the developed biomaterials and hydrogels could be exploited for easy
synthesis and administration of AgNPs, making the systems promising candidates in infected

wound healing.
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3.21 Synthesis and characterization of GG-EDA-GTMAC
In order to produce injectable hydrogels with optimal antimicrobial activity and viscoelastic
properties, GG-EDA was chosen as the starting polymer for further functionalization with
GTMAC. The ability of GG-EDA to establish inter- and intramolecular electrostatic
interactions capable of resulting in the formation of compact hydrogels has been extensively
studied in a previous work[111]. On the other hand, the functionalization of this polymer
with GTMAC allowed the introduction, into its backbone, of quaternary ammonium groups,
i.e. permanent positive charges, potentially capable of stabilising the AgNPs[344,345]
produced within the hydrogel, thus obtaining an injectable and printable system for a suitable
delivery of such antimicrobial agents. For these reasons, GG-EDA was, first of all,
synthesized according to the protocol reported by Tomasello et al.[122], using a molar ratio
between bis(4-nitrophenyl)carbonate (4-NPBC) and GG repeating units of 0.5 and,
subsequently, a 10-fold molar excess of ethylenediamine (EDA) (compared to 4-NPBC).
The reaction was conducted in two steps without isolation of the intermediates. The product
was obtained, after precipitation and washings in acetone and vacuum drying at room
temperature, with a yield of 98 £ 1.5%. Afterwards, GG-EDA was functionalized with
GTMAC, in the presence of diethylamine (DEA) as a catalyst, according to the scheme

shown in Figure 27.
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Figure 27. Scheme of synthesis of GG-EDA-GTMAC.

In particular, the reaction, which involves the opening of the epoxy ring of GTMAC by the
nucleophilic amine groups of GG-EDA, was carried out by imposing a molar ratio between
the GTMAC and the free amino groups of the starting polymer equal to 2, and a molar ratio
between DEA and the GG-EDA itself equal to 1. The product, after dialysis purification, was
isolated by freeze-drying with a yield by weight of 80.6 + 1% and, then characterized by 'H-
NMR analysis and 2,4,6-trinitrobenzene sulphonic acid (TNBS) assay. As reported in Figure
28, comparing the spectra of the two biomaterials revealed the appearance of a peak, in the
spectrum of the GG-EDA-GTMAC, at 6 3.2, related to the methyl groups bound to
quaternary nitrogen (—N"(CH3)3) which allowed to confirm the functionalization of the GG-

EDA backbone with GTMAC. Moreover, it enabled to calculate the derivatisation degree
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(DD%), by comparing this peak with that at 6 1.30 attributable to the methyl groups of the
a-l-rhamnose of the repeating units, which resulted in 20.7 + 2.23%. To confirm this result,
TNBS assay was carried out, showing a decrease in the concentration of the primary amino
groups from GG-EDA to GG-EDA-GTMAC. This analysis highlighted a DD% of the latter

0f 22.12 + 0.45%, thus corroborating the result obtained from 'H-NMR.
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Figure 28. '"H-NMR spectra of GG-EDA-GTMAC and GG-EDA.

3.2.2 Production and physicochemical characterization of nanocomposite
hydrogels

In order to study the gelation properties of the cationic derivative, and, in particular, to

investigate whether the insertion of quaternary ammonium groups could influence the

thermotropic behaviour typical of both native GG and GG-EDA, a GG-EDA-GTMAC

hydrogel was preliminarily produced, dissolving the polymer at a concentration of 3% w/v

in MilliQ water at 70 °C.
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Subsequently, the dispersion was cooled to room temperature, resulting in a stiff hydrogel
(gelation was visually validated by the tube inversion test). This behaviour confirmed that
aqueous dispersions of GG-EDA-GTMAC also undergo a temperature-induced gelation
process; this means, as already described in the introduction, that the increase in temperature
determines a conformational transition of polymer chains from double helix to random coil,
allowing a complete solubilization. The subsequent decrease in the temperature results in a
reorganisation into double helix structures and a so/-ge/ transition, enabling gelation without
adding any gelling agents.

Concerning the production of the nanocomposite hydrogels (Figure 29), different amounts
of an AgNOs solution (50 mM) were added to the GG-EDA-GTMAC so! in order to obtain

hydrogels with different Ag"ions concentrations (Table 1).

Table 1. AgNO; final concentration in the nanocomposite hydrogels.

Sample Ho Hos Hi His H: Has Hs

AgNO3 (mM) 0 0.5 1 1.5 2 2.5 5

It is interesting to note that the addition of the salt solution did not result in immediate
gelation of the system. This aspect is rather relevant considering the ionotropic gelling
properties of this polysaccharide. Most likely, at the concentrations tested, the establishment
of electrostatic interactions between the silver ions and carboxylate groups of the polymer
backbone is not strong enough to induce an exhaustive sol-gel transition at high
temperatures. However, it is plausible to assume that these interactions allow a homogeneous
distribution of the ions in the polymeric so/. Complete gelation was achieved, as previously
described, by decreasing the temperature, thus obtaining a physical hydrogel where the

double helix structures are further stabilised by the presence of the Ag" ions.
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The in situ production (within the hydrogels) of AgNPs was carried out by simply irradiating

the hydrogels with UV light at 365 nm to achieve the reduction of Ag” to Ag’.

5 1) AgNO, 1) UV light
| = — 5 >
: L 2) li: 2) Crosslinking
3 (CaCl, 0.1 M)

GG-EDA-GTMAC GG-EDA-GTMAC@AgNPs

Figure 29. Schematic representation of the production of the nanocomposite hydrogels.

Macroscopic analysis of the samples formed in this way shows that, following the UV
irradiation process, a colour change occurs, probably attributable to the formation of AgNPs.
Furthermore, no dark aggregate formation has been observed within the hydrogels
suggesting a uniform distribution of AgNPs. This result can also be attributed to the high
fluidity of the GG-EDA-GTMAC sol and the stabilization of Ag" ions, through electrostatic
interactions, by the polymer backbone due to capping properties of
polysaccharides[314,315,368] and the ability to complex and stabilize metal nanoparticles
distinctive of biomaterials with a permanent positive charge[344,345].

Figure 30 shows the chromatic difference between Ho and Hs after UV irradiation.
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Figure 30. Macroscopic differences between Ho and Hs samples, correlated with a schematic

representation of their network.

Regarding hydrogels’ stiffness, all the samples, although visibly compact and capable of
stably maintaining their shape, could flow upon the application of stress, demonstrating the
typical behaviour of physical pseudoplastic hydrogels. This is the first macroscopic evidence
of their possible injectability, which is further demonstrated. Furthermore, when treated with
saline solution (DPBS or CaCl,), the samples showed an increase in stiffness (not shown
visually), indicating that the GG-EDA-GTMAC derivative still exhibits a pronounced
sensitivity to ionic strength. Both these aspects were further investigated by rheological
analysis.

The morphological characterization of the nanocomposite hydrogels was performed on
freeze-dried samples, in particular on Ho and Hs samples, by scanning electron microscopy
(SEM), which, firstly, revealed the porous structure of GG-EDA-GTMAC-based hydrogels
and, also, the presence of AgNPs (Hs). Specifically, in order to assess the real contribution

of quaternary ammonium groups on the stabilisation of AgNPs, a control nanocomposite
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hydrogel (5 mM) was prepared using GG-EDA instead of GG-EDA-GTMAC at the same
concentration (3% w/v). By means of this analysis, small sub-micrometric dots
homogeneously distributed were observed in both samples, even though considerably
smaller for GG-EDA-GTMAC-based samples. EDX analysis suggested that these structures
could be attributable to AgNPs. Therefore, this would imply the greater effect of stabilisation

of the nanosystems by the novel derivative (Figure 31).

Figure 31. SEM images and EDX results for samples Ho (A), Hs (B) and GG-EDA 5 mM

(©.

Further confirmation of the actual production of AgNPs within the hydrogels was obtained
by UV-Vis spectrophotometric analysis of digested (by means of NaOH) samples. As
reported in Figure 32A, the spectrum showed a typical peak (420 nm) relative to the
plasmonic resonance of reduced silver Ag’[369].

Finally, X-ray photoelectron spectroscopy (XPS) analyses were performed. By irradiating
the sample with low-energy X-rays, it was possible to quali-quantitatively analyse the
surface of the sample and determine, in particular, the state of oxidation of silver present in
the sample. The analysis, performed on Hs, highlighted that silver was in its reduced state
(Ag®), thus, confirming the effectiveness of the reduction process. In detail, as shown in
Figure 32B, the XPS spectrum presented two well-defined peaks at 368.18 eV and 374.18

eV, typical of metallic silver (Ag3d). The absence of further peaks attributable to different
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species shows that all the silver in the sample is in the form of metal nanoparticles. This

result confirmed the effectiveness of both the reduction and washing processes of the sample.
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Figure 32. Results of UV-Vis (A) and XPS (B) analyses on the Hs sample.

3.2.3 Hydrolytic degradation studies

To study the physicochemical properties of GG-EDA-GTMAC-based hydrogels, hydrolytic
degradation studies were performed on Ho and Hs samples. These studies are important to
understand the stability of the hydrogels in a physiological medium and to verify whether
the degradation time is compatible with the wound healing timeline. For this reason, the
xerogels were incubated in DPBS at 37 °C for 3, 7 and 14 days to observe any macroscopic
erosion phenomena and to assess the weight loss over time. The results are reported in Figure
33. Both samples undergo a slight weight loss (maximum 30%) demonstrating their stability
in a physiological medium, showing only slight differences.

Furthermore, this result is in line with the wound healing and treatment timeline. Indeed, a
degradation of only about 30% after 14 days of incubation indicates that the system can
remain at the wound site long enough to perform its function. This result means that, as the
system is not rapidly washed away or degraded, it could potentially be applied for wound

treatment.
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Figure 33. Degradation profile of Ho and Hs samples after 14 days of incubation in DPBS.

3.24 Rheological characterization

The rheological characterization of the nanocomposite hydrogels allowed to assess their
viscoelastic properties as a function of the different starting concentrations of AgNO3 and,
thus, of AgNPs. In addition, their injectability was evaluated to assess the possibility of
administering them in the wound bed via a minimally invasive technique. Since, as
previously reported, nanocomposite hydrogels continued to exhibit macroscopically
ionotropic behaviour, the rheological properties were also studied after treatment of the
systems with a CaCl> 0.1M.

First, oscillation amplitude analyses were conducted in order to assess variation of G’ and
G” moduli as a function of the deformation imposed on the system (applied strain%), thus,
to study the elastic response (G’) or the ability to dissipate energy by flow (G”’) following

mechanical stress or strain, respectively. Furthermore, this analysis provided information
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about the influence of AgNPs (the analysis was carried out after UV irradiation) on the
above-mentioned properties. As reported in Figure 34A-B, all samples exhibited viscoelastic
behaviour depending on the applied strain. In particular, all the samples showed, for low
strain %, G’ values greater (about an order of magnitude) than G, indicating that they
therefore existed in a gel state. This result indicates that, for minor deformations, the
hydrogels exhibited a solid-like behaviour, whereby the applied deformation induced
predominantly an elastic response. This behaviour, as amply discussed, is mainly due to the
presence of the numerous reversible bonds, in this case of a weak nature (dipole-dipole,
hydrogen bonds, electrostatic interactions), which must be broken before allowing the
system to flow. The magnitude of G” and G”* was comparable for all samples; no significant
increase has been observed as the concentration of AgNPs in the system increased. However,
it should be pointed out that the Ho (without AgNPs) had a significantly lower G’ than the
Hs (containing the highest amount of AgNPs). Probably the quantity of nanoparticles in the
Hs compared with the sample that is completely devoid (Ho) is such as to determine a greater
number of interactions and thus make the system more structured. The above applies within
the region of linear viscoelasticity (LVR), where G’ and G are independent of strain. It is
important to note that the width of this region is not the same for all the samples: in particular,
it appears to shorten as the concentration of AgNPs increases. In all likelihood, a greater
amount of AgNPs and, thus, of interactions within the hydrogel’s network, makes the system
more brittle and, therefore, its elastic response is reduced toward a plastic one (i.e. a
deformation of the sample such that it flows). For strain % values above the LVR, there was
a decrease in viscoelastic moduli as the applied strain increased, with a greater rate for G’.
This effect led, graphically, to the intersection of the curves of G’ and G at the cross point,

beyond which G’ is less than G”, indicating the gel-sol transition. This occurred at high
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strain % values of approximately 200-300 % strain% increasing with the samples’ AgNPs
content.

Oscillation amplitude analyses were also conducted on CaCl-treated samples; the results
are described in Figure 34C-D.

These studies showed the influence of ionotropic crosslinking induced by Ca®" on
viscoelastic moduli, resulting in an increase of G” and G” values of about two orders of
magnitude for all samples. This result is considerably relevant, especially, for hydrogels’ use
in 3D printing. In detail, as described in the introduction, it is often necessary, after the
extrusion process, to stabilize the printed structure by crosslinking (ionotropically,
enzymatically, or through photo-crosslinking), to allow it to maintain its shape over time.
Therefore, such a high increase in G’ and G” following treatment with CaCl> suggests that
the developed hydrogels may be applied in 3D printing stabilizing the printed constructs in
this manner.

However, it is also worth noting that the LVR of all the hydrogels has been significantly
reduced, suggesting that the greater degree of crosslinking of the systems, even though
increases its ‘rigidity’, on the other hand, also makes it less capable of sustaining elastic-
type responses and, therefore, of flowing or breaking under lesser stresses than the non-
crosslinked one. Even though this could be considered a limit of the samples, the latter are
developed for the treatment of infected wounds, which are usually exposed to low stress or

strain.

94



Results, discussion and conclusions

A) B)
10° 4
T s -
o e
R) )
o 0]
10" T T T T T 10’ T o T
10* 10" 10° 10’ 10° 10° 10° 10" 10° 10' 107
Oscillation strain (%) Oscillation strain (%)
10°
D)
@
o
o
o
100 L | w LI ML Ly | U | 8 103 T : U J
107 10" 10° 10’ 10° 10° 10% 10" 10° 10’
Oscillation strain (%) Oscillation strain (%)

Figure 34. Results of oscillation amplitude tests before (A-B) and after (C-D) ionotropic
crosslinking with CaCl,. Figures A and C show the whole spectra, while B and D focus on

the LVR.

It was also possible to investigate the shear-thinning properties of the hydrogels by means
of flow sweep analyses (Figure 35), aimed at studying the variation of viscosity as a function
of shear rate. The results demonstrated pseudoplastic behaviour, i.e. a decrease in viscosity
of all systems as the applied shear rate increases. This behaviour can be traced back to the
breaking of the intermolecular bonds between the polymer chains, which, as the applied
shear rate increases, begin to align in the direction of the stress/strain. All hydrogels
exhibited the same behaviour, although there were differences in viscosity at low shear rates,
probably due to the different number of interactions between AgNPs and GG-EDA-GTMAC

backbone.
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Figure 35. Results of flow sweep tests: whole graphs (A) and focus of the first part (shear

rate 0.01-0.5) (B).

However, these differences became almost irrelevant for high shear rate values. Anyway,
these results point to shear-thinning behaviour that is crucial for injectable and printable
systems, as it indicates their capability to be extruded from a syringe needle.

The injectability of the samples under investigation was also assessed macroscopically by
extruding the hydrogels through 21 G needles. As shown in Figure 36, the possibility of
‘writing’ by injecting the hydrogels using a syringe was a clear demonstration of the easy
extrudability of the hydrogel (Hs), due to the presence of reversible interactions within the
sample’s network that can be broken upon the application of a stress/strain and subsequently

reform once the same ceases to be applied.
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Figure 36. Macroscopic demonstration on Hs injectability, by writing with this hydrogel.

Finally, recovery time analyses were performed on the non-crosslinked samples by applying
alternating cycles of high and low strain % to assess the recovery capacity of the viscoelastic
properties of the systems and, thus, their self-healing behaviour. The results are reported in
Figure 37: for better comprehension and, due to the absence of significant differences, the
graphs show only Hy and Hs recovery properties. All systems recovered around 80 % of the
G’ and G starting values after the first cycle and this value reached almost 100 % in the
successive cycles. These results validate the self-healing capabilities of the developed

hydrogels and, also, highlight that the amount of AgNPs does not modify this behaviour.
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Figure 37. Results of the recovery time analyses performed on the samples Ho and Hs.

