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Abstract

Chronic and slow-healing wounds present a clinical challenge, as they are
associated with persistent inflammatory processes, infections, and impaired
tissue regeneration. In this context, hydrogels have become established as an
innovative therapeutic strategy due to their ability to maintain a moist
microenvironment and promote tissue regeneration. This research aimed to
develop and evaluate a hydrogel composed of chitosan (CS), reduced graphene
oxide (rGO), and Pluronic F127 (PF), with the hypothesis that the inclusion of rGO
would improve the material's physicochemical properties and provide a suitable
microenvironment to accelerate skin healing. The hydrogel was optimized using
a factorial experimental design and characterized from a physicochemical
perspective, confirming that the incorporation of rGO increased stiffness, polymer
network stability, and electrical conductivity, while PF contributed to flexibility and
thermal stability. In vitro assays demonstrated significant antibacterial activity
against Gram-positive and Gram-negative bacteria, high cell viability in dermal
fibroblasts, and stimulation of cell migration. In murine models, the tannin-loaded
hydrogel (TA) promoted faster and more organized wound closure than controls,
accompanied by an early transition from the inflammatory to the proliferative
phase, greater deposition of type | and Il collagen, sustained angiogenesis, and
abundant granulation tissue. Molecular analyses (RT-gPCR and Western blot)
showed a decrease in the expression of proinflammatory mediators (IL-6, IL-13),
an increase in anti-inflammatory cytokines (IL-10, IL-1rn), and macrophage
polarization toward the M2 phenotype (Arg1), which favored the resolution of
inflammation and tissue regeneration. In the porcine model, which more closely
resembles human physiology, the developed hydrogel achieved complete wound
closure in 21 days, with results comparable to a commercial dressing

(Nexcare™), but with additional advantages in dermal tissue organization, skin



appendage regeneration, and absence of fibrosis. In conclusion, the results
confirm the hypothesis: the incorporation of rGO into chitosan-Pluronic F127
hydrogels confers physicochemical and biological properties that enhance skin
healing, positioning the CS-rGO-PF hydrogel as a promising biomaterial for
clinical applications in advanced wound treatment.



Resumen

Las heridas crénicas y de dificil cicatrizacion representan un desafio clinico, ya
que se asocian con procesos inflamatorios persistentes, infecciones y una
regeneracion tisular deficiente. En este contexto, los hidrogeles se han
consolidado como una estrategia terapéutica innovadora por su capacidad para
mantener un microambiente humedo y favorecer la regeneracion de tejidos. La
presente investigacion tuvo como objetivo desarrollar y evaluar un hidrogel
compuesto por quitosano (CS), éxido de grafeno reducido (rGO) y Pluronic F127
(PF), con la hipotesis de que la inclusion de rGO mejoraria las propiedades
fisicoquimicas del material y proporcionaria un microambiente adecuado para
acelerar la cicatrizacion cutanea. El hidrogel fue optimizado mediante un disefio
experimental factorial y caracterizado desde el punto de vista fisicoquimico,
confirmando que la incorporacion de rGO aumenté la rigidez, la estabilidad de la
red polimérica y la conductividad eléctrica, mientras que el PF contribuy6 a la
flexibilidad y estabilidad térmica. Los ensayos in vitro evidenciaron actividad
antibacteriana significativa frente a bacterias Gram positivas y Gram negativas,
alta viabilidad celular en fibroblastos dérmicos y estimulacion de la migracion
celular. En modelos murinos, el hidrogel cargado con Tanino (TA) promovid un
cierre de heridas mas rapido y organizado que los controles, acompafnado de una
transicion temprana de la fase inflamatoria a la proliferativa, mayor deposicion de
colageno tipo | y Ill, angiogénesis sostenida y abundante tejido de granulacién.
Los analisis moleculares (RT-qPCR y Western blot) mostraron una disminucién
en la expresion de mediadores proinflamatorios (IL-6, IL-1B), incremento de
citocinas antiinflamatorias (IL-10, IL-1rn) y polarizacion de macréfagos hacia el
fenotipo M2 (Arg1), lo que favorecié la resolucion de la inflamacion y la
regeneracion tisular. En el modelo porcino, mas cercano a la fisiologia humana,

el hidrogel desarrollado logré un cierre completo de heridas en 21 dias, con



resultados comparables a un apdsito comercial (Nexcare™), pero con ventajas
adicionales en la organizacion del tejido dérmico, regeneracion de anexos
cutaneos y ausencia de fibrosis. En conclusion, los resultados confirman la
hipotesis planteada: la incorporacion de rGO en hidrogeles de quitosano-Pluronic
F127 confiere propiedades quimico-fisicas y bioldgicas que potencian la
cicatrizacion cutanea, posicionando al hidrogel CS-rGO-PF como un biomaterial

prometedor para aplicaciones clinicas en el tratamiento avanzado de heridas.



Introduction

Cutaneous wounds, particularly those that are chronic or difficult to heal, represent a
significant clinical challenge due to persistent inflammation, a high risk of infection, and
the impaired tissue regeneration that characterizes these conditions[1,2]. Such lesions
not only compromise patients’ quality of life but also impose a substantial and growing
healthcare burden worldwide, owing to prolonged treatment durations, recurrent
hospitalizations, and intensive use of clinical resources(3,4]. Consequently, there is
increasing interest in the development of advanced biomaterials capable of modulating
the wound microenvironment, promoting functional tissue regeneration, and shortening
healing times[5].

Among the most promising therapeutic strategies, hydrogels have emerged as
valuable systems due to their ability to maintain a moist environment, absorb
exudates, allow gas exchange, and serve as versatile platforms for the
incorporation of bioactive agents[6,7]. However, conventional hydrogels often
exhibit mechanical limitations, low structural stability, and limited intrinsic
bioactivity, which restrict their effectiveness in more complex clinical contexts|s,9].
In this regard, the incorporation of conductive nanomaterials, such as reduced
graphene oxide (rGO), has shown remarkable potential to enhance the
physicochemical and biological properties of polymeric matrices[10]. rGO
increases the rigidity, stability, and electrical conductivity of the material, attributes
that support cell migration, tissue organization, and the restoration of the natural
bioelectrical signals of injured skin[11]. Pluronic F-127 (PF), a triblock copolymer,
contributes to the flexibility, thermal stability, and three-dimensional structuring of
the hydrogel, generating a more robust and functional polymeric networki[12].
Chitosan (CS), used as the primary matrix, provides biocompatibility, inherent
antimicrobial activity, and the ability to interact with extracellular matrix proteins

essential for wound healing[13,14].



The combination of CS, rGO, and PF thus results in a hybrid hydrogel with
optimized physicochemical properties, designed to modulate the wound
microenvironment and enhance cutaneous regeneration[15]. This system can be
further strengthened through the incorporation of bioactive compounds such as
tannins (TA), natural polyphenols widely distributed in plants—particularly in
barks, leaves, fruits, and seeds—known for their ability to form stable complexes
with proteins and polysaccharides, a property underlying their astringent effects
and traditional medicinal applications|[16].

From a biomedical perspective, tannins have gained increasing attention due to
their notable antioxidant, anti-inflammatory, antimicrobial, and wound-healing
activities[17]. Their structure, rich in hydroxyl groups, enables them to neutralize
reactive oxygen species, modulate immune responses, and protect tissues
against microbial and oxidative damage[18,19]. These characteristics position
tannins as promising bioactive agents for incorporation into wound dressings and
advanced biomaterials aimed at tissue regeneration[20].

Taking the above premises into consideration, the following hypotheses and

objectives are proposed.

Hypothesis

The incorporation of reduced graphene oxide into chitosan—Pluronic F127-based

hydrogels will enhance the stiffness and fluid absorption properties of these

materials in simulated human fluids and provide electrical conductivity, thereby

creating a suitable microenvironment for orderly cell migration and ultimately

accelerating the skin wound-healing process.

General Objective

- To develop hydrogels based on chitosan-pluronic F127 and reduced graphene
oxide (CS-PF-rGO), evaluating their conductive, physicochemical, and
functional properties for their potential application in the skin healing process.

Specific Objectives



- To evaluate the influence of modifying the proportions of rGO and PF on the
conductive and physicochemical properties of the CS-PF-rGO hydrogel.

- To determine the absorption kinetics of the previously synthesized hydrogels in
simulated human fluids.

- To evaluate the cytotoxicity of the hydrogels in cell models (in vitro).

- To validate the healing and irritant effects of the hydrogels in animal models (in

Vivo).



Chapter 1: Background

1.1 The Skin

The skin is the largest organ of the human body and constitutes the first line of
defense against external aggressions[21-23]. When its integrity is compromised
by trauma, surgical interventions, or disease, a complex physiological process
known as wound healing is triggered to restore the structure and function of the
damaged tissue[24]. This process involves a sequence of cellular and molecular
events organized into four main phases: hemostasis, inflammation, proliferation,
and remodeling (Figure 1.1A)[25].

Hemostasis (coagulation): This phase occurs immediately after injury to stop
blood loss. Platelets are activated and release growth factors such as PDGF
(platelet-derived growth factor) and TGF-B (transforming growth factor beta),
which promote cellular activation and the formation of a fibrin network that serves
as a provisional matrix for cell migration[26,27].

Inflammation: During this stage, which may last between 24 and 72 hours,
neutrophils and macrophages migrate to the wound site to eliminate pathogens,
dead cells, and cellular debris. Macrophages also secrete cytokines and growth
factors that regulate the transition to the proliferative phase([28,29].

Proliferation: This phase is characterized by the migration and proliferation of
fibroblasts, keratinocytes, and endothelial cells. Fibroblasts produce collagen and
other extracellular matrix components, while keratinocytes re-epithelialize the
injured surface. Angiogenesis also occurs during this stage, restoring oxygen and
nutrient supply to the regenerating tissue[30,31].

Remodeling (maturation): This phase may last weeks or months, depending on
the type and extent of the wound. The initially deposited type Il collagen is
replaced by type | collagen, which provides greater mechanical strength to the



tissue. Additionally, the extracellular matrix is reorganized, and excessive

vascularization is reduced[32,33].

The healing process can be compromised by various intrinsic factors, such as
advanced age, metabolic diseases (e.g., diabetes mellitus), or vascular disorders,
and extrinsic factors, such as local infections, tissue dehydration, or hypoxia in
the affected area[6,7]. These factors can slow down or even halt tissue repair,
giving rise to chronic or non-healing wounds, which significantly increase the risk
of complications such as secondary infections, necrosis, or persistent ulcerations
[34,35]. In response to these challenges, biomedical research has focused on
developing new therapeutic strategies capable of providing a favorable

microenvironment for each phase of the healing process[36].

Stages of the skin healing process
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Figure 1.1. (A) diagram of the stages of the epithelial regeneration process:
coagulation, inflammation, proliferation, and maturation, and (B) description of the
generation of electric fields in wounds from the combination of Na+ and CI- ions.

Source (Own elaboration).

1.1.1 Endogenous skin field and Conductivity

The skin, in addition to being an essential physical and sensory barrier, exhibits
inherent bioelectrical activity that plays a fundamental role in various physiological

processes, including wound healing[37]. This activity originates in the epidermis,



where the asymmetric distribution of ions across the epithelium generates a
transepithelial potential (TEP) (Figure 1.1B)[38]. Under normal conditions, this
electrical gradient is maintained by the functioning of ion pumps and transport
channels, reaching estimated values between 10 and 60 mV in intact epithelial
tissues[39]. When an injury occurs, the TEP is locally interrupted, generating an
electrical "short circuit" in the affected area. This loss of polarity causes an abrupt
drop in electrical potential, resulting in a directional current flowing from healthy
areas toward the wound site[40]. This novel electrical gradient acts as a
bioelectrical signal that guides the migration of key cells in tissue repair, such as
keratinocytes, fibroblasts, and macrophages, thus promoting tissue
regeneration[41].

Knowledge of this bioelectrical signaling has driven the development of
biomimetic materials capable of modulating or amplifying the endogenous electric
field during healing[42]. In this context, conductive hydrogels have garnered
increasing interest, as they not only maintain a moist environment conducive to
healing but also allow the conduction of electrical currents[43]. This property
facilitates galvanotaxis—cell migration induced by electric fields—and contributes
to faster and more efficient tissue repair[44]. These materials represent a new
generation of functional biomaterials, capable of channeling endogenous
electrical signals to the site of injury, thereby enhancing cell reorganization and
accelerating the various events of the healing process[45]. Their integration into
advanced dressings opens new perspectives for the effective treatment of acute

and chronic wounds.

1.2 Hydrogels

Hydrogels have emerged as an advanced alternative to traditional dressings, far
surpassing bandages, gauze, foams, or films, due to their three-dimensional

structure, high affinity for water, and compatibility with biological tissues[46].
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These hydrophilic polymeric structures are capable of absorbing large volumes of
exudate, maintaining a moist environment ideal for tissue regeneration, and
facilitating cell migration and proliferation, thus promoting faster and more efficient
healing[47,48]. One of their key advantages lies in their ability to biodegrade in a
controlled manner, preventing further damage to the surrounding tissue during
dressing changes[49,50]. This ability is closely related to the presence of
hydrophilic functional groups such as -NH,, -COOH, -OH, -CONH,, -CONH, and
-SO;H, which facilitate both water retention and the formation of porous polymer
networks[51,52]. Unlike other materials, hydrogels possess a porous morphology
that mimics the extracellular matrix (ECM), creating a favorable environment for
cell growth, adhesion, and migration[53—55]. Furthermore, their porosity facilitates
gas and nutrient exchange, and their flexibility makes them ideal for areas with

constant movement[56].

1.2.1 Classification of Hydrogels

The versatility of hydrogels allows for their classification based on multiple
criteria, as shown in Table 1.1. Hydrogels developed from natural polymers—
mainly polysaccharides and proteins—exhibit a three-dimensional architecture
that mimics the microenvironment of the extracellular matrix, conferring excellent
biocompatibility[57,58]. Among the most commonly used natural polymers in
hydrogel formulation are cellulose[59,60], chitosan[61,62], alginate[20,63], and
collagen[64]. These materials maintain biochemical properties compatible with
the host tissue[65]; however, they have certain limitations, such as low
mechanical strength, difficulty in controlling drug release, poor reproducibility,
and, in some cases, potential immunogenic responses. Therefore, they are
frequently combined with synthetic polymers to enhance their structural and

functional properties[66,67].
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Table 1.1: Classification of Hydrogels.

Classification Categories Reference
e Natural
Origin e Synthetic [68]
e Hybrid
e Homopolymers
. e Copolymers
Composition [69]
o Multipolymers
¢ Interpenetrating networks
e Physical
Crosslinking e Chemical [68,70]
e Hybrid
e Thermosensitive
o _ e pH-sensitive
Stimuli-responsive [69,71,72]
e Photosensitive
e Enzyme-sensitive
e Amorphous
Structure [68]
e Semicrystalline
e Biodegradable
_ e Bioabsorbable
Degradation [70]
e Bioerodible
e Controlled degradation
e Non-ionic
e lonic
lonic charge [71,72]

e Zwitterionic

e Amphoteric
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In contrast, synthetic hydrogels offer greater versatility in the design of
mechanical, physicochemical, and degradation properties[73]. These are
obtained through the polymerization of monomers, which provides greater
uniformity in their composition and behavior. Among the most commonly used
synthetic polymers are polyethylene glycol (PEG)[74,75], poly(vinyl alcohol)
(PVA)[76,77], polycaprolactone (PCL)[78,79], poly(vinylpyrrolidone)
(PVP)[80,81], and poly(lactic acid) (PLA)[82,83]. Hydrogels have also been
developed from advanced synthetic biopolymers, such as self-assembling
peptides[84] and DNA-based structures[85-87], which provide specific
functionalities such as responding to external stimuli or the targeted release of
therapeutic agents.

Based on the type of forces that bind their polymer chains, hydrogels are
classified as physical, chemical, and hybrid (a combination of both)[88]. Physical
hydrogels are stabilized by non-covalent interactions such as hydrogen bonds,
ionic forces, Van der Waals interactions, or hydrophobic forces[89]. These weak
bonds give them reversible properties in response to external stimuli, such as
changes in temperature or pH, making them thermo- and stimulus-
responsive[90,91]. However, their mechanical stability and strength in
physiological environments may be Ilimited[92]. In contrast, chemical (or
permanent) hydrogels are formed by networks of covalent bonds between
polymer chains, which gives them greater mechanical strength, lower solubility in
aqueous media, and a non-reversible response to stimuli[67,69]. Its crosslinking
is achieved through agents such as glutaraldehyde, genipin, diglycidyl ether, or
methylenebisacrylamide, and allows adjustment of key properties such as
swelling, biodegradability, or resistance through chemical modification
strategies[93,94].

In recent years, the design of hybrid hydrogels has gained relevance by
combining physical and covalent bonds in a single structure. This integration

allows for continued responsiveness to environmental stimuli—such as pH, ionic
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strength, temperature, or electric fields—along with greater structural
stability[95,96]. Furthermore, the combination of natural and synthetic polymers
allows for the convergence of the advantages of both types: biocompatibility,
specific functionality, and improved mechanical properties, thus optimizing their
performance in clinical applications[97]. One of the most notable advantages of
hydrogels is their ability to be functionalized with bioactive agents—such as
antibacterials[98], growth factors[99,100], antioxidants[101,102], or stem
cells[103,104]—which increases their therapeutic efficacy in the treatment of
acute, chronic, and infected wounds. Furthermore, so-called smart hydrogels,
capable of responding to stimuli such as pH, temperature, or electric fields, enable
the development of advanced controlled drug delivery systems, promoting
targeted and personalized tissue regeneration[105,106]. Among these
innovations, conductive hydrogels, which incorporate materials such as
graphene, metal oxides, or doped polymers, have shown promising results in
complex wounds[107,108]. These materials reproduce and amplify the
endogenous bioelectrical signals of the injured tissue, promoting cell migration

(galvanotaxis) and accelerating healing[109].

