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1. Introduction
1.1 The skin tissue - anatomy and pathophysiology of wound healing

The skin is the largest organ of the body and is the main defense barrier against harmful
external physical, chemical, and biological agents.! It consists of three layers: the epidermis,
the dermis, and the subcutaneous layer.”> The epidermis is the superficial layer that forms
the interface with the external environment and acts as a true physical barrier, preventing the
entry of pathogenic microorganisms and other external harmful agents. The epidermis is
basically made up of five layers. Starting from the deepest layer and moving towards the
surface, the layers of the epidermis are: basal, spinous, granular, clear, and horny.? Each layer
of the epidermis serves a specific purpose in protecting and renewing the skin, contributing
to its overall functionality. They have various cell types including melanocytes, Merkel cells,
Langerhans cells, CD8* T lymphocytes, corneocytes, and stem cells;*° in the basal layer of
the epidermis (innermost layer) the most representative population of cells present are the
keratinocytes, which have the ability to pass to the upper layers, up to the stratum corneum
(outermost layer), following a differentiation process.’ The dermis is the middle layer, a
tissue that acts as a mechanical support; it consists mainly of collagen, blood and lymph
vessels, sweat glands, nerve cells, and mesenchymal stem cells (MSC);’ the latter can
differentiate into chondrocytes, osteocytes, adipocytes, smooth muscle cells, hematopoietic
cells, neurons and glia cells.® Mesenchymal stem cells in the skin play a key role in the
regeneration of skin tissues, producing growth factors and cytokines that support healing and
offering therapeutic potential for skin conditions. Cells, mainly fibroblasts, are immersed in
an extracellular matrix (ECM) consisting of proteins (mainly collagen), glycoproteins,
proteoglycans, ions, and water.”!® The subcutaneous layer is a support and reserve tissue for

the epidermis and dermis and consists of adipocytes, macrophages, fibroblasts, blood vessels
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and nerves.!! Following an injury, the skin loses its main protective barrier function. An
extremely—complex pathophysiological healing process is triggered, characterized by a
cascade of events that are regulated step-by-step by various biological molecules and cell
types.'? In order to study the right therapy for treating skin wounds, it is essential to know
the events that lead to the healing and regeneration process.'* The pathophysiological healing
process can be described by distinguishing four phases: hemostasis, inflammation,

proliferation, and remodeling (Figure 1).'*
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Figure 1. The normal wound healing process in 4 phases: haemostasis, inflammation, proliferation

and remodeling.*®




The hemostasis phase begins immediately after the injury, aims to limit bleeding, and forms
a fibrin clot that acts as an anchoring structure for the cells involved in the subsequent steps. '
In this phase, platelets release a number of growth factors (PF-4, VEGF, EGF, PDGF, TGF-
), chemokines, and cytokines (NAP-2, SDF-1a), which induce the migration of neutrophils,
monocytes and macrophages into the wound bed.'®!” With the advent of these cell types
comes the inflammatory phase, during which macrophages cleanse the wound of bacteria,
foreign bodies, cell debris, damaged extracellular matrix proteins, and neutrophils, secreting
matrix metalloproteases (MMPs), antimicrobial peptides (AP) and reactive oxygen species
(ROS), act on the bacterial walls of pathogens, preventing or extinguishing infection.?® At
the same time, monocytes differentiate into type 1 macrophages (pro-inflammatory) and
amplify the inflammatory process mediated by nitric oxide (NO), ROS, interleukins (IL-1,
IL-6, IL-8), tumor necrosis factor oo (TNF-a) and metalloproteases (MMP).?! During this
phase, T-lymphocytes are called up, which stimulates the release of insulin growth factor 1
(IGF-1), fibroblast growth factor (FGF), and keratinocyte growth factor (KGF).!-2%%3
Phenotypic differentiation of M1 macrophages into M2 macrophages (from pro-
inflammatory to anti-inflammatory) occurs, which induces the release of growth factors
(VEGF, PDGF, IGF-1, FGF) and the tissue inhibitor of metalloproteases 1 (TIMP1), which
inhibits further degradation of the extracellular matrix (ECM).?* The large number of growth
and chemotactic factors released at the level of the wound bed leads to the proliferation
phase, in which indoleamine 2,3-deoxygenase (IDO) is released, which reduces the amount
of ROS present and causes an increase in oxygen, which is crucial for the mesenchymal stem
cells (MSCs), which begin to infiltrate, to differentiate into fibroblasts (oxygen-dependent
cells).?>2° Thus, there is simultaneous under-regulation of the inflammatory response, over-
regulation of the anti-inflammatory response, and deposition of extracellular matrix by

fibroblasts with the formation of granulation tissue, a provisional, richly vascularised tissue



that will serve as the basis for subsequent remodeling.?’” There is also a gradual
differentiation and proliferation of keratinocytes, which induce re-epithelisation, forming
cell layers that form the barrier in the stratum corneum.?®?’ Finally, the fibroblasts
differentiate into myofibroblasts, containing actomyosin, which by contracting promotes
wound closure.'* During the final remodeling phase, fibroblasts promote the replacement of
type III collagen, whose degradation is mediated by metalloproteases, with type I collagen.
Consequently, in this phase, there is a reduction in cell migration, and vascularisation, then
a decrease in granulation tissue, and finally the formation of scar tissue.’*3! Dysregulation
of the expression of proteins or cells involved in the wound-healing process can lead to the
formation of a chronic wound, so it is crucial to encourage the correct skin regeneration
process.!? Certain pathologies, such as arterial and venous insufficiency, hypertension,
diabetes, obesity, cardiovascular and autoimmune diseases can lead to a failure of the normal
wound healing process by inducing the formation of venous lesions of the lower limbs,
arterial ulcers, diabetic foot ulcers.?>*? A wound is considered chronic when the healing
process has not taken place within three months of the injury event.** In chronic wounds, the
up-regulation of pro-inflammatory mediators and metalloproteases occurs simultaneously
with the down-regulation of anti-inflammatory mediators and tissue inhibitors of
metalloproteases.* There is also altered cellular expression, with neutrophils showing
morphological abnormalities and tending to remain in the wound for a long time, leading to
an imbalance in ROS production; M1 macrophages do not differentiate into M2
macrophages; fibroblasts have a reduced proliferative capacity as there is not enough
oxygen; and keratinocytes are unable to differentiate or are hyperproliferative.’>® All of
this results in a persistent inflammatory environment, amplified by colonization by
pathogens, thus susceptible to infections that are difficult to eradicate, and also in the