3.2.5 Preliminary 3D printing tests
Once it had been demonstrated that the hydrogels were injectable and, at the same time,
susceptible to ionic strength, such that they could be exploited for ionotropic crosslinking
processes, 3D printing tests were carried out (Figure 38). Ho and Hs samples were taken as
reference since rheological studies showed no significant differences between
nanocomposite hydrogels with different amounts of AgNPs. In order to have a first proof of
concept about the printability of the above-mentioned hydrogels, 15x15%1 mm grids with
different mesh sizes were produced. No differences were found in the printing parameters of

the two systems, nor in the resolution of the printed constructs.
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Figure 38. 3D printing preliminary tests performed on the Ho and Hs hydrogels realizing
constructs with different infill %. Hs 10% of infill (A), Ho 10% of infill (B), Ho 5% of infill
(C), Hs of 15% infill (D), Ho 15% of infill (E) and macroscopic demonstration of handling

of printed structures (Ho 15% of infill) after ionotropic crosslinking (F).

3.2.6 Cytocompatibility evaluation
Since the hydrogels were developed for biomedical applications, their cytocompatibility
needed to be evaluated; for this reason, MTS assays (Figure 39) and Acridine
Orange/Ethidium Bromide (AO/EB) staining were performed. Cell viability was carried out
indirectly by placing the sample inside cell culture inserts, without direct contact with the
cells (fetal dermal fibroblasts, FD-MSC) seeded at the base of the well. In this way, it was
assessed whether any substances released from the samples could be cytotoxic. The MTS
results highlighted that, after 24 h of incubation, the samples showed no significant
differences (in terms of cell viability) compared to the control (cells cultured in the absence

of samples), except for the Hs, whose viability % was approximately 60%. After 48 h, the
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samples Ho, Ho.5, Hi, Hi 5, H2, and Ha 5 showed a viability % of over 80% and can therefore
be considered cytocompatible. The sample Hs, on the other hand, shows an increased

viability %, albeit less than 80% (approx. 75%).
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Figure 39. Results of MTS assay on GG-EDA-GTMAC-based hydrogels.

These results were confirmed by the AO/EB colourimetric assay. In detail, AO penetrating
living cells emits a bright green fluorescence (if bound to double-stranded DNA, typically
in the nucleus) or red fluorescence (if bound to single-stranded DNA or RNA, present in the
cytosol), while EB binds to the DNA of cells with damaged membranes, such as dead cells,
generating an intense red fluorescence at the nuclear level. As can be seen from Figure 40,
the samples Ho, Ho.s, Hi, Hi .5, H2, and Hz 5 did not affect cell viability and morphology, while

the Hs had significantly fewer live cells present, indicating that some cells died.
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Figure 40. Results of AO/EB staining of FD-MSC incubated in the presence of the GG-

EDA-GTMAC-based hydrogels after 24 h (A) and 48 h (B).

3.2.7 Hemocompatibility evaluation

Hemocompatibility is critical for wound dressing application as bleeding is common in
wounds. Thus, a haemolysis test was performed to determine the hemocompatibility of the
developed hydrogels.

The results, shown in Figure 41, highlighted that all hydrogels exhibited a low hemolytic
index (less than 5%), which means favourable blood compatibility[370,371], except for Hs,
which confirmed the trend observed in the previous assay. Macroscopically, the supernatants
of the red blood cell suspensions treated with almost all samples were nearly transparent,

indicating that no haemolysis had occurred.
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Figure 41. Results of hemolytic assay on GG-EDA-GTMAC-based hydrogels.

3.2.8 Antimicrobial activity
In order to assess the potential antimicrobial activity of the hydrogels, antimicrobial tests
were performed against Gram-positive (Staphylococcus aureus) and Gram-negative
(Pseudomonas aeruginosa) bacteria and also against protozoan parasites (Leishmania

infantum).

3.2.8.1  Antibacterial activity
Inhibition of planktonic growth of the two pathogens (S. aureus and P. aeruginosa) was
assessed through viable bacterial cell counts and expressed as colony-forming units
(CFU/mL) after 24 h of incubation of the tested microorganisms in the presence of the
produced hydrogels. The results (Figure 42) showed a gradual increase in the antimicrobial
effect as the amount of AgNPs incorporated into the sample increased. In particular, the
samples Hos and H; show no antibacterial activity as they have CFU/mL values similar to

those of Ho.
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Likely, the amount of AgNPs in situ formed is not such that it will result in a significant
death of these microorganisms. On the other hand, the samples Hi, Hi s and H> showed a
significant logarithmic decrease (between 3 and 4), while Hs resulted in a significant
decrease (approximately 7 on a logarithmic scale) in viable counts. In this sense, these
systems could have great potential for the eradication of bacteria from infected wounds and,

consequently, in their regeneration.

I s. aureus
[ 1 P. aeruginosa

CFU/mL

Figure 42. Antibacterial activity evaluation of GG-EDA-GTMAC-based hydrogels against

S. aureus and P. aeruginosa.

3.2.8.2  Antiprotozoal activity
The antiprotozoal activity of GG-EDA-GTMAC@AgNPs hydrogels was evaluated on a
strain of Leishmania infantum, aiming to determine the percentage of live protozoa
compared to the non-AgNPs-loaded system (Figure 43). It was observed that there was no

significant change in viability for protozoa treated with Hos. However, starting with the H;
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system, a decrease in protozoan concentration was observed. Therefore, the percentage of
protozoa decreased significantly increasing the amount of AgNPs inside the systems. In
particular, a significant reduction in Leishmania concentration is observed for samples Hj s,

H> and Hb> s5; the latter, in detail, induced a complete eradication of the microorganism.
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Figure 43. Results of antileishmanial activity evaluation of GG-EDA-GTMAC-based

hydrogels.

Subsequently, the viability of the protozoa was assessed following incubation in the presence
of these hydrogels; using fluorescence markers, AO/EB (Figure 44), the percentage of live
protozoa out of 300 parasites was determined, expressing the results as dead protozoa %.
This assay confirmed the previous one, which means that a significant reduction in cell
viability was observed starting from H; s (mortality of about 50 % of the protozoa was
observed), whereas Hz s confirmed 100% mortality. The high activity of AgNPs and, thus, of
the hydrogels, is probably due to Leishmania’s high sensitivity, especially at the
mitochondrial level, to ROS, whose production is induced by AgNPs. These results are
noteworthy since it was possible to completely eradicate the protozoan operating inside the
cytocompatibility range. For this reason, the developed system could suggest an interesting

therapeutic approach for the treatment of cutaneous infections.
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Figure 44. Results of AO/EB staining on Leishmania infantum incubated after 24 h of
incubation with GG-EDA-GTMAC-based hydrogels. The images were acquired with a 100-

X magnification.

3.2.9 Conclusions

In this work, injectable and 3D-printable nanocomposite hydrogels were developed for the
treatment of infected wounds. In detail, a novel quaternized derivative of gellan gum was
designed and synthesized and then, exploited to produce antimicrobial hydrogels, stabilizing
in situ-produced silver nanoparticles.

These latter were obtained with a versatile and reproducible synthesis (by irradiation with
UV light) directly within the hydrogels, without the need for additional reducing agents. UV-
Vis, SEM-EDX and XPS analysis confirmed their formation and uniform distribution inside

the hydrogels as well as the efficiency of the reduction process. Degradation studies
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highlighted their high stability in physiological fluids and lower degradation independently
of AgNPs content.

Rheological characterization confirmed hydrogels’ ionotropic behaviour already
macroscopically observed. Furthermore, pseudoplastic and self-healing behaviour was
demonstrated, indicating good injectability and recovery of starting viscoelastic properties
for all samples. The rheological results suggest the developed systems could be easily
injected into the infected site, but they could be also suitable for 3D printing applications, as
subsequently demonstrated. Cyto- and hemocompatibility were assessed for almost all
samples. Lastly, the antimicrobial assays showed great activity against both bacteria (Gram-
positive and negative) and protozoan (Leishmania), suggesting that a strong reduction of
infecting microorganisms in chronic wounds could be obtained with the developed
hydrogels, operating, at the same time, in biocompatible range. All these results suggest that
the nanocomposite AgNPs-doped hydrogels could be potential candidates for the treatment

of infected wounds overcoming current limitations.
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3.3 3D-printed double-crosslinked polysaccharide/polyaminoacid hydrogels for
bone regeneration
Bone defects are one of the main causes of disability worldwide[372]. Due to the limitations
of autografting[373,374], the latest advances have been focused on tissue regeneration
approaches that use injectable hydrogels or 3D-printed hydrogel-based constructs to refill
appropriately small bone defects (like alveolar or maxillofacial bone fractures) without the
need for external fixatives, leading to the regeneration of damaged tissue in the long
term[335,375-377]. In this context, injectable hydrogels are extremely advantageous for this
purpose, and, among them, double-crosslinkable hydrogels appear as ideal candidates, for
direct injection and as inks for extrusion-based 3D printing. For this reason, in this work,
injectable and printable double-crosslinked polysaccharide/polyaminoacid hydrogels were
developed, by mixing oxidized xanthan gum (XGox) and methacrylate
polyaspartylhydrazide (PAHy-MA) and incorporating hydroxyapatite nanoparticles
(Hap)[378]. The hydrogels were designed by exploiting dynamic and covalent crosslinking
and, specifically, hydrazone bond formation and photo-crosslinking, which allowed
respectively instant gelation, self-healing, shear-thinning properties and increased stability
and shape retention. Furthermore, the choice of PAHy-MA, with its dual functionalization
(both hydrazine and methacrylic moieties), allowed this macromolecular crosslinker to
spontaneously form dynamic bonds under physiological conditions and enabled controllable
covalent crosslinking upon UV irradiation. This facilitated the development of a gelling
system with a simple composition and a controllable crosslinking mechanism, permitting the
adjustment of the viscoelastic properties of the resulting hydrogel. The interesting
viscoelastic properties as well as their good printability suggested the suitability of the
developed systems as injectable and printable materials. Furthermore, the absence of

cytotoxicity and the early formation of a bone-like matrix when osteosarcoma-derived cells
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(MG-63) were cultured in the scaffolds for 21 days, with an increased collagen I deposition,
mineralization and the expression of characteristic osteogenic markers, suggested their
application in bone regenerative medicine as a filling material for irregular small bone

defects.

3.3.1 Synthesis and characterization of XGox
XGox was synthesized through oxidation by sodium (meta)periodate, as reported
earlier[264] (Figure 45A). This reaction allows the formation of ring-opening dialdehyde
products through selective cleavage of the C-C bond between the vicinal hydroxyl group of
the anhydro-d-glucopyranose residues[131,379]. The success of the reaction was confirmed
by FT-IR and 'H-NMR analysis. The FT-IR spectrum (Figure 45B) showed the presence of
a peak at 1723 cm™! related to CHO groups (carbonyl stretching vibration), which was more
pronounced than in the XG spectrum as reported elsewhere[ 129]. Moreover, the presence of
aldehyde groups was confirmed by 'H-NMR (Figure 45C), which exhibits its typical peak

at around 9.35 ppm[360,380].
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Figure 45. Schematic representation of XGox synthesis (A). FT-IR spectrum of XG (top,
black) and XGox (bottom, red) (B). The spectra were normalized to the peak of carbonyl

acetate stretching at 1021 cm™!. "TH-NMR spectrum of XGox (C).

3.3.2 Synthesis and characterization of PAHy-MA
Firstly, PAHy-MA was chosen due to the advantages of its precursor PAHy: synthesized for
the first time by Giammona et al., in a facile and affordable manner through a reaction
between a polysuccinimide (PSI) and hydrazine[381], a,B-polyaspartylhydrazide (PAHy) is
a high water-soluble polymer, non-toxic and non-immunogenic, with a polyaminoacid-like
backbone that can be easily functionalized with hydrophilic or hydrophobic moieties for
different applications (hydrogels and nanoparticles for gene, protein and drug delivery)[382—
388]. Furthermore, the presence of hydrazide moieties allows mixing with aldehyde-

functionalized polymers (like oxidized polysaccharides) to form hydrazone-based

networks[278,389].
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PAHy was synthesized according to a procedure reported in the literature[381]. The
methacrylation reaction was performed in carbonate-bicarbonate buffer (pH=9.4) with
methacrylic anhydride and then the product was purified by dialysis (Figure 46A), following
reaction conditions reported for the synthesis of methacrylated gelatin with some
modifications[390]. Spectroscopic characterization of PAHy-MA by 'H-NMR (Figure 46B)
showed the presence of two peaks at 6 5.4-5.8 ppm, related to vinyl protons of the
methacrylic moieties, not found in PAHy 'H-NMR spectrum (Figure 46B, top). Comparing
the area of the peak at 6 1.83 ppm, attributable to the methyl of the methacrylic group, with
that of the peak around 6 2.5-3 ppm relative to methylene protons of the polyaspartamide
chain, the derivation degree in methacrylic groups was approximated to be 36 mol%
compared to PAHy repetitive units. This result was confirmed by 2,4,6-
Trinitrobenzenesulphonic acid (TNBS) assay that showed a derivatization degree of 39

mol%.
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Figure 46. Schematic representation of PAHy-MA synthesis (A). "H-NMR spectra of PAHy

(top, green) and PAHy-MA (bottom, blue) (B).
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333 Production and physicochemical characterization of XGox/PAHy-MA-
based hydrogels

The hydrogels were designed by exploiting the formation of hydrazone-based networks

(Figure 47) and were produced by mixing XGox and PAHy-MA solutions, incorporating

hydroxyapatite nanoparticles (Hap) when appropriate (Figure 48A).
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Figure 47. Schematic representation of hydrazone bond formation in XGox/PAHy-MA

hydrogels.

With the aim of evaluating the influence of Hap on the viscoelastic and biological properties
of the hydrogels, three different samples were produced with the same amount of XGox (1%
w/v), PAHy-MA (2% w/v) and photoinitiator (Phl, 0.3% w/v) and different amounts of Hap

(0%, 0.01%, 0.1% w/v) (Table 2).
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Table 2. Final composition of XGox/PAHy-MA-based hydrogels.

Sample XGox PAHy-MA Hap Phl
(Y%w/v) (%w/v) (Y%w/v) (%w/v)

A 1 2 0 0.3

B 1 2 0.01 0.3

C 1 2 0.1 0.3

The gelation process, by mixing the polymer solutions, was very quick and the hydrogels
formed in a few seconds. All the obtained hydrogels showed macroscopic differences
compared to XGox and PAHy-MA solutions at the same concentration: especially they had
a higher viscosity, and gel behaviour as shown by their shape retention capability (Figure
48B). No macroscopic differences (except the colour) were observed between the hydrogels
with and without Hap. On the other hand, photo-crosslinking caused an increase in stiffness
that could be appreciated macroscopically. In this way, double-crosslinked systems were
obtained: the formation of dynamic hydrazone bonds created a polymer network within the
systems, allowing the gelation process after mixing the two polymer solutions, meanwhile,
covalent photo-crosslinking, through UV irradiation, established another network, which
increased the stability in physiological fluids and enhanced the viscoelastic moduli of the
resulting systems, as further demonstrated.

In order to define the optimal viscoelastic properties for 3D printing, other weight ratios
XGox/PAHy-MA were tested (1:4, 1:1 and 1:0.5). However, the viscoelastic properties of
these samples were too stiff (1:4 XGox/PAHy-MA) or too fluid (1:1 and 1:0.5 XGox/PAHy-
MA) to be extruded. Thus, hydrogels with an XGox/PAHy-MA weight ratio equal to 1:2
were designed (Figure 48B), showing the best combination of fluidity and stiffness for

extrusion-based 3D printing.
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Figure 48. Schematic representation of hydrogel A preparation (A). Pictures of XGox
dispersion (B, I), PAHy-MA dispersion (B, II), and hydrogel A before (B, III) and after (B,

IV) the photo-crosslinking process.