1.2.2 Hydrogels for wound healing

In recent years, hydrogels have garnered increasing interest in the field of
biomedicine, particularly in wound healing, due to their high biocompatibility,
water retention capacity, and adjustable mechanical properties[97,110]. A material
is considered biocompatible when it can coexist with biological tissues without
inducing an adverse response or compromising cell viability[111,112]. These
characteristics have allowed hydrogels to be widely used as matrices for
encapsulating cells, promoting key functions such as adhesion, migration,
fibroblast proliferation, and extracellular matrix synthesis—essential elements in

the dermal regeneration process[5,113]. In addition to serving as structural
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support, hydrogels stand out as effective vehicles for the controlled release of
bioactive agents, such as antibacterials, antioxidants, growth factors, or drugs,
released in response to physical or chemical stimuli[2,114]. This capability gives
them a central role in the development of smart dressings with localized and
sustained therapeutic action. From a functional standpoint, an ideal dressing

should meet certain characteristics:

» Tissue compatibility, without causing toxicity or inflammation at the application

site.

* Moisture retention capacity, facilitating a moist environment that accelerates

healing and promotes cellular hydration.

* Adequate mechanical resistance, maintaining the dressing's integrity under

movement and preventing the entry of pathogens.

* Biochemical properties capable of promoting cell proliferation and tissue

regeneration.

An additional advantage of hydrogels over other solid biomaterials (such as
nanofibers or metals) is their ability to adapt to wounds with irregular geometry,
efficiently filling cavities or hard-to-reach areas[115]. This fluidity makes them
especially useful in complex clinical applications. Table 1.2 shows the

commercially available hydrogels for wounds in Chile.

Table 1.2: Commercial hydrogels for wounds in Chile.

Composition / Manufacturer / Clinical
Product
Active Ingredient Distributor Application
Polyacrylate, Healing of ulcers,
. yaey _ BSN Medical J .
Cutimed® Gel water, glycerin, (Chile) burns, and chronic
ile
Carbomer wounds
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Debridement,

. Calcium—sodium Convatec granulation, and
af Ge
alginate, CMC (Dipromed) hydration of necrotic
tissue
Water, propylene .
Nexcare™ . Hydration of dry /
glycol, guar gum, 3M Chile
Tegaderm® low-exudate wounds
tetraborate
Nexcare™ Healing of ulcers,
Advanced Hydrocolloids 3M Chile burns, and chronic
Healing® wounds
Wound healing,
Nu Gel™ Alginate + water 3M Chile autolytic
debridement
Pharmagel .
Hvd | Polyurethane gel Pharmaplast — Sterile coverage for
roge
Y g (60% water) Ortopedia Suiza exudative wounds
Dressing
Absorbent Filling of wound
Multidex™ hydrogel with odor RoyalMed cavities; controls
control purulent exudate
Hydration, pain
Amorphous  Alginate, collagen, Various suppliers
relief, and
hydrogels silver (depending (e.g.,
. . management of
(various) on brand) MercadoLibre) .
diverse wound types
. Supports autolytic
Cranberry Gel with cranberry _
RGC.cl debridement and
Hydrogel extract

rehydration

16



In summary, hydrogels represent a multifunctional platform with high therapeutic
value and the potential to transform the clinical management of wounds. Their
ability to mimic the physiological microenvironment, release bioactive compounds
in a controlled manner, and modulate cellular responses positions them as key
players in the development of smart dressings and next-generation regenerative

therapies.

1.3 Chitosan

Chitosan (CS) is a natural polysaccharide derived from the partial deacetylation
of chitin, present in the exoskeletons of crustaceans and the cell walls of some
fungi[116]. It is composed of glucosamine and N-acetylglucosamine units linked
by B-1,4-glycosidic bonds and is notable for its high reactivity, attributed to the
presence of amino and hydroxyl groups in its structure (Figure 1.2) [117]. This
chemical configuration allows for its functional modification and the development
of advanced materials for biomedical applications[118]. CS has been extensively
investigated for its remarkable biocompatible, biodegradable, antimicrobial,
hemostatic, antioxidant, and anti-inflammatory properties, as well as its low
toxicity[119,120]. Furthermore, it is a pH-sensitive cationic polymer, soluble in
acidic media due to the protonation of its amine groups, making it suitable for

formulations in aqueous media[121].

OH
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(0]
(0] (0]
07| [HO
HO (0] HO
NH x NH, ¥ ez =y
o=(

CH;

Figure 2.2. Molecular structure of chitosan. Source (Own elaboration)
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In the context of wound healing, CS acts as a bioactive agent that positively
influences various stages of the process [122]. It promotes cell migration and
proliferation, stimulates collagen and blood vessel formation (angiogenesis), and
maintains a moist environment that favors the regeneration of damaged
tissue[13,14]. Furthermore, the release of N-acetylglucosamine during its
degradation has been shown to accelerate healing[123]. From an immunological
perspective, CS has been observed to induce fibroblasts to release interleukins
involved in cell signaling and tissue repair[124]. Its ability to interact with cells is
related to the presence of free amino groups, which facilitate cell adhesion[125].
The degree of deacetylation of the polymer, as well as the number of amino
groups, influences key properties such as coagulation and its interaction with red
blood cells[126].

Despite their advantages, CS hydrogels have mechanical limitations that have
driven the incorporation of nanomaterials and biomolecules to improve their
strength and functionality. This has led to the development of hybrid or
functionalized systems capable of releasing growth factors, drugs, or antimicrobial
agents in a controlled manner, thus optimizing their application in regenerative
therapies[127,128]. Overall, CS is positioned as a versatile and highly promising
biopolymer in the design of advanced dressings, thanks to its ability to promote

healing, prevent infections, and be modified to enhance its therapeutic properties.

1.4 Reduced Graphene Oxide (rGO)

rGO has emerged as a nanomaterial of great interest in the field of regenerative
medicine, particularly in wound healing applications[129]. Derived from graphene
oxide (GO) through chemical, thermal, or electrochemical treatments, rGO has a
two-dimensional structure composed of carbon sheets with defects and residual
functional groups (such as —-OH, —-COOH, and epoxides) (Figure 1.3), which give

it a unique combination of electrical conductivity, biocompatibility, active surface
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area, and functionalization capacity[130,131]. One of the most remarkable aspects
of rGO is its antimicrobial activity, which has been attributed to multiple
mechanisms[132]. These include the induction of oxidative stress through the
generation of reactive oxygen species (ROS) and physical damage to the
bacterial membrane caused by the sharp edges of the graphene sheets[133]. This
property allows for the prevention of wound bed infections, a major cause of poor
healing, without requiring the use of conventional antibiotics.

In the context of wound healing, rGO has also been shown to facilitate the
adhesion, proliferation, and migration of skin cells such as fibroblasts and
keratinocytes, accelerating re-epithelialization and promoting the regeneration of
damaged tissue[134]. Furthermore, its ability to conduct electrical signals makes
it an ideal material for integration into conductive dressings or electroactive
hydrogels, which can enhance galvanotaxis and stimulate the cellular response
mediated by endogenous electric fields[135]. Moreover, rGO can be easily
functionalized or combined with other polymeric materials (natural or synthetic),
resulting in hybrid systems that improve its dispersion, reduce its cytotoxicity, and
increase therapeutic efficacy[136]. For example, it has been incorporated into
hydrogels, sponges, or films along with polymers such as chitosan, alginate, or
collagen, generating multifunctional platforms with enhanced antimicrobial,
antioxidant, and wound-healing properties[137].

Although the use of rGO in biomedical applications is still in the preclinical
research phase, the results obtained in in vitro and in vivo models are promising.
However, it is necessary to continue evaluating aspects related to its
biodegradability, long-term toxicity, and systemic safety, especially in formulations
designed for direct and prolonged contact with human tissue. In summary,
reduced graphene oxide represents an innovative nanomaterial with considerable
therapeutic potential in the treatment of acute and chronic wounds, thanks to its
antimicrobial, electrical, and bioactive properties, and its ability to be integrated

into advanced cell delivery or support systems.
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DA quinona

Figure 3.3. Mechanism of graphene oxide reduction by dopamine catechol

groups. Source (Cheng et al., 2013).

1.4.1 Methods for reducing graphene oxide (rGO)

-Chemical Reduction

Chemical reduction is one of the strategies with the greatest potential for
large-scale rGO production. This method generally consists of subjecting
graphene oxide (GO) to an aqueous solution containing a chemical reducing
agent, under controlled temperature and time conditions, to promote the removal
of oxygenated functional groups—mainly epoxides, hydroxyls, and carbonyls—
and partially restore the sp? conjugated domains characteristic of graphene, thus
increasing the material's electrical conductivity[138,139]. Among the most
commonly used reducing agents are hydrazine (one of the most widely used),
lithium aluminum hydride, as well as acidic or basic reagents such as hydrochloric
acid, acetic acid, and sodium hydroxide[140]. This approach offers the main
advantages of high reduction efficiency, a significant improvement in electrical
conductivity, and good reproducibility at the laboratory scale, provided that
parameters such as reaction time, temperature, and the reducing agent: GO ratio
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are properly controlled[141]. However, chemical reduction has significant
limitations, especially from a biomedical perspective. Many of the reducing agents
used are highly toxic, volatile, or hazardous, making them difficult to handle and
posing environmental and biosafety risks[142]. Furthermore, excessive reduction
can promote the aggregation of rGO sheets and decrease their dispersibility in
aqueous media due to the loss of polar groups, negatively impacting their
integration into hydrophilic polymer matrices[143]. Additionally, this method can
introduce structural defects or leave chemical and ionic residues if washing and

purification processes are not thorough[144].

For these reasons, although chemical reduction is physically and
electrically efficient, it is unattractive for the development of biomaterials intended
for clinical applications, where biocompatibility, colloidal stability, and safety are

critical factors.

-Thermal Reduction

Thermal reduction is one of the most widely used methods for obtaining
rGO. In this approach, reduction and exfoliation of the material occur
simultaneously, which is why the precursor used is usually graphite oxide instead
of previously exfoliated GO[145]. The process mainly consists of heating the
material to high temperatures, either in an ambient atmosphere or under an inert
atmosphere, which causes the thermal decomposition of the oxygenated
functional groups present in the graphite oxide structure[146]. During heating, the
epoxide, hydroxyl, and carbonyl groups decompose, releasing gases such as CO,
CO,, and H,0[147]. The rapid expansion of these gases generates high pressure
between the graphitic layers, which overcomes the Van der Waals forces
responsible for their cohesion, leading to the exfoliation of the material and the
formation of rGO sheets[148]. At the structural level, this mechanism leads to
progressive deoxygenation and partial restoration of conjugated sp? domains,

resulting in a significant increase in the material's electrical conductivity[149].
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Among the main advantages of thermal reduction is the fact that it does not
require the use of additional chemical reagents, thus reducing waste generation
and simplifying the process from a chemical standpoint[150]. Furthermore, when
high temperatures are employed, this method can produce rGOs with relatively
high conductivities, making it attractive for applications in electronics, energy
storage, and structural composite materials[142]. However, thermal reduction has
significant limitations, such as the fact that the use of high temperatures can
induce a high density of structural defects, including vacancies, carbon lattice
breaks, and topological disorder, which can compromise the mechanical
properties and structural integrity of the material[151]. In addition, this method
often generates rGOs with low surface functionality and reduced dispersibility in
aqueous media due to the extensive removal of oxygenated groups. From a
biomedical perspective, another critical drawback is that thermal reduction is
incompatible with “soft” synthesis routes, as it cannot be applied once the GO has
been incorporated into polymer matrices, hydrogels, or systems containing heat-

sensitive biomolecules[152].

For these reasons, although thermal reduction is highly effective for
applications in fields such as energy and structural nanocomposites, it is
unattractive for the development of biomaterials intended for wound healing,
where a balance between electrical conductivity, surface functionality, colloidal
stability, and biocompatibility is required.

-Electrochemical Reduction

The electrochemical reduction of graphene oxide is based on the direct
electron transfer induced by an applied electrical potential, which promotes the
partial removal of oxygenated groups from GO. This process can be carried out
on GO films deposited on electrodes or in suspensions, depending on the
electrochemical configuration used[153]. The mechanism mainly involves the

reduction of epoxide, hydroxyl, and carbonyl groups, with the consequent partial
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restoration of sp? domains responsible for electrical conductivity[154]. Among its
main advantages is that it avoids the use of toxic reducing agents, since the
electron acts as a reactant, making this method a cleaner alternative from a
chemical point of view[155]. Furthermore, it allows relatively precise control of the
degree of reduction by adjusting parameters such as the applied potential, the
reduction time, and the nature of the electrolyte, which is attractive in terms of
reproducibility and fine-tuning of electronic properties. Electrochemical reduction
can also preserve residual functional groups useful for subsequent surface
functionalization processes. However, this method has significant limitations for
its application in three-dimensional biomaterials. In practice, electrochemical
reduction is best suited for obtaining thin films, coatings, or devices based on well-
defined electrode geometries[139,156]. Scaling it up to large volumes of powder or
complex polymer systems, such as hydrogels, is technically challenging and
inefficient[157]. Furthermore, the final result is highly dependent on the electrolyte
composition, the configuration of the electrochemical system, and the
homogeneity of the electric field, which can introduce variability if the process is

not rigorously standardized[138,139].

For these reasons, although electrochemical reduction is attractive for
applications in sensors, flexible electronics, or conductive coatings, it is poorly
suited for the reproducible production of rGO intended for bulk biomaterials and
hydrogels for wound healing, where homogeneous, scalable reduction compatible

with polymer matrices and biological environments is required.

-Green Reduction

The green reduction of GO is based on the use of benign reducing agents,
generally of natural or biocompatible origin, capable of donating electrons and/or
protons to partially eliminate the oxygenated groups present in GO[158]. This
mechanism promotes the preferential reduction of epoxide, hydroxyl, and, to a

lesser extent, carbonyl groups, allowing the partial restoration of sp?> domains
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without completely eliminating the surface functionality of the material[159].
Among its main advantages is the low toxicity of the process, which represents a
critical advantage for biomedical applications and, in particular, for the
development of implantable biomaterials or those in direct contact with
tissues[160]. Unlike aggressive chemical methods, green reduction usually
preserves a significant fraction of oxygenated functional groups, which improves
the dispersibility of rGO in aqueous media and favors its interaction with
hydrophilic polymer matrices, cells, and biomolecules[161]. As a result, this
approach offers a suitable balance between electrical conductivity and surface
functionality, especially relevant for hydrogels and scaffolds intended for wound
healing[42]. Among the most frequently reported green reducing agents are
ascorbic acid, plant extracts, and dopamine, which have proven effective in
obtaining rGO with moderate electrical properties and high biocompatibility.
However, this method also has limitations[162,163]. In general, the degree of
reduction achieved is usually lower than that obtained using strong chemical
reducing agents or heat treatments, resulting in lower conductivities. Furthermore,
when natural extracts are used, batch-to-batch variability can exist due to
differences in chemical composition, pH, or ionic strength, requiring rigorous

process standardization to ensure reproducibility[164].

Despite these limitations, green reduction is considered one of the most
attractive strategies for biomedical applications, as it allows for obtaining rGO with
balanced functional properties, adequate colloidal stability, and a lower cytotoxic
risk. For these reasons, green reduction is particularly well-suited for the
manufacture of conductive hydrogels and wound-healing biomaterials, where
biocompatibility, reproducibility, and preservation of chemical functionalities are

as important as electrical conductivity.

The synthesized GO was reduced using dopamine (DA) as a reducing

agent, following a methodology based on the protocol described by Xu et al.
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(2010)[163], with experimental adjustments to ensure process efficiency and the

production of a biocompatible material (Figure 1.3).

1.5. Pluronic F-127

Pluronic F-127 (also known as poloxamer 407) (PF) is a non-ionic triblock
copolymer composed of polyethylene and polypropylene oxide units (PEO-PPO-
PEO) (Figure 1.4), which has gained significant interest in the biomedical field
due to its biocompatibility, thermoreversible gelation capacity, and versatility for
incorporating therapeutic agents[165]. These properties have positioned it as an
ideal candidate for the design of controlled-release systems and smart dressings
applied in wound healing[12]. One of the main advantages of PF is its
temperature-sensitive behavior: it is a liquid solution at room temperature but
forms a semi-solid gel at body temperature (~37°C)[166]. This characteristic
facilitates its topical application to open wounds, allowing the material to perfectly
adapt to the morphology of the lesion and create a protective barrier without the
need for surgical intervention[167]. Once gelled, PF maintains a moist
environment, reduces fluid loss, and protects against external contamination, thus

promoting tissue regeneration[168].

(CH,CH0)g9 (CH2CH(CH30)g5

(CH2CHZ0)g9

Figure 4.4. Molecular structure of Pluronic F-127. Source (Own elaboration).

Additionally, this copolymer enables the incorporation of various bioactive

compounds, such as antibiotics, anti-inflammatory agents, antioxidants, growth
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factors, or nanoparticles, serving as an effective matrix for the sustained and
localized release of these agents[1]. Drug-loaded PF-based formulations have
been shown to significantly enhance wound healing by reducing inflammation,
preventing infections, and stimulating cell proliferation and angiogenesis [169]. In
vivo studies have demonstrated that PF hydrogels promote re-epithelialization
and granulation tissue formation in animal models of skin wounds, showing better
results than conventional treatments[170]. Furthermore, thanks to its low
immunogenic profile and minimal toxicity, this copolymer has been approved by
the FDA for biomedical applications, supporting its potential for translation to

clinical uses in humans[171].