insufficient formation of functional ECM and the failure to produce granulation tissue, thus
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the inability to proceed to the proliferative phase.!®* Neutrophils play a key role in mediating
the response against pathogens; in fact, following damage they intervene through the
production of ROS, which is the main weapon of defense against microorganisms.
Therefore, the migration of neutrophils must be finely regulated, because a deficiency of
neutrophils can lead to the onset of serious infections due to uncontrolled microbial
proliferation; but an excess of neutrophils can also amplify the inflammatory process,
leading to the excessive production of ROS, which can slow down or even block the healing
process due to the high oxidative stress.*® Thus, in chronically damaged tissue, a hypoxic
condition occurs, due to the destruction of blood vessels and increased oxygen consumption
by cells in the wound bed, which slows down the tissue repair process, blocking fibroblast
proliferation and angiogenesis, inhibiting collagen synthesis and increasing the risk of
infection.*

In this context, the main obstacle in the process of tissue repair is the onset of infection; the
injured skin loses its barrier function, as a result, microorganisms penetrate into the deeper
layers and find a favorable environment in which to proliferate, impeding the regeneration
process.*! The pathogens most frequently isolated from skin wounds, chronic or otherwise,
are Gram-negative, such as P. aeruginosa and E. coli, and Gram-positive, such as S. aureus
and S. pyogenes.** These micro-organisms can produce a biofilm on acute wounds inducing
chronic wound formation. A biofilm consists of an aggregate of sessile bacterial cells,
belonging to various species, immersed in a polymer matrix produced by them, resistant to
penetration by antimicrobials and immune system cells. The presence of bacteria, both in
free form and incorporated into biofilms, is particularly detrimental to the wound-healing
process, especially when bacteria reach a critical colonization level. Microbial colonization
delays the healing process and increases inflammation by producing excessive granulation

tissue, which often develops into extensive and disfiguring scars. The presence of diverse



microbial flora in wounds makes treating patients more difficult, especially when the
biofilms of chronic wounds are mostly composed of a large number of resistant
microorganisms. Clearly, in order to stimulate the healing process, treatment with antibiotics
is essential. Over the years, inappropriate use and misuse of antimicrobial drugs have led to
the emergence of multidrug-resistant (MDR) microbes, which pose a serious threat to public
health, particularly in hospital-acquired infections, due to biofilm formation, horizontal gene
transfer and microbial mutations.*® In the past, antibiotics were administered systemically to
treat severe skin wounds or chronic wounds, such as diabetic foot. However, this method has
significant drawbacks as it requires large doses of drug to ensure effective concentrations at
the affected site. These high doses increase the risk of side effects as the drug spreads to
other parts of the body. In addition, in chronic wounds with poor vascularity, the amount of
drug reaching the wound through the bloodstream is often insufficient to inhibit bacterial
growth.** Applying broad-spectrum antibiotics directly to the wound using medicated gauze
or dressings has been the preferred method. However, this approach has limitations. For
example, topical antibiotics such as neomycin or gentamicin can cause local irritation and
contact dermatitis.*> Even concentrating the drug directly on the wound cannot overcome
the problem of antibiotic resistance, as multi-resistant strains of bacteria remain insensitive
to even high doses of common antibiotics.*** According to the WHO report on
antimicrobial resistance, antimicrobials used to treat common infections are showing high
rates of resistance. An estimated 700,000 people worldwide die each year because of
antimicrobial resistance. This number could reach 10 million by 2050 if no action is taken
to reduce this phenomenon or develop new antibiotics.***® Antibiotic resistance is a serious
problem in the treatment of chronic wounds, which has led to the need to find alternative

therapeutic strategies to the commonly used treatments. There is therefore an urgent need to



develop new antimicrobial agents that can be applied topically to wounds to overcome the

limitations of traditional treatments described above.

1.2 Therapeutic strategies for the treatment of skin wounds

1.2.1 Limitations of traditional wound healing approaches

In recent decades, research into new therapeutic strategies for the treatment of chronic skin
wounds has gained considerable importance both in terms of improving quality of life and
life expectancy and for economic reasons.®® Indeed, around 40 million patients worldwide
suffer from chronic skin wounds, a number that has reached epidemic proportions and is
comparable to that of carcinoma patients.**>° The production of therapeutic systems that can
be used to treat this type of wound could have a major economic and social impact.*® Since
ancient times, attempts have been made to remedy these problems, for example in a stone
tablet dating back to 2200 B.C., the so-called “three healing gestures” were found engraved,
I.e. the three gestures to be made after a wound: wash it, dress it and finally cover it. The
Chinese, Sumerians and Egyptians, on the other hand, envisaged the use of beer, vinegar,
wine, milk, animal fat, leaves, tree resin, and honey in the treatment of wounds.?>! Wound
dressing techniques (bandages, gauze, etc.) do not allow adequate tissue rehydration, cause
pain upon removal, and do not adhere tightly to the wound site, reducing applicability.
Gauzes or bandages may be displaced by body movements, especially when the wound is
located in places subject to greater stress such as the knee, ankle, or wrist, reducing patient

compliance.>?



1.2.2 Novel wound healing approaches

The research for the most appropriate therapeutic solution is still ongoing that can be
simultaneously smart, multifunctional and also improve patient compliance. An ideal system
for this type of application should have specific requirements, such as biocompatibility,
biodegradability, favouring the hydration of damaged tissue and eliminating exudate,
allowing gas exchange with the outside, adapting to the wound bed and resisting mechanical
deformations induced by movement (self-healing ability), being able to remain attached to
the often irregular perimeter of the wound without being washed away by biological fluids
(adhesiveness) and inhibiting microbial growth (Figure 2).*> Only in recent years have
innovative therapeutic strategies appeared, thanks to the discovery of new biomaterials
applicable in tissue engineering and knowledge of the pathways and molecules involved in
the wound regeneration process.’® Several smart stimulus-responsive therapeutic systems
capable of inducing on-demand drug release have been developed, including semi-
permeable films, 3D scaffolds, microparticles, nanoparticles or nanofibres that can be
activated by an exogenous (electromagnetic radiation, ultrasound) or endogenous (pH,

enzymes) stimulus.'
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1.2.2.1 Hydrogels
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Figure 2. Properties of an ideal wound care system compared to the properties of hydrogels.*?