FT-IR analysis (Figure 49A) confirmed the formation of the hydrazone bond as observed by
the disappearance of the aldehyde band at 1723 cm™! (stretching of carbonyl groups), even if
it was not possible to appreciate the hydrazone band, as it overlapped with the characteristic
bands of PAHy-MA. However, it has to be taken into account that the hydrazine moieties
could also establish inter-polyelectrolyte interactions with oxidized polysaccharides that can
contribute to the hydrogels’ architecture, affecting their viscoelastic properties: indeed,
depending on the pH, they could be protonated and, thus, establish electrostatic interactions
with the carboxylate groups of XGox. However, they are not responsible for the gelation
process, since, after mixing non-oxidized xanthan gum with PAHy-MA, no variations in the
viscoelastic properties or the gelation process were observed. For this reason, it is possible
to affirm that the main cause of gelation is the formation of a hydrazone-based network,
which also provides to the system’s self-healing properties; thus, this approach is often used
to develop injectable hydrogels for different applications.

Furthermore, hydrazide moieties can be further exploited to introduce other functional

moieties on PAHy. For example, in this case, the functionalization with methacrylic
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anhydride gives the biomaterial the capability to undergo photo-crosslinking: in this way, it
acts as a macromolecular crosslinker with double functionalisation, conferring good
injectability and shape retention to the hydrogel.

Once the weight ratio of the main components of the hydrogels was established, their
stability in physiological fluid (Figure 49B) was investigated. Double-crosslinked (covalent
and dynamic) and single-crosslinked (dynamic crosslinking) hydrogels showed a different
degradation profile over time. In particular, while the single-crosslinked hydrogels reached
61.29 +3.22 % of the initial weight after 21 days of incubation, the double-crosslinked ones
suffered a lower initial weight loss (they maintained 81,95 £+ 0.66 % of starting weight after
7 days of incubation) that remained constant over the next 14 days (77.77% = 2,05% of the
initial weight). This result confirmed the higher stability of the double-crosslinking
hydrogels in physiological fluid; their longer degradation time, compared with the single-
crosslinking ones, ensures longer stability in the physiological environment. These results
suggest that the hydrogel could be injected and photo-crosslinked into the bone defect,

allowing a longer permanence of the system in the damaged site.
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Figure 49. FT-IR spectra of sample A, PAHy-MA and XGox (A). Degradation studies of

single-crosslinking and double-crosslinking hydrogels (B).
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3.34 Rheological characterization

Rheological measurements were performed to evaluate the viscoelastic properties of double-
crosslinked hydrogels. Specifically, the analyses aimed to validate the injectability of the
systems, and, also to verify if they can be used as inks for 3D printing applications. In
general, hydrogels with a storage modulus in the range of 102-10* Pa could be considered
injectable and with good extrudability[93,240,329,391,392]. For this reason, pseudoplastic
behaviour, self-healing properties and the viscoelastic modules of the hydrogels with
different content of Hap were investigated.

Storage (G’) and loss (G”’) moduli were initially evaluated with oscillation amplitude
analyses (Figure 50A-C). The results showed that the incorporation of Hap, at the
concentration of 0.01% w/v (sample B), does not affect the viscoelastic moduli, which means
that the Hap nanoparticles, in this case, do not interfere with the gelation process and with
the formation of hydrazone network. However, by increasing the amount of Hap to 0.1%
w/v (sample C), there is a small increase in the viscoelastic moduli before the photo-
crosslinking. Regarding the latter, as expected, an increase of G’ was observed after photo-
crosslinking (Figure 50D-F): this is due to the formation of new intermolecular bonds, and
thus, of another network, that led to the increase of viscoelastic modules. Furthermore, the
capability of double-crosslinked hydrogels to recover after deformation was evaluated, as an
indication of shape retention capability after the extrusion of a 3D printing process. A good
recovery of the viscoelastic properties of samples before the photo-crosslinking process was
evident (Figure 50G-I). After the first cycle, G’ was about 45%, 60 % and 50 % of its starting
value for samples A, B and C respectively. In the following cycles, the recovery of G’ values
(referred to the previous cycle) was about 92%, 95% and 90% for samples A, B and C,
respectively. This property is due to the dynamic nature of the intermolecular interactions

that provide a good recovery of viscoelastic moduli. This property allows a 3D printing
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application of the hydrogel, being able to recover its viscoelastic properties and retain the

shape after the extrusion process.
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Figure 50. Rheological characterization of the hydrogels. Results of oscillation amplitude
analysis for samples with 0% (sample A), 0.01% (sample B) and 0.1% w/v Hap (sample C)
before photo-crosslinking (respectively A, B and C) and after UV irradiation (respectively
D, E and F). Results of recovery time tests for samples A (G), B (H) and C (I) before photo-

crosslinking.

Analysis of the viscosity of the samples under varying shear was carried out on sample A
showing a pseudoplastic (or shear-thinning) behaviour (Figure 51A), with a decreasing
viscosity with increasing shear rate. This result is probably due to the presence of hydrazone
bonds in the polymer network that, due to their dynamic nature, provide the hydrogel with

shear-thinning properties. Oscillation time and frequency sweep tests were carried out on
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sample A in order to verify the variation of viscoelastic moduli over time and with the
increase in frequency. Both the analyses (Figure 51B-C) showed that G” and G” values,
measured with a strain % on the linear viscoelastic region (LVR), are independent of time

and frequency, thus suggesting the formation of a stable network structure after the gelation

process.
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Figure 51. Results of shear sweep (A), frequency sweep (B) and time sweep tests (C) for

sample A before photo-crosslinking.

3.3.5 3D Printing tests
After rheological characterization, the printability of the inks was investigated. All the inks
were easily extruded through the tip of a printer cartridge, exhibiting shear-thinning
properties, as expected considering the rheological characterization’s results. More
importantly, printed structures of all hydrogels retained the shape, especially after the photo-

crosslinking process (Figure 52).
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Figure 52. Printed structures of the different inks and SEM images with different

magnifications of the scaffold: sample A (A-D), sample B (E-H) and sample C (I-L).

The printability was evaluated on wet and freeze-dried samples. Especially for the wet
samples, the printability improved increasing the amount of Hap, according to the
literature[393,394]. The calculated printability error (Pc) was 1.88 + 0.25, 1.75 + 0.20 and
1.30 + 0.008 for samples A (0% Hap), B (0.01% Hap) and C (0.1% Hap), respectively. For
the freeze-dried samples a P. of 1.28 = 0.17, 1.34 £ 0.12, 1.27 + 0.07 for samples A (0%
Hap), B (0.01% Hap) and C (0.1%) was calculated, respectively. No significant differences
could be observed between the samples, although the values could be considered good for
all of them and lower than other 3D-printable hydrogels reported in the literature[395,396].
After evaluating the printability and shape fidelity of the printing process, the printed
structures were analysed by SEM (Figure 52). All the samples showed a porous structure
with more defined pores in samples with higher concentrations of Hap. The obtained results
suggest that double-crosslinking hydrogels, with a shear-thinning and self-healing
behaviour, are promising candidates for 3D printing applications, due to their easy extrusion

and shape retention and fidelity after the printing process.
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3.3.6 Cytocompatibility tests

To evaluate the applicability of the formulated inks in bone tissue engineering, the
cytocompatibility and capability to support cell growth of the biomaterial (XGox/PAHy-
MA) were evaluated in vitro with MG-63 cells. After printing, the scaffolds were coated with
elastin and then, the cells were seeded on these scaffolds. The elastin coating makes the
scaffolds more attractive to cells. Although collagen is the most commonly used protein for
this purpose, elastin is frequently reported in the literature for its ability to enhance cell
adhesive properties[199,215,397,398]. Additionally, its high water solubility simplifies the
coating process, and the lower cost of the raw material, along with the versatile and
reproducible extraction process, further supported this choice.

Regarding the cytocompatibility assays, cells cultured on top of elastin-coated 3D-printed
structures after 24h and 7 days of cultures remained viable (Figure 53A), with a calculated
cell number of 49676.60 + 9452.67 and 34982.31 + 9272.90, respectively (no significant
differences). Even if a small number of cells adhered to the surface of the scaffold (maybe
because of the small cell density seeded), no reduction of their number over time was
detected, indicating their viability and the absence of toxicity from the scaffold, as also

highlighted by the following assay.
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Figure 53. Number of cells (MG-63) on 3D-printed scaffolds of sample A after 24h and 7
days of culture (A). Cytotoxicity of 3D-printed sample A after 24h and 7 days of culture

with MG-63 cells calculated from LDH release measurements (B).

The cytocompatibility of the materials, indeed, was evaluated through the amount of lactate
dehydrogenase (LDH), an enzyme which is usually inside the cells and released into the
culture medium when necrosis occurs. After 24h and 7 days of culture, a cytotoxicity of
0.610 = 0.278 % and 0.698 + 0.050 % was calculated, as compared to spontaneous LDH
release controls and lysed cells (Figure 53B). This result suggests that the materials are
cytocompatible and that the systems could be applied for tissue engineering applications and

the regeneration of bone defects.

3.3.7 In vitro bone formation potential
To evaluate the capability of the scaffold to promote bone formation, cells were cultured on
the 3D-printed structures for 14 and 21 days and their proliferation, gene expression and the
deposition of bone-specific matrix were evaluated. Since the scaffolds were incubated in two
different media (basal and differentiation media), the following abbreviations were used to
refer to the results of these assays: A bm (sample A incubated in basal medium), B bm

(sample B incubated in basal medium), C bm (sample C incubated in basal medium), A dm
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(sample A incubated in differentiation medium), B dm (sample B incubated in differentiation
medium), C dm (sample C incubated in differentiation medium).

Culture of MG-63 cells in basal medium on 3D-printed scaffolds confirmed their
proliferation capability over time (Figure 54A), with 22618.25 + 11786.12, 25723.4 +
12943.77 and 37715.04 £ 13034.81 cells per scaffold in sample A, B and C, respectively,
after 24 h of culture and 88845.90 + 24098.52 (A bm), 168034.38 + 67475.62 (B bm),
177594.42 + 33981.58 (C bm), 74106.44 + 7599.5 (A dm), 220110.83 + 64312.70 (B dm),

126895.46 £ 65974.47 (C dm) after 21 days of culture.
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Figure 54. Number of cells (MG-63) on 3D-printed scaffolds of samples A, B and C after
14 and 21 days of culture in differentiation medium (dm) or basal medium (bm) (A). Relative
expression of osteogenic genes BGLAP (B), COL1A1 (C) and RUNX2 (D) by MG-63 cells
cultured on 3D-printed scaffolds of samples A, B and C and incubated in differentiation

medium (dm) and basal medium (bm) after 14 and 21 days of culture.

Moreover, samples with Hap (B and C) cultured in basal medium showed a significant

increase in the number of cells compared to sample A, especially after 14 days (58960.39 +
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21672.27 (Abm 14 days), 170422.48 + 50533.75 (B bm 14 days), 160769.01 + 33428.09 (C
dm 14 days), 88845.90 +24098.52 (A bm 21 days), 168034.38 = 67475.62 (B bm 21 days),
177594.42 +33981.58 (C bm 21 days)). Samples B and C (containing Hap) in differentiation
medium, however, showed an apparent variation of the cell number (from 14 to 21 days),
although not statistically significant (179731.31 + 48729.67 and 220110.83 + 64312.70 (B
dm after 14 and 21 days) 220964.72 + 56806.23 and 126895.46 + 65974.47 (C dm 14 and
21 days). This might be a result of the activity of the cells, now focused on the differentiation
process rather than on proliferation.

The gene expression of representative osteogenic markers (osteocalcin (BGLAP), collagen
I and RunX2) was evaluated on MG-63 cells after 14 and 21 days of culture on 3D-printed
scaffolds in both media (Figure 54B-D). A high relative expression of osteocalcin, a protein
usually expressed by osteoblast, was found in all samples regardless of the medium
condition, with no significant differences between the samples with different Hap
concentrations (Figure 54B). Similarly, RunX2, a transcription factor involved in the
osteoblastic differentiation process, was also highly expressed in cells cultured in all sample
types (Figure 54C). In parallel, the genetic expression of collagen I was also significant for
all samples, with a higher expression on cells cultured in differentiation medium and at the
longer culture period of 21 days (Figure 54D). These data suggest that all samples, regardless
of the Hap concentration, were able to retain an osteoblastic phenotype on seeded MG-63
cells, essential to induce bone formation at later stages.

Once the capability of XGox/PAHy-MA-based hydrogels to support cell growth and to retain
an osteoblastic phenotype was validated, their ability to induce the deposition of a bone-like
matrix was investigated. In particular, the formation of calcium deposits, very important in

bone mineralization was evaluated by Alizarin Red staining (Figure 55).
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Figure 55. Results of Alizarin Red staining: mineralization of MG-63 cells cultured on 3D-

printed scaffolds of samples A, B and C in differentiation medium (dm) or basal medium
(bm) for 14 and 21 days. Controls A, B and C refer to the samples incubated without cells

for 21 days (a). Scale bars are 100 um.

The deposition of calcium was evidenced by the intense red-orange staining that took place
on all the scaffolds, regardless of the Hap concentration. As a control, samples of
XGox/PAHy-MA with the same amount of Hap were also analysed. The formation of a new
matrix is more evident in samples A (A dm and A bm) because of the absence of Hap in the
starting samples. The alizarin red staining results suggest that the XGox/PAHy-MA scaffolds
promote the deposition of calcium and, hence, the mineralization process essential for bone

formation.

Furthermore, the samples were analysed by immunofluorescence techniques to reveal the
presence of cells on the scaffolds, the morphology of the cytoskeleton and the production of
collagen I (Figure 56). The results show a clear presence of cells on the scaffolds, confirming
the DNA assay results. After 14 days of culture, collagen [ was visualized in the pericellular
space in all samples in both, basal and differentiation medium conditions (Figure 56A). After

21 days of culture, a high deposition of fibrous collagen I is evident in all samples cultured
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in differentiation medium (dm), regardless of the presence of Hap, while in samples cultured
in basal medium (bm) conditions, collagen I appears to be only pericellular (Figure 56B).

This is in line with the results of COL1A1 gene expression.
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Figure 56. Immunofluorescence images of MG-63 cells cultured on 3D-printed scaffolds of
samples A, B and C in differentiation (dm) and in basal medium (bm) after 14 (A) and 21

days of culture (B). Scale bars are 100 pm.
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SEM images performed on the samples confirmed these results (Figure 57). In particular,
the cell density increases from 14 days of culture to 21 days. The mineralization nuclei
(visible as bright white dots on the surface of the cells) increase with the amount of Hap in
the scaffolds. They are more evident in the sample at 14 days of culture because of the lower
cell density on the scaffold surface. Furthermore, it was, also, possible to observe the
formation of a fibrous matrix in the samples at both time points, with a more evident

deposition in 14-day samples, again, due to lower cell density.

Figure 57. SEM images with different magnifications of MG-63 cells cultured on 3D-
printed scaffolds of samples A, B and C incubated in differentiation medium (dm) or basal
medium (bm) after 14 (A) and 21 days of culture (B). Scale bars are 100 um (top), 30 um

(middle) and 10 pm (bottom) for both time points.
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In this way, the presence of a fibrous matrix, collagen I deposition and expression as well as
mineralization nuclei confirm the in vitro osteogenesis of the cells seeded on the surface of
the scaffolds.

It is evident that, for a complete implementation of the systems, these preliminary results
will need to be demonstrated in vivo to confirm both the real osteogenic properties of the
scaffolds and their mechanical stability. Moreover, printing tests, considering the real shapes

of the lesions, need to be carried out for further application of the systems.