1.6 Formation of the Composite Hydrogel and Mechanisms of Molecular

Interaction

From a molecular perspective, it is proposed that hydrogel formation is mediated
by non-covalent physical interactions between the three main components. In the
presence of GO, DA self-polymerizes, forming a polydopamine (PDA) layer, which
simultaneously acts as a reducing and stabilizing agent for rGO[172,173]. This
process involves the transfer of electrons from the catechol groups of DA to the
oxygenated (C=0) groups of GO, promoting their reduction[163]. Under slightly
basic conditions, the catechol groups of PDA are oxidized to quinones, which can
bond with the amino groups of CS via Michael addition or Schiff base formation
reactions. Simultaneously, PF self-assembles into micelles through hydrophobic
interactions. In this assembly, the central PPO block interacts with the
hydrophobic regions of rGO, while the hydrophilic ends of PEO stabilize the
network through interactions with CS, favoring the formation of a three-
dimensional cross-linked structure. This physically assembled network,
schematically represented in Figure 1.5, exhibits thermosensitive behavior,

gelling at physiological temperature (~37°C), making it a functionally suitable
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matrix for wound healing applications. This approach is consistent with previous
reports of CS/PF-based thermosensitive hydrogels, whose gelation occurs in the
20-40°C range[174,175]. The sol-gel transition phenomenon is due to the
progressive formation of PF micelles in aqueous solution as the temperature
increases, transitioning from a liquid to a gel state as physiological conditions are
reached[174].

rGO

cs

PF

Figure 5.5. Representative diagram of the possible arrangement of PF, CS, and

rGO in the formation of the designed hydrogels. Source (Own elaboration).
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Thesis Plan

The main findings of this study will be presented in the following chapters in a
format similar to that of a scientific journal, since most of these results have been
published or submitted to Journals. This thesis is structured as follows:

Capitulo 2. Chapter 2 addresses the four specific objectives.

This chapter presents the synthesis and experimental design used to optimize the
CS-rGO-PF formulation, based on a central composite design (CCD) and the
application of response surface methodology (RSM). This approach enabled the
identification of optimal rGO and PF ratios to maximize key functional properties,
including electrical conductivity, mechanical behavior, swelling capacity, and
biocompatibility, of the developed system. Furthermore, this chapter includes the
results related to the absorption kinetics of the previously synthesized hydrogels
against simulated human fluids. The optimal hydrogel was validated in an in vivo
model. Its ability to promote wound healing was compared to a commercial
dressing, Nexcare®. The results were published in the journal Chemistry Select,
under the title: Optimization and validation of chitosan-reduced graphene oxide-
pluronic F-127 hydrogel synthesis for potential wound dressing.

Capitulo 3. Chapter 3 addresses specific objectives 3 and 4.

This chapter describes the incorporation of tannins (TA) into the optimal hydrogel
obtained in Chapter 2, with the aim of enhancing its antioxidant and antibacterial
properties. The synthesis procedures for the CS-rGO-TA hydrogels and the
characterization of their physicochemical properties are detailed. Furthermore,
their healing capacity was evaluated through in vifro and in vivo assays,
comparing hydrogels with and without TA. The therapeutic potential of the
material was analyzed in a murine model of full-thickness wounds, monitoring
wound closure and performing histological studies (H&E, Mallory, and Masson's
trichrome stains). In addition, molecular analysis was performed using RT-gPCR

and Western blot to evaluate inflammatory modulation and tissue regeneration,
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along with skin irritation tests in guinea pigs to confirm its biocompatibility. The
results were submitted to the journal Biomaterials Science, under the title:
Bioinspired Synergistic Chitosan-Graphene-Tannin Hydrogel Orchestrates

Inflammation Resolution and Accelerates Skin Tissue Repair.
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Chapter 2

Optimization and validation of chitosan-reduced graphene oxide-

pluronic F-127 hydrogel synthesis for potential wound dressing.

Isleidy Ruiz, Luisbel Gonzalez, Aracelly Quiroz, Claudio Aguayo, Jorge Toledo,
Katherina Fernandez, ChemistrySelect, 10, 2025, e02598.

2.1 Abstract

The present study developed a novel conductive wound dressing based on
chitosan (CS), reduced graphene oxide (rGO), and Pluronic F-127 (PF). Using 22
+ star factorial design, the effect of rGO and PF concentrations on conductivity,
swelling capacity, mechanical properties, and cell migration was evaluated. The
factors that significantly influenced the variables were identified through analysis
of variance. The result indicated that increased rGO concentration improved
conductivity, while PF significantly affected swelling capacity. Including rGO also
impacted tensile strength, elastomeric modulus, and cell migration. The properties
of the dressings were characterized using SEM, FTIR, XRD, TGA, wettability test,
antibacterial capacity, and cell viability. Statistical optimization revealed that the
optimal concentrations (CS-rGO-PF+10) provided outstanding conductive
properties (2.30 mS/cm), high fluid absorption (577.42%), mechanical properties
(tensile strength 22.14 MPa and elastic modulus 169.97 MPa), and promoted cell
migration (100% closing rate after 48 hours). Furthermore, it showed excellent
antibacterial capabilities against E. coliand S. aureus. In vivo tests using a porcine
model, the dressing accelerated healing and improved tissue regeneration, as
evidenced by enhanced re-epithelialization and vascularization. In conclusion, the
CS-rGO-PF10 conductive hydrogel represents a promising option for wound

treatment.
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2.2 Introduction

The skin is a multifunctional sensory organ and the first barrier of the human
body, causing damage to its structure and function when faced with a wound[21-
24]. These injuries trigger a physiological healing process, which takes place in
four interrelated phases[3,4]. A key element in this process is the skin's
endogenous electric field, which is generated in the epidermis, where the high
electrical resistance of the dead cell layer can accelerate wound healing by
promoting cell migration and tissue reorganization[176]. In this context,
conductive  hydrogel dressings have emerged as a promising
solution[64,177,178]. Hydrogels are three-dimensional (3D) polymeric networks
capable of absorbing fluid and maintaining greater humidity without degrading,
which promotes healing[11,179]. In addition, they are biodegradable and
biocompatible, making them an ideal option as a temporary insole during wound
healing[48]. Various components, such as antibacterial and antimicrobial agents,
drugs, and other supplemental biomolecules, can also be incorporated, improving
their effectiveness in promoting wound healing[21]. Conductive hydrogels
promote the flow of current from the edges to the center of the lesion, creating a
favorable environment for healing and improving various stages of the
process[180].

Chitosan (CS) is a natural polymer used in biomedical applications, derived from
the partial deacetylation of chitin[116]. Among the advantageous biological
qualities of CS are its biodegradability, biocompatibility, antibacterial properties,
non-toxicity, and excellent swelling capacity[13,14]. In addition, it can adhere to
the mucosa and has anti-cancer, pro-inflammatory, and coagulation-promoting
activity[181]. Research has shown that CS contributes to hemostasis and
occlusion by absorbing proteins and adhering to platelets, accelerating the
healing process[124]. A study by B. S. Rajinikanth et al. (2024 ) highlights that CS

not only acts as a wound healing agent but can also be modified to release growth
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factors and enhance tissue regeneration, supporting its use in regenerative
therapies[182]. Furthermore, research by P. Feng et al. (2021) shows that CS
synergizes with other biomaterials to enhance immune response[183]. Pluronic
F127 (PF), also known as poloxamer 407 [165], is a thermosensitive synthetic
copolymer formed by the triblock of poly(ethylene oxide) -poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO)[175]. This material allows the in situ
formation of various biomaterials without potentially toxic agents. These
biomaterials are mainly used in the administration of drugs[166]. The appeal of
PF can be attributed to its non-toxicity, bioadhesives, stability, and ability to
transform into gels at low concentrations at physiological temperatures[12].
Recent studies confirm that PF in CS increases the composite formulation's
mechanical strength and viscosity[184].

Graphene oxide (GO) is a compound formed by a carbon layer with hydroxyl and
epoxide groups around it[130]. Studies have shown that GO has mechanical,
antibacterial, and biocompatible properties; however, its electrical conductivity is
low[11]. When GO is reduced, its conductivity increases, since the carbon-oxygen
bonds of GO are eliminated, to return sp 2 hybridization to the compound,
obtaining mechanical, optoelectronic, or conductive properties like
graphene[185]. Different reducing agents for GO have been reported in the
literature, such as acids, metals, bacteria, and plant extracts[186—188]. Dopamine
(DA) is a hormone belonging to the family of catecholamines and
phenylethylamines. Research has shown that using DA to reduce GO is a gentle,
economical, and friendly method[189]. In slightly alkaline aqueous conditions (pH
8.5) it can self-chain polymerize, becoming polydopamine (PDA), which allows
the simultaneous functionalization of graphene without the need to use dangerous
reducing agents[172,173]. Recent research indicates that the use of reduced
graphene oxide (rGO) promotes cell adhesion and proliferation, as well as
accelerates the closure and healing of antibacterial wounds[112,190]. The

research by N. Nowroozi et al. (2021) developed a CS/rGO nanocomposite

32



incorporating curcumin for application in wound healing. These dressings present
interconnected porous structures characterized by high porosity and hydrophilic
properties, which favor cell adhesion and proliferation. The results obtained
regarding cell viability and morphology confirm the suitability of these dressings
for the healing process[191]. On the other hand, N. Elhami et al. (2024 ) developed
a CS/rGO-based nanocomposite that significantly improves wound healing[192].
Likewise, C. Fu et al. (2021) presented an arginine/CS/rGO nanocomposite
loaded with antimicrobial peptides. The results of their research indicate that this
dressing not only accelerates wound closure but also significantly reduces
inflammation, improves angiogenesis, and speeds up the re-epithelialization
process. These findings highlight the potential of conductive dressings in

regenerative medicine, offering innovative approaches to wound treatment.

For that reason, this research presents an innovative approach to the design of
wound healing dressings, combining CS-rGO-PF. Through a rigorous
experimental design, the concentrations of these components were optimized,
achieving not only improved conductive and mechanical properties of the dressing
but also enhanced biocompatibility and absorption capacity. This research offers
a comprehensive and effective solution that addresses various aspects of the
healing process, marking a significant advance in the treatment of wounds. The
main objective of this study was to develop a new dressing based on CS
enhanced with rGO and PF inclusion, to improve its effectiveness through
optimization of the concentrations of these components using a 22 + star
experimental design. The purpose was to obtain a dressing with enhanced
conductive properties, absorption capacity, mechanical resistance, and
biocompatibility to promote wound healing. The synergistic combination of these
three compounds (CS-rGO-PF) and the properties mentioned earlier should allow
the creation of a porous, conductive, and hydrophilic dressing that promotes the
absorption of exudate and cell migration, thereby contributing to the wound
healing process. Additionally, the improved biocompatibility of the CS-rGO-PF
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dressings is expected to facilitate cell adhesion and proliferation, accelerating
wound healing. The enhanced mechanical properties of the dressing also make it
suitable for use on irregular skin surfaces, ensuring optimal contact and coverage.
The development of this innovative CS-rGO-PF dressing should have great
potential to improve wound care treatment by providing a multifunctional and

effective solution to promote wound healing.

2.3 Materials and Methods
2.3.1 Materials

Graphite powder (Flakes, 325 mesh) was purchased from Asbury Online
(Asbury Carbons, New Jersey, USA). Chitosan (CS) (C12H24N209) medium
molecular weight (50 -200 kDa, with a Brookfield viscosity of 200-800 cP and
deacetylation = 75%)(CAS Number 9012-76-4) and Pluronic F 127 (PF) (PEO97-
PPO69-PEQO97) (CAS Number 9003-11-06) were purchased from Sigma Aldrich
chemicals (Chile, South America). Phosphoric acid (HsPOa4), sulfuric acid
(H2S04), potassium permanganate powder (KMnOa4), hydrogen peroxide (H202,
30%), hydrochloric acid (HCI), ethanol (C2HsOH), tris ((HOCH2)s CNH2),
dopamine hydrochloride (DA-HCI, minimum 98%), sodium hydroxide (NaOH),
silver nitrate (AgNO3s), Dulbecco’s modified Eagles medium (DMEM), dimethyl
sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide
(MTT) reagent, phosphate-buffered saline (PBS), fetal bovine serum (FBS) were
purchased from Sigma-Aldrich Company, (St. Louis, MO, USA). All reagents and
solvents were of analytical grade and were used without further purification. Milli-
Q® water was used throughout the study.

2.3.2 Preparation of CS-rGO-PF hydrogels

The dressings were synthesized using the Schmolka cold method[174]. First, a
solution of rGO with 0.5% w/v in Milli-Q® water was obtained and subjected to 2

hours to facilitate its dispersion in the CS matrix. Subsequently, CS (1.5 g) was
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dissolved in 1% HCL solution. Then, the rGO and CS solution were mixed until a
homogeneous mixture was obtained and cooled to a temperature of 4°C. Once
the mixture had cooled, the PF previously dissolved in PBS was added (1% w/v).
The mixture was then sonicated for 30 minutes to remove possible air bubbles.
Finally, the mixture was placed in a Petri dish and placed in an oven (Huanghua
Faithful Instrument Co. Ltd., Huanghua, China) at a maximum temperature of
37°C to promote material gelation. The concentration of CS was kept constant in
all materials (3% w/v), and the concentration of rGO and PF was varied according
to Table 2.1. The concentrations were selected according to previous studies in
the field[12,175,193-198].

2.3.3 Optimization Design through a Composite Central Design (CCD) and
Response Surface Methodology (RSM)

CCD-RSM was used to optimize the formulation variables of the hydrogels. The
experimental design was a central composite experimental design 22 + star,
considering two factors (concentrations of rGO (X1) and concentrations of PF (X
2)) and five different coded levels (-a, -1, 0, +1, +a). The dependent variables
were: conductivity (Y1), swelling (Y2), tensile strength (Y3), elastic modulus (Y4)
and cell migration (Ys). Antibacterial capacity and cytotoxicity tests were not
considered as independent variables in the design analysis, since all synthesized
hydrogels showed similar values (>80%). The software Statgraphics Centurion
XVII® was used for data analysis. Ten runs were generated with 2 replicates each
and were randomly performed to avoid any source of experimental error. The
coded and real levels and the composition of each formulation are shown in Table
2.1. A mathematical model based on linear and interaction terms was built

(Equation 2.1) with the data adjustment:

Y = bO + b1X1 + bZXZ + b3X1X2 (2.1)
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Where Y is the system response, bo is a constant term (intercept), b1 and bz are
the coefficients for the linear terms X1 and Xz, respectively; bs is the coefficient for
the interaction term X1*X2; X1 and X2 are the independent variables of the 22

statistical designs.

This mathematical model represents the relationship between the independent
variables X1 and Xz, incorporating the individual effects of each and their mutual
interaction. The coefficients b1 and b2 can be estimated from the data obtained in
the statistical design, allowing the value of the response variable Y to be predicted
based on the values of X1 and X2. ANOVA was applied to estimate the significance
(p < 0.05) of the model and individual response parameters. In the analysis, the
independent variables were found to be statistically significant when they
exceeded the blue dotted vertical bar (located at a = 0.05). The effects of the
factors on the response measurements were analyzed using surface response
plots and formulation optimization (maximization) using the desirability approach
and Pearson correlation plot. Table 2.1 shows the responses observed for all
formulations prepared according to CCD.

Table 2.1. Composition and nomenclature of the hydrogel and variables used in
CCD .

DoE Levels rGO PF Hydrogel
Independent variables -1.41 -1 0 1 141 -1.41 0 CS-PF1s

X1: rGO (v/Iv%) 0 025 05 075 1 -1 -1 CS-rG0Oo.25-PF10
X2: PF (vIv%) 0 10 15 20 25 1 -1 CS-rG0Oo.75-PF10
Response variables Goal -1 1 CS-rG0o.25-PF20
Y1: Conductivity (mS/cm) Maximized 1 CS-rGOo.75-PF20
Y2: Swelling (%) Maximized 1.41 0 CS-rGO-PF1s5
Ys: Tensile Strength (MPa) Maximized -1.41 CS-rGOo.s0

Y4: Elastic Module (MPa) Maximized 1.41  CS-rGOo.50-PF25
Ys: Cellular migration (%)  Maximized 0 CS-rGOo.50-PF15
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2.3.4 Characterization of CS-rGO-PF Hydrogels
2.3.4.1 Physicochemical Characterization of Hydrogels

The morphological and physicochemical properties of CS-rGO-PF hydrogels
were studied using scanning electron microscopy (SEM), attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR), X-ray diffraction
(XRD), thermogravimetric analysis (TGA), and determination of surface
wettability. Appendix A.1 of this thesis includes detailed information on these

characterization techniques.

2.3.4.2 Hydrogels Conductivity

The hydrogels were cut (1 cm?) in triplicate, and the sample resistance values
were measured with an LF meter 4192A (Keysight, California, USA). The
resistivity could be calculated using the resistance by the following formula: p =
RS/L, where R is the resistance of the sample, and S and L represent the cross-
sectional area and length of the sample, respectively.[199] Thus, the conductivity

(o) was calculated through o = 1/ p.