As Figure 2 shows, there are numerous requirements that an ideal wound treatment system
should possess. Hydrogels are systems with comparable characteristics to those mentioned
in the figure.*! In fact, from a technological point of view, hydrogels are semi-solid
preparations in which the colloid-sized dispersed phase forms a three-dimensional network
that retains the liquid dispersant phase. Most hydrogels used in the pharmaceutical field
consist of water-like macromolecular colloids that are solvated and induce gel formation
through the formation of intra- and intermolecular bonds of various kinds (both covalent and
non-covalent). From a technological point of view, considering its composition, even native
ECM can be considered a hydrogel. In fact, the ECM is a complex three-dimensional

network of extracellular macromolecules found in all tissues and organs in the body. The




native ECM is an intricate and diverse structure, consisting of not only polymers but also a
combination of proteins, glycosaminoglycans, collagen, and other biomolecules. It provides
structural and mechanical support to cells, biochemical signaling, and a framework for cells
to adhere, migrate, and function properly. This is also the reason why hydrogels are the
pharmaceutical systems of choice in the regenerative treatment of skin wounds.>*>¢ The
ability to incorporate a high water content allows excess exudate in the wound bed to be
absorbed while maintaining a hydrated environment. This process is critical to avoid tissue
maceration and to eliminate nutrients used by microorganisms for their proliferation.’”>® The
porous structure of the hydrogel promotes the passage of gases, in particular oxygen, which
is essential in the process of tissue repair so that cells can proliferate and form granulation
tissue.” Many of the medical devices currently used in the clinic for the treatment of skin
wounds are xerogels obtained by freeze-drying hydrogels. These systems are actual sponges
that are applied to the wound bed and form the hydrogel following the absorption of
physiological fluids. While the application of a preformed system can be advantageous in
terms of ease of application, it has major limitations related to its poor ability to optimally
adapt to the wound bed from a morphological and mechanical perspective. This issue leads
to imperfect covering resulting in a reduced stay of the hydrogel on the wound bed,
consequently leading to infection and inducing an inflammatory response.'? Injectable
hydrogels overcome these problems, as they can perfectly cover the wound bed, following
the irregular wound margins and reaching the deepest tissues. Typically, these systems are
applied through the aid of a syringe in the form of a fluid pre-gel (sol), which at the site of
administration undergoes a sol-gel transition taking the shape of the locus in which it is
applied (in situ forming).’>®° In-situ gelling can be induced by pH variation, temperature and
ionic strength.®!~®* Cross-linking processes play a crucial role in determining the internal

structure of hydrogels. Consequently, the intrinsic properties of hydrogels are closely linked
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to the cross-linking processes that characterize them.®® As a result, the enrichment of the
functional capabilities of hydrogels is closely linked to the innovation of manufacturing
strategies. Chemical methods focus on producing stable hydrogels with adequate mechanical
properties, while physical approaches take advantage of biocompatibility, avoiding the use
of chemical agents for cross-linking. A synergistic approach combining physical and
chemical methods would be beneficial to achieve an optimal balance of hydrogel properties.
Indeed, several studies have demonstrated the effectiveness of hybrid crosslinking strategies
in obtaining hydrogels capable of self-healing and even suitable for injection.®® For example,
a double cross-linked hydrogel has been developed by combining physical cross-linking
based on hydrogen bonds and chemical cross-linking through imine bonds.®’ This type of
hydrogel has shown exceptional self-healing capabilities. In addition, physical crosslinking
can serve as a second crosslinking layer to increase the mechanical strength of the hydrogel.
Consequently, a comprehensive approach to cross-linking in the hydrogel formation process
opens up new perspectives for the production of smart, self-healing hydrogels.5®*° In this
context, the concept of cross-linking based on dynamic covalent chemistry (DCC) has found
applications in various fields, including the development of combinatorial molecular
libraries, thermosensitive shape-shifting polymers, bioconjugation strategies, injectable and
self-healing, controlled drug release and pH-responsive hydrogels, as well as in three-
dimensional culture for tissue engineering, fits well.®*”> Among the dynamic covalent
chemistry reactions, there are some that are part of the so-called "click-chemistry".”®
Utilization of “click chemistry” for design and fabrication of functional hydrogels grown
rapidly since 2001.”7 Chemical reactions that are termed click reactions possess advantages
such as high yields under mild conditions, fewer by-products, high specificity and selectivity.
A wide variety of functional groups can act as attractive candidates for the fabrication of

complex polymeric materials.”® (Figure 3).
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Among these, an interesting reaction is the one that leads to the formation of the imine bond,
which occurs between amino and aldehyde groups to generate an imine bond in
physiological conditions. This process can be readily employed in the creation of injectable
hydrogels.2® Schiff base takes advantage of the dynamic equilibrium between the imine
bonds and the aldehyde and amine reagents; such bonds can be considered pseudo-covalent

bonds. The breaking and forming of imine bonds occurs within the hydrogel networks,
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giving the latter the ability to self-repair.8! For example, a self-healing polymer hydrogel can
be fabricated through self-crosslinking between the amino group from acrylamide-modified
chitin (AMC) and the dialdehyde group (ADA) from oxidized alginate. The ability to self-

heal also depends on the molar ratio of AMC to ADA, as well as the surrounding pH (Figure

4).%2
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Figure 4. Schematic illustration of imine bond formation and self-healing process, via Schiff Base
linkage between the amino group of acrylamide-modified chitin (AMC) and the dialdehyde group

(ADA) of oxidized alginate.®?