3.3.8 Conclusions
In this work, double-crosslinking hydrogels incorporating hydroxyapatite nanoparticles
were developed as injectable hydrogels and potential inks for bone regeneration. The
hydrogels were formulated using a novel methacrylated polyaspartylhydrazide and an
oxidized xanthan gum, exploiting a double crosslinking: a dynamic one through hydrazone
bonds and a subsequent covalent one regulated by methacrylic groups activated via UV
irradiation. The resulting hydrogels demonstrated good stability in physiological fluids and
exhibited interesting rheological properties. Their viscoelastic and shear-thinning behaviour
indicated good injectability, while their ability to maintain shape over time suggested good
printability, which was confirmed by printing tests. The hydrogels were not cytotoxic and
capable of stimulating bone tissue regeneration by increasing the expression of osteogenesis
genes, calcium deposition and collagen fibre deposition. These findings suggest that the
system could be applied as a potential scaffold for bone tissue engineering either as an

injectable hydrogel or using extrusion-based 3D printing.
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3.4 Injectable gellan gum/elastin-based nanocomposite hydrogels as fillers for
irregular bone defects

Bone defects represent one of the most significant challenges for clinical treatment[372].
Furthermore, the regeneration of irregular bone defects poses a major challenge, because of
their unpredictable size, shape, and depth. Although several bone grafts are often used, they
do not allow a complete repair of the damaged area due to several limitations[373,374]. In
this context, the development of injectable hydrogels represents a promising strategy, since
they allow to completely fill the defective area, fitting its irregular morphology[128,279].
Moreover, by exploiting multiple crosslinking strategies, it is possible to obtain easy
injection and in situ stabilisation. For this reason, in this work, polysaccharide/protein-based
injectable hydrogels were designed and developed, starting from methacrylated derivatives
of gellan gum and soluble elastin. Thanks to the advantages of both biomaterials
(thermotropic and ionotropic properties of GG and cell adhesion capability of the elastin)
shear-thinning, self-healing, cell-friendly and in situ photo-crosslinkable hydrogels were
formulated. Likewise, by adding ZnO and B-TCP nanoparticles, osteoconductive and
osteoinductive properties were potentially conferred to the developed systems.
Comprehensively, this strategy allowed to obtain injectable hydrogels that could be easily
administrated into the damaged irregular bone defects and, at the same time, could be

crosslinked in situ thus increasing their stability and viscoelastic properties.

34.1 Synthesis and characterization of GG-AEMA
In order to formulate new injectable hydrogels that could be used as bone fillers and, in
particular, for the filling and subsequent regeneration of small bone defects (e.g.
maxillofacial, alveolar and cranial bones), various hydrogels were formulated, choosing a
methacrylate derivative of gellan gum (named GG-AEMA) as the main biomaterial. Various

other components were subsequently added to give the system suitable properties for bone
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regeneration (ELMA, ZnO and B-TCP NPs). The choice of this polymer is primarily due to
the above-mentioned advantageous properties of GG, such as ionotropic and thermotropic
gelling. The functionalization of GG with 2-aminoethyl methacrylate (AEMA), on the other
hand, made it possible to obtain a methacrylate derivative susceptible to photo-crosslinking
and, therefore, capable of creating an additional network between the polysaccharide chains
(within hydrogels), which could strengthen the structure. Furthermore, the chemical strategy
of derivatization, i.e. the functionalisation of the primary hydroxyl groups of the GG, made
it possible to maintain the carboxyl groups free and, thus, the ionotropic properties.
Moreover, the synthesis was carried out from a derivative with a lower molecular weight
(approximately 39 kDa)[399], obtained by degrading the native polysaccharide in alkaline
conditions; this made it possible to obtain aqueous dispersions that were less viscous than
the starting polymer, which made them easier to process and prepare, but also less sensitive
to ionic strength, making it possible to disperse the derivative in physiological solutions.
The synthesis of the polysaccharide derivative was conducted in two steps without isolating
the intermediates; in detail, the reaction was carried out through the activation of the primary
hydroxyl groups of the repeating units of GG-TBA with 4-NPBC, followed by nucleophilic
substitution by AEMA in the presence of triethylamine (TEA) as a catalyst, leading to the

formation of carbamide bonds, as shown in Figure 58.
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Figure 58. Scheme of synthesis of GG-AEMA.

After precipitation in acetone, washings and vacuum-drying, the product was dialyzed to
completely purify the polymer, removing any traces of TEA. The product was isolated by
freeze-drying with a yield by weight of about 70% and, then characterized by 'H-NMR
analysis, which confirmed the functionalization of GG.

As reported in Figure 59, comparing the spectra of GG-AEMA and GG revealed the
appearance of characteristic peaks of methacrylic moieties. Indeed, the GG-AEMA spectrum
showed two peaks around 6 5.5 attributable to the protons of the double bond of the

methacrylic function (—C=CH2) and a peak at 6 1.88 relating to the methyl protons of the
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same function (—CH3). The DD% in AEMA, calculated by comparing the integral of the
peak at 61.88 with that at 6 1.32 attributable to the methyl of the a-l-rhamnose residue of

GG, was 15.68 = 1.40 %.
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Figure 59. '"H-NMR spectra of GG-AEMA and GG.

3.4.2 Synthesis and characterization of the ELMA
Since GG-AEMA, although improving (potentially) the physicochemical properties of
native GG, does not possess cell adhesion properties, it was decided to mix it with elastin
for its remarkable biological properties. Indeed, elastin is an essential component of the ECM
of various organs and tissues like skin, lungs and arteries. Elastin fragments and elastin-
derived peptides (EDPs) have demonstrated significant chemotactic capacity against several
cell types involved in wound healing, the ability to enhance the angiogenic capacity of
endothelial cells and, also bioadhesive properties towards cells through, interaction with

specific cell receptors, such as integrin[199,398,400]. For these reasons, it was decided to
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incorporate an elastin derivative in the polysaccharide-based hydrogels. Specifically, it was
decided to use a soluble fraction of bovine elastin and functionalize it with methacrylic
anhydride in order to make it susceptible to photo-crosslinking (like GG-AEMA). In detail,
bovine neck ligament elastin (not soluble in aqueous media) was treated with boiling oxalic
acid to extract the soluble fractions[401,402]. The resulting product, purified by dialysis and
isolated by freeze-drying, was subsequently functionalised using methacrylic anhydride in
the presence of TEA as a catalyst (Figure 60). The reaction was carried out in DMSO, given
the high solubility of this protein in organic solvents, and purified by dialysis against the
same solvent first and then against borate buffer at gradually decreasing concentrations, to
eliminate the reaction by-products and, above all, to remove the DMSO gradually avoiding

precipitation or coacervation of the functionalised protein.
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Figure 60. Schematic representation of the synthesis of ELMA.

The product, obtained with a weight yield of about 83%, was characterized by 'H-NMR and
TNBS analysis. The "H-NMR spectroscopy allowed to verify the success of the reaction,
given the appearance of the same characteristic peaks of methacrylic groups already found
in the GG-AEMA spectrum: the peak of the vinyl protons of the methacrylic moiety around
0 5.5 and that of the methyl protons of the same functional group at 6 1.92 (Figure 61). The

efficiency of functionalisation was calculated indirectly by TNBS assay by quantifying free
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primary amine groups of ELMA and relating this value to the non-functionalised elastin.
This value was found to be 97.16 £+ 3.11 %, indicating that almost all the amino groups were

functionalized with methacrylic anhydride.
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Figure 61. '"H-NMR spectra of ELMA and elastin.

343 Production and characterization of base hydrogels
In order to obtain injectable hydrogels that could potentially be used for the regeneration of
small bone defects as bone fillers, the two biomaterials were first mixed, combining the
advantages of each one. Therefore, the base hydrogels were prepared by first mixing
dispersions of GG-AEMA and ELMA in DPBS in the presence of a photoinitiator (Phl),

according to the ratios shown in Table 3.
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Table 3. Composition of GG-AEMA/ELMA-based hydrogels.

Sample GG-AEMA ELMA Phl
(Y%w/v) (Y%w/v) (%w/v)

Ha 4 0 0.3

Hg 4 2 0.3

He 4 4 0.3

Specifically, GG-AEMA was dispersed at 70°C in DPBS, in the presence of Phl, at a final
concentration of 4% w/v. The dispersion, at this temperature, was in the state of sol.
Following cooling to room temperature, thermotropic gelation of the system occurred: there
was the formation of a physical hydrogel that can be easily spread by applying slight pressure
(e.g. using a spatula). Furthermore, following UV irradiation, the system became
macroscopically more compact, losing these flow properties. Indeed, in this case, following
the application of stress, the hydrogel fragmented rather than flow, suggesting that static
chemical bonds had formed. After the treatment with CaCly, this aspect was more evident,
suggesting a further network formation.

This behaviour confirmed that aqueous dispersions of GG-AEMA, like those of GG, also
undergo temperature-induced gelation. As already mentioned in the introduction, the
increase in temperature causes a “double helix to random coil” transition, allowing a
complete dispersion of the polymer and the formation of a sol. The subsequent decrease in
temperature induces a reorganisation of the polymer chains into double helix structures and
a subsequent sol-gel transition, which allows the formation of the hydrogel[224]. At the same
time, the visually observed increase in stiffness made it possible to state, from a qualitative
point of view, that the hydrogel and thus the above-mentioned derivative, were responsive

to UV light and were able likely to undergo a photo-crosslinking process.
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As far as the formation of hydrogels also containing ELMA is concerned, the choice of this
polymer was due to the need to provide the polysaccharide derivative with adhesive
properties, thus enabling it to be covalently incorporated into the network created by the UV
irradiation process. In detail, such hydrogels were prepared by adding the protein derivative
to the fluid dispersion of GG-AEMA. ELMA was initially added in different amounts (2%,
4% w/v) to define the most suitable concentration for cell adhesion. The
polysaccharide/protein-based hydrogels also exhibited similar thermotropic and UV-

responsive behaviour as the GG-AEMA-only hydrogel.

3.4.4 Cell adhesion studies
Cell adhesion studies were conducted to assess whether the developed samples exhibited
adhesive properties towards FD-MSC cells. In particular, the studies were conducted in order
to determine the optimal concentration of ELMA to obtain suitable biological properties.
Light microscope images (Figure 62) showed that only for the Hc sample and the ELMA-
based control, the cells adhered to the surface of the hydrogel, showing an elongated form,
whereas the remaining samples did not show any elongated cells on them, but only rounded
ones. This result was already visible after 2 h of incubation from the seeding of the cells on
the hydrogels. After 4 h, it became more evident, leading to the choice of this composition

as starting hydrogel.
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Figure 62. Images of the adhesion studies after 2h (A) and 4h (B) of incubation.

3.4.5 Rheological characterization of base hydrogels

The rheological analysis made it possible to obtain quantitative information about the
viscoelastic properties of the hydrogels and the influence of photo- and ionotropic
crosslinking processes as a function of the different ELMA content. Therefore, first of all,
oscillation amplitude analyses were carried out, applying strain % increasing from 0.01% to
5000.0%, to study the viscoelastic behaviour of the hydrogels and, to identify the magnitude
and trend of G’ and G as a function of the applied strain.

As reported in Figure 63, for all samples, and at low strain values, the values of G’ were
about an order of magnitude higher than those of G”, indicating that the systems are in a gel
state. This behaviour is mainly due to the large number of reversible non-covalent bonds
such as dipole-dipole bonds and hydrogen bonds formed as a result of the thermotropic
gelation described above. About the influence of the concentration of ELMA on the
viscoelastic properties, a gradual increase in the values of G’ and G was observed as the
concentration of the protein derivative increased. This result can probably be explained by
referring to the greater total polymer concentration in the hydrogel and thus to the higher
number of interactions established between the two biomaterials, resulting in a greater

degree of entanglement of the polymer chains.
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Furthermore, it is also evident, at low values of % strain, the presence of a region of linear
viscoelasticity (LVR) in which the G’ and G are independent of the % strain applied; it
should be noted that no significant differences were found in the extent of this region as the
ELMA concentration varied.

For strain % values above the LVR, a decrease in viscoelastic moduli was observed as the
applied strain increased. In particular, this effect led, graphically, to the intersection of the
curves of G’ and G at the cross point, beyond which G’ is smaller than G*, thus indicating

the transition of the system from gel to sol.
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Figure 63. Oscillation amplitude results of GG-AEMA/ELMA hydrogels.

Once the viscoelastic properties of the systems have been determined, the responsiveness of
the systems to UV light and cations was investigated by first assessing the degree of
crosslinking under UV light. Photo-rheology analyses made it possible to study the variation
of the G’ and G” during UV irradiation. As shown in Figure 64, there was a rapid increase

in both modules by one logarithmic unit, and the values achieved are stably maintained over
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time. In addition, no significant variations were observed between the various samples in
terms of the increase in G’ and G”, although it should be emphasised that after UV
irradiation, no substantial differences were found between the various samples with different

ELMA contents.
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Figure 64. Results of photo-rheology analyses on GG-AEMA/ELMA hydrogels.

Since, as mentioned above, the hydrogels exhibited, macroscopically, ionotropic behaviour,
the rheological properties were also studied after treatment of the samples with a CaCl»
solution (0.1 M), after their photo-crosslinking. As reported in Figure 65, there was an
increase in the G’ and G moduli of more than one order of magnitude compared to the non-
crosslinked samples; furthermore, the values of the aforementioned moduli were higher than
those of the photo-crosslinked samples, indicating that the samples were susceptible to
ionotropic crosslinking. Finally, it should be noted that no significant differences were found

between the samples.
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Figure 65. Results of oscillation amplitude analyses carried out on GG-AEMA/ELMA

hydrogels after photo- and ionotropic crosslinking.

3.4.6 Production and rheological characterization of nanocomposite hydrogels
Once the optimal ELMA concentration was determined, different nanocomposite hydrogels
were formulated by adding nanoparticles of ZnO and B-TCP to the selected base hydrogel

(Hc) according to the ratios given in Table 4.

Table 4. Composition of the nanocomposite hydrogels.

Sample GG-AEMA ELMA Zn0O B-TCP Phl
(Y%w/v) (Y%w/v) (%w/v) (%w/v) (Y%w/v)

HincA 4 4 0.1 0 0.3

Hn.B 4 4 0 5 0.3

HincC 4 4 0 20 0.3

Hn.D 4 4 0.1 5 0.3

HncE 4 4 0.1 20 0.3
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The addition of these nanosystems, at the various concentrations tested, did not cause
immediate gelation of the sol system nor did it modify the gelation properties of the
previously described system. The nanocomposite hydrogels, indeed, also showed
thermotropic (Figure 66) and photo-induced gelation. In addition, all the systems presented
macroscopically a further slight structuring following treatment with CaCls, indicating the

maintenance of the ionotropic properties despite the initial dispersion in a salt solution.

Figure 66. Inversion tube test for Hc and HycE. Hc at room temperature (left) and at 70 °C
(right) (A). Hc (left) and HycE (right) at 70 °C (B). Hc (left) and HicE (right) at room

temperature (C).

These properties were corroborated by rheological studies. In particular, they allowed to
confirm the viscoelastic and ionotropic behaviour and responsivity to UV light of
nanocomposite samples, as well as to assess the influence of nanoparticles on these
properties. In addition, they made it possible to study the injectability and self-healing

behaviour post-extrusion of the hydrogels produced, depending on the nanoparticle content.
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First of all, oscillation amplitude analyses conducted on the nanocomposite samples
confirmed a viscoelastic behaviour similar to that of the base sample (without nanoparticles),
with no significant differences in the concentrations, amount and type of nanoparticles

incorporated between the samples under investigation, as shown in Figure 67.
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Figure 67. Oscillation amplitude results of nanocomposite hydrogels.

Flow sweep analyses, on the other hand, allowed to quantitatively study the injectability of
the developed hydrogels, since they could be easily extruded using a syringe, as observed
macroscopically. Specifically, the samples could be injected through the needle of a syringe
even to the point of being able to write with them (Figure 68), giving a first and visual

indication of their injectability and shear thinning properties.
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Figure 68. Macroscopic demonstration on HncE injectability, by writing with this hydrogel.

Therefore, in order to corroborate this result and, thus, study their flow properties, flow
sweep analyses were performed. These studies, in detail, allowed to evaluate the variation
of viscosity as a function of the shear rate. This analysis is essential in the development of
injectable hydrogels, as in this case, because as the pressure exerted on the syringe increases,
the viscosity must decrease for the system to be extruded. Figure 69 shows a decrease in
viscosity for all systems as the shear rate increases. This behaviour is due to the breaking of
weak intermolecular bonds between the polymer chains, which, subjected to deformation at
increasing rates, become ordered and aligned, thus allowing the sample to flow along the
direction of the shear stress. All hydrogels showed similar behaviour with slight differences,
suggesting that the concentration and type of particles only slightly influence the viscosity

of the systems.
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Figure 69. Flow sweep results of nanocomposite hydrogels.

Finally, recovery time analyses were performed on the non-crosslinked samples by applying
alternating cycles of high and low strain % to assess the recovery capacity of the viscoelastic
properties of the systems. The results (Figure 70) showed that all systems recovered more
than 50 % of the G’ and G starting values. Furthermore, it should be noted that this
percentage increased as the amount of nanoparticles in the hydrogels decreased: indeed, the
base system presented a recovery of over 80%, a value that progressively decreased until the
samples containing 20% w/v of B-TCP. This result can be explained by referring to the fact
that an increasing quantity of solid particles, increasing the solid-like behaviour of the
samples, on the one hand, determines a greater structuring, while on the other hand hinders
the recovery of the viscoelastic properties. It should be noted, however, that in subsequent

cycles all samples show a recovery rate of around 100%.
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Figure 70. Results of the recovery time analyses performed on the nanocomposite hydrogels.