2.3.4.3 Swelling Test

The hydrogels were cut (1 cm?) and immersed in a solution simulating human
fluids [200], at room temperature (25 °C) for time intervals from 5 minutes to 90
minutes. After each immersion, the excess solution was removed using filter
paper and the weight of the hydrogels was immediately recorded. The simulated
human fluid was prepared following the methodology proposed by Kukubo et
al.(1990).[200]

The swelling ratio (SR) was calculated using Equation 2.2:
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SR(%) = —=4v . 10 2.2)

dry

where W 4y is the dry sample weight, and W wet is the wet sample weight (after
contact with the liquid medium). Additionally, the diffusion of hydrogels was

studied using different kinetic models proposed in the literature (Appendix A.1).

2.3.4.4 Mechanical Assay

The mechanical properties of the hydrogel's composites were measured using a
Universal Testing Machine (Shimadzu EZ-XS, Japan) equipped with a 20 N load
cell at a temperature of 20 °C and relative humidity of 50%. All samples were cut
following the shape template of 10 mm width, 25 mm length, and 0.18 mm
thickness. The samples were held between two clamps and pulled by the top
clamp at 0.1 mm/s. The elongation and breaking force were measured when the
material was taken apart. The tensile strength and elastic modulus were

calculated using Equations 2.3 and 2.4:

Tensile st th(N/m?) = Breaking Force (N) 23
enstie streng fm?) = Cross — sectional area of sample (mm?) (23)

Length (mm)

Elastic modulus (kPa) = Slope x (2.4)

Cross — sectional area of sample (mm?)

2.3.4.5 In Vitro Wound Healing Assay (Scratch Test)

An in vitro wound healing assay was performed according to previously described
experimental procedures [201], with slight modifications. Briefly, human dermal
fibroblast cells (50,000 cells/well) were seeded into a 24-well plate and incubated
at 37 °C for 48 h in a humidified atmosphere with 5% CO2. Subsequently, a vertical
scratch was manually created in the middle of the human dermal fibroblast
monolayer, using a 200 pL sterile pipette tip. Then, each material was fixed on
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CellCrown 24 inserts (Corning Incorporated, PA, USA) and placed on the 24-well
plate without touching the surface. The wound closure rate and the cell migration
were monitored over time (48 h) using an IncuCyte light microscope (Sartorius
S3, USA). Finally, the images were analyzed using ImagedJ software. The wound

closure rates were calculated according to Equation 2.5:

Rate of wound closure(%) = (AOA;AQ * 100 (2.5)

0
where A ois the initial wound area and A tis the wound area after each time

interval.

2.3.4.6 Antibacterial activity

The antibacterial activity of the hydrogels was evaluated in vitro using
Escherichia coli (E. coli, ATCC 27195) and Staphylococcus aureus (S. aureus,
ATCC 25923) strain models; 200 uyL of the hydrogels were inoculated with a
bacterial suspension of 10 pL at a concentration of 108 CFU/mL in 48-well plates
and incubated at 37°C for 3 hours. Sterile PBS (1 mL) was added to the plate to
resuspend the surviving bacteria. Agar plates were coated with 20 pL of the
bacterial resuspension to evaluate antibacterial activity. These plates were then
incubated at 37°C for 16 hours. A bacterial suspension of 10 pyL at 106 CFU/mL
in sterilized PBS (1mL) served as the control group. After incubation, colony-
forming units were counted visually. The antibacterial activity of the hydrogels was
expressed as a percentage of bacterial death (Equation 2.6).

Kill (05) = NeontrolNovaroget) , 4 (2.6)

Ncontrol

where Ncontrot Was the colony-forming units of control and Nhydrogel Was the survivor

count on hydrogels. The experiments were carried out in triplicate.
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2.3.4.7 Hydrogel Cytotoxicity

These experiments were conducted using a cell density of 104 cells/ mL. First, 1

mL of DMEM medium was added to 10 mg of material and to individual materials

(rGO, PF, and CS) to promote full contact. After 24 h of incubation at 37°C, the
supernatant was recovered and mixed with 5% (v/v) fetal bovine serum (FBS),
1% (v/v) antibiotics (100 units/mL of penicillin and 100 units/ mL of streptomycin).
The supernatant from each sample was added to the cells and incubated for 48 h
at 37°C under humidified air with 5% (v/v) CO,. At the end of the incubations, the
supernatants were removed, and the cells were washed with PBS, pH 7.4. Then,
100 uL of fresh DMEM medium was added to the cells, and 5 mg/mL MTT solution
was added for the determination of cell viability. The plates were incubated for 4
h at 37 °C with CO,, then 25 pL of the medium was removed and 50 pL of dimethyl
sulfoxide (DMSO) was added to the wells. After 10 min, the supernatant was
removed by aspiration, and the formazan crystals were dissolved in DMSO (100
ML per well), followed by shaking for 5 min. The absorbance was determined using
a microplate reader (Biotek Synergy 2, Agilent, CA, USA) at a wavelength of 540
nm. The cell viability (%), relative to control cells, was calculated from Equation
2.7

Kill (%) = =+ 100 2.7)

control

where A test is the absorbance value of the wells (with the material) and A control is
the absorbance value of the control wells (without the material). DMEM medium

was used as a positive control.

2.3.4.8 In Vivo Wound Healing Assay

The wound healing study was conducted on eight male Yorkshire pigs (Sus
scrofa), with an average age of two months and an average body weight of 20—
25 kg. Biopsies were taken from the wound margins on days 0, 4, and 21 using
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an 8 mm diameter punch (Kruuse, India). All animal studies are carried out in
accordance with the EU Directive 2010/63/EU for animal experiments. The
Bioethics and Biosafety Committee (Faculty of Biological Sciences, University of
Concepcién) also approved each and every animal experiment (Approved
Number: CEBB 865-2021 dated May 2021). The details of in vivo

characterizations are described in Appendix A.1.

2.3.4.9 Histological Analysis

Sections of 5 ym thick paraffin-embedded samples were obtained and stained
with hematoxylin and eosin (H&E) to analyze the progression of the wound
healing process. The degree of reepithelialization was assessed using the scoring
system proposed by Greenhalgh et al. The dermal-epidermal tissue also showed
ulceration, pustules, hyperplasia, and hyperkeratosis. A thorough examination
was conducted on the subcutaneous tissue to evaluate several factors. A
comprehensive analysis was performed to assess various parameters, including
hemorrhage, inflammation, granulation/fibrosis, and
congestion/neovascularization. Histological analysis was performed blindly by an
independent observer. The scale used is detailed in Table A.3, available in

Appendix A.

2.4 Results and Discussion

2.4.1 Morphological Characterization

By SEM, the hydrogel’s microstructure was studied. (Figure 2.1) The
morphological surface of the hydrogels is characterized by a smooth surface with
defined edges and amorphous structures that may be due to the presence of PF
in the case of CS-PF15 (Figure 2.1A), as a result of electrostatic interactions
between CS and PF [175,202]. In the case of CS-rGQOo.5 (Figure 2.1H), it presents

a surface with wrinkles and sheets, due to the presence of rGO in the
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material[203,204]. The other materials present rough surfaces with sheets and
defined, amorphous structures caused by the different interactions between the
raw materials. A rough surface in hydrogels could increase cell adhesion and
proliferation, desirable properties for biomedical applications[205].

CS-1G00.25-PF10 " CS-rG00.5 CS-rGO0.25-PF20

Figure 2.6. SEM images of the hydrogels synthesized by statistical experimental

design.

2.4.2 Physicochemical Characterization

The chemical structure of raw materials and materials was analyzed by FTIR
(Figure 2.2A). The raw CS shows its typical peaks related to OH, primary amine
groups[206], stretching vibration of C=0 of amide |, and C-O-C stretching and N-
H bending of amide [I[207]. Graphene reduction and functionalization of rGO by
DA amino groups were evidenced by bands at 1220 and 1050 cm',
respectively[208-210]. PF spectrum displays distinct peaks at 2890 cm-' (CH2
stretching) and 1402 cm™' (CH groups), along with other peaks attributed to the
stretching vibrations of C-O-C and C-O groups[211,212]. The spectra of the

hydrogels synthesized using a statistical experimental design are shown in
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Appendix A of this thesis (Figure A.1), showing bands like those shown by CS-
rGO-PF1s (Figure 2.2A), displaying the characteristic bands of CS (1554 cm)
and PF (1402 and 1110 cm™).

XRD analysis was performed to analyze the amorphous or crystalline structure
of the components and synthesized hydrogels (Figure 2.2B). The CS shows two
diffraction peaks corresponding to their crystalline structure types | and Il (10 and
20 A)[213]. The successful reduction of GO by DA is evidenced by the reduction
of the interplanar distance to 3.95 A, which can be attributed to the - 7 stacking
interactions of the aromatic rings of the PDA and/or rGO coating, Van der Waals
forces, and hydrogen bonds[214,215]. PF is a semicrystalline polymer whose
crystalline layers of PEO and PPO form amorphous layers. The sharp and intense
peaks of PF at 26 = 17.3° and 24.1° indicate its high stability and crystallinity[216].
The formulated materials (Figure A.2) presented a combination of multiple
crystalline and amorphous peaks in their diffractograms with lower intensities,
possibly due to the interaction of the functional groups present in the polymers,
such as the carboxyl and amino groups in CS, which can form hydrogen bonds or

electrostatic interactions with rGO and PF[217].
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hydrogels and (D) Images of contact angle measurements of the synthesized
hydrogels.

TGA analysis (Figure 2.2C) shows the relationship between temperature and
weight loss related to the thermal qualities of hydrogels. For CS, Dehydration,
depolymerization, and decomposition occur at 250-380°C[218]. PF showed
degradation of its central structure, in the temperature range of 300-400°C, that
is, the elimination of functional groups[219,220]. The hydrogels showed weight
losses in a stepwise manner (Figure 2.2C). In the first degradation phase, a loss
of mostly less than 10% by weight was observed (50° to 100°C), related to

moisture loss from the hydrogel matrix. In the second and third phases, a weight
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loss of less than 50% (100° to 300°C) was observed, indicating the degradation
of amide bonds. In the last degradation phase, around 20% weight loss occurred,

indicating the degradation of the long chains of CS and PF.

The surface wettability of the hydrogels was evaluated by water contact angle
measurements (WCA) (Table A.2 and Figure 2.2D). The incorporation of rGO
into the CS matrix resulted in a decrease in water contact angles, indicating an
increase in hydrophilicity. This phenomenon can be attributed to interactions
between the hydrophilic functional groups present in rGO and catechol groups of
CS, as well as the presence of PDA in the coating of rGO obtained through the
reduction of GO with DA[210,221]. The increase of PF in the matrix leads to higher
surface density, which in turn reduces pore size on the hydrogel surface, hindering
water droplet penetration and resulting in a higher contact angle[222]. The
dressing synthesized in this study exhibited hydrophilic surfaces
(10°<WCA<90°)[223], which directly impacts biological performance and the
ability of cells to adhere to the material surface. The results obtained agree with
reports from other researchers, who have suggested that materials maintaining
their hydrophilic properties promote cell proliferation and growth[222,224,225].
These findings indicate that CS-rGO-PF hydrogels have potential use in wound

healing.

2.4.3 Analysis of experimental design

The analysis of the independent variables (rGO and PF concentrations) in the
experimental design (Figure 2.3) revealed the importance of each parameter and
their interactions through the Pareto diagram (Figure A.3), the estimated
response surface diagram, and the Pearson correlation diagram (Figure 2.5).
Since the study's objective was to evaluate the interaction effects of the two
variables and determine their optimal composition, the focus was on interpreting

the magnitude of the linear effect coefficient of the parameters. The magnitude of
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each expected regression coefficient was quantified to evaluate its effect on the

responses to propose the models.
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Figure 2.3. Estimated response surface plots: conductivity (Y1); swelling (Y2);

tensile strength (Y3); elastic moduli (Y4), and cell migration (Ys).

Conductivity: Figure 2.3 presents the estimated surface diagram, which clearly
illustrates how conductivity is affected by the variation of these two variables (rGO
and PF). An increase in rGO concentration is observed to be correlated with an
increase in conductivity, evidenced by the positive slope in the X-axis direction. In
contrast, the negative slope along the Y-axis reflects that an increase in the PF
proportion results in a decrease in this property. This analysis not only offers an
intuitive visualization of the interaction between rGO and PF but also allows the
identification of optimal regions in the variable space, where the combination of
rGO and PF amounts maximizes this property. The results of the analysis of
variance (ANOVA), presented in Table 2.2 and complemented by Equation 2.8,
highlight the differential importance of these variables. PF was found to be the
most critical variable for Y1, since an increase in its proportion hurts conductivity.
Specifically, it is estimated that for each additional unit of PF, the conductivity
decreases by 0.389445 units, keeping the amount of rGO constant. The
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coefficient of determination (R?) was 95.31%, indicating that the regression
coefficient model can predict the optimal value with a significant level of accuracy

and fits the data well when applied.
Conductivity (Y1) = 1.79367 + 0.56316* rGO - 0.389445*PF (2.8)

The conductive properties of the materials were measured using the 4-point
method. Dressings for wounds with conductivity similar to human skin
(1-10™* mS/cm to 2.6 mS/cm) can stimulate wound healing, as the skin is
composed of epidermis, dermis, and subcutaneous tissues, which are sensitive
to electrical signals[226—228]. Hydrogels showed different conductivities (Figure
2.4A) ranging from 0.001 mS/cm (CS-PF15) to 2.75 mS/cm (CS-rGO-PF1s),
indicating that rGO positively contributed to the conductivity of the hydrogels. The
gradual increase in the conductivity of the materials can be associated with the
free charges in the hydrogel network and the presence of rGO. It is known that
rGO acts as a conductive material that can modulate the immune function of
macrophages and promote wound healing[229]. Jing et al. (2017) developed an
electroactive composite compound of CS/GO/DA for tissue engineering using
different concentrations of rGO (0, 0.25, 0.5, 0.75, 1)[230]. The results obtained
showed conductivity values like those reported in the present study. The CS/rGO
hydrogel developed by Liang et al. (2020) for chronically infected wounds also
reported similar conductivity values to those found in this research[231].
Therefore, the conductivity of human skin holds great potential for bioelectrical
signaling and wound healing, making our hydrogel a promising candidate for
conductive dressings for skin wounds.

Swelling: This response variable is crucial in the study of hydrogels used as
dressings. Analysis of the response surface diagram (Figure 2.3) allowed the
interaction between PF and swelling of the hydrogels to be visualized. This
diagram provides valuable information on how swelling levels vary depending on

different PF combinations. The interpretation of the results and Equation 2.9
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suggests that the reduction in PF levels leads to a significant increase in swelling
capacity, which could have practical implications for effective dressing design.
The coefficient was 98.15%, indicating that the regression coefficient R> model
can predict the optimal value with a high degree of accuracy, and the model fits
the data well when applied. Table 2.2 presents the statistical results supporting
this claim, demonstrating the consistency of the model under different

experimental conditions.

Swelling (Y2) = 437.101 — 92.5013*PF (2.9)

The swelling behavior of hydrogels is presented in Figure 2.4B. While rGO
content in the hydrogels increased, the ability of the hydrogels to absorb simulated
human fluid decreased. This is because the phyllic pendant groups of rGO (OH
and COOH) form hydrogen bonds with water molecules and other
molecules[232]. With the rGO increase in the hydrogel, the number of amide
bonds between the carbonyl groups of rGO and the amino group of CS also
increases. This enhancement affects the interaction between rGO hydrophilic
groups and water molecules, hindering the expansion of the network and resulting
in a decrease in the swelling capacity of the hydrogel[233]. The presence of high
rGO content acts as a filler material, creating steric hindrances that interfere with
water molecules[234]. The low swelling can be attributed to the presence and
interaction of PF, which, according to previous studies, limits this phenomenon.
This is due to the formation of an interpolymeric complex between the polymer
and the monomer, which restricts swelling by hydrophobic association of the PPO
segments in aqueous medium. This interaction modifies the electrostatic charge
density and the availability of carboxyl groups in the rGO and CS chains, leading
to a more compact and dense structure. As a result, both the number and size of
aqueous channels are decreased, limiting fluid absorption and hindering
swelling[220,235]. The fitting of the simulated fluid absorption to kinetics models
(Table A.2). The n values obtained ranged from 0.45 to 0.84, suggesting a non-
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Fickian (anomalous) diffusion process involving a combination of diffusion-
controlled absorption and relaxation of the polymer chains[236]. The R? values for
the first-order model in the hydrogels were closer to one, indicating that absorption
fits a first-order pattern.

Mechanical properties: In tensile strength (Y3) and elastic modulus (Y4) (Figure
2.3), the response surface plot analysis reveals a linear and increasing
relationship between these two variables as a function of the amount of rGO. This
finding implies an increase in tensile strength and elastic modulus for the material.
The mathematical models described by Equations 2.10 and 2.11 suggest that,
for each additional unit of rGO incorporated, the tensile strength increases by
1.80261 units, while the elastic modulus increases by 15.7546 units. This pattern
reveals a significant positive correlation between the rGO concentration and the
mechanical properties of the studied material. Although the mathematical models
obtained indicate that the effect of rGO on tensile strength and elastic modulus is
a linear relationship, the experimental results reveal that it is not strictly linear, but
rather dependent on the interaction with the PF concentration. Although statistical
analysis shows an overall positive coefficient for rGO, experimental results show
that the initial incorporation of rGO into CS/PF formulations can reduce

mechanical properties.
Tensile strength (Y3) = 19.562 + 1.80261* rGO (2.10)

Elastic modulus (Y4) = 144.683 + 15.7546* GO (2.11)

The mechanical behavior of the synthesized materials was investigated through
tensile tests (Figure 2.4C and 2.4D). The rGO incorporation into the CS matrix
enhanced the mechanical properties of the materials. CS-PF15, CS-rGOo.5 shows
higher values of the tensile strength and elastic modulus, due to the ability of rGO
to generate hydrogen bonds, electrostatic interactions, and 1r-1r stacking with the
CS matrix[237]. When comparing the results of the tensile test on hydrogels with

equal percentages of PF, higher values are observed with an increase in rGO
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concentrations. Higher values of tensile strength (Figure 2.4C) and elastic
modulus (Figure 2.4D) were observed in the hydrogels with increasing rGO
concentrations. This may be because, during the stretching process, the rigid CS
network breaks first to dissipate the majority of the energy, while the flexible PF
network can effectively dissipate and transfer tension in the system, as well as
the organization of the rGO sheets due to -1 interactions, forming a compact
network with the CS[238,239]. Studies conducted by Salimiyan et al. (2023) [205]
and Kosowska et al. (2019)[237] on CS-rGO hydrogels with biomedical
applications, report an increase in the mechanical properties of the hydrogels with
an increase in rGO concentration. This may be because the oxygen-containing
functional groups on the surface of the filler form hydrogen bonds with the -NH2
groups in the CS, which generate numerous cross-linking points in the hydrogel
network; as a result, the mechanical strength is improved.