One of the inherent drawbacks of injectable hydrogels is their insufficient adhesion to the wound
bed, making them prone to being swiftly displaced and eliminated from the application site upon
contact with biological fluids. For this reason, various research groups have made numerous efforts

in recent years to produce hydrogels with tissue-adhesive capabilities that can bind tightly to native
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tissues even under conditions of high hydration and isolate the wound site from possible colonization
by surrounding microorganisms.?-% One approach employed for this objective involves modifying
the initial biomaterial with catechol structures, developing biomaterials mussels-inspired.*! They are
responsible for the characteristic adhesion of mussels to reefs and are able to promote the adhesion
of biomaterial to biological tissues by establishing both physical and covalent bonds with ECM
proteins. In fact, the mussel adhesion is remarkably strong and long-lasting, with rapid fixation that
remains stable over a wide temperature range, from —40 °C to +40 °C, as well as changes in humidity
and salinity.®” This extraordinary tenacity is attributed to marine mussel adhesive proteins (MAPs),
which contain L-3,4-dihydroxyphenylalanine (DOPA) in their composition, achieved via post-

translational modifications of tyrosine (Figure 5).58°!

HO HO OH HO
a) b) HO
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Figure 5. Dopamine  biosynthesis: the enzyme  tyrosine  hydroxylase  with

tetrahydrobiopterin cofactor converts Tyrosine to L-DOPA (a); the enzyme aromatic L-amino acid

decarboxylase with vitamin B6 cofactor converts L-DOPA into dopamine (b). %2

This adhesive property is particularly due to the reactivity of the catechol groups present in
dopamine, arousing considerable interest. Furthermore, dopamine can undergo easy
oxidation and polymerization, generating polydopamine (pDA) (Figure 13), which has also
been considered to improve the adhesion of materials.®** DOPA, a substance found in

mussels, exists in two different forms: non-oxidized and oxidized. The non-oxidized form
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playing an essential role in adhesion to inorganic substrates, as depicted in Figure 6a.%>%
The non-oxidized form is important for mussels to stick to surfaces like rocks or other
inorganic materials. This adhesion is achieved through a binding between the metal ions
present in the mussel glues (such as zinc, copper, and iron) and the catechol groups in the
non-oxidized DOPA. This creates a bond that helps mussels stick to these surfaces.®” On the
other hand, the oxidized form of DOPA is essential for mussels to stick to organic surfaces.
(Figure 6g), In this form, the substance helps mussels resist moisture in wet environments.
This is because the oxidized DOPA can create strong bonds by linking with other molecules
present in organic surfaces, like proteins containing amine or thiol groups. This process
involves reactions that form a tough and resistant compound, helping mussels stick to
organic surfaces.®® Indeed, oxidative species can interact with each other via aryl-aryl bonds
(Figure 6d), perform Michael-type additions or develop Schiff base reactions with with
proteins containing amino (or thiol) groups (Figure 6e-f) to form a strong cohesive matrix.%-
101 In summary, looking at the most relevant reactions of catechol groups and quinones
depicted in Figure 6, catechols demonstrate a greater ability to form noncovalent bonds
through reversible adhesion to inorganic materials, hydrogen bonds between catechols and
quinones, and reversible complexation with metal ions.'% In summary, the non-oxidized
form of DOPA (catechols) primarily creates reversible bonds with inorganic surfaces
through coordination with metal ions. Meanwhile, the oxidized form of DOPA (quinones)
tends to form stronger, irreversible bonds with organic surfaces by linking with proteins and
other molecules containing specific functional groups. The exceptional adhesion strength of
mussels therefore derives from the coexistence of oxidized and non-oxidized forms of
catechol groups and their possible cross-linking through oxidation, metallic bonding with
redox reactions or the action of enzymes.%?-1%4 According to the study conducted by Yu and

collaborators, catechol groups are mainly responsible for adhesive bonds, while
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orthoquinone forms can contribute to cross-linking (cohesive) bonds.®® Furthermore,
adhesive properties are generated through irreversible covalent bonds with organic
substrates or reversible n-m interactions between synthetic polymers and coordination with
metal oxides.!® On the other hand, cohesive bonds are formed with multivalent metal ions
through reversible complexation or with amine and thiol functional groups present in the
amino acids of the byssal thread, thanks to Michael-type additions and Schiff base

reactions.1%

Non-covalent bonds R
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Figure 6. The most relevant reactions of catechol and guinone groups. Catechols are capable to form

non-covalent bonds by: (@) reversible adhesion to inorganic materials (metal ions or metal

oxide surfaces); (b) hydrogen bonding between catechols and quinones; and (c) reversible

complexation with a metal ion. Quinones predominantly form covalent bonds by: (d) self-coupling
of the semiquinone radical; and strong irreversible (e) Michael-type addition with amine (or thiol)
group; (f) Schiff base reaction with amine (or thiol) group; and (g) adhesion to organic (amine-

functionalized) surface.%

16


https://www.sciencedirect.com/topics/chemistry/catechol
https://www.sciencedirect.com/topics/chemistry/quinone
https://www.sciencedirect.com/topics/chemistry/inorganic-material
https://www.sciencedirect.com/topics/materials-science/metal-oxide
https://www.sciencedirect.com/topics/materials-science/metal-oxide
https://www.sciencedirect.com/topics/chemistry/hydrogen-bonding
https://www.sciencedirect.com/topics/chemistry/covalent-bond
https://www.sciencedirect.com/topics/chemistry/semiquinone
https://www.sciencedirect.com/topics/chemistry/schiff-base

As a result, these molecules have attracted the attention of numerous research groups,
precisely because they can be exploited for various applications in the field of regenerative
medicine and tissue engineering, to improve the mechanical integration of the bioengineered
tissue to the tissues surrounding the regenerating wound. This property, as far as skin wounds
are concerned, has also been exploited to produce bioadhesives that can instantly stop
wounds bleeding.'®” In this context, exploring adhesive injectable hydrogels regarding their
tissue interaction and antibacterial properties unveils a promising avenue. Moreover, delving
into polysaccharide-based hydrogels presents an opportunity to mitigate the limitations of
conventional wound dressing techniques and high-dose antibiotic administration. This
direction is crucial, given the drawbacks associated with systemic antibiotic use, such as
adverse effects and the growing concern of antibiotic resistance due to improper prescription
and poor patient adherence to therapy.'® Among the polysaccharides most commonly used
in biomedicine, of particular interest is Gellan Gum (GG) an anionic exopolysaccharide
consisting of repeated tetrasaccharide units of D-glucose, D-glucuronic acid, D-glucose and
L-rhamnose, produced by the aerobic microbial fermentation of Sphingomonas elodea. %%
112 The natural form of this polymer has an L-glyceryl substituent on the third carbon of the
3-linked D-Glc residue and, in some repetitive units, an acetyl group on the anomeric carbon
of the same residue.*® Such substituents can be removed from the repetitive structure with
a thermal treatment with alkali,'** in fact, GG is often sold in this deacetylated state (Figure