Since the viscoelastic, pseudoplastic and self-healing behaviour of the nanocomposite
hydrogels was confirmed, their responsivity to UV light and ionotropic properties were
investigated.

About the former, photo-rheological analysis highlighted an increase of approximately one
order of magnitude of G’ and G” following UV irradiation, for all the samples, without
observing any significant differences in the increment (Figure 71). The reported analysis
confirmed that the incorporation of particles did not affect the ability of the two polymers
and thus the hydrogels to crosslink when exposed to UV light in the presence of a

photoinitiator.
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Figure 71. Results of photo-rheology analyses of the nanocomposite hydrogels.

On the other hand, concerning the oscillation amplitude analyses carried out on the photo-

and ionotropic crosslinked samples (Figure 72), a similar behaviour of Hc was found. Thus,

the ionotropic crosslinking on the samples was confirmed, even though with a less

pronounced impact compared to the base hydrogels; only slight differences between the

different samples (HneB is significantly less structured than the other samples, among which,

by contrast, there are no significant differences).
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Figure 72. Results of oscillation amplitude analyses carried out on the nanocomposite

hydrogels after photo- and ionotropic crosslinking.

3.4.7 Hydrolytic degradation studies

In order to characterise the physicochemical properties of hydrogels and study their
hydrolytic resistance under physiological conditions, considering also the influence of the
nanoparticles, degradation studies were performed on the samples. Furthermore, this study
allowed to assess whether the degradation degree is compatible with the regeneration time
of bone tissue. The study was performed on samples Hc, HincD and HicE as these represent
the base control without nanoparticles and the two complete systems containing ZnO and
the two different concentrations of B-TCP, respectively.

All samples showed a weight loss of about 20% after 7 days of incubation, maintaining their
weight and structure for the remaining 21 days (Figure 73). Indeed, after the initial
degradation, the weight of samples remains approximately constant over time. Furthermore,

no significant differences were observed among the samples.
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The results demonstrate that these systems can be used as a bone filler for small bone defects
as they exhibit a degradation rate that could probably promote cell growth at the damaged

site.
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Figure 73. Degradation profile of Hc, HncD and HncE after 28 days of incubation in DPBS.

In this regard, qualitative tests were conducted on freeze-dried horse bones to evaluate
macroscopically the stability of the hydrogels in contact with bone tissue. Specifically, the
samples were injected into these bones as shown in Figure 74 and incubated for 28 days. The
results suggest that the hydrogels not only can be injected into small bone fractures but also

that they hold up over time (Figure 74).
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Figure 74. Degradation studies performed on horse bones: images at 0 days (A) and after 28

days of incubation (B).

Furthermore, once injected into perforated horse bones, the hydrogels filled the trabecular
spaces of the bone proximal to the injection site. Micro-CT analyses, indeed, showed an
integration of the injected system with the existing one (Figure 75). This is a clear

demonstration of their possible application as bone fillers.

Figure 75. Micro-CT analysis of the sample HicE carried out at time 0 (0 days, after

injection).
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3.4.8 Cytocompatibility evaluation of the hydrogels
The developed hydrogels were, also, subjected to biological studies to assess their
cytocompatibility. Cell viability, in particular, was determined by means of the MTS assay
and AO/EB staining. Analyses were performed by placing the sample in indirect contact
(through cell culture inserts) with FD-MSC seeded at the base of a well. In this way, it has
been possible to evaluate the toxicity of the sample caused by the possible release of
substances from each tested sample. The MTS results (Figure 76) highlighted that, both after
24 h and after 48 h of incubation, the cells showed high viability (>90%) with no significant

differences between the various samples tested.
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Figure 76. Results of MTS assay on nanocomposite hydrogels.

In addition, AO/EB staining was performed to qualitatively confirm the MTS colorimetric
assay. As reported in Figure 77, all samples showed viable cells with similar morphology to
the control, confirming the MTS results. In this way, it is possible to affirm that none of the

samples affect cell viability.
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Figure 77. Results of AO/EB staining of FD-MSC incubated in the presence of the

nanocomposite hydrogels after 24 h (A) and 48 h (B).

3.4.9 Conclusions

In this work, injectable gellan gum/elastin-based nanocomposite hydrogels were developed
as filling materials for small bone defects. In detail, methacrylate derivatives of gellan gum
and soluble elastin were designed and synthesized and then exploited for the production of
photo-crosslinkable cell adhesive hydrogels. Physicochemical analyses on the derivatives
confirmed the functionalisation.

Furthermore, the success of the reactions was corroborated by rheological studies, which
showed an increase in hardness and thus viscoelastic properties of these hydrogels when
irradiated with UV light. Also, rheological characterization highlighted the viscoelastic

behaviour and the ionotropic properties of the samples.
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After determining the optimal concentration of protein for good rheological and cell
adhesion properties, ZnO and B-TCP, which can potentially stimulate bone tissue
regeneration, were also added to the selected system.

The samples produced were studied in detail by means of physicochemical, rheological and
biological analyses. First of all, it was demonstrated that the presence of the nanoparticles
did not significantly alter the degradation of the systems, which moreover remained stable
over time. Concerning rheological characterization, interesting results were obtained: the
injectability and self-healing properties of the systems were demonstrated, as well as their
higher stability following photo- and ionotropic crosslinking, confirming both the ionotropic
behaviour of gellan gum derivative and the responsivity to UV light of the hydrogels.
Furthermore, it was observed that the different content of introduced nanoparticles does not
significantly affect the viscoelastic properties of the system. Lastly, biological studies
showed the cytocompatibility of all the systems under study.

For these reasons, the developed hydrogels may be very promising in the regeneration of
small bone defects and thus be used as bone filler in bone regenerative medicine, although

more advanced biological tests demonstrating real osteoinductive properties are needed.
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4.  General conclusions
The development of hydrogels appears as an interesting strategy in regenerative medicine
both for drug delivery and tissue engineering. In addition to the great advantages linked to
the hydrogel’s application, the use of injectable and printable hydrogels improves their
potential since they allow to respectively fill irregular defects and create highly personalized
implantable structures, thus increasing hydrogels’ regeneration efficiency.
Furthermore, polysaccharide-based hydrogels and, among them, gellan gum and xanthan
gum-based hydrogels, show very interesting properties, which could be very useful for this
kind of application. The thermotropic and ionotropic behaviour of GG, as well as the
mucoadhesive and rheological properties of XG make these biomaterials highly attractive
for biomedical purposes and hydrogels formulation. In this thesis work, different derivatives
of these polysaccharides were synthesized to develop injectable or printable hydrogels. For
these reasons, different synthetic approaches and various crosslinking strategies have been
used introducing various functionalities into the starting backbone and, thus, new properties
useful for further hydrogels formulation.
In the first work, an XG-graft-pNIPAM biomaterial was synthesized and exploited for the
production of injectable hydrogels for the delivery of a novel anti-candida peptide. The
physical nature of the hydrogel allowed its shear-thinning behaviour, while the
thermoresponsiveness given by pNIPAM as well as mucoadhesive properties of XG
contributed to its retention in the application site. Furthermore, the incorporation of an
antifungal peptide conferred anti-candida properties with a prolonged drug release.
On the other hand, GG too was employed in drug delivery and the treatment of infected
wounds. In this case, designing multiple network hydrogels, the functionalization of GG-
EDA with GTMAC helped the in situ production and stabilization of AgNPs, while GG

viscoelastic properties were exploited for the easy preparation of the hydrogels, for their
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printability and further shape maintenance. In this way, a personalized treatment of infected
wounds could be possible, controlling printed constructs properties.

At the same time, both polysaccharides showed their potential in bone regeneration. In both
cases, the technological ratio was the same: developing an injectable hydrogel that could be
photo-crosslinked. However, this purpose was pursued in the first case by formulating
double-crosslinking hydrogels, based on the hydrazone bond’s formation and photo-
crosslinking after the printing process, between XGox and PAHy-MA. In the second case,
two different methacrylated polymers, GG and elastin derivatives, were mixed giving
physical hydrogels, that could be stabilized once injected in situ through UV irradiation.
Both systems showed suitable viscoelastic properties that allowed good injectability or
extrudability and shape retention, demonstrating the potential of these approaches and their

applications as 3D-printed constructs or as filling material for of small bone defects.
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5. Materials and methods
5.1 Developing xanthan gum-based hydrogel with thermosensitive and
mucoadhesive properties for the treatment of local candidiasis

5.1.1 Materials
Xanthan gum (VANZAN, viscosity of 1300-1700 mPaxs for 1% w/v dispersions), was
purchased by Vanderbilt Minerals LLC.
Tetrabutylammonium hydroxide (TBA-OH), carboxylic acid terminated Poly(N-isopropyl
acrylamide) 10000 Da (carboxyl-terminated pNIPAM), anhydrous Dimethyl sulfoxide
(DMSOa), carbonyldiimidazole (CDI), Diethylamine (DEA), sodium chloride (NaCl), BCA
Assay Kit, Dulbecco’s Phosphate Buffered Saline (DPBS), porcine gastric mucin, Live/Dead
Cell Double Staining Kit were purchased from Merck.
Dulbecco’s Minimum Essential Medium (DMEM) was purchased from Euroclone.
CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased from
Promega. Sabouraud Dextrose (Dehydrated) and Agar Bacteriological were purchased from
Thermo Scientific™ Oxoid™. For the antifungal tests in vitro, Candida albicans ATCC
10231, reference strains in official tests (UNI EN European Standard), was purchased from
the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH
(Braunschweig, Germany). The tested peptide AMP14d (FHLVWRAGGTF) was purchased
by a company (GenScript Biotech, Leiden, Netherlands), according to our design and
suggestions. The peptide was synthesized using fluoreny-methyloxycarbonyl protecting
group (Fmoc) solid phase technology. The quality and purity of the synthetic peptide (=<98%)
were determined through mass spectrometry (MS) analyses and high-performance liquid

chromatography. The powdered peptide was kept at —20 °C for storage.
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5.1.2 Synthesis and characterization of XG-pNIPAM

XG tetrabutylammonium salt (XG-TBA) was produced using a procedure similar to those
previously described for other polysaccharides[240,403,404]. Briefly, XG was dispersed in
MilliQ water at 0.5% w/v at 37°C in an orbital shaker incubator overnight. The obtained
dispersion was put in a dialysis bag (cut-off 12-14 kDa) against MilliQ water at pH 3 for 24
h then neutralised with TBA-OH, frozen at -20°C and freeze dried.

XG-pNIPAM was synthesized as follows: carboxyl-terminated pNIPAM (412 mg) was
dissolved in 10 mL of anhydrous DMSO and activated with CDI (14 mg) at 40°C for 4 h
(molar ratio between pNIPAM carboxyl groups and CDI equal to 2). The obtained solution
was added dropwise to XG-TBA (200 mg) dissolved in 45 mL of anhydrous DMSO in the
presence of DEA (molar ratio between DEA and pNIPAM carboxyl groups equal to 5). The
molar ratio between pNIPAM and XG repetitive units was set to 0.1. The reaction was
conducted for 72 h at 40°C, the product was purified by dialysis (cut-off 50kDa) against
NacCl solution for 48 h and MilliQ water for further 5 days. The final product was isolated
by freeze drying and characterized through 'H-NMR and FT-IR analysis. "H-NMR spectra
were obtained with a Bruker Avance I1 400 MHz spectrometer. FT-IR spectra were obtained

with Bruker Alpha in the wave number range of 400 and 4000 cm ™.

5.1.3 Production of the hydrogel and incorporation of AMP14d
Hydrogels were prepared using XG-pNIPAM concentration of 5% (w/v) in H2O MilliQ.
Similarly, XG-pNIPAM-AMP14d hydrogels were prepared using the same polymer
concentration (5% w/v), incorporating the peptide at a concentration of 0.234% (w/v). In
this case, the AMP14d solution was mixed with XG-pNIPAM under mild agitation

conditions to allow foam formation.
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5.1.4 Hydrolytic degradation studies
For degradation studies, the hydrogels were prepared as described before and freeze-dried
to obtain xerogels. The samples were accurately weighed, immersed in 2 mL of DPBS pH
7.4 and incubated at 37 °C in an orbital shaker (50 rpm). At scheduled times (4, 8, 24 h),
samples were repeatedly washed with MilliQ water at 37 °C, then freeze-dried and re-
weighed. The sample degradation was expressed as the percentage of recovered weight

(W:%), calculated by the following equation:
Wrd% =2 x 100 (6)

where Wris the weight of the recovered sample (final weight) at each time, and W; represents
the initial xerogel weight. Each experiment was performed in triplicate.

The stability of the XG-pNIPAM hydrogel was macroscopically investigated by assessing
its ability to remain intact in DPBS pH 7.4 when adhered to porcine skin tissue (furnished
from a local slaughter). 200 uL of the sample was placed on the surface of the skin at 25 °C
and then, incubated in DPBS at 37 °C for 24 h in an orbital shaker (50 rpm), to evaluate
whether the hydrogel could withstand on the skin surface without significant macroscopic

degradation or fragmentation.

5.1.5 Rheological characterization
Rheological analyses were performed on XG-pNIPAM aqueous dispersion at 5% w/v using
a DHR-2 TA Instrument oscillatory rheometer equipped with a 2.015° cone plate geometry
of 40 mm in diameter and a self-heating Peltier plate. The dispersions were, firstly, analysed
by performing oscillation amplitude tests applying a % strain between 0.1% and 1000% and
a constant angular frequency of 1 Hz at 25 °C to study the storage (G’) and loss (G”)
modules, the linear viscoelastic region (LVR) and cross point between G’ and

G”. Temperature dependence of G’ and G values was analysed by thermo-rheological
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experiments which were performed heating the samples from 20 °C to 40 °C at a rate of 2
°C/min by applying a constant strain of 1% in the linear viscoelastic region and a frequency
of 1 Hz. Furthermore, flow sweep tests were performed at two different temperatures (25 °C
and 35 °C) increasing shear rate from 0.1 s to 3000.0 s All the experiments were

performed in triplicate.

5.1.6 Mucoadhesive behaviour
Mucoadhesive properties of the formulations were evaluated by measuring the
mucoadhesion force that is the force required to detach the formulations from a mucin film
using a rheometer DHR-2 TA Instrument oscillatory rheometer equipped with a 2.015° cone
plate geometry of 40 mm in diameter and a self-heating Peltier plate. Briefly, a 5% w/w
porcine gastric mucin dispersion was previously prepared in water. Mucin films were
prepared directly on the Peltier: the mucin dispersion (300 pL) was placed homogeneously
on the Peltier, which was then firstly heated at 70 °C until a homogeneous dried film was
formed and subsequently cooled for 3 min until 35 °C. Afterwards, 400 pL of dispersion
(XG-pNIPAM or XG (5% w/v)) were spread onto the mucin film and the upper plate was
lowered until reaching an axial force of 0.8N. After a contact of 3 min with the hydrogel, the
upper plate was raised at a constant speed of 10 mm/min until the break-up of the film. The
analyses were performed in triplicate for each sample. The same experiment was conducted
using the hydrogel or XG dispersion without mucin[95,405]. The recorded force of

detachment (mucoadhesion force) was measured and plotted.

5.1.7 In vitro cytocompatibility
NIH/3T3 cells were cultured in DMEM supplemented with 10% v/v FBS (10% v/v),
glutamine (1% v/v), penicillin-streptomycin (1% v/v), and amphotericin B (0.1% v/v) at

37°C in a 5% CO» atmosphere, using an Eppendorf New Brunswik S41i incubator. In vitro
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cytocompatibility studies involved assessing the viability of NIH/3T3 cells cultured in the
presence of peptide-loaded hydrogels. The freeze-dried XG-pNIPAM was sterilised through
UV irradiation (254 nm for 30 min with a 125 W UV lamp). The hydrogels were
subsequently prepared as previously described using sterile MilliQ water. Hydrogels (100
uL) were pipetted in each well of a 24-well plate containing 2 x 10* cells, seeded 24 h earlier.
After 24h of co-culture, cell viability was assessed using the MTS assay, following the
manufacturer’s instructions. UV measurements at 492 nm were performed using an
Eppendorf AF2200 spectrophotometer. The results were expressed as a percentage of
viability compared to control cells grown on the well of the plate without hydrogel. Each
experiment and each measurement were performed in triplicate. Additionally, a live/dead
staining was conducted according to the manufacturer’s instructions. In this experiment,

fluorescence images were acquired using the Zeiss AxioVert200 microscope.