Cell migration: Obtaining conductive hydrogels that promote cell migration is
essential for tissue repair, as they facilitate the movement of cells toward injured
areas and provide an enabling environment for cell proliferation. The response
surface diagram (Figure 2.3) reveals a clear upward trend along the axis
corresponding to rGO. This finding suggests that an increase in the rGO
concentration is associated with significant improvement in cell migration. The
visualization of these results made it possible to demonstrate how different rGO
concentrations impact the migratory behavior of cells. In this sense, the statistical
analysis (ANOVA Table 2.2) has confirmed that an increase in rGO concentration
generates positive and statistically significant effects on this property (Ys). The
coefficient R? was 96.45%, indicating that the regression model adequately fits
the data obtained and allows obtaining the optimal value with high accuracy. The
mathematical model (Equation 2.12) showed that for each additional unit of rGO,
an approximate increase of 5.90112 units in this property is anticipated. This result
shows a direct and positive relationship between the concentration of rGO and

cell migration.

50



Cellular migration (Ys) = 94.295 + 5.90112* rGO (2.12)

Cell migration capacity and wound healing rate were evaluated in HDF (Figure
2.4E and 2.4F). Hydrogels synthesized with rGO showed a higher cell migration
over time compared to the negative control (2% SFB) and CS-PF1s, suggesting
that the inclusion and increase of rGO concentration in the materials promote cell
migration by providing a pathway for electrical signal transmission between
wound cells, thus regulating their behavior and promoting wound healing (Figure
2.4E). Regarding wound healing rate, it was observed that wells with hydrogels
containing rGO showed a closure rate approximately 15% higher than wells
containing CS-PF15 and the negative control after 12 hours (Figure 2.4F). At 48
hours, increased cell migration with larger closure areas was observed, with
materials containing higher concentrations of rGO showing complete wound
closure. Several studies have explored the potential of CS, rGO, and PF
hydrogels to promote cell migration. Scanga et al. (2010) proposed the use of CS
in neural tissue engineering, demonstrating its promotion of survival, migration,
and differentiation of neural stem cells and adult-derived neural progenitor
cells[240]. Similarly, Kwon et al. (2012) developed a CS hydrogel in the presence
of valproic acid that acted as a suitable biocompatible substrate for attachment
and proliferation of muscle-derived stem cells[241]. Guo et al. (2024) found that
CS conduits filled with simvastatin/PF hydrogel significantly improved migration
and regeneration of peripheral nerve tissues[124]. Wang et al. (2017) developed
rGO-based conductive hydrogels to promote cell adhesion and growth[242]. Liang
et al. (2021) developed a compound based on carbon nanotubes coated with
antibacterial, conductive, and antioxidant CS, DA, and gelatin to promote the
regeneration of infected skin, with results showing effective therapeutic effects in
treating infected full-thickness wounds[48]. Sayyar et al. (2015) studied cell
migration in L929 cells using CS/reduced GO hydrogels with lactic acid. The

results obtained showed good proliferation, adhesion, and viability, suggesting
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they are excellent candidates for biodegradable materials in cellular tissue

engineering structures[243].

Table 2.2. Analysis of variance (ANOVA) of the experimental design variables.

Source Sum of Mean p Standard F R? R?(adi)
Squares Square Error value
Conductivity
(Y1)
X1: rGO 7.61157 7.61157 0.0000 0.440084 39.30 95.3123 94.4571
X2: PF 3.64002 3.64002 0.0000
Error 0.0007 0.00023333
Total 17.2589
Swelling (Y2)
X2: PF 205355 205355 0.0233 0.14113 13.87 98.1587 97.3651
Error 1.5414 0.0958
Total 1.124E4
Tensile
strength (Y3)
X1: rGO 77.9851 77.9851 0.0347 0.3933 32.24 96.5183 95.3574
Error 4.08411 0.1570
Total 518.898
Elastic Moduli
(Ye)
X1: rGO 5956.97 5956.97 0.0197  0.3101 4593 97.4139 96.1011
Error 2.5052 0.9635

Total 31088.4
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Celular

migration (Y5s)

X1: rGO 835.755 835.755
Error 1.8810 0.3388
Total 1730.0

0.0000

0.5874

33.26 96.4587 95.3254
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Figure 2.4. (A) Conductivity; (B) Swelling of the hydrogels; (C) Tensile strength;
(D) Elastic Moduli; (E) In vitro wound healing over time for hydrogels synthesized;

(F) Images of wound closure in time 0, 12, 24, and 48 hours for hydrogels

synthesized.
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2.4.4 Antibacterial activity

The antibacterial properties of the hydrogels were evaluated in vitro using two
model strains, E. coli and S. aureus (Figure 2.5A). It has been reported that CS
possesses antibacterial qualities due to its polycationic nature, which interacts
with the negative charges present in the membranes of bacteria, causing their
deterioration[244,245]. On the other hand, rGO has also been previously
attributed to antibacterial properties for both Gram-positive and Gram-negative
bacteria, associated with the generation of oxidative stress and the rupture of cell
membranes due to sharp two-dimensional rGO sheets, resulting in the lysis of
bacteria[246—249]. The increase in the rGO proportion in the hydrogels favored
their antibacterial capacity, while the inclusion of PF did not appear to notably
improve this characteristic. Additionally, it was observed that the synthesized
hydrogels showed over 90% inhibition of bacterial growth after 2 hours of material
incubation, with the S. aureus strain being more sensitive to the tested materials
than E. coli. Hydrogels based on CS/rGO have shown promising antibacterial
activity[224,250-253]. Hydrogels based on CS/PF with antibacterial properties
have also been developed, although the effect is not attributed to PF[175,254].
Morsi et al.(2023) investigated the antibacterial activity of a cellulose acetate-rGO-
PF composite material at different rGO concentrations. The results showed
excellent antibacterial activity, even at the lowest concentration (0.005%)[255].
This research suggests that hydrogels can offer highly effective antibacterial

properties and be suitable for biomedical applications.

2.4.5 Cell Viability

The cell viability of the hydrogels was studied by MTT using human dermal
fibroblast cells; the results are shown in Figure 2.5B. It was observed that all

synthesized materials showed cell viability values above 80%, indicating they are
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not toxic to the cells; some materials even showed cell viability values higher than
the positive control. Qu et al.(2018), evaluated the effectiveness of various
compositions of a CS/PF hydrogel loaded with turmeric for wound healing
dressings. The in vitro cell culture study revealed that the hydrogels were not toxic
to L929 cell lines[256]. Another study reported good cytocompatibility results in
the same cell line when using CS/PF/Glutaraldehyde hydrogels for tissue
engineering applications[257]. Additionally, it has been reported that materials
based on rGO/poly(2-ethyl-2oxazoline) evaluated in HDF remained highly viable
(cell viability > 75%), even when incubated with a high dose of nanomaterial (100
Mg/ mL) for 48 hours[258]. The hydrogels synthesized by Kosowska et al.(2020),
based on CS/rGO and poly(ethylene glycol), did not show cytotoxic effects on
hUC-MSC cells.[259] Sunneetha et al. (2023) developed carboxymethyl
CS/rGO/PDA for wound healing applications. In this study, all hydrogels
maintained cell viability (100%) after the 72-hour incubation period with
fibroblasts[221]. It is important to note that in vitro microplate assays can broadly

predict material-culture interactions.
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Figure 2.5. (A) Capacity of antimicrobial hydrogels synthesized and (B) Viability

of fibroblast cells in humans in the presence of the hydrogels synthesized.
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2.4.6 Optimization design for the hydrogel synthesis

An optimization analysis was performed to determine the combination of
experimental factors that simultaneously improve the desired responses (Table
2.3). According to this analysis, it can be concluded that the optimal levels of
concentration to synthesize a hydrogel with excellent conductive, absorption,
mechanical, and biological properties are: the highest level of rGO, that is, a 1:1
ratio CS/rGO, and the lowest level of PF (10%). The Pearson diagram (Figure
A.4) shows the relationship between two statistically significant variables. The
correlation coefficient between swelling and cell migration is close to -1 (-0.70),
indicating an inverse relationship between the variables. This may be attributed
to the fact that, in the case of swelling, the variable with the most significant weight
is PF (negatively affecting), whilst in cell migration, it is rGO (positively affecting).
On the other hand, the correlation coefficient between conductivity and cell
migration is close to 1 (0.75), suggesting that as one variable increases, the other
also. This confirms the theory that conductive hydrogels promote the wound-
healing process[260-263]. After performing the statistical analysis of the
experimental design and the characterization of the hydrogels, it is concluded that
the material that best meets the properties required for use as a wound dressing
is the CS-rGO-PF10 material. This hydrogel was synthesized, and tests were
carried out to evaluate the variables (Y1, Y2, Y3, Y4, and Ys), to compare the results
with the optimal values provided by the statistical software. The obtained results
are consistently aligned with those generated by the software (Table 2.3),
allowing us to affirm that the hydrogel composition that optimizes the desired
properties is indeed CS-rGO-PF1o.
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Table 2.3. Multiple Response Optimization: Combination of experimental factors,

desired Outcomes, and actual values.

Response High Low Optimal Goal Actual
desirability desirability value values
Y 1 0.01 2.81 2.32 Maximized 2.30
Y 2 160.61 864.43 575.85 Maximized 577.42
Y s 11.42 28.09 22.26 Maximized 22.14
Y4 77.6 181.42 168.31 Maximized 169.97
Y s 70.7 100.0 100.0 Maximized 100.0

2.4.7 Analysis of the in vivo assay

The hydrogel synthesized under the optimum rGO and PF concentrations was
evaluated in an in vivo porcine model to validate its efficacy in tissue regeneration,
as well as the body's immune response and its integration with the surrounding
tissue. This study sought to determine not only the hydrogel's ability to promote
tissue healing and regeneration but also its biocompatibility and the way it
interacts with the body's cells and structures. Detailed observations were made
during the regeneration process, evaluating factors such as inflammation,
vascularization, and new tissue formation.

Figure 2.6A illustrates the progression of wound healing and the closure rates
for different treatments over a while. By the fourth day following the injury, the
negative control exhibits an absence of any repair indicators, with a significant
amount of bleeding obscuring the wound. Conversely, treatment with CS-rGO-
PF10 produces the formation of fibrinoid tissue (scab) over the wound by the fourth
day—a development that does not appear in the untreated wound until the twenty-
first day. These results correspond to the wound closure rates shown in Figure
2.6B, where CS-rGO-PF10 exhibits the highest rate at 25%, in contrast to the
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untreated wound, which has a rate of 5%. At the 16-day mark, the best-performing
material (CS-rGO-PF10) shows a wound area closure rate similar to that of the
commercial dressing used as a positive control, with both achieving over 80%
closure. In stark contrast, the untreated wound (negative control) and the wound
treated solely with CS hydrogel exhibit significantly less healing, with closure rates
of 50% and 63%, respectively. By the 21st day, wounds treated with both the
optimal material and the positive control reach complete closure (100%), whereas
the CS hydrogel and negative control remain under 80%. These results suggest
that the optimal material is as effective as traditional treatments and may provide
additional benefits by speeding up the healing process. The superior performance
can be credited to attributes such as enhanced cell proliferation and tissue
formation, as documented in prior studies[264,265]. Moreover, the inclusion of
rGO in the composite material likely boosts its antibacterial and anti-inflammatory
capabilities, which further enhance its effectiveness in wound healing[266].

A histomorphometric analysis was carried out using H&E staining (Figure 2.6C
and Table A.3) to gain a comprehensive understanding of the hydrogel behavior
in a biological environment. The results indicate that treatment with CS-rGO-PF1o
significantly improves tissue regeneration compared to CS alone and the
untreated wound, showing a similar effect to the positive control. This material
favors the formation of skin appendages, evidencing complete repair on day 21,
which, according to the literature, should be seen from day 14 onwards.[267] In
contrast, hyperkeratosis and acanthosis in the untreated wound reflect poor
epithelial maturation, which improves with the treatments[268].

In Figure 2.6C, it can be observed that on day 4, re-epithelialization (red arrows)
was more evident in the CS-rGO-PF10 sample, with a score of 2, indicating partial
coverage of the wound, observing up to the basal and spinous stratum in one-
third of the sample. In comparison, the wound treated with CS-based hydrogel
alone showed re-epithelialization covering only 1/5 of the sample surface,

presenting a less developed cell layer. On the other hand, the untreated wound
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did not show signs of re-epithelialization (score 0), while the positive control
obtained a score of 2, similar to CS-rGO-PF10, reflecting partial coverage,
although without notable differences between both treatments. This suggests that
the CS-rGO-PF10 material has promising potential to stimulate epithelium
formation compared to CS hydrogel alone or in untreated wounds. In terms of
neovascularization, the CS-rGO-PFi0 material showed outstanding results,
reaching a score of 3, indicating the formation of more than 10 vessels per high
magnification field (40X). In contrast, the untreated wound, as well as the CS
treatments and the positive control, all scored 2, with a presence of between 6
and 10 vessels per visual field. Regarding granulation tissue (green arrows,
Figure 2.6C), CS-rGO-PF10 also led with a score of 3, reflecting an abundant
amount of this tissue essential for regeneration. Meanwhile, both the CS sample
and the positive control scored 2 (moderate amount), while the untreated wound
scored 1, indicating a low amount of granulation tissue. Regarding inflammatory
cell infiltration, a greater inflammatory response was observed in the CS sample,
with a score of 3, indicating an abundance of inflammatory cells. Both CS-rGO-
PF10 and the positive control showed a score of 2, suggesting a moderate
inflammatory response. On the other hand, the untreated sample also presented
a score of 2, highlighting that the inflammatory responses were not significantly
different between the treatments and the control at this analysis time. These
results suggest that CS-rGO-PF1o achieves an adequate balance in the
inflammatory response, necessary for efficient healing. On day 21, the CS-rGO-
PF10 sample showed the best results in tissue regeneration, evidencing complete
epithelial differentiation with well-defined dermal papillae and epidermal ridges, in
addition to a notable vascularization close to the epithelial basement membrane.
Well-organized connective tissue was observed, with clear differences between
the papillary dermis and the reticular dermis, and the presence of developing hair
follicles (yellow arrow, Figure 2.6C), without signs of hyperkeratosis or acanthosis

(black arrows, Figure 2.6C). In comparison, the untreated wound presented
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marked acanthosis and loose connective tissue. The CS sample showed mild
acanthosis and absence of skin appendages, while the positive control showed
epithelial maturation, although without epidermal ridges and with less organized
connective tissue, accompanied by greater inflammatory than fibroblastic
infiltrate. These findings are of great relevance for the development of more
effective treatment strategies in tissue regeneration, highlighting the potential of
the CS-rGO-PF10 hydrogel as a promising biomaterial for clinical applications in

wound healing.
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Figure 2.5. (A) Healing potential of the CS-rGO-PF10in wound closure. Sample
images illustrating the progression of wound healing for the synthesized hydrogels

after treatment on days 0, 4, 12, and 21; (B) The percentage of wound closure
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was assessed using Image J, utilizing digital analysis calibration. Results are
presented as mean £ SD, derived from three independent experiments (*p < 0.05),
and (C) Histological examination of the wounds was conducted using Hematoxylin
and eosin (H&E) staining at a magnification of 2X, with a digital zoom to 40X from

the highlighted yellow box.

Note: Between the black dotted lines, the wound is observed to the right and the adjacent healthy
skin to the left. In the upper panel, day 4 post-wound. In the lower panel, day 21 post-wound. Red
arrow: Re-epithelialization. Green arrow: Granulation tissue. Yellow arrow: Skin appendages (hair

follicle). Black arrow: Acanthosis. Blue arrow: Fibroblasts.

2.5. Partial Conclusions

- Wound dressings were developed from a CS-rGO-PF hydrogel using a full
factorial experimental design (22 + star). Optimization of the experimental
design identified CS-rGO-PF10 as the optimal dressing.

- Morphological and physicochemical characterization demonstrated that the
hydrogels exhibit excellent structural stability, with a hydrophilic surface and
absorption kinetics governed by diffusion and polymer chain relaxation.

- The developed hydrogels showed conductivity comparable to that of human
skin, indicating great potential for applications in bioelectrical signaling and
wound healing.

- In vitro tests revealed that the hydrogels promote cell migration and increase
the rate of wound closure, suggesting their ability to facilitate cell
communication and regulation throughout the healing process. Furthermore,
they demonstrated remarkable antimicrobial activity against E. coli and S.
aureus, while maintaining cell viability above 80%.