7).
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Figure 7. The structure of high and low-acyl form of gellan gum.!!®

GG was mainly used in the food industry due to its ability to form transparent hydrogels that
are more resistant to heat and acid solutions than other polysaccharide hydrogels. It has also
been used as an alternative to gelatine in the manufacture of products acceptable to
vegetarians and religions that prohibit the use of mammalian materials.!'®!'” In the last
decade, GG has gained much importance in the biomedical field due to its special chemical-
physical characteristics that are exploited to easily obtain physical hydrogels.!!® The aqueous
dispersions of GG show a thermoreversible sol-gel transition due to the conformational
change of the polysaccharide chains from a random coil to a double helix caused by the

lowering of the temperature (Figure 8).!"°
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Figure 8. Conformational change of GG polysaccharide chains from random coil to double helix.''®

The presence of metal cations induces the association of helices, allowing the formation of
physical hydrogels with excellent biocompatibility, bioadhesion and biodegradability
properties.'?® In particular, divalent cations allow the formation of GG hydrogels with better
mechanical properties than those obtained in the presence of monovalent cations. This aspect
1s responsible for the main limitations associated with the use of GG-based hydrogels, as
they gradually lose their structural integrity in vivo due to the exchange of divalent cations
with monovalent cations present in the physiological medium.'?!"'?* Obviously, the rate at
which this weakening occurs depends on the hydration of the tissue being analysed. For this
reason, several chemical modifications of GG have been proposed with the common aim of
modifying the chemical-physical properties of the polysaccharide and obtaining GG-based
hydrogels with better stability under physiological conditions.'?* The degree of acylation

also influences the strength of the resulting network; when GG is acylated it forms soft,



elastic, transparent and flexible gels, whereas deacetylation results in stiff, non-elastic and

brittle gels.!!

Xanthan gum (XQ) is a pivotal microbial polysaccharide. Its discovery traces back to the
1950s when Allene Rosalind Jeanes made the breakthrough at the United States Department
of Agriculture, USA.!? The green light from the FDA (Fed. Reg. 345376) in 1969, deeming
it a secure polymer, opened the doors for xanthan's deployment as a potent thickening agent
and stabilizer across numerous food products.!?® XG boasts remarkable characteristics
including strong water solubility, exceptional biocompatibility, and a high molecular weight
exo-polysaccharide configuration featuring intricately branched polymer chains.!?”1?® Its
natural anionic structure comprises a recurring unit formed by a pentasaccharide,
encompassing D-glucose, D-mannose, and D-glucuronic acid, in a molar ratio of 2:2:1. The
primary XG backbone mainly assumes a linear B-(1—4)-D-glucose structure, akin to cellulose
chains, while the side chain is essentially an amalgamation of terminal f-D-mannose linked
to D-glucuronic acid via B-(1-4) in a pattern that further connects to D-mannose through a-
(1-2) (Figure 9).'”!3 The presence of acetate and pyruvate groups, their proportions
varying non-stoichiometrically based on bacterial strain production, fermentation
conditions, and subsequent chemical alterations, further enriches the structure of XG.!3%!34-
136 When stabilizing counterions are present, they shield the internal charge interactions
within the molecule. This results in the compact folding of sidechains against the backbone,
forming a highly structured helix with a distinct five-fold helical molecule which is
essentially stabilized by the non-covalent bond. This ordered structure significantly increases
the stiffness of the material compared to its disordered 'random coil' form. When xanthan
adopts this helical state, its stiffness is remarkable, exhibiting a persistence length of over

100 nanometers, positioning it among the most rigid biopolymers known.'*” The reversible
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order-disorder conformational transition of the secondary structure of XG can be induced by
altering the temperatures and the ionic strength. The disorder form is basically favored by
high temperatures and low salt concentrations.!*’1* Meanwhile, the coil-helix transition
temperature mainly depends on the content of acetate and pyruvate groups, ionic strength,
pH, and polymer concentration.'3> XG is recognized for its complete biodegradability within
a mere 2 days, owing to its natural origin. However, its similarity to cellulose in terms of
structural composition makes it resistant to typical cellulose activity. The side chains of three
sugar units in xanthan gum act as a protective barrier against enzymatic degradation.
Interestingly, only the disordered form of xanthan gum is susceptible to cleavage by fungal
cellulases, whereas the ordered helical structure remains unaffected. The tri-saccharide side
chains of XG are likely to be a barrier to enzymatic attack.'?”!4’ The synthesis of XG is
believed to be similar to the synthesis of exo-polysaccharide by other Gram-negative
bacteria and generally produced by Xanthomonas, which present many different strains, as
for instance, X. arboricola, X. axonopodis, X. campestris, X. citri,X. fragaria, X.
gummisudans, X. juglandis, X. phaseoli, X. vasculorium."*® X. Campestris, a plant-associated
bacterium, is the most commonly pathovar employed for industrial production of xanthan

141-143
gum.
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Figure 9. Representation of the chemical structure of xanthan gum repeating unit. Na*, K*, and

Ca®" are the most frequent counter-ions stemming from fermentation process.'*?

Xanthan gum has found extensive application in the food industry owing to its multifaceted
properties. Firstly, it excels as an efficient thickener, demonstrating heightened solution
viscosity even at low concentrations.'* Secondly, it exhibits pseudoplastic behavior in
aqueous solutions, facilitating processes such as mixing, pumping, filling, and pouring.'#*
Thirdly, it maintains stability over a wide pH range, temperature variations, and fluctuations