5.1.8 Peptide release
The BCA assay was used for the peptide release study according to the procedure indicated
by the provider. A peptide calibration curve was prepared with stock solutions of AMP14d
at concentrations ranging from 100 to 1000 pug/mL. Aliquots were taken from these solutions
and used in the BCA assay[406]. For the release experiment, 100 uL of each hydrogel was
injected into 200 uL of DPBS pH 7.4 at 37 °C. The system was incubated in an orbital shaker
at 37 °C and, at pre-established time intervals (0.5, 1, 2, 4, 6, 8 and 24 h), the medium was
removed and replaced. The amount of peptide released over time was determined by the
BCA assay. Briefly, the medium was brought to a volume of 1 mL with fresh DPBS pH 7.4,
then 25 pL of this was mixed with 200 pL of BCA working solution and the absorbance at
570 nm was recorded using an Eppendorf AF2200 spectrophotometer. The experiments were

performed in triplicate.
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5.1.9 In vitro antifungal activity of the hydrogel
The antifungal activity against C.albicans ATCC 10231 of XG-pNIPAM-AMP14d
hydrogels was assessed in terms of evaluation of inhibition of free-living fungal growth,
using viable plate count method. Fungal suspension of C.albicans ATCC 10231 (turbidity
0.5 McFarland standard) was diluted 1:20 in NaCl 0.9% w/v to get the concentration of 10°
colony forming unit (CFU)/mL, and 100 pL were added to 48-well plates containing XG-
pNIPAM-AMP14d hydrogels in 1 mL of Sabouraud Dextrose medium. The plate was
incubated at 37 °C under stationary conditions, using an Holity h28107 incubator, and non-
peptide-loaded XG-pNIPAM hydrogel was used as control. Growth control wells containing
microorganisms without hydrogels, and a negative control consisting of culture broth
without microorganisms, were performed for comparison under the same experimental
conditions. After 24 h of incubation, an aliquot of the fungal suspension was removed from
each well and utilized for the viable cell count. Briefly, the fungal suspensions were added
in test tubes with NaCl (0.9% w/v solution), five 10-fold dilutions were prepared, and 100
puL aliquots of each dilution were plated onto Sabouraud Dextrose plates, followed by
incubation at 37 °C overnight. Each assay was performed in triplicate. To quantify the
number of viable fungal cells, the value of CFU/mL was determined. Logarithmic (log)
reduction was calculated by subtracting the difference between the log CFU/mL of the
growth control (microorganisms without hydrogels) and the log CFU/mL of the XG-

pNIPAM hydrogel or XG-pNIPAM-AMP14d hydrogel, after 24 h of incubation.
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5.2 3D-printed quaternized gellan gum-based hydrogels doped with in situ
synthesized silver nanoparticles for the treatment of infected wounds
5.2.1 Materials
GG (Gelrite®), DMSO, 4-NPBC, EDA, acetone, DEA, GTMAC, DPBS, TNBS, CaCl,,
AO/EB were purchased from Merck. DMEM was purchased by Euroclone. MTS was
purchased from the company Promega. AgNO3 was purchased by the company Prolabo.
Bacteria strains of Staphylococcus aureus ATCC 25923 and Pseudomonas aeruginosa ATCC

15442 were used for antimicrobial experiments.

5.2.2 Synthesis of GG-EDA-GTMAC

The synthesis of GG-EDA was conducted as previously reported in the literature[122]. In
particular, 500 mg GG were dispersed in 45 mL anhydrous DMSO to obtain a final
concentration of 1% w/v and kept at 60 °C under magnetic stirring overnight. Subsequently,
4-NPBC (118.2 mg), previously dissolved in 5 mL of DMSO, was added dropwise and the
reaction was conducted at 60 °C for 4 h. The molar ratio (X) between 4-NPBC and repeating
units of GG was set to 0.5. After 4 h, a 10-fold molar excess of EDA (259.9 uL), to 4-NPBC,
was added dropwise and under agitation to the dispersion and the reaction was conducted
for a further 3 h at 60 °C. The product was isolated by precipitation in acetone and then
washed several times with the same solvent. Lastly, GG-EDA was recovered by vacuum
drying at room temperature with a yield of 98% of GG initial weight and subsequently
characterized by 'H-NMR and TNBS analysis.

The synthesis of the quaternary derivative GG-EDA-GTMAC was carried out under the
following conditions: 500 mg of GG-EDA was dispersed in 50 mL of MilliQ water, to obtain
a final concentration of 1% w/v, and the dispersion was placed under agitation in an oil bath
at 50 °C for 30 min. Subsequently, considering a molar ratio (X’) between DEA and amino

groups of GG-EDA equal to 1, 21.6 pL of DEA was added dropwise to GG-EDA dispersion.
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Therefore 56.2 pL of GTMAC were added dropwise and under magnetic stirring and the
reaction was conducted for 29 h at 50°C. The molar ratio (Y’) between GTMAC and
repeating units of GG-EDA functionalized in EDA, was set equal to 2. The product was then
purified by dialysis (cut-off 3.5 kDa) for 2 days against NaCl solution and for a further 2
days against MilliQ water. Finally, the product was isolated by freeze-drying and
subsequently characterized by 'H-NMR and TNBS assay.

"H-NMR spectra were obtained with a Bruker Avance II 400 MHz spectrometer. Samples
were prepared by at 2% w/v in D>0.

TNBS assay was performed to calculate the percentage derivation degree (DD %) of GG-
EDA and GG-EDA-GTMAC. Briefly, a solution of TNBS (5 % w/v), diluted in sodium
borate buffer (0.1M, pH=9.3) 1:5, was added in a ratio of 1:19 to each polymer dispersion
(25 pg/mL in sodium borate buffer) and incubated for 2 h at 37 °C. Meanwhile, serial
dilutions of methoxy polyethylene glycol amine were prepared for the standard curve. Lastly,
the absorbance at 492nm was measured using an Eppendorf AF2200 spectrophotometer. In
particular, the DD % of GG-EDA-GTMAC was compared to that of GG-EDA with the

following equation:

NNH, (GG—EDA)
NNH, (GG—EDA—-GTMAC)

DD % = [1 - X 100 (7)

Where n NH> (GG-EDA-GTMAC) and n NH> GG-EDA are the moles of amino groups of

GG-EDA-GTMAC and GG-EDA respectively.

5.2.3 Production of nanocomposite hydrogels
Hydrogels were prepared by dispersing GG-EDA-GTMAC (3% w/v) in MilliQ water at 70
°C for 30 min. These hydrogels were indicated as Ho, as they were free of AgNOs.
For the preparation of nanocomposite hydrogels, GG-EDA-GTMAC was dispersed in the

same way to a concentration of just over 3% w/v and when fully dispersed, different aliquots
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of a 50 mM AgNOs, extemporaneously prepared, were added in order to obtain hydrogels
with different Ag” ions concentration: 0.5 mM, 1 mM, 1.5 mM, 2 mM, 2.5 mM, 5 mM. The
samples were named respectively as Ho.s, Hi, His, H2, H25 and Hs, as already indicated in
Table 1. The hydrogels were, further, irradiated with UV light at 365 nm for 30 min in order
to form silver nanoparticles (Ag NPs) by reduction of Ag" to Ag® and then crosslinked by
immersing them in CaCl, 0.1M solution for 30 min. Finally, the samples were washed

several times with MilliQ water to remove excess salt.

5.24 Characterization of the nanocomposite hydrogels
In order to determine the quali-quantitative formation of AgNPs within the hydrogels, as
well as their morphology and stability, UV spectroscopy, XPS, SEM-EDX analyses and
degradation studies were performed on the samples.
For UV spectroscopy analysis, Hs, prepared as indicated in the previous paragraph, was
placed in a basic environment (for NaOH 1 M) at 100 °C until complete dispersion. It was
then analysed using a Shimadzu UV-2401PC spectrophotometer.
For the analysis of XPS and SEM-EDX, the samples (Hs (XPS), Ho and Hs (SEM-EDX))
were prepared as previously indicated and, then the analyses were performed on freeze-dried
with a Phenom Pro X Desktop (SEM-EDX) and with a PHI 5000 VersaProbe II instrument
(ULVAC-PHI, Inc., Kanagawa, Japan) with a source: Al Ka (1486.6 ¢V) and a 128-channel
hemispherical analyzer, FAT mode (XPS).
Degradation studies were conducted on the samples Hoand Hs prepared as outlined in section
5.2.3 and freeze-dried, then weighed to determine the initial mass (about 12 mg).
Subsequently, the scaffolds were immersed in 2 mL of DPBS pH 7.4 and incubated under
gentle agitation at 37 °C in an orbital shaker. At scheduled times (3, 7 and 14 days), the
samples were repeatedly washed with MilliQ water in order to remove residual DPBS salts,

then freeze-dried and re-weighed. The sample degradation degree was expressed as the
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percentage of recovered weight percentage (W,%), calculated by equation 6, which is here

reported again for major comprehension:

W,% = =L x 100 (6)

4

where Wris the weight of the recovered sample (final weight) at each time, and W; represents

the initial weight. Each experiment was performed in triplicate.

5.2.5 Rheological characterization
Rheological studies were carried out in order to investigate the viscoelastic behaviour of the
samples, injectability, self-recovery capability and the influence of ionotropic crosslinking
on these parameters. For this reason, analyses were conducted on samples prepared as
indicated in the previous section, both before and after treatment with CaCl, 0.1 M, using a
DHR-2 TA Instrument rotational rheometer (TA Instruments — Waters S.p.A.) equipped with
a flat geometry of 8 mm in diameter with grooves and a self-heating Peltier plate.
These studies were always carried out by loading 100 pL of each sample onto the lower
geometry of the instrument and setting an analysis gap of 300 um. The excess sample was
carefully removed before the start of each experiment. All tests were performed in triplicate
using the parallel flat plate geometry with grooves.
In particular, the G” and G values, the region of linear viscoelasticity and the cross-point
between G’ and G were assessed using oscillation amplitude analysis by applying
increasing strain % values from 0.01% to 5000.0%, under constant temperature (25°C) and
angular frequency (0.5 rad/s). The analysis was conducted before and after treatment of the
samples with CaClz 0.1 M in order to study the influence of ionotropic crosslinking.
In addition, flow sweep studies were carried out by subjecting the samples to increasing

shear rates from 0.01 s' to 100.0 s, under constant temperature (25°C) to assess the
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hydrogels’ variation in viscosity as a function of increasing shear rate and then to study
hydrogels’ shear-thinning properties.

Lastly, recovery time studies were conducted by alternating cycles of low (1.0 %) and high
(1000.0 %) strain %, applied at a constant frequency (0.5 rad/s) and temperature (25°C), to

study the self-healing properties of the hydrogels.

5.2.6 Preliminary 3D printing tests
In order to assess printability and, at the same time, determine the optimal printing
parameters for hydrogels, preliminary printing tests were performed using a Dr. INVIVO 3D
printer, Rokit Healthcare. The tests were carried out on samples Ho and Hs, prepared as
described previously. The shape selected was a grid of 15%15x1 mm with pores of different
sizes, created with the NewCreatorK software.
The best parameters obtained, using a 24 G diameter needle, were the following: 500 mbar
(air pressure), 6 mm/s (printing speed), 0.13 mm (height of each layer). At the end of the

printing process, the constructs were crosslinked with CaCl, 0.1M.

5.2.7 Cell culture and cytocompatibility tests
In order to study the cytocompatibility of the hydrogels produced, the MTS assay and AO/EB
staining were performed, assessing cell viability indirectly by placing the sample inside cell
culture inserts, without direct contact with the cells. The studies were performed using FD-
MSC, cultured in DMEM supplemented with FBS (10% v/v), penicillin/streptomycin (1%
v/v), glutamine (1% v/v) and amphotericin B solution (0.1% v/v) and incubated at 37 °C in
a humidified atmosphere containing 5% of CO-, using an Eppendorf New Brunswik S41i
incubator. To perform the experiments, after treatment with trypsin, cells were counted,
resuspended in complete DMEM and seeded in a 24-well cell culture plate at a density of

4x10* cells/well, then incubated overnight to promote adhesion. Subsequently, the samples
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(100 pL each), produced as described in section 5.2.3 and subsequently UV-sterilised at 254
nm for 30 min using a 125W UV lamp, were placed inside cell culture inserts in the
aforementioned plate and immersed in 2 mL of complete DMEM. After 24 h and 48 h of
incubation, cell viability was assessed by MTS and AO/EB staining. In detail, the inserts
containing the hydrogels, and the culture medium were removed and lastly, the wells were
washed with DPBS. Afterwards, the MTS assay was performed following the manufacturer’s
instructions. UV measurements at 492 nm were performed using an Eppendorf AF2200
spectrophotometer. The results were expressed as a percentage of viability compared to
control cells grown on the well of the plate without hydrogel. Each experiment was
performed in triplicate.

Regarding the AO/EB staining, at the set time intervals, after removing the insert containing
the hydrogel, the culture medium and washing the wells with DPBS, the cells were fixed by
formaldehyde (4% w/v), and the plate was incubated at 37 °C for 15 min. Subsequently, the
wells were washed again with DPBS and incubated for 5 min in the presence of 200 pL of
AO/EB solution. Finally, fluorescence images were acquired with an AxioVert200
microscope (Zeiss).

All analyses were performed in triplicate and cells seeded on plates incubated in the absence

of a sample were used as controls for both assays.

5.2.8 Hemocompatibility evaluation
A hemolysis assay was performed to evaluate the hemocompatibility of the developed
hydrogels. Healthy erythrocytes were collected by centrifuging 1 mL of fresh venous blood
at 500x g for 10 min and then, by washing 3 times the pellet collected with DPBS (pH 7.4)
until a colourless supernatant was observed. The pellet was recovered with PBS up to 1 mL
and further diluted 50 times[407]. Then, 500 uL of diluted red blood cell suspension were

incubated with the samples (100 pL) at 37°C for 1 h Triton X-100 and DPBS were used,
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respectively, as positive and negative control. After centrifugation at 500% g for 10 min, the
amount of hemoglobin released was quantified by a UV spectrophotometer at 570 nm. The

hemolysis rate was calculated by the following equation[408]:

A ~Anegati
Hemolysis rate = =S4mple_Tnegative o 1) (8)

positive _Anegative

Where Asample, Apositive and Anegative represent respectively the absorbance of the experimental,

positive control, and negative control groups.

5.2.9 Microbiological characterization

5.2.9.1  Antibacterial activity
The antimicrobial activity of the samples was assayed against two reference pathogenic
bacterial strains:
- Staphylococcus aureus ATCC 25923
- Pseudomonas aeruginosa ATCC 15442
The bacterial strains were cultured in Tryptic Soy Agar (TSA) at 37 °C for 24 h. At the end
of the incubation, a suspension in 0.9% NaCl containing approximately 10° CFU/mL was
prepared for each bacterial strain. 200 pL of bacterial suspension of S. aureus and P.
aeruginosa, were inoculated into the wells of a 24-well plate, each containing 2 mL of
Mueller Hinton (MH) culture medium and a sterilized cylinder-shaped hydrogel (400 puL) of
the samples (Ho, Ho.s, Hi, Hi.s, H2, H2 5 and Hs). The plates were incubated for 24 h at 37 °C.
At the end of the incubation, vital counts were performed to determine antimicrobial activity
by the decimal serial dilution method.
1 mL of bacterial culture of S. Aureus or P. aeruginosa, grown 24 h in the presence of the
samples, was transferred into a tube containing 9 mL of saline. A series of decimal dilutions
was made and 100puL of the diluted bacterial suspensions were transferred onto TSA culture

medium and incubated 24h at 37 °C. At the end of the incubation bacterial colonies grown
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on the culture medium were counted, and the results were expressed in terms of colony-

forming units (CFU)/mL. The experiments were performed in duplicate.