- After 21 days of treatment, the CS-RGO-PF10 hydrogel achieved complete
wound closure—a result comparable to the positive control—while the
hydrogel composed solely of CS and the negative control showed significantly

less progress. Beyond accelerating closure, CS-RGO-PF10 promoted high-
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quality tissue regeneration, evidenced by the formation of skin appendages
and adequate vascularization. Histomorphometric analysis confirmed that this
material efficiently stimulates re-epithelialization, neovascularization, and the
generation of abundant granulation tissue, producing structurally robust tissue
accompanied by a moderate inflammatory response—key conditions for
optimal healing. Taken together, these findings solidify the CS-RGO-PF10
hydrogel as a highly promising biomaterial for advanced wound treatment

applications.
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Chapter 3

Bioinspired  Synergistic  Chitosan-Graphene-Tannin  Hydrogel
Orchestrates Inflammation Resolution and Accelerates Skin Tissue

Repair.

Isleidy Ruiz, Luisbel Gonzalez, Julia Eduarda Schneider Gregdria, Cintia Sena
Bueno, Maria Esméria Corezola do Amaral, Guilherme Ferreira Caetano,

Katherina Fernandez, submitted to the journal Biomaterials Science.

3.1 Abstract

Wound healing remains a major clinical challenge due to the complex metabolic
disturbances present within the wound microenvironment. In this study, we report
the development and comprehensive validation of a novel multifunctional
hydrogel composed of chitosan (CS), reduced graphene oxide (rGO), and tannins
(TA) (CS-rGO-TA), specifically engineered as an advanced wound dressing. The
hydrogel was thoroughly characterized using SEM to examine its porous
microstructure, FTIR to analyze component interactions, the DPPH assay to
assess antioxidant capacity, and total phenols to evaluate the release kinetics of
TA. Antibacterial activity was tested in vitro against Escherichia coli and
Staphylococcus aureus using standard colony-forming unit assays.
Biocompatibility and regenerative potential were assessed through cell viability
and migration assays using human dermal fibroblasts. In vivo evaluation included
a skin irritability model in guinea pigs and a full-thickness excisional wound model
in rats, divided into four treatment groups. Wound closure progression was
monitored over time, and histological analysis was performed using hematoxylin
and eosin (H&E), Mallory, and Masson’s Trichrome staining to assess tissue

morphology and collagen deposition. The CS-rGO-TAs hydrogel demonstrated
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controlled and sustained TA release, strong antioxidant and antibacterial
properties, and excellent biocompatibility, with no signs of irritation or adverse
effects. Its application significantly accelerated wound closure and promoted
organized deposition of collagen (types | and Ill). Molecular analysis revealed
early resolution of inflammation, enhanced angiogenesis, and polarization of
macrophages toward a reparative M2 phenotype, as evidenced by modulation of
markers such as MPO, CD68, ARG1, and interleukins IL-6, IL-10, IL-1, and IL-
1rn. Collectively, these findings highlight the CS-rGO-TAs hydrogel as a safe and
effective therapeutic platform with strong potential for tissue regeneration and

clinical wound management.

3.2 Introduction

Wound healing treatment has evolved significantly over the years, prompting the
search for innovative and effective treatment modalities[269]. Among the
numerous advancements in this field, wound dressings have gained considerable
attention for their ability to facilitate the healing process and minimize
complications. Hydrogel dressings have emerged as a promising solution for
wound healing due to their ability to provide a moist environment that facilitates
the healing process[6,7]. This property helps absorb wound exudate and allows
for shape adaptation, which is beneficial for wounds in areas of constant
movement, offering significant advantages over traditional dry dressings, which
often lack functionality and can cause pain upon adhering to the
wound[34,35,178]. Hydrogels can also be modified to incorporate active
compounds such as growth factors and antibacterial compounds, which enhances
their effectiveness in wound healing[8,9]. Furthermore, they can be designed to
be self-adhesive, antioxidant, and self-healing, which prolongs their lifespan and
improves wound protection[270,271].

Chitosan (CS) is an alkaline polysaccharide obtained from the partial
deacetylation of chitin present in some crustaceans[272]. CS is a biopolymer
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distinguished by its antimicrobial[273], biodegradable[274], and non-toxic[275]
properties, in addition to possessing excellent biocompatibility [118],
mucoadhesive properties [123], limited immunological reactions [125], and
characteristics that favor absorption [276]. Thanks to its remarkable biological
properties, such as promoting blood coagulation, promoting fibroblast
proliferation, and collagen formation, CS contributes to improving the wound
healing process[122]. Despite their benefits, CS hydrogels often face challenges
related to their mechanical properties, so the incorporation of nanomaterials and
biomolecules is a promising strategy to improve or generate new functions in
these hydrogels. Reduced graphene oxide (rGO) offers a multifaceted approach
for the synthesis of new hydrogels[129]. Hydrogels containing rGO possess good
mechanical [64], conductive properties [277] and antibacterial activity [132],
combined with their ability to promote angiogenesis, cell proliferation, and
migration in the wound healing process[10]. The hydrogel composed of CS/RGO
and an electrolyzed polycaprolactone and cellulose acetate membrane designed
by Graga et al. (2022) demonstrated the ability to provide a moist environment,
prevent exudate accumulation, and allow gas exchange, as well as act as a barrier
against bacterial penetration and show cell viability greater than 90% against
human dermal fibroblast cells[278]. modern hydrogels are designed with
antibacterial and antioxidant properties, which are crucial for preventing infection
and promoting faster healing[279]. Recent research highlights the potential of
incorporating natural biopolymers, such as tannins (TA), into these dressings to
enhance their therapeutic properties[280].

The TA, a polyphenolic family, exhibits a variety of properties that significantly
contribute to its use in wound dressings. Primarily known for their astringent
qualities, TAs facilitate tissue regeneration by precipitating proteins, which
improves the healing process and reduces inflammation[17]. Furthermore, their
antioxidant properties play a crucial role in mitigating oxidative stress, a

detrimental factor in wound healing[281]. The incorporation of TAs into wound
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dressings has been shown to improve the overall efficacy of the dressing, offering
not only protection against pathogens but also promoting moisture retention,
which is essential in moist wound healing environments[18,19]. Zhou et al. (2023)
developed a carboxymethyl chitosan hydrogel enriched with TA, which
demonstrated antioxidant, antibacterial, and hemostatic properties, significantly
improving skin tissue repair[16]. In a more recent approach, Carrasco et al. (2024)
incorporated rGO and TA into an alginate-based hydrogel, achieving significant
improvements in mechanical strength, tissue adhesion, and cell viability, with no
observed cytotoxic effects[20].

Building upon these findings, this study presents the development and validation
of a novel multifunctional hydrogel composed of tannin-loaded chitosan-reduced
graphene oxide (CS-rGO-TA), specifically designed to address the multifaceted
biological challenges associated with impaired wound healing. By integrating the
biocompatibility and fluid absorption capacity of CS, the mechanical reinforcement
and angiogenic potential of rGO, and the potent antibacterial, antioxidant, and
anti-inflammatory properties of TA, this hydrogel provides a synergistic platform
that addresses key pathological barriers in both chronic and acute wounds. A
major novelty of this work lies in the rational design that enables not only structural
support and protection but also active immunomodulation, particularly through the
sustained release of TAs, which promotes a macrophage phenotypic switch from
pro-inflammatory M1 to reparative M2 states. This is supported by both molecular
and histological evidence, a mechanistic insight rarely emphasized in prior
hydrogel research. Additionally, the combination of these three components
results in enhanced antibacterial efficacy, collagen organization, and
vascularization; achievements not observed in hydrogels containing only one or
two of these materials. The comprehensive in vitro and in vivo validation, including
Western blot, RT-gPCR, and immunohistochemistry, further substantiates the
therapeutic superiority of CS-rGO-TA over conventional formulations. Altogether,

this hydrogel represents a significant advancement in the development of
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bioengineered wound dressing, offering a multifunctional, immunoresponsive,

and tissue-regenerative alternative with broad potential for clinical translation.

3.3 Materials and Methods

3.3.1 Materials

Graphite powder (flakes, 325 mesh) was purchased from Asbury Online (Asbury
Carbons, NJ, USA). Low molecular weight chitosan (CS) with a Brookfield
viscosity of 200-800 cP (CAS number 9012-76-4) and Pluronic F 127 (PF)
(PEOg97-PPOs9-PEOg7) (CAS number 9003-11-06) were purchased from Sigma
Aldrich Chemicals (Chile, South America). Phosphoric acid (HsPOa4), sulfuric acid
(H2S04), potassium permanganate powder (KMnQOs4), hydrogen peroxide (H20z2,
30%), hydrochloric acid (HCI), ethanol (C2Hs0H), tris (HOCH2)sCNHz), dopamine
hydrochloride (DA-HCI, minimum 98%), sodium hydroxide (NaOH), silver nitrate
(AgNOQOs3), Dulbecco's modified Eagle's medium (DMEM), dimethyl sulfoxide
(DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent
(MTT), phosphate-buffered saline (PBS), and fetal bovine serum (FBS) were
purchased from Sigma-Aldrich Company (St. Louis, MO, USA). All reagents and
solvents were of analytical grade and used without further purification. Milli-Q®

water was used throughout the study.

3.3.2 Synthesis of Hydrogels CS-rGO-TA

First, a 0.5% w/v rGO solution was prepared in Milli-Q® water and subjected to
2 hours of cooling to facilitate its dispersion in the CS matrix. CS (1.5 g) was then
dissolved in a 1% HCI solution. The rGO and CS solutions were then mixed (1:1
v/v) until a homogeneous mixture was obtained and cooled to 4°C. In parallel,
Pluronic F-127 (PF) was dissolved in PBS (1% w/v) and loaded with different
concentrations of TA (1%, 3%, 5% w/v) by vigorous stirring for 1 hour. These

solutions were added to the pre-cooled CS-rGO solution. The mixture was then
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sonicated for 30 minutes to remove any air bubbles. Finally, the mixture was
placed in a Petri dish and placed in an oven (Huanghua Faithful Instrument Co.
Ltd., Huanghua, China) at a maximum temperature of 37°C to promote gelation.
The resulting composite hydrogels were named CS-rGO-TA1, CS-rGO-TAs, and
CS-rGO-TAs. The rGO used was synthesized in the same way as detailed in the
introduction of this thesis (Chapter 1). The TA extraction methodology is detailed
in Appendix B.1 of this thesis.

3.3.3 Characterization of Hydrogels CS-rGO-TA

3.3.3.1 Physicochemical Characterization of Hydrogels

The morphological and physicochemical properties of CS-rGO-TA hydrogels
were studied using scanning electron microscopy (SEM) and attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR). Appendix A.1 of

this thesis includes detailed information on these characterization techniques.

3.3.3.2 Drug release capacity

Samples of the previously synthesized hydrogels (0.5 cm?) were taken and
weighed to determine their mass (mH). They were then placed in 50 mL of PBS
and stirred at 37 °C, pH 7.4, at a speed of 60 rpm. At specific time intervals, 100
ML of the soaking solution was collected, and the TA absorbance at 765 nm was
measured by UV-Vis spectrophotometry (Techcomp, UV2300, China). The TA
concentration was determined from the standard curve, and the mass of TA
released from the hydrogel (m+) was indirectly calculated. The release rate of the
CS-rGO-TA hydrogels was calculated according to Equation 3.1. The samples

were analyzed in triplicate.

Release rate (%) = my/m, x 100 (3.1)
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3.3.3.3 Antioxidant capacity

Antioxidant activity was measured by an in vitro DPPH. The antioxidant capacity
of the hydrogels was evaluated by their ability to scavenge DPPH free radicals.
First, a 0.1 mM DPPH solution in ethanol was prepared as a working solution.
Next, 20 mg of hydrogel was dissolved in 2 ml of this DPPH working solution and
incubated for 1 h in the dark. After incubation, the supernatant was collected, and
the absorbance at 517 nm was measured using a UV-Vis spectrophotometer
(Techcomp, UV2300, China). The DPPH free radical scavenging activity was
calculated by Equation 3.2:

Scavenging activity (%) = Apjank — Asample/Ablank X 100 (3.2)

Where Apignk @and Aggmpie are the absorbance values of the DPPH working

solution and the sample, respectively. Each sample was analyzed in triplicate. All
experiments were conducted at room temperature, atmospheric pressure, and
85% humidity.

3.3.3.4 Hydrogel biocompatibility

The cytotoxicity of the hydrogels was determined using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (MTT) bromide assay, and cell migration was
assessed using a scraping assay. Human dermal fibroblasts were used to
evaluate the in vitro cytotoxicity and cell migration of all synthesized materials.

The same methodology described in Chapter 2 was followed for both assays.

3.3.3.5 In vitro antibacterial activity

The antibacterial activity of the hydrogels was evaluated in vitro using model

strains of Escherichia coli (E. coli, ATCC 27195) and Staphylococcus aureus (S.
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aureus, ATCC 25923). The same methodology described in Chapter 2 was

followed.

3.3.3.6 Animal Experiments

Each experiment was conducted following the Experimental Standards and
Biodiversity Rights (NIH Publication 80-23, revised in 1996, and Arouca Law-11,
794, 2008), approved by CEUA/UNIARARAS (026/2017), and the principles of
biosafety and bioethics, with the approval of the Bioethics and Biosafety
Committee of the University of Concepcion (Approval Number: CEBB 865-2021,
May 2021).

3.3.3.6.1 Irritability Assessment

The irritation potential of the hydrogels was evaluated in five guinea pigs (Cavia
porcellus, 300-500 g body weight). The procedure began with the administration
of anesthesia using ketamine (40—-50 mg per kilogram) and xylazine (4—5 mg per
kilogram). The dorsal surface of each animal was shaved for 24 h, and two pieces
of the material were placed on the shaved skin. The hydrogels were then covered
with a transparent dressing (3M Tegaderm™, USA) for a total of 12, 24, 48, and
120 h, after which the dressing was removed and dermal reactions, including
erythema, eschar, and edema, were scored according to established guidelines
(Table B.1). A group of three untreated animals served as controls. After 5 days,
the animals were euthanized by CO, inhalation in a euthanasia chamber, followed

by cervical dislocation.

3.3.3.6.2 Evaluation of the healing potential of hydrogel in the rat dorsal

skin wound model.
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Wound healing was studied in 36 male Wister rats (mean weight 190-210 g),
divided into 4 groups and 3 experimental times (2, 7, and 14 days). The wound
healing rate (WHR) of the different groups was assessed by clinical and
photographic evaluation of the wounds, and the evolution of the injured areas was
recorded using Imaged software. Finally, all wound biopsies were collected for
subsequent histological analysis. Details of the in vivo characterizations are

described in Appendix B.2.

3.3.3.6.3 Histological Analysis

The excised wound tissues were fixed in 10% (v/v) formalin solution, dehydrated
through a graded alcohol series (50-100% (v/v)), cleared in xylene, and
embedded in paraffin. Serial 4.0 ym-thick sections were cut using a microtome
and stained with hematoxylin and eosin (H&E) (assessment of inflammatory
infiltrate). The slides were then stained with Mallory and Masson's Trichrome
staining (collagen formation evaluation) and examined under a light microscope
using Leica Application Suite version 3.2.0 software. For each wound skin sample
from each animal, six sections were taken and examined (400x magnification).
Collagen formation was quantified using the "Color Deconvolution" plugin in
ImageJ software, where the three colors of the trichrome stain were deconvolved.
Only the percentage of the total blue area (collagen) in the image was determined.

The results were expressed as the average collagen distribution per treatment.

3.3.3.6.4 Histological Analysis

The excised wound tissues were fixed in 10% (v/v) formalin solution, dehydrated
through a graded alcohol series (50-100% (v/v)), cleared in xylene, and
embedded in paraffin. Serial 4.0 ym-thick sections were cut using a microtome
and stained with hematoxylin and eosin (H&E) (assessment of inflammatory

infiltrate). The slides were then stained with Mallory and Masson's Trichrome
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staining (collagen formation evaluation) and examined under a light microscope
using Leica Application Suite version 3.2.0 software. For each wound skin sample
from each animal, six sections were taken and examined (400x magnification).
Collagen formation was quantified using the "Color Deconvolution" plugin in
ImageJ software, where the three colors of the trichrome stain were deconvolved.
Only the percentage of the total blue area (collagen) in the image was determined.

The results were expressed as the average collagen distribution per treatment.

3.3.3.6.5 Molecular analysis by Western Blot

The quantified proteins (50 pg of total protein) were electrophoresed on a 12%
polyacrylamide gel (SDS-PAGE) using the BioRad minigel apparatus with
electrophoresis buffer. Transfer of the separated proteins from the gel to a
nitrocellulose membrane was performed electrically using a Bio-Rad® device for
approximately 1.5 hours at 120V, with the membrane kept on ice. The primary
antibodies used are described in Table B.2. Optical density was read using
ImageJ® software. The results were normalized by comparing the expression with

GAPDH. Details of the test procedure are described in Appendix B.1.

3.3.3.6.6 RNA Extraction and RT-qPCR

Total RNA from samples collected at 30 days postoperatively was macerated in
liquid nitrogen and isolated using TRIzol™ reagent (Invitrogen, Waltham, MA,
USA) for RNA isolation, following the manufacturer’s instructions. According to
the manufacturer's instructions, RNA was converted to cDNA from 1.5 ug of total
RNA using the High-Capacity Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The TagMan assays used are described in Table B.2 and were purchased from
Applied Biosystems. Reactions were performed in triplicate with TagMan Gene
Expression Master Mix (Applied Biosystems, Waltham, MA, USA). The entire

gPCR procedure was performed according to the previously described
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protocol[282]. GAPDH was used as a control for data normalization and validated
using BestKeeper software. The PCL group was used as a calibrator, and the

results were calculated using the 2722Ct method.