in ionic strength. Lastly, it remains stable under shear forces during processing and
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packaging.!*? Notably, xanthan gum chains can form physical networks with bivalent
cations, a complex arrangement involving two disaccharide units from the main chain and
O-acetyl and pyruvyl residues from side chains. This leads to intramolecular cross-linking
and chain contraction, as evidenced by conductometric, viscometric titrations, and nuclear
magnetic resonance spectroscopy.'*> The XG solution is stable over a broad range of
temperatures (up to 90 °C), salt concentrations, and pH (2—11).!% These superior properties
of XG resulted in being used for biomedical applications (e.g., drug delivery and tissue
engineering) apart from industrial applications.’*® XG has recently received considerable
attention as a biomaterial of choice for the fabrication of tissue scaffolds, particularly for
extracellular matrix (ECM) tissue engineering applications. The success of regenerating
damaged tissue depends on creating a three-dimensional microenvironment within XG-
based scaffolds that promotes optimal cell-matrix interactions. This involves a delicate
interplay between surface chemistry, nanotopology and mechanical stiffness.!*¢ XG itself
naturally adopts a mild gel-like structure through its double helical conformations, induced
by the presence of specific divalent cations. However, to achieve the desired mechanical
strength and other relevant properties, the stiffness and stability of XG can be tailored by
synergizing it with other biomaterials or reinforcements. To illustrate this concept, a
schematic representation of the integration of XG with additional components and/or

polymers in tissue engineering applications is presented in Figure 10.
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Figure 10. Schematic representation of the use of XG with other components and/or polymers for

tissue engineering applications.'?°

1.2.2.2 Antibacterial and stimulus-responsive systems

Given the aforementioned points, it is crucial for a hydrogel intended for treating skin

wounds to possess antibacterial properties. The possibility of using hydrogels to deliver

drugs with antimicrobial activity to the wound bed has been extensively investigated in

recent years.

24



Introduction /

- . Antibacterial agents

~==—

Directly incorporating
. - - Hydrogel
antibacterial agents .*p

recursor solution

Physical Swelling diffusion ‘\ I
n hination e thod Antibacterial
combina agent solution

) B) =
Antibacterial Encapsulated in \J L -
5 i i = ) rade (.
agents Combination carriers e Hﬁ“%

incorporated methods
into hydrogels

Hydrogels with Chitosan-based Iy Other
inherent antibacterial e 3

Polypeptide-based
activity . hydrogels S

Chemical
combination
Under

Photo-dynamic
antibacterial
Light-assisted Types » =
antibacterial Photthermal —ught j@l y
antibacterial Hydrogel hot ;

Figure 11. Methods of producing hydrogels with antibacterial activity.*?

Antibacterial Form chemical bonds

hydrogels

As already mentioned above, these hydrogels have the ability to include molecules with
antibacterial activity, creating excellent delivery systems. They improve the
pharmacokinetic and pharmacodynamic properties of drugs compared to traditional
formulations by inducing a sustained release of the drug, which can be controlled by several
mechanisms, including diffusion, swelling, chemical reactions and endogenous or
exogenous stimuli. The application of these therapeutic systems to skin wounds allows the
localized release of the antibiotic at the site of the infection so that the damaged area can be
treated specifically, reducing systemic absorption of the drug and consequently side
effects.'%147 Depending on the preparation method adopted, the drug molecules may be
physically incorporated or chemically bound to the hydrogel (Figure 11). The preparation
of hydrogels in which the drug is physically loaded can be achieved by direct incorporation

of the drug, by swelling or by encapsulation of the antibacterial agent in carriers.*? The direct
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incorporation method is simple and fast and consists of dissolving or dispersing the drug in
the polymer dispersion, which then forms the hydrogel. For example, Qu et al. prepared an
injectable hydrogel with antibacterial and antioxidant activity capable of accelerating the
tissue repair process by promoting angiogenesis, collagen deposition and granulation tissue
formation. The hydrogel was obtained by mixing oxidized hyaluronic acid functionalised
with aniline tetramer (OHA-AT) with carboxyethyl chitosan (CEC) and loading it with
amoxicillin by the direct incorporation method. In vitro studies on S. aureus and E. coli
confirmed the excellent antibacterial performance of the hydrogel due to the release of
amoxicillin.!*® Swelling incorporation, on the other hand, involves swelling a xerogel with a
solution of the drug to promote its diffusion within the three-dimensional network.'4°
However, drug molecules loaded into the hydrogel by either method tend to be rapidly
released, resulting in a time-limited antibiotic effect that cannot be controlled from the
outside.’®152 To overcome these problems, the drug can be encapsulated in carriers
(microparticles, nanoparticles, micelles) that are incorporated into the hydrogel. This allows
for a slower release of the drug, resulting in a prolonged antibacterial effect.> Alternatively,
drug molecules can be chemically bound to the hydrogel matrix. This avoids the problems
typical of hydrogels physically loaded with the drug, such as rapid drug release, nanoparticle
aggregation in the absence of suitable stabilizers, and poor duration of antibacterial activity
due to the rate of drug diffusion.’>® Although, as discussed above, various methods can be
used to control the release of antibiotics from hydrogels, these strategies do not overcome
the problem of antibiotic resistance. In fact, many microorganisms have developed defence
mechanisms that make them insensitive to the action of most antibiotics currently in use. It
is, therefore, necessary to develop systems with “non-specific” antimicrobial activity, i.e.
not strictly linked to the release of a specific antibiotic molecule, but activated by an

electromagnetic stimulus. As shown in Figure 12, such a stimulus can generate the
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production of reactive oxygen species (ROS) within the drug system or stimulate the release
of heat from the system itself. These two mechanisms of action are known as “photodynamic
antibacterial activity” (PDA) and “photothermal antibacterial activity” (PTA), respectively,
and the therapies based on them are known as “photodynamic therapy” (PDT) and
“photothermal therapy” (PTT). In both cases, the walls of pathogenic microorganisms are

destabilized and destroyed.*?
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Figure 12. Mechanism of action of PDT and PTT.4215