5.2.9.2  Antiprotozoal activity

The culture of promastigotes of the MONI/IPT1 strain of Leishmania infantum was
performed according to the protocol described by Sengupta et al.[409]. Briefly,
promastigotes were maintained on Blood Agar Slants containing 1% glucose, 5.2% Brain
Heart Infusion Agar and rabbit blood (6% v/v), with the addition of gentamicin at a
concentration of 1-1.5 mg/mL medium, at 25 °C. The cells were collected and resuspended
in RPMI medium, supplemented with 10% FBS, to obtain a culture density of 10° cells/mL.
For the experiment, the protozoa were dispensed into a 24-well cell culture plate containing
Ho, Hos, Hi, His, H2, and Hy 5 sterile cylinder-shaped hydrogels (100 uL each), prepared as
described in section 5.2.3, then incubated at 37 °C for 24 h. The number of parasites was
determined after 24 h, using a Biirker chamber, and the results were expressed as a
percentage of the control.

For the determination of protozoan viability, the parasites were treated with Acridine Orange
(100 pg/mL) and Ethidium Bromide (100 pg/mL). After 24 h of treatment with the
hydrogels, as described for the determination of parasite numbers, the parasite suspension
was collected, centrifuged and the pellet resuspended in 25 pL of the dye mixture. Analysis
was performed on 10 pL of each suspension using a Nikon Eclipse E200 fluorescence
microscope. Live parasites were identified by absorption of Acridine Orange (green
fluorescence) and exclusion of Ethidium Bromide (red fluorescence). Dead parasites were
determined by the uptake of Ethidium Bromide. The percentage of parasite viability was

determined after counting at least 300 parasites.
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5.3 3D-printed double-crosslinked polysaccharide/polyaminoacid hydrogels for
bone regeneration

5.3.1 Materials
Xanthan gum (VANZAN, viscosity of 1300-1700 mPaxs for 1% w/v dispersions), was
purchased by Vanderbilt Minerals LLC. 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone 98% (photoinitiator, below referred to as Phl), hydroxyapatite
nanopowder (Hap), N,N-dimethylformamide (DMF), hydrazine monohydrate, acetone,
sodium carbonate anhydrous, sodium hydrogen carbonate >95%, sodium (meta)periodate
(NalOg), ethylene glycol, elastin from bovine neck ligament, oxalic acid, DPBS, D-O,

Alizarin Red S have been purchased by Merck.

5.3.2 Synthesis and characterization of XGox
The oxidation of xanthan gum has been conducted as reported in the literature.[264] Briefly,
500 mg of xanthan gum (XG) were dissolved in MilliQ water at a concentration of 0.6% w/v
by stirring overnight. Subsequently, an aqueous solution of NalO4 (0.8% w/w) was added
dropwise and the reaction was carried out at 40 °C for 3h in the dark. The molar (X) ratio
between the repetitive units of XG and NalO4 was set at 1:1.5. After 3 h, the reaction was
quenched by adding 1.0415 mL of ethylene glycol, which reacted with excess NalO4. The
dispersion was then purified by dialysis (cut-off 12-14kDa) against MilliQ water for 4 days.
The obtained dispersion was then freeze-dried, and the product was characterized by FT-IR
and 'H-NMR analysis. 'H-NMR spectra were obtained with a Bruker Avance 11 400 MHz
spectrometer. Samples were prepared by dissolution of 10 mg of samples in 500 uL of D>O.
FT-IR spectra were recorded with a Bruker Alpha in the wavenumber range of 400 and 4000

cm’l,
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The oxidation degree (OD) of XGox was calculated as follows by potentiometric titration of

the NaOH/hydroxylamine hydrochloride solution[130]:

op = LWaom) X2V x% x 100 (9)

M (XGox)

Where: n(NaOH) is 0.1 M, AV is the recorded NaOH consumed (L), m is the mass of XGox
(g), and M is the molecular weight of the repeating unit XGox (993 g/mol). The oxidation

degree of XGox was calculated to be 25.8% + 0.2% according to the equation above.

5.3.3 Synthesis and characterization of PAHy-MA

PAHy-MA was synthesized in two different steps. Firstly PAHy was synthesized according
to a procedure reported in the literature.[381] Briefly, 4.8 mL of hydrazine monohydrate in
5 mL of DMF were added dropwise and under continuous stirring, to a dispersion solution
consisting of 3 g of PSI in 40 mL of DMF. The reaction temperature was maintained between
24-28 °C. After 4h, during which precipitate formation took place, the reaction mixture was
filtered, and the product was washed with acetone until complete removal of the unreacted
hydrazine (pH = 7). The obtained product was then vacuum dried, dispersed in MilliQ water
to obtain a dispersion with a concentration of 5% w/v and further purified by dialysis against
distilled water (cut-off 12-14kDa). The product was recovered by freeze-drying, with a yield
of 94% w/w.

In a second step, PAHy-MA was synthesized following reaction conditions reported for the
synthesis of methacrylated gelatin with some modifications[390]. Briefly, 500 mg of PAHy
were dispersed in 5 mL of carbonate/bicarbonate buffer at pH 9.4 and then 288.66 pL of
methacrylic anhydride were added dropwise to the obtained dispersion (molar ratio between
methacrylic anhydride and PAHy repetitive units equal to 0.5). The reaction was conducted,
under stirring, at 40 °C, in the dark for 1h, then stopped by the addition of HCI 1N until a

pH = 7.4 was obtained. The dispersion was dialysed against MilliQ water (cut-off 3.5 kDa)
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and the product was recovered by freeze-drying. The final yield was 70% w/w compared to
the initial PAHy weight. Finally, the product was characterized by TNBS assay and 'H-NMR
analysis. The latter was carried out as reported for XG derivate.

TNBS assay was performed to calculate the percentage derivation degree (DD %) of PAHy-
MA. Briefly, a solution of TNBS (5 % w/v), diluted in sodium borate bufter (0.1M, pH=9.3)
1:5, was added in a ratio of 1:19 to each polymer dispersion (PAHy and PAHy-MA, 25
png/mL in sodium borate buffer) and incubated for 2 h at 37 °C. Meanwhile, serial dilutions
of a tert-butyl carbazate (TBC) were prepared for the standard curve. Lastly, the absorbance
at 492nm was measured using an Eppendorf AF2200 spectrophotometer. The DD % of
PAHy-MA was calculated with the following equation:

_ NNH, (PAHy—MA)

DD % = |1
% nyy, (PAHY)

x 100 (10)

Where n NH> (PAHy-MA) and n NH> PAHy are the moles of hydrazine groups of PAHy-MA

and PAHy respectively.

53.4 Formulation and characterization of XGox/PAHy-MA hydrogels
Hydrogels were produced by mixing aqueous solutions of XGox (1% w/v) and PAHy-MA
(2% w/v). Phl (0.3% w/v) and different amounts of Hap (0%, 0.01%, 0.1% w/v) were also
dispersed or dissolved in the gelling solution according to the precise weight ratios, as
already reported in Table 3.

Photo-crosslinked hydrogels (500 uL) were prepared by irradiating samples for 1 min using

a UV Rayonet system with a rotating carousel (365 nm, 100 W).

5.3.5 Hydrolytic degradation studies
Degradation studies of the materials were performed on freeze-dried hydrogels, prepared as

described before (sample A). Scaffolds were accurately weighed (15mg), immersed in 2 mL
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of DPBS pH 7.4 and incubated at 37 °C in an orbital shaker. At scheduled times (7, 14, 21
days), they were repeatedly washed with MilliQ water to remove the DPBS salts, then
freeze-dried and re-weighed.

The sample degradation degree was expressed as the percentage of recovered weight
percentage (W,%), calculated by equation 6, which is here reported again for major

comprehension:
W,% = =L x 100 (6)

where Wris the weight of the recovered sample (final weight) at each time, and W; represents

the initial weight. Each experiment was performed in triplicate.

5.3.6 Rheological characterization
The rheological tests were conducted using a DHR-2 TA Instrument rotational rheometer
(TA Instruments — Waters S.p.A.) equipped with a flat geometry of 8 mm in diameter with
grooves and a self-heating Peltier plate. Hydrogels were first subjected to a variable
amplitude of strain to study storage (G’) and loss (G’*) modules, the linear viscoelastic region
(LVR) and the cross point between G’ and G by applying % strain between 0.1% and
5x10%%, under constant temperature (25°C) and at an angular frequency of 0.5 rad/s. Then,
flow sweep experiments were carried out to assess the variation in viscosity at an increasing
shear rate from 0.01 s to 100.0 s, under a constant temperature (25°C). To study the
recovery and self-healing properties of the samples, recovery time tests were performed by
subjecting hydrogels to 7 alternating cycles of 5% and 1.3x10* %, each for 100 s, applying
a constant temperature of 25°C and an angular frequency of 0.5 rad/s. Moreover, frequency
sweep tests were carried out at a constant temperature (25 °C), in a range of oscillation
frequencies between 0.05 and 50 rad/s, applying a constant % strain of 5.0% (LVR). Lastly,

oscillation time tests were carried out with a strain % of 5 %, angular frequency at 0.5 rad/s
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and temperature at 25 °C for 300 s to evaluate variations of G’ and G” over time. Each
analysis was carried out on 100 pL of sample. The measurement gap was set to 300 um for
all analyses performed and the excess sample was carefully removed before the start of each

experiment. All tests were performed in triplicate.

5.3.7 3D printing tests
A REGEMAT3D Bio Vi®bioprinter (3D Regemat, Spain) was used to print porous hydrogel
scaffolds of 15 x 15 x 3 mm with a syringe of 5 mL and a 20 GA tip. The samples were
printed with pores of 2 x 2 mm and a layer height of 0.30 mm. The infill and flow speeds
were respectively in the range 5.5 - 6.5 mm/s and 3.5 - 4.5 mm/s. The printed structures were
photo-crosslinked every two layers under UV light (1000 mW/cm? with a curing speed of 1

mmy/s). Printability error (P.) was evaluated using the following formula[395]:

__ filament diameter (d)
" Nozzle diameter (D)

Pe

(11)

The measurements were performed using the ImageJ software on SEM images of freeze-
dried samples. SEM analyses of the printed samples were performed by using a TM3030Plus
SEM (Hitachi High-Technologies) apparatus; the surface of the samples was previously

gold-coated using an SC7620 mini sputter coater/glow discharge system (Quorum).

5.3.8 Elastin extraction
The extraction of the water-soluble elastin from the elastin of the bovine neck ligament was
performed as reported in the literature[199,397,401]. Briefly, 5 g of bovine elastin was
suspended in 0.25 M oxalic acid solution and hydrolysed by sequential cycles of heating for
1 h in a water boiling bath. The supernatant was collected by centrifugation and the
precipitate was treated in the same way until complete hydrolysis. The collected soluble

fraction was dialyzed against water (3.5 kDa cut-off) and then freeze-dried.
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5.3.9 Cell culture, scaffold seeding and cytocompatibility tests

An osteoblast cell line, MG-63 (ATCC CRL-1427), was expanded until passage 9 in
monolayer culture in a-MEM supplemented with FBS (10% v/v) at 37 °C with 5% of CO»
with a cell seeding density of 5000 cells/cm? until 80 % confluence. The culture medium
was changed every 2—3 days.

For cell culture experiments on the scaffolds, XGox was sterilized by UV light (254nm for
40 min), while PAHy-MA and PhI were sterilized by filtration with a 0.2 um pore mixed
cellulose ester syringe filter prior to printing. After printing, the scaffolds were coated with
elastin by covering them with an elastin solution at 500 pg/mL in PBS, followed by 1h
incubation at 37°C and finally transferred to another plate. Cells at passage 9 were
trypsinized, pelleted down by centrifugation at 500 rpm and resuspended to reach a density
of 3.0x10%mL. 50 pL of the cell suspension were seeded on each scaffold to reach 1.5x10°
cells/scaffold.

To study the cytocompatibility of the material, scaffolds of 6x15%3 mm (with pores of 2x2
mm) were printed in sterile conditions using a REGEMAT3D Bio V1®bioprinter for the
composition A (1% XGox, 2% PAHy-MA, 0.3% Phl, 0% Hap). DNA assay and LDH
evaluation were performed on the samples after 24 h and 7 days. All the experiments were
performed in triplicate. The total DNA amount was measured with a CyQuant™ cell
proliferation assay (Invitrogen), according to the manufacturer’s instructions. A value of
6.6x107% ug of DNA was assumed for each cell to estimate the total cell numbers. At the
different time points, the medium was removed, and the samples were washed with DPBS
two times, then freeze-thawed three times and finally digested with 1 mg/mL Proteinase K
(Fisher BioReagents™) in Tris/EDTA buffer at 56 °C overnight. Subsequently, a solution of
RNAse A diluted in lysis buffer 1:500 was added in a ratio of 1:1 to each sample and

incubated for 1 h at RT. Meanwhile, serial dilutions of a DNA standard were prepared for
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the standard curve. Lastly, 100 pL of GR-dye solution (diluted 1:200 in lysis buffer) were
added to the same volume of each sample in a black bottom microplate, incubated for 15
min at RT and then fluorescence was measured (480 nm excitation, 520 nm emission).

For the LDH, at the different time points, the samples’ medium was collected and centrifuged
at 500 rpm for 10 min to remove any cell, transferred into new tubes and stored at —80 °C
until use. LDH content was measured following the manufacturer’s instructions. (Cyquant

LDH cytotoxicity assay, ThermoFisher).

5.3.10 Cell differentiation experiment

To evaluate the differentiation of cells seeded on the different scaffolds, samples of 4x4x3
mm (with a pore of 2X2mm) were printed in sterile conditions for all the compositions A, B,
and C. After printing, the scaffolds were coated with the elastin extracted as described
previously, and 2.0x10° cells were seeded on each scaffold. The scaffolds were incubated in
basal medium (a-MEM supplemented with 10% v/v FBS) for 24 h and then this was
substituted with the differentiation medium (a-MEM supplemented with 10% (v/v) FBS,
100 U/mL (1%) penicillin-streptomycin, 200 uM L-ascorbate-2-phohsphate (ASAP), 10 nM
dexamethasone and 10 mM B-glycerophosphate). Samples incubated in the basal medium
were used as a control. The medium was changed every 2-3 days and every week the samples
were transferred to new plates. After 14 and 21 days, DNA assay, real-time PCR (RT-PCR),
Alizarin Red S assay, immunostaining analyses and SEM were performed.

The following abbreviations were used to refer to the results of these assays: A bm (sample
A incubated in basal medium), B bm (sample B incubated in basal medium), C bm (sample
C incubated in basal medium), A dm (sample A incubated in differentiation medium), B dm
(sample B incubated in differentiation medium), C dm (sample C incubated in differentiation

medium).
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5.3.10.1 Gene expression analysis: RNA isolation and purification, cDNA
synthesis and quantitative Polymerase Chain Reaction (QPCR)

After 14 or 21 days of culture in basal and osteogenic media, the seeded scaffolds were
rinsed with PBS three times. To lyse the cells, scaffolds were covered with 1 mL of TRIzol
for 5 min at RT and freeze-thawed with liquid nitrogen three times. To eliminate
proteoglycans from the extracts, which are powerful inhibitors of the Polymerase Chain
Reaction, additional centrifugation at 12000xg for 5 min was done to precipitate them. The
supernatant was mixed with 200 pL of CHCI3 shaken vigorously for 15 seconds and
incubated for 3 min at RT, followed by a centrifugation at 12000xg for 15 min. The upper
colourless phase was mixed with 500 pL of isopropanol and incubated for 10 min at RT.
After their centrifugation at 12000xg for 10 min at 4°C, the RNA formed a gel-like
precipitate that was separated and mixed with an equal volume of ethanol. The extracted
RNA was purified and eluted following the Invitrogen™ PureLink™ RNA Mini Kit
protocol. The concentration of the extracted mRNA solutions was determined using an
IMPLEN NanoPhotometer N60/N50 measuring the absorbance of the samples at 260 nm,
and their purity grade checking the A260/A280 and A260/A230 absorbance ratios. To carry
out the synthesis of complementary DNA, the Applied Biosystems™ High-Capacity RNA-
to-cDNA™ Kit manufacturer’s instructions were followed on a 20 pL reaction, setting a
temperature program of 37°C for 60 min and 95°C for 5 min. To perform the qPCR
experiment, 10 pL of reverse and forward primer 100 uM solutions were diluted in 980 pL
of molecular grade H>O. 8 puL of primer dilutions (Collal, RunX2 and BGLAP) were mixed
with 2 uLL of cDNA solution and 10 pL of SyBR Green 2x in a 96-Well Clear Reaction Plate.
A QuantStudio 1 thermocycler (Applied Biosystems) was used with a temperature set-up of
a first step with 50°C for 2 min and 95°C for 2 min, and then 40 cycles with 95°C for 15

seconds and 60°C for 1 min. The primers used for gPCR experiments are shown in Table 5.
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C; values of each sample were determined and employed in the comparative Ct method to
calculate the fold change of gene expression in the samples using GAPDH as the

housekeeping gene.