3.3.4 Statistical Analysis

Students’ t-test was used to compare each experimental group with the control
group. Different letters indicate statistically significant differences between groups
(p<0.05, one-way ANOVA with Tukey’s post hoc test). Graphs and statistical

analyses were performed using Statgraphics Centurion® XVII software.

3.4 Results and Discussion
3.4.1 Physicochemical Characterization

The surface morphology of the hydrogels was observed by SEM (Figure 3.1A).
All hydrogels exhibited rough surfaces characterized by well-defined lamellae and
amorphous structures, attributable to the varied interactions between the
constituent raw materials. Notably, increasing TA content led to denser surface
morphology, which is likely due to a higher crosslinking density resulting from
enhanced hydrogen bonding and hydrophobic interactions involving the PF.

FTIR analysis was performed to investigate the chemical composition and
successful integration of the hydrogel components. The FTIR spectrum of pure
CS displayed its characteristic absorption bands, including broad peaks
corresponding to hydroxyl (—OH) groups, primary amines, the C=0 stretching of
amide |, and the C-O-C stretching and N-H bending vibrations of amide Il
(Figure 3.1B)[207,283,284]. The effective reduction of graphene oxide (GO) and
subsequent functionalization of rGO with dopamine (DA) amino groups were
confirmed by the appearance of distinct absorption bands at 1220 cm™ and 1050

cm™', respectively[208-210]. The spectrum of TA revealed prominent bands
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attributed to both aromatic and non-aromatic hydroxyl groups, C=0 stretching
vibrations, and C-O stretching modes in aromatic and aliphatic structures[177].
The PF spectrum exhibited characteristic peaks corresponding to CH, and CH
stretching vibrations, along with distinct signals attributed to C-O-C and C-O
bond stretching[211,212]. In the synthesized hydrogels (Figure 3.1C), the
characteristic bands of CS and rGO were retained, and the intensity of TA-related
peaks increased progressively with higher TA concentrations. These spectral
features confirm the successful incorporation of TA into the hydrogel matrix and
the preservation of essential functional groups from each component, supporting

the structural integrity and multifunctional nature of the final formulation.
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Figure 3.1. (A) SEM images of the hydrogels synthesized; FTIR spectra of (B)
the raw materials and (C) the synthesized hydrogel; (D) Release profiles of

polyphenols over time.

In the previous chapter, the synthesis of the hydrogel was optimized, and its
physicochemical characterization was carried out, yielding representative values
of conductivity (2.30 mS/cm), swelling capacity (577.42%), tensile strength (22.14
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MPa), and elastic modulus (169.97 MPa). These parameters confirmed the
formation of a polymeric network with mechanical and transport properties
suitable for biomedical applications, particularly in the fields of tissue engineering
and wound healing. Such properties are essential to ensure both the structural
stability of the material and its ability to maintain a moist and bioactive
microenvironment in direct contact with the injured tissue. Building on this
foundation, the present work advances toward the in vivo validation of the
hydrogel’s therapeutic potential, specifically analyzing its effect on the wound
healing process. The study focuses on assessing how the incorporation of tannins
into the formulation modulates the tissue response, given that these phenolic
compounds are well recognized for their anti-inflammatory, antioxidant, and

antimicrobial properties.

3.4.2 TA Release Assays

TA release from the hydrogels was evaluated in PBS (pH 7.4), as shown in
Figure 3.1D. The release profiles demonstrated a sustained and prolonged
release over time, indicative of controlled release kinetics. Among the
formulations tested, the CS-rGO-TAs hydrogel exhibited the highest cumulative
release, reaching approximately 23% within the first hour. This controlled release
behavior is likely attributed to the stronger interactions between polyfunctional
components and TA, as well as the denser network structure of the composite
hydrogel, which regulates diffusion. In terms of antioxidant performance, the CS-
rGO hydrogel alone exhibited minimal free radical scavenging activity (3%). In
contrast, the TA-loaded hydrogels showed a substantial enhancement in
antioxidant capacity, with CS-rGO-TAs achieving the highest activity at 19%. This
effect aligns with the well-established antioxidant capacity of tannic acid, a natural
polyphenol known for its ability to neutralize free radicals produced during the
wound-healing process effectively[279]. The sustained release of TA from the
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hydrogel matrix likely helps mitigate oxidative stress-induced cellular damage,

thereby supporting and accelerating tissue repair[285].

3.4.3 Antibacterial Activity

The ability to inhibit microbial growth is a crucial feature of effective wound
dressings. In this study, the bactericidal activity of the hydrogels was assessed
against two representative pathogens: Escherichia coli (a Gram-negative
bacterium) and Staphylococcus aureus (a Gram-positive bacterium). All hydrogel
formulations demonstrated over 90% bacterial reduction for both strains, with the
CS-rGO-TAs hydrogel showing a slight yet consistent improvement in
antimicrobial efficacy (Figure 3.2A and 3.2B). This pronounced bactericidal effect
is attributed to the synergistic interplay among the hydrogel’s three components.
CS exerts its well-documented antimicrobial action through electrostatic
interactions between its positively charged amino groups and the negatively
charged bacterial membranes, resulting in membrane destabilization and
ultimately leading to cell death[286]. For its part, rGO enhances this effect through
both physical disruption—via its sharp edges—and the induction of oxidative
stress by generating reactive oxygen species[287]. The addition of TA further
amplifies the antimicrobial response by forming complexes with bacterial proteins,
interfering with key metabolic pathways, and contributing to the modulation of the
local inflammatory environment[288,289]. Although the incremental increase in
bacterial death observed with CS-rGO-TAs was not statistically significant, it
suggests a potential additive effect of TA. These findings align with those reported
by Li et al. (2023), who demonstrated enhanced antibacterial efficacy in CS-based
hydrogels loaded with TA compared to those without the polyphenol[290].
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Results were expressed as mean + standard error of the mean (significance levels were set at p
< 0.05, and differences were considered significant when the groups compared displayed different

letters)

3.4.4 Cell Viability and Migration Assays

Biocompatibility is a critical factor in the design of wound dressings, as it directly
influences cellular responses and tissue regeneration. To evaluate the
biocompatibility of the TA-enhanced hydrogel (CS-rGO-TAs3), in vitro cytotoxicity
assays were performed using human dermal fibroblasts (HDFs). The results
showed that HDF viability exceeded 100% after 24 hours of incubation (Figure
3.2C), indicating not only the absence of cytotoxic effects but also a stimulatory
influence on cell proliferation. Interestingly, the incorporation of TA significantly
improved cell viability, suggesting that the CS-rGO-TAs hydrogel creates a
favorable environment for fibroblast activity and wound repair. Fibroblasts play a
central role in wound healing by producing collagen fibers and extracellular matrix
components, thereby supporting granulation tissue formation and structural tissue
remodeling[291]. To assess the hydrogel's effect on fibroblast migration, a
scratch assay was conducted (Figure 3.2D and 3.2E). During the first 12 hours
post-injury, wounds treated with the hydrogels exhibited closure rates comparable
to those of the positive control and significantly greater than those observed in the
untreated negative control (Figure 3.2E). At 24 and 36 hours, cell migration was
notably enhanced in the CS-rGO group, with the TA-loaded formulation (CS-rGO-
TAs) further accelerating closure. Specifically, the CS-rGO-TA3 hydrogel achieved
over 60% closure in 24 hours and exceeded 90% by 36 hours. By 48 hours,
complete closure was observed in both hydrogel-treated groups and the positive
control, while the negative control remained at approximately 70%. These findings
highlight the hydrogel’s excellent cytocompatibility and pro-migratory properties,
both of which are essential for effective wound healing. Moreover, the results are

consistent with previous studies, such as that by Sun et al. (2024), in which a
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chitosan/polyethylene oxide hydrogel loaded with TA promoted over 80% cell
viability after 72 hours and significantly enhanced fibroblast migration, leading to

improved wound closure outcomes in in vitro models[292].

3.4.5 Irritation Potential

Materials intended for wound healing must demonstrate both biocompatibility
and safety to prevent adverse reactions in dermal tissues. Sensitive skin models,
such as guinea pigs, offer valuable insight into the dermatological safety of
hydrogel formulations before potential clinical application. In this study, the skin
irritation potential of the CS-rGO-TAs hydrogel was evaluated (Figure 3.2F). The
results showed that CS-rGO-TAs did not induce any signs of irritation, with no
visible changes observed upon removal of the hydrogel, resulting in an irritation
index of 0.0 (Table B.1). Furthermore, all animals maintained normal feeding and
drinking behavior, exhibited unimpaired motor function, and showed no abnormal
signs such as lethargy, restlessness, pruritus, or irritability. As no clinical
symptoms were detected throughout the observation period, histopathological
skin sampling was deemed unnecessary. These findings collectively support the

excellent biocompatibility and dermatological safety of the CS-rGO-TAs hydrogel.

3.4.6 In vivo Healing Assays

Building upon our earlier in vitro findings that highlighted the potent antimicrobial
properties and excellent biocompatibility of the CS-rGO-TAs hydrogel, we
proceeded to evaluate its therapeutic efficacy in a rat model of full-thickness
excisional wounds. All treatment groups exhibited significantly enhanced wound
contraction compared to the untreated control, achieving over 20% wound closure
as early as day 2 post-injury (Figure 3.3A and 3.3B). This early response
suggests a rapid onset of bioactivity, likely facilitated by the hydrogel’s capacity to

maintain a moist environment, control microbial load, and modulate the local
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inflammatory milieu. Among the groups, CS-rGO-TAs-treated wounds displayed
the greatest reduction in wound area and the fastest rate of closure, outperforming
both the untreated control and hydrogels lacking TA (Figure 3.3A and 3.3B). This
superior performance is likely attributable to the combined effects of the
hydrogel’s physicochemical properties: effective exudate absorption, sustained
hydration of the wound bed, and intimate contact with tissue surfaces, which
together enhance antibacterial efficacy and attenuate inflammation. By day 7,
wound closure rates had increased significantly across all treated groups.
Specifically, the CS-rGO-TAs group achieved 65.15 +2.87% closure, compared
to 60.06 +2.42% in the CS-rGO group, 55.94+1.76% in the CS group, and
51.47 + 2.87% in the untreated control (Figure 3.3A). By day 14, wounds treated
with the TA-loaded hydrogel were nearly fully re-epithelialized, accompanied by
visible hair regrowth around the wound edges—a sign of dermal restoration.
Quantitative analysis confirmed statistically significant differences between
groups, with CS-rGO-TAs-treated wounds reaching 98.77 +0.69% closure,
compared to 77.58 + 1.21% in the untreated group (Figure 3.3B). The enhanced
healing observed in the CS-rGO-TAs group can be largely attributed to the
astringent and bioactive properties of tannic acid, which support faster wound
contraction and re-epithelialization[293]. These findings align with and extend
previous reports. For example, Elhami et al. (2024) demonstrated that
chitosan/rGO-based nanocomposites significantly enhance tissue repair by
offering both structural support and effective antimicrobial protection[294]. In a
related study, Sun et al. (2024) reported that chitosan-based dressings enriched
with polyphenolic compounds promote hemostasis, stimulate angiogenesis, and
exert antioxidant activity, collectively contributing to improved wound healing,
particularly in complex or chronic wound environments such as diabetic
ulcers[292].
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To gain deeper insight into tissue-level healing, histopathological analyses were
conducted to evaluate the progression of wound regeneration following treatment.
Hematoxylin and eosin (H&E) staining revealed progressive re-epithelialization
across all treated groups, with the CS-rGO-TAs hydrogel displaying the most
robust and organized epidermal regeneration (Figure 3.3C). Wound contraction
was evident beneath the newly formed epidermis, and by day 7, the presence of
inflammatory infiltrates—including neutrophils, lymphocytes, and macrophages—
confirmed active engagement of the inflammatory phase. These histological
findings were consistent with molecular data from gene expression analysis,
reinforcing the observed biological activity. Between days 7 and 14 post-injury,
tissue sections from the treated groups demonstrated ongoing re-epithelialization,
abundant granulation tissue formation, emerging hair follicles, and clear signs of
neovascularization. A gradual reduction in inflammatory cell infiltration was
observed over time, with the CS-rGO-TAs group displaying the Ilowest
inflammatory scores by day 14, indicating a more rapid resolution of inflammation
and an accelerated transition toward the proliferative phase of healing.
Interestingly, the TA-treated group also showed a thinner, more compact
epidermis at later stages, consistent with advanced tissue remodeling. This may
be attributed to tannic acid’s capacity to precipitate lipid-protein complexes and
promote the formation of a flexible, protective scab that supports tissue
stabilization and reduces further irritation[295].

3.4.7 Collagen Deposition Assay

Collagen deposition is critical for wound strength and dermal remodeling[296].
Quantitative analysis of collagen content, performed using Mallory and Masson’s
Trichrome staining alongside image analysis via Imaged software (Figure 3.3D

and 3.3E), demonstrated a significant increase in collagen deposition in all treated
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groups compared to the untreated control. Notably, the CS-rGO-TAs3 hydrogel
induced the highest levels of collagen accumulation at both 7- and 14-day post-
injury. These effects were especially evident in the CS-rGO and CS-rGO-TAs
groups, with the TA-enriched hydrogel showing the most substantial collagen
density by day 14. These findings highlight the hydrogel's capacity to enhance
extracellular matrix remodeling and restore tissue integrity. The observed
increase in collagen content is likely influenced by the anti-inflammatory activity
of tannic acid, which reduces oxidative and inflammatory damage while promoting
a regenerative microenvironment[297,298]. In this context, the dual role of
collagen types becomes relevant: type | collagen, the most abundant in mature
skin, provides tensile strength and structural integrity, while type Ill collagen plays
a regulatory role during early repair, facilitating matrix organization, cellular
migration, and scar minimization[299]. Protein expression assays (Figure 3.4A
and 3.4B) revealed a predominance of type lll collagen in the early stages of
healing, followed by a progressive shift toward type | collagen as remodeling
advanced, reflecting the physiological dynamics of wound maturation[300].
Correspondingly, mRNA expression analysis confirmed the upregulation of both
type | and Il collagen transcripts during the proliferative phase, with the CS-rGO-
TAs group exhibiting significantly higher expression levels than the untreated
group (Figure 3.4A and 3.4B). These effects may be further enhanced by the
astringent nature of TA, which is believed to facilitate collagen fiber crosslinking,
thereby improving the mechanical strength and structural organization of the

extracellular matrix[301].

3.4.8 Molecular Analysis by Western Blot and RT-qPCR

The expression of interleukins following tissue injury plays a central role in
regulating inflammation, orchestrating healing responses, and influencing scar

formation[302]. Interleukin-10 (IL-10), a key anti-inflammatory cytokine, plays a
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crucial role in regulating the inflammatory phase of wound healing by limiting
excessive immune activation and promoting tissue homeostasis. It suppresses
excessive neutrophil and macrophage activation and downregulates the
expression of proinflammatory cytokines such as interleukin-6 (IL-6)[303,304]. In
addition, IL-10 contributes to tissue repair by facilitating the recruitment of
endothelial progenitor cells and promoting re-epithelialization, thereby supporting
vascular regeneration and epidermal restoration[305]. As shown in Figures 3.4C
and 3.4D, both gene and protein expression levels of IL-6 were elevated during
the early inflammatory phase (day 2), whereas IL-10 expression remained
relatively low. This pattern is consistent with the physiological response to acute
injury. However, as healing progressed into the proliferative phase (days 7 to 14),
a reversal in expression trends was observed. Importantly, treatment with CS-
rGO-TAs resulted in a pronounced reduction in IL-6 expression and a concomitant
increase in IL-10 levels at both the transcriptional and protein levels, indicating
effective modulation of the inflammatory response. These findings suggest that
the TA-loaded hydrogel more effectively attenuated the inflammatory response,
promoting an earlier transition toward tissue regeneration—an effect supported
by existing literature on the anti-inflammatory properties of TA. Efficient resolution
of inflammation is a prerequisite for the onset of the proliferative phase, during
which granulation tissue forms and fibroblasts synthesize extracellular matrix
components such as collagen. Collagen serves as a scaffold for cellular
organization, enabling angiogenesis and epithelial coverage[306]. The gene and
protein expression of type | collagen further supports this regenerative
progression, with the CS-rGO-TAs hydrogel promoting significantly higher
expression levels compared to other groups. These data highlight the critical link

between controlled inflammation and enhanced matrix deposition.
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Figure 3.4. Relative Gene and Protein expression at 2, 7, and 14 days: (A) COL
[, (B) COL III, (C) IL-6, (D) IL-10, and (E) VEGEF. (F) Protein expression bands by
Western blot analysis.

Results were expressed as mean + standard error of the mean (significance levels were set at p
< 0.05, and differences were considered significant when the groups compared displayed different
letters).

Vascular endothelial growth factor (VEGF), a key regulator of angiogenesis,
plays a pivotal role in wound healing by supporting vascular remodeling, re-
epithelialization, and collagen synthesis[307]. As shown in Figure 3.4E, VEGF
expression was upregulated across all treatment groups during the regenerative
phase, with the highest levels observed in the TA-loaded hydrogel group (p <
0.05). This enhanced VEGF activity likely contributed to improved tissue perfusion
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and oxygenation, thereby alleviating metabolic stress within the wound
microenvironment[308-310]. Collectively, these results underscore the diverse
biological functions of tannins in modulating key phases of wound healing, from
inflammation control to tissue regeneration. Beyond their well-established
antioxidant and anti-inflammatory properties, TA have also been shown to
stimulate fibroblast and keratinocyte proliferation, promote neovascularization,
and facilitate wound contraction—critical processes that work synergistically to
accelerate tissue regeneration and support functional skin repair[311]. The
combined effect of these mechanisms, as demonstrated by the CS-rGO-TAs
hydrogel, suggests its strong therapeutic potential in accelerating wound healing
and improving overall tissue repair quality.