PDT involves the use of a photosensitive agent capable of absorbing light by switching to
an excited state and transferring the energy to surrounding oxygen molecules, leading to the
formation of ROS.!%:15° ROS induce the death of the micro-organisms colonizing the wound
by two main mechanisms: one is to alter the permeability of the membrane, facilitating the
escape of cellular contents and preventing the proper metabolic activity of the bacterium,

through the oxidation of intracellular proteins, and the other is to induce DNA degradation,
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producing oxidized products.!>® A distinction can be made between first and second-
generation photosensitizers. First-generation PS are excited at wavelengths below 650 nm,
which fall in the red part of the visible spectrum and are characterized by poor tissue
penetration of light. Second-generation PS absorbs light at wavelengths longer than 630 nm,
which are in the near-infrared (NIR). This allows the light to penetrate deeper into the tissue,
producing a more intense photodynamic effect. Many chemical compounds have been used
in PDT: acridine, anthraquinone, hypericin, psoralen, porphyrin, chlorine, bacteriochlorine,
and 5-aminolevulinic acid derivatives.'% Mai et al. developed a hydrogel with photodynamic
antibacterial activity capable of promoting skin regeneration in infected burns. PDA was
achieved by incorporating a photosensitive agent, represented by sodium sinoporphyrin
(DVDMS), into a hydrogel based on carboxymethyl-chitosan (CMCS) and sodium alginate
(SA), which also encapsulated poly(lactic-co-glycolic acid) (PLGA) nanospheres loaded
with basic fibroblast growth factor (bFGF). ROS generation was measured using the green
singlet oxygen sensor (SOSG), the reagent was mixed with both the free sodium
sinoporphyrin and the hydrogel and irradiated at a power of 10 J/cm?. The concentration of
ROS produced was measured by fluorescence and it was seen that the fluorescence intensity
increased with increasing concentration of DVDMS and hydrogel. The hydrogel shows a
higher fluorescence intensity that persists over time than the free photosensitive agent, in
fact, the free sodium sinoporphyrin shows no fluorescence signal after 6 hours. This is
probably due to the aggregation of the free DVDMS molecules induced by the formation of
n-n stacking interactions in the aqueous medium, reducing its capacity to absorb
electromagnetic radiation, whereas the three-dimensional network of the hydrogel prevents
the aggregation process of the porphyrin molecules, generating a high and stable
fluorescence intensity over time. The reactive oxygen species generated, such as hydroxyl

radical (*OH) and singlet oxygen ('O2), cause oxidation of cellular macromolecules and are
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primarily responsible for the photodynamic antibacterial activity. /n vivo studies have shown
that hydrogels can promote tissue repair through inhibition of bacterial growth and biofilm
formation, control of inflammation, collagen deposition and rapid re-epithelialization.'>” The
photothermal therapy exploits the localized increase in temperature in the area to be treated
which causes direct damage to the microorganisms.'>® Photothermal antibacterial activity
can be imparted to hydrogels by incorporating photothermal agents such as gold
nanoparticles (AuNPs) or silver nanoparticles (AgNPs), graphene oxide (GO), or
polydopamine (pDA) into the hydrogel.!**!%’ These nanomaterials are able to absorb NIR
light at wavelengths between 700 and 1400 nm and convert it into heat.!®! The heat generated
locally by photothermal agents damages bacterial membranes, increasing their permeability
and inducing the denaturation of proteins and cytoplasmic enzymes. This cell death
mechanism makes PTT effective not only against planktonic bacteria but also against
bacteria that form sessile colonies, such as the biofilms mentioned above.!? It also allows
spatio-temporal control of the temperature increase, does not damage healthy tissue and does
not induce resistance mechanisms in microorganisms.'®* Bacteria die at temperatures above
55°C due to the denaturation process of heat shock proteins. Wang et al. developed an
injectable system obtained by incorporating MnO: nanosheets into a chitosan-based
hydrogel functionalized with caffeic acid for the treatment of melanoma and the healing of
wounds infected with multi-drug resistant (MDR) bacteria. Chitosan is a natural,
biodegradable, biocompatible, non-immunogenic polymer with intrinsic antibacterial
activity, but with poor tissue adhesion and no stimulus-sensitive ability to release bioactive
molecules.'%!% Functionalisation with caffeic acid, a molecule with a catechol structure,
gives the chitosan good adhesion to tissues and allows it to cross-link via covalent bonds
after MnO;-mediated oxidation. In this system, the MnO: nanosheets also act as

photothermal agents, allowing a localized temperature increase of up to 49.7°C after
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irradiation at a wavelength of 808 nm, which can be used for PTT.*® An excellent
photothermal agent is polydopamine (pDA), obtained by oxidative polymerisation of

dopamine, a neurotransmitter with important functions in the nervous, renal and

165,166

cardiovascular systems. pDA is generally produced through an oxidative self-

polymerisation process under weakly alkaline conditions as shown in Figure 13.!¢7
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Figure 13. pDA synthesis pathways: (A) covalent bond-forming oxidative polymerization and (B)

physical self-assembly of DA and DHI.%6’
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The series of reactions leading to pDA begins with the oxidation of dopamine to dopamino-
quinone. The latter, after deprotonation of the amine group, undergoes the Michael addition
reaction leading to the formation of an intermediate which, upon oxidation, gives rise to
dopamino-chrome. Through an intramolecular rearrangement mechanism, dopamino-
chrome leads to the formation of DHI (5,6-dihydroxyindole).!®®!% DHI, either through a
process of covalent oxidative polymerization or through physical interactions with free
dopamine, leads to the formation of pDA (Figure 13), which takes the form of colloidal
particles.!”® DHI, either through a process of covalent oxidative polymerization or through
physical interactions with free dopamine, leads to the formation of pDA, which takes the
form of colloidal particles (pDA shell/coating). The pDA-coating not only improves the
chemical properties of these materials but also provides a multifunctional and smart
platform.'”” Indeed, pDA nanostructures have numerous unsaturations that make them
susceptible to nucleophilic attack by molecules containing amine or thiol functional groups.
In addition, the presence of benzene rings allows the adsorption of drugs with aromatic
structures through the formation of n-n stacking or hydrogen bonds.!”! A high photothermal
conversion capacity has been found in systems containing pDA, which is thought to be
related to its ability to absorb NIR light at 808 nm, allowing light to penetrate deep into
tissues while reducing absorption by biological tissues, thus avoiding toxic effects. The
photothermal conversion efficiency is~40%, higher than other materials such as carbon
nanoparticles.'®”!7? In a study, pDA nanoparticles were functionalized with PEG-SH and
vancomycin (pDA-PEG-Van) for the photothermal treatment of MDR bacterial infections
(Figure 14). Once delivered to the site of infection, the nanoparticles adhere to the bacterial
surface by forming hydrogen bonds with the D-alanine residue on the bacterial wall. In this

way, when exposed to NIR light, each nanoparticle acts as a single heat source, inducing a
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powerful antibacterial effect at low power. This results in a local temperature of