Table 5. List of primers used for qPCR experiments.
Gene Fw (5°-3°) Rv (5°-3’)
GAPDH | ATG GGG AAG GTG AAG GTC G TAA AAG CAG CCC TGG TGA CC
Collal AGG GCCAAGACGAAGACATC AGA TCA CGT CAT CGC ACAACA

Runx2 AGT GAT TTA GGG CGC ATT CCT GGA GGG CCG TGG GTT CT

BGLAP | TGA GAG CCCTCACACTCCTC CGC CTG GGT CTCTTCACT AC

5.3.10.2 Alizarin Red S staining
For Alizarin Red S (ARS) staining, the samples were firstly fixed with paraformaldehyde
(PFA) for 15 min, washed with PBS and then incubated with ARS staining solution (2% w/v)
for 1.5 h. The samples were finally washed with MilliQ water and analysed with a Nikon

Ts2 light microscope.

5.3.10.3 Immunostaining
Samples were fixed with PFA for 15 min and then permeabilized with TritonX-100 0.1% for
15 min followed by washing with PBS. Samples were then blocked with a solution of 3%
BSA, 0.01% Triton X-100 in PBS for 1h and finally washed with a washing buffer (0.3%
BSA, 0.001% Triton X-100 in PBS). Afterwards, the samples were stained with Anti-
Collagen I Alexa Fluor-488 antibody (Abcam, ab275996, 1:100) for 2h, washed with WB,
stained with Phalloidin Alexa Fluor 568 (Invitrogen, 1:100) for 2h, washed with Hoechst
33342 (1:500) for 15 min and lastly washed with PBS. The samples were kept in PBS at 4°C

until imaging on a Nikon Eclipse Ti-2 inverted fluorescence microscope.
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5.3.10.4 Scanning electron microscopy of cell-laden scaffolds
Samples were first fixed with PFA for 15 min and washed with PBS. After fixation, the
samples were dehydrated, incubating at room temperature with solutions at increasing
ethanol concentration in PBS (15 min for each one): 50%, 70%, 80%, 90%, 96% and 100%
v/v. Then these samples were treated with hexamethyldisilazane (50% and 100% v/v in
ethanol) and let dry completely overnight with airflow. SEM analyses were performed as

described previously (section 5.3.7).

5.3.11 Statistical analysis
All results are reported with a media + standard deviation and, when applicable the statistical
analysis for significance was conducted with the Student’s t-test, using the function t-test of
Microsoft Excel, assuming the not homogenous variance at 2 samples and a dual tile
distribution; values with p < 0.05 were considered statistically significant (*p<0.05;

*#%p<0.01; ***p<0.001).
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5.4 Injectable gellan gum/elastin-based nanocomposite hydrogels as fillers for
irregular bone defects

5.4.1 Materials
GG (Gelrite®), NaOH, Dowex® 50WX8, TBA-OH, DMSO, 4-NPBC, TEA, AEMA,
acetone, DPBS, TNBS, CaCl,, 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
98% (photoinitiator, below referred to as PhlI), elastin from bovine neck ligament, oxalic
acid, B-TCP, ZnO NPs, AO/EB were purchased from Merck. Methacrylic anhydride was
purchased by the company Fluka. DMEM was purchased by Euroclone. MTS was purchased

from the company Promega.

5.4.2 Synthesis and characterization of GG-AEMA

The synthesis of GG-AEMA started from a low molecular weight GG. For this reason, GG
was, initially, hydrolysed under alkaline conditions as reported elsewhere[226,233].
Specifically, 5g of gellan gum were dispersed in a NaOH solution (0.1M) at a concentration
of 1% (w/v) and the dispersion was kept under stirring at 50 °C for 24 h. Subsequently, HCI
(I1N) was added until neutralization and the dispersion was dialyzed (cut-off 25 kDa) against
MilliQ. The resulting product, the sodium salt of degraded gellan gum, was transformed into
its acid form using a Dowex® 50W-X8 hydrogen-exchange resin and the dispersion was
neutralised with TBA-OH to obtain GG-TBA. The dispersion was freeze-dried and the
product was used for the subsequent chemical modification.

The synthesis of the GG-AEMA was carried out as follows: 500 mg GG-TBA was dispersed
in 40 mL anhydrous DMSO to obtain a final concentration of 1% (w/v) and the dispersion
was stirred at 40°C for 30 min. Subsequently, 85.7 mg of 4-NPBC, previously solubilised in
5 mL anhydrous DMSO, were added dropwise and the reaction was conducted at 40°C for
4 h. The molar ratio (X) between 4-NPBC and the repeating units of GG-TBA was set equal

to 0.5. After 4 h, 196 pL of TEA and 233.52 mg of AEMA, previously solubilised in 5 mL

177



Materials and methods

of anhydrous DMSO, were added dropwise and under stirring to the polysaccharide’s
dispersion and the reaction was carried out for a further 24 h at 40°C. The molar ratio (Y)
between AEMA and 4-NPBC was set equal to 5 while the molar ratio (Z) between TEA and
AEMA was set equal to 1. The reaction was stopped by adding 500 puL of saturated NaCl
solution and stirred for 30 min. Then, the product was isolated by precipitation in acetone
and then purified by several washings with acetone/water mixture (8:2 v/v) and finally with
acetone. The polymer was vacuum-dried at room temperature, dispersed in MilliQ water,
and dialyzed (cut-off 3.5 kDa) against NaCl (2 days) and MilliQ water (2 days). Finally, the
product was isolated by freeze-drying and subsequently characterized by 'H-NMR analysis.
'H-NMR spectra were obtained with a Bruker Avance II 400 MHz spectrometer. Samples

were prepared at 2% w/v in D20.

5.4.3 Synthesis and characterization of ELMA

The soluble elastin fraction was extracted from bovine neck elastin using an oxalic acid
extraction procedure[199,397,401]. Briefly, 5 g of bovine elastin were suspended in 0.25 M
oxalic acid solution and hydrolysed by sequential cycles of heating for 1 h in a water boiling
bath. The supernatant was collected by centrifugation and the precipitate was treated in the
same way until complete hydrolysis. The collected soluble fraction was dialyzed against
water (3.5 kDa cut-off) and then freeze-dried.

To obtain the ELMA, 1 g of degraded elastin was dispersed in 100 mL of anhydrous DMSO,
then 250 pL TEA and 500 pL methacrylic anhydride were added dropwise at room
temperature. The reaction was carried out for 24 h, at room temperature, under stirring and
in the dark. The dispersion was then placed on membrane dialysis (cut-off 3.5 kDa) against
DMSO. Gradually, DMSO was replaced with borate buffer pH 9 and MilliQ water in the
following order: DMSO, borate buffer 0.1 M pH 9, borate buffer 0.05 M pH 9, borate buffer

0.01 M pH 9, MilliQ water. The product was recovered by freeze-drying with a yield of
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about 90 % w/w and characterized by '"H-NMR analysis and TNBS assay. The former was
carried out as reported for GG derivate.

TNBS assay was performed as follows: a solution of TNBS (5 % w/v), diluted in sodium
borate buffer (0.1M, pH=9.3) 1:5, was added in a ratio of 1:19 to each polymer (ELMA and
soluble elastin) dispersion (25 pg/mL in sodium borate buffer) and incubated for 2 h at 37
°C. Meanwhile, serial dilutions of methoxy polyethylene glycol amine were prepared for the
standard curve. Lastly, the absorbance at 492nm was measured using an Eppendorf AF2200
spectrophotometer. In particular, the efficiency of functionalisation of ELMA was calculated
by comparing the amount of free amino groups of the two polymers with the following

equation:

NNH, (ELMA)

nyH, (soluble elastin)

Efficiency of functionalisation % = [1 - x 100 (12)

Where n NH> (ELMA) and n NH> (soluble elastin) are the moles of amino groups of ELMA

and soluble elastin respectively.

54.4 Production and characterization of base hydrogels

Initially, different hydrogels composed of GG-AEMA and ELMA were produced, with
different contents of the latter polymer to assess the most suitable amount of the protein
derivative to incorporate into the system. Specifically, the hydrogels were prepared by
dispersing the GG-AEMA (4% w/v) in a solution of DPBS and PhI (0.3% w/v) at 70 °C,
adding different amounts of ELMA, previously dispersed in the same solution, in order to
obtain a final concentration of the protein derivative of 0%, 2% and 4% w/v.

Subsequently, the hydrogels were photo-crosslinked by UV light at 365 nm for 10 min, then
ionotropically crosslinked by immersion in CaCl» (0.1 M) for 10 min and washed twice in

MilliQ water to remove excess salt.
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5.4.5 Cell adhesion studies

In order to study the biological properties of these hydrogels and to determine the optimal
amount of ELMA, adhesion studies were conducted, thus assessing the possible ability of
the systems to provide support for cell adhesion.

These studies were performed using FD-MSC, cultured in DMEM supplemented with 10%
v/v FBS, 1% v/v penicillin/streptomycin, 1% v/v glutamine and 0.1% v/v amphotericin B
solution and incubated at 37 °C in a humidified atmosphere containing 5% CO- using an
Eppendorf New Brunswik S41i incubator. To perform adhesion experiments, after treatment
with trypsin, the cells were counted, resuspended in complete DMEM and seeded onto the
samples. These studies were performed on samples, prepared as indicated in section
5.4.4. Specifically, 300 pL of each sample (Ha, Hg, Hc, and control of ELMA alone (20%
w/v) prepared in DPBS and PhI (0.3% w/v)) were injected into a 48-well plate in order to
create a gel layer that evenly covered the well; then, the hydrogels were UV-sterilized at 254
nm, for 30 min, using a 125 W UV lamp. Subsequently, 4x10* cells were seeded onto each
sample and incubated under the above conditions. Evaluation of cell adhesion on the surface
of the hydrogels was performed by light microscopy using an AxioVert200 microscope

(Zeiss).

5.4.6 Rheological characterization of base hydrogels
Rheological studies were carried out in order to investigate the viscoelastic behaviour of the
samples and the influence of photo- and ionotropic crosslinking on the viscoelastic
properties of the samples. For this reason, oscillation amplitude pre- and post-crosslinking
(photo- and ionotropic crosslinking) and photo-rheology studies were conducted on the
samples prepared as outlined in Section 5.4.4.
These studies were performed with a DHR-2 TA Instruments oscillatory rheometer, mainly

using a parallel flat plate geometry with 8 mm diameter and grooves and a self-heating
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Peltier plate (TA Instruments - Waters S.p.A.). Photo-rheology analyses were conducted
using a parallel flat plate geometry with 20 mm diameter and a UV LED module (365 nm).

The oscillation amplitude studies were performed by applying increasing percentage strain
values from 0.01% to 5000.0%, keeping the temperature at 25°C and the angular frequency
at 0.5 rad/s constant. These studies were conducted by loading 100 pL of each sample onto
the lower geometry of the instrument and setting an analysis gap of 300 um. Excess sample
was carefully removed before the start of each experiment. All tests were performed in
triplicate using the parallel flat plate geometry with grooves.

Photo-rheology tests, on the other hand, were carried out at constant strain % (1.0 %) and
frequency (0.5 rad/s) by irradiating the sample with a UV power of 50 mW/cm? for 90 s after
a time 60 s from the start of the analysis. These analyses were performed by loading 50 uL

of each sample onto the lower geometry of the instrument and setting a gap of 100 pm.

5.4.7 Production of nanocomposite hydrogels
The nanocomposite hydrogels were formulated by incorporating 0.1% w/v ZnO and two
different percentages of B-TCP (5% w/v and 20% w/v) into the selected hydrogel with 4%
GG-AEMA and ELMA (Hc). Subsequently, the hydrogels were photo-crosslinked by UV
light at 365 nm for 10 min, then 1onotropically crosslinked by immersion in CaClz (0.1 M)

for 10 min and washed twice in MilliQ water to remove excess salt.

5.4.8 Rheological characterization of nanocomposite hydrogels
Rheological characterization was carried out also on the nanocomposite hydrogels:
oscillation amplitude studies before and after the photo- and ionotropic crosslinking, flow
sweep, recovery time and photo-rheology were conducted on all samples.
In particular, oscillation amplitude studies before and after photo-ion crosslinking and photo-

rheology studies were carried out following the specifications indicated in section 5.4.6. The
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flow sweep studies, on the other hand, were carried out by subjecting the samples to
increasing shear rate from 0.01 s to 100.0 s, under constant temperature (25°C) to assess
the hydrogels’ variation in viscosity as a function of increasing shear rate and then to study
hydrogels’ shear-thinning properties.

Recovery time studies were conducted by alternating cycles of low (1.0 %) and high (1000.0
%) strain %, applied at a constant frequency (0.5 rad/s) and temperature (25°C). Both

analyses were carried out with the same equipment for oscillation amplitude tests.

5.4.9 Hydrolytic degradation studies
Degradation studies were performed on 200 pL of samples Hc, HucB, HncC prepared as
described above. The samples were then freeze-dried and weighed to record the initial
weight. Subsequently, the scaffolds were immersed in 2 mL of DPBS pH 7.4 and incubated
under gentle agitation at 37 °C in an orbital shaker. The weight of the lyophilised scaffold
was monitored after 7, 14, 21 and 28 days of incubation. At schedule times, the samples were
washed repeatedly with MilliQ water in order to remove residual DPBS salts, then freeze-
dried and re-weighed. The sample degradation degree was expressed as a percentage of
weight recovered (W,%) calculated by equation 6, here reported again for major

comprehension:
W,% ==L x 100 (6)

where Wris the weight of the recovered sample (final weight) at each time, and W; represents
the initial weight. Each experiment was performed in triplicate.

Furthermore, in order to macroscopically evaluate the degradation of the hydrogels under
conditions as similar as possible to those in vivo, the hydrogels were injected into suitably

perforated horse bone inserts and their adhesion to the tissue and degree of degradation was
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evaluated. In detail, a time 0, a micro-CT analysis was performed of sample HncC using a

Microtac micro-CT Skyscan 1272 Bruker.

5.4.10 Cytocompatibility evaluation of the hydrogels

Finally, in order to assess the possible cytotoxicity of the developed hydrogels,
cytocompatibility studies were carried out, through MTS assay and AO/EB staining,
assessing cell viability indirectly by placing the sample inside cell culture inserts, without
direct contact with the cells. These studies were performed using FD-MSC, cultured as
outlined in section 5.4.5.

To perform the experiments, 4x10* cells were seeded in wells of a 24-well cell culture plate,
then incubated overnight to promote adhesion. Subsequently, the samples (100 pL each),
produced as outlined in section 5.5 and subsequently UV-sterilised (as for the adhesion
assays), were placed inside cell culture inserts placed in the aforementioned plate and
immersed in 2 mL of complete DMEM.

After 24 h and 48 h incubation, cell viability was assessed by MTS and AO/EB staining. In
detail, the inserts containing the hydrogels, and the culture medium were removed and finally
the wells were washed with DPBS. Afterwards, MTS assay was performed following the
manufacturer’s instructions UV measurements at 492 nm were performed using an
Eppendorf AF2200 spectrophotometer. The results were expressed as a percentage of
viability compared to control cells grown on the well of the plate without hydrogel. Each
experiment was performed in triplicate. About the AO/EB staining, the cell’s layers were
fixed by 4% w/v formaldehyde (37°C for 15 min) and washed again with DPBS. Then, the
samples were incubated for 5 min in the presence of 200 uL of AO/EB solution and finally,
fluorescence images were acquired using an AxioVert200 microscope (Zeiss). All analyses
were performed in triplicate and cells seeded on a plate, incubated in the absence of a sample,

were used as controls for both assays.
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