3

approximately 44°C, limiting the toxic effects on surrounding tissues.'’
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Figure 14. (a) Functionalization of pDA nanoparticles with PEG-SH and Vancomycin. (b)

Photothermal antibacterial effect generated by pDA-PEG-Van nanoparticles under NIR light.1”3

Another example is the work of Fan et al, who used pDA nanoparticles functionalized with
meganin I, an antimicrobial peptide, and showed that under NIR irradiation at 808 nm, an
increase in temperature of up to 45°C was able to induce death of microorganisms while
enhancing the antimicrobial effect of the peptide.'” Zhu et al. prepared D-o-tocopherol
polyethylene glycol succinate polylactide (TPGS-PLA) nanoparticles loaded with docetaxel
and coated with pDA. The coating was used to conjugate the nanoparticles with
galactosamine to enable site-specific targeting and enhance the antitumor activity of the
NPs.!”® The pDA is also used as a surface-coating of metallic inorganic nanoparticles, such

as gold and iron or non-metallic nanoparticles.!’® Black et al. prepared pDA-coated gold
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nanoparticles via the polymerization reaction of dopamine on NPs in TRIS buffer (pH 8.5),
which were then functionalized with anti-EGFR antibodies for tumor-specific imaging and
photothermal therapy.!”” Thanks to its structure and chemical composition, pDA has found
wide application in biomedicine due to its various properties: it imparts adhesiveness to
tissues, has a high reactivity and ability to bind drugs, photothermal conversion ability,
antioxidant/pro-oxidant, antibacterial activity, pH-responsiveness, biocompatibility and
biodegradability.'®”-!”® These properties have generated a growing interest that has led to the

use of pDA in the development of biomaterials for the treatment of various pathologies such

).176

as cancer, diabetes, bacterial infections and Parkinson's disease (Figure 15

Figure 15. Schematic diagram of different types of polydopamine materials and their applications

in biomedicine.1’®
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Jiang Chang et al. designed a multifunctional composite hydrogel consisting of dopamine-
conjugated y-glutamic acid and adipic acid dihydrazide (y-PGA-DA-ADH) obtained by
oxidized dextran (Odex)-mediated crosslinking, in which copper-calcium silicate (Cu-CS)
and pDA (pDA/Cu-CS hydrogel) were incorporated to obtain the so-called "hot ion effect",
which synergistically combines the antibacterial activity of Cu®" ions and the photothermal
conversion ability generated by pDA. The photothermal conversion efficiency was evaluated
by irradiating the pDA/Cu-CS hydrogel and comparing it with the control hydrogel (without
pDA). It was shown that after NIR irradiation (808 nm) at a power of 0.8 W/cm? for 5
minutes, the temperature increased from 20 °C to 60 °C, indicating that the hydrogel had an
excellent photothermal effect. The composite hydrogel was shown to have excellent
antibacterial activity, inhibiting the growth of MDR-microorganisms, E. coli and, through in
vivo results, the ability to promote tissue regeneration, collagen deposition and angiogenesis

(Figure 16).'"
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Figure 16. Design and application of the pDA/Cu-CS composite hydrogel. (A) Structures of prepared
composite hydrogel networks. (B) Complexation of pDA and Cu ions (pDA/Cu complexing) endows
the composite hydrogel with enhanced photothermal performance, antibacterial property and
angiogenesis. (C) Composite hydrogel with "hot ions effect” for highly efficient bacterial inhibition

and accelerated tissue regeneration for infectious wound healing.1"

Y. Liang et al. instead prepared a multifunctional hydrogel with antibacterial activity based
on chitosan and dopamine-functionalised gelatin (GT-DA/CS), in which pDA-coated carbon
nanotubes (CNT-pDA) were incorporated. The gelatin was functionalised with dopamine at
the carboxyl groups using the classical reaction with ethyl-dimethyl-aminopropyl
carbodiimide (EDC) and N-hydroxysuccinimide (NHS). GT-DA/CS/CNT hydrogel was
prepared by mixing GT-DA/CS dispersion and CNT-pDA dispersion, gelation was induced
by dopamine self-polymerization process in the presence of H»O, and horseradish

peroxidase (HRP) (Figure 17). Doxycycline was incorporated into the hydrogel to provide
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an antibacterial effect. The hydrogel has been shown to promote complete tissue repair

resulting in wound closure and has been shown to have both antioxidant and adhesive

properties due to the chemical and physical interactions that pDA and dopamine form with

the proteins present in the wound site. Once applied, the hydrogel isolates the wound from

the external environment and induces a haemostatic effect. The pDA-coated carbon

nanotubes have the ability to absorb NIR light and convert it into thermal energy, creating a

photothermal antibacterial effect that promotes the regeneration of damaged tissue.*!
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Figure 17. Preparation scheme of the GT-DA/CS/CNT-based hydrogel. Synthesis scheme of the GT-

DA polymer (a), of the CNT-pDAs (b), and of the GT-DA/CS/CNT hydrogels (c). Original,

bending, compressing and stretching shape representations and the application as a wound dressing.
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The use of multifunctional injectable hydrogels with properties such as tissue adhesion,
antibacterial activity, stimulus responsiveness and mechanical strength is desirable for a
wide range of applications. As mentioned above, the interesting aspect of PTT is that, in
addition to its direct antimicrobial activity, it has the ability to enhance the antimicrobial
activity of molecules to which many bacteria have developed resistance. For this reason,
many antibiotics that are now considered ineffective could be used again by exploiting the
adjuvant effect of PTT. Infections caused by multi-resistant Gram-negative bacteria are
characterised by high morbidity and mortality. Of particular concern are infections caused
by P aeruginosa, an opportunistic pathogen that has become increasingly difficult to
eradicate due to its high level of antibiotic resistance. Furthermore, adaptive antibiotic
resistance of P. aeruginosa is a recently characterized mechanism, including biofilm-
mediated resistance and the formation of multidrug-tolerant cells, and is responsible for the
persistence and recurrence of infections. There is an increasing need for the discovery and
development of alternative therapeutic strategies for the treatment of P. aeruginosa
infections.'®® Polymyxins are old antibiotics that had fallen out of use due to their side
effects, but difficulties in producing new antibiotics and the emergence of antibiotic
resistance in Gram-negative bacteria have led