Myeloperoxidase (MPO) is a key enzyme produced by activated neutrophils,
playing a central role in microbial clearance through the generation of reactive
oxygen species (ROS)[312]. At day 2 post-injury, all hydrogel-treated groups
exhibited elevated MPO gene expression relative to the untreated control,
although these differences did not reach statistical significance. As healing
progressed, however, a significant reduction in MPO expression was observed in
the CS-rGO-TAs group by day 14, compared to both the CS and untreated groups
(Figure 3.5A). Although MPO levels were also lower than those in the CS-rGO
group, this difference was not statistically significant. These findings align with the
enhanced wound closure and elevated type | collagen expression observed in the
CS-rGO-TAs group, reinforcing its role in promoting effective tissue regeneration.
Elevated MPO levels are often associated with prolonged inflammation and
impaired healing, as excessive ROS production can damage surrounding tissues
and delay the transition to the proliferative phase. The observed reduction in MPO
expression at later time points suggests successful resolution of the inflammatory
phase, likely following initial microbial control. This interpretation aligns with
previous in vivo and ex vivo studies, which demonstrated that MPO can inhibit

neutrophil adhesion and migration, and that the accumulation of hydrogen
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peroxide (H,O,), along with MPO released by infiltrating neutrophils, exacerbates
oxidative stress and epithelial injury[313].

Arginase 1 (ARG1), on the other hand, is a hallmark of reparative (M2)
macrophage polarization and plays a crucial role in orchestrating wound healing.
It modulates the inflammatory response, facilitates cell migration, supports
restoration of the skin barrier, and contributes to tissue remodeling[314,315]. At
day 2 post-wounding, ARG1 mRNA expression was upregulated in all treated
groups compared to the control, with CS-rGO-TA3s showing significantly higher
levels (Figure 3.5B). This trend persisted at days 7 and 14, where Arg1
expression remained elevated in all treatment groups, with the CS-rGO-TA3
hydrogel consistently inducing the highest expression. These findings suggest a
sustained pro-repair immune response in the CS-rGO-TAs group, supporting
faster resolution of inflammation and enhanced tissue regeneration. This is further
supported by previous reports highlighting the role of ARG1 in promoting collagen
synthesis through the conversion of L-arginine into ornithine, a key precursor in
collagen biosynthesis[316]. These results corroborate our findings on enhanced
collagen expression in treated groups. The elevated ARG1 levels observed in our
study correlate well with the enhanced collagen deposition documented in
histological and molecular analyses, further underscoring the regenerative
capacity of the CS-rGO-TAs hydrogel.

A prolonged or dysregulated inflammatory response is a recognized barrier to
effective wound healing, underscoring the critical role of tightly regulated
proinflammatory cytokine activity in orchestrating successful tissue repair.[317]
Among these, the interleukin-1 receptor antagonist (IL-1rn) plays a pivotal role in
modulating the local inflammatory environment by suppressing IL-6 and IL-13
expression while promoting IL-10 production[318]. In our study, IL-1rn expression
levels at days 2 and 7 post-injury showed no significant differences between the
treated and control groups, suggesting that early anti-inflammatory signaling

remained comparable across conditions during the initial phases of wound
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healing. However, at day 2, the untreated group exhibited markedly higher IL-13
expression compared to all treated groups, indicating a delayed resolution of
inflammation, even in an acute wound model. By day 14, the CS-rGO-TAs-treated
group showed the highest IL-1rn expression and the lowest IL-1[3 levels across
all groups (Figure 3.5D and 3.5E), suggesting more efficient control of the
inflammatory response. This observation is supported by prior studies indicating
that IL-1 inhibition can attenuate proinflammatory cytokine production (e.g., IL-1,
IL-6), reduce myofibroblast activity, and enhance anti-inflammatory cytokine
release (e.g., IL-10), as well as endothelial cell recruitment, M2 macrophage
polarization, and granulation tissue formation—creating a transiently less

inflammatory environment conducive to tissue repair[319,320].
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Figure 3.5. Relative gene expressions at 2, 7, and 14 days: (A) MPO, (B) ARG1,
(C) IL-1rn, (D) IL-1B, and (E) CD68.
Results were expressed as mean * standard error of the mean (significance levels were set at p
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At 2 days post-injury, the CD68 expression marker of macrophage infiltration
was significantly elevated in the CS and CS-rGO groups compared to the CS-
rGO-TAs and untreated groups, indicating a more intense early inflammatory
response (Figure 3.5E). This pattern is characteristic of the early inflammatory
phase, during which macrophage recruitment plays a pivotal role in clearing
cellular debris and defending against potential pathogens. By day 7, CD68
expression had declined across all groups, with the CS-rGO-TA3s group showing
the lowest levels, suggesting a more rapid resolution of macrophage-mediated
inflammation. This is notable given that prolonged persistence of proinflammatory
macrophages is associated with delayed healing, chronic inflammation, and
fibrosis[321,322]. By day 14, CD68 expression had normalized across all groups,
reflecting progression into the proliferative and remodeling phases of wound
repair. This temporal pattern aligns with well-established dynamics of
macrophage infiltration, where a decrease in inflammatory cell presence
coincides with the onset of tissue regeneration and extracellular matrix
remodeling[323]. These findings are consistent with previously reported
expression patterns of both pro- and anti-inflammatory markers (IL-6, IL-18, IL-
10, IL-1rn, Arg1), as well as with the accelerated wound healing observed in the
CS-rGO-TAs group. The sustained reduction in macrophage activity in this group
aligns with known anti-inflammatory effects of polyphenolic compounds, such as
tannic acid, which have been shown to promote macrophage polarization toward
the M2 reparative phenotype[324,325]. This immunomodulatory shift supports the
hypothesis that TA-enriched hydrogels facilitate the transition from inflammation
to regeneration, thereby enhancing the wound healing process. Moreover, the
improved outcomes observed in collagen deposition, neovascularization, and
overall wound closure in the CS-rGO-TA3 group are likely downstream effects of
this early and effective modulation of the inflammatory response. These results

are consistent with previous studies highlighting the therapeutic potential of TA
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and other natural anti-inflammatory agents in promoting cutaneous repair through

immune regulation and support of the proliferative phase[326].

3.5. Partial Conclusions

- Wound dressings were developed from a CS-rGO-PF hydrogel loaded with
different concentrations of TA. The CS-rGO-TAs hydrogel showed a
controlled and sustained release of TA, attributed to its dense polymer
network, which also enhanced its antioxidant activity through the efficient
scavenging of free radicals.

- The hydrogel exhibited excellent antibacterial activity against E. coli and S.
aureus, as well as remarkable biocompatibility, evidenced by the high viability
of human dermal fibroblasts and the absence of toxicity or irritation.

- In the animal model, the CS-rGO-TAs hydrogel effectively promoted cell
migration and the organized deposition of type | and Il collagen, favoring
adequate tissue regeneration. Furthermore, it significantly accelerated
healing, reduced inflammation, and facilitated the formation of a flexible scab,
contributing to a faster and structurally more robust recovery.

- The presence of TA effectively modulated the inflammatory response,
decreasing pro-inflammatory cytokines (IL-6, IL-18) and increasing anti-
inflammatory cytokines (IL-10, IL-1rn), thus promoting an early transition to
the proliferative phase. Simultaneously, the hydrogel regulated macrophage
activity by reducing the expression of pro-inflammatory markers (CD68, MPO)
and increasing ARG1, associated with polarization toward the M2 reparative
phenotype.

- Taken together, these findings position CS-rGO-TAs hydrogel as a safe and
effective therapeutic strategy for skin repair, especially in wounds with
delayed or chronic healing, by generating an optimal microenvironment that
accelerates regeneration and improves the quality of the repaired tissue.
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General Conclusions

In this study, chitosan-based (CS) hydrogels incorporating reduced graphene
oxide (rGO) and Pluronic F-127 (PF) (CS-rGO-PF) were developed and optimized
using a 2%+ star factorial experimental design. Characterization analyses
demonstrated that the incorporation of rGO significantly improved the material's
stiffness, structural stability, and electrical conductivity, while PF enhanced
flexibility and thermal stability. Together, these properties created a
microenvironment conducive to cell migration and proliferation, key conditions for
accelerating skin wound healing. Furthermore, absorption kinetics in simulated
human fluids confirmed the hydrogel's ability to retain moisture and maintain an
environment favorable for tissue repair. In vitro assays revealed that the
developed hydrogels exhibited antibacterial activity against Gram-positive and
Gram-negative bacteria, high viability in human dermal fibroblasts, and marked
stimulation of cell migration, confirming their biocompatibility and regenerative
potential. Subsequently, hydrogels loaded with different concentrations of tannins
(TA) were synthesized, and the CS-rGO-TAs formulation was selected for in vivo
studies. In dermal irritation tests in guinea pigs, CS-rGO-TAs showed no signs of
toxicity or irritation. In the murine model, CS-rGO-TA3 promoted significantly faster
and more organized wound healing than the controls, facilitating an early
transition from the inflammatory to the proliferative phase. Histological analyses
revealed increased deposition of type | and type Il collagen, abundant granulation
tissue, and enhanced angiogenesis compared with CS hydrogel alone and
untreated wounds. At the molecular level, RT-gPCR and Western blot analyses
demonstrated that CS-rGO-TAs effectively modulated the immune response by
decreasing pro-inflammatory cytokines (IL-6, IL-18) and increasing anti-
inflammatory cytokines (IL-10, IL-1rn). Furthermore, the upregulation of Arg1
alongside reduced CDG68 expression indicated macrophage polarization toward
the reparative M2 phenotype, consistent with early inflammation resolution. These
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molecular changes correlated with increased VEGF and collagen levels,
explaining the faster and more structurally organized regeneration observed. In
the porcine model, which more closely resembles human skin physiology, the CS-
rGO-PF+0 hydrogel achieved complete wound closure within 21 days, comparable
to the commercial dressing Nexcare™, but with additional advantages, including
improved dermal tissue organization, regeneration of hair follicles, and absence
of fibrosis or hyperkeratosis. These findings confirm its clinical potential for
regenerative medicine applications. Overall, the results obtained validate the
proposed hypothesis, demonstrating that the developed hydrogels not only
accelerate cutaneous wound healing but also modulate the inflammatory
response in a balanced manner, stimulate angiogenesis, and promote structural
and functional skin regeneration. Their performance—comparable to or even
superior to commercial treatments—positions these hydrogels as highly
promising biomaterials for the advanced management of acute and chronic

wounds.
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Scope of future work

This research yields interesting conclusions that support the use of these
hydrogels to promote wound healing. However, further studies are needed to
validate their final application. These studies involve evaluating coagulation
parameters related to the alternative coagulation pathways promoted by the
hydrogels. The effects of loading higher concentrations of TA into the hydrogels
on their hemostatic performance in vitro and in vivo should also be investigated.
Exploring new biomedical applications for these hydrogels based on their

properties is also worthwhile.
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Appendixes

Appendix A: Supporting Information for Chapter 2

A.1 Materials characterization techniques

Scanning electron _microscopy (SEM). The micromorphology of the hydrogel
compounds was evaluated using SEM analysis. SEM images were recorded with
a JEOL JSM-6380LV microscope, Japanese model, at 10 kV. The hydrogels were
coated with a sputtered gold coating, and their surfaces were observed at different

resolutions (5 um, 20 ym, and 50 pm).

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR).
ATR-FTIR was used to investigate the chemical nature of the CS-rGO-PF

hydrogel interaction. Spectra were recorded on a Perkin EImer UATR Two FTIR

spectrometer. The wavenumber range analyzed was 4000 to 500 cm™, and a

total of 40 cumulative scans were acquired.

X-ray diffraction (XRD). XRD was used to evaluate the degree of oxidation of GO

and the crystallinity of the CS-rGO-PF hydrogels. Measurements were performed
on an X-ray diffractometer (Bruke Axs, D4 Endeavour, USA) with a reference
objective: Cu Ka radiation (A = 1.541841 A; 2.2 kW), voltage: 40 kV, and current:

20 mA. The samples were measured from 2 to 50° for 141 s in 0.02° steps.

Wettability. The contact angles of the samples were determined to assess
wettability (DSA-25 goniometer droplet shape analyzer (Kruss, Germany)).
Deionized water was dispensed onto the hydrogel samples using a microsyringe
needle, and a photograph of the resulting droplet was taken. The software
examined the droplet shape by capturing photos at 30 ms intervals. To reduce
material absorption errors, the initial measurement value was used. The baseline

was manually adjusted to mitigate the impact of material roughness.
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In Vivo Wound Healing Assay. The wound healing assay was conducted in eight

male Yorkshire pigs (Sus scrofa), with an average age of two months and an
average weight of 20-25 kg. An intravenous anesthetic protocol was
implemented, consisting of the administration of ketamine (20 mg/kg) and
xylazine (2 mg/kg). In addition, 2% lidocaine (100 uL) was topically applied to the
wound site. Subsequently, unconsciousness was induced and response to stimuli
was confirmed. Ten wounds of 2.5 cm diameter and 4—5 mm depth were made in
each animal using a scalpel. Wounds were treated with advanced wound healing
dressings (Nexcare™, 3M, St. Paul, Minnesota, USA) as a positive control and
with CS and CS-rGO-PF1o hydrogels. One wound was left untreated. Biopsies
were obtained from wound margins on days 0, 4 and 21 using an 8 mm diameter
punch (Kruuse, India). The samples were fixed in 10% buffered formalin for 24
hours, subsequently transferred to ethanol and embedded in paraffin for
histological analysis. Assessment of wound healing was performed according to
Sevimli-Gur et al. (2011). Histological features were assessed by the same
specialist (blinded to the treatment). Histologic wound assessment scoring
included: reepithelialization (0 = none; 1 = partial; 2 = complete but immature/thin;
3 = complete and mature), neovascularization (0 = none; 1 = up to 5 vessels/high
power field [HMF]; 2 = 6-10 vessels/HMF; 3 = >10 vessels/HMF), amount of

granulation tissue (0

none; 1 = scant; 2 = moderate; 3 = abundant), and
inflammatory cells (0O = none; 1 = scant; 2 = moderate; 3 = abundant). At the end
of the experiment, pigs were euthanized with 5% thiopental solution at a dose of
10 mg/kg/h, followed by pathologic examination of the heart, pancreas, liver, and
kidneys. The experiments with pigs were carried out following the principles of
biosafety and bioethics and were approved by the Bioethics and Biosafety
Committee of the Faculty of Biological Sciences of the University of Concepcion.

Obtaining GO and rGO:
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Graphene oxide (GO) was synthesized following the method of Hummers et al.
(1958)[327], with some experimental adaptations to improve the efficiency and
safety of the process([328]. Initially, a concentrated acid mixture was prepared by
combining 30 mL of phosphoric acid (H;PO,) with 270 mL of sulfuric acid (H,SO,)
in a beaker under continuous magnetic stirring. This exothermic reaction raised
the temperature of the system to approximately 40°C. Once the mixture had
cooled to 25°C, 2.25 g of graphite were gradually added, taking care to maintain
the temperature below 30°C. Subsequently, 13.5 g of potassium permanganate
(KMnO,) were added, also gradually and under constant stirring. Once all the
reagents were dissolved, the mixture was placed on a hot plate for 1 hour,
maintaining the temperature between 35°C and 50°C. After this time, the reaction
was stopped by the slow addition of 55-60 mL of 60% hydrogen peroxide (H,0,)
in an ice bath. This step produced a visible change in the mixture, from black to
green, accompanied by a sudden temperature increase to approximately 100°C.
The mixture was allowed to cool to room temperature until foaming ceased, while
stirring. The product was then transferred to centrifuge tubes and centrifuged at
5000 rpm for 20 minutes to separate the solid fraction from the acid solution. The
supernatant was discarded, and the remaining solid was washed successively
with ultrapure water (milliQ), repeating the centrifugation process twice, until a
color change to brownish-yellow was observed. To remove trace metals, 100 mL
of 0.1% HCI was added and the mixture was vigorously shaken before further
centrifugation. This washing was repeated three times with MilliQ water. Chloride
ion removal was verified by adding drops of silver nitrate (AgNO3) solution to the
supernatant; the absence of a white precipitate indicated adequate purification.
The solid was then washed with 100 mL of absolute ethanol, shaken, and
centrifuged again. Finally, graphene oxide exfoliation was carried out by
sonication for 45 minutes in an ice bath, ensuring that the temperature did not
exceed 37°C. The resulting product was frozen and subsequently lyophilized for
storage.
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The reduction process began with the preparation of 200 mL of a 10 mM Tris
buffer solution. 50 mg of dopamine hydrochloride (DA-HCI) were added to this
solution, stirring continuously until completely dissolved. Subsequently, 100 mg
of GO were incorporated under constant mechanical stirring. The pH of the
solution must be maintained at 8.5, so it was carefully adjusted by adding HCI or
NaOH, as needed. Once the appropriate pH and homogeneity were achieved, the
mixture was sonicated in an ice-water bath for 20 minutes to uniformly disperse
the GO in the solution. The reaction was then carried out at 60°C for 24 hours
under continuous mechanical stirring. During this period, a progressive color
change was observed in the solution, indicating the reduction of GO and the
formation of rGO. After the reaction time, the mixture was vacuum filtered using
membrane paper, and the retained solid was washed with ultrapure water (MiliQ)
two to three times to remove unreacted reagents. The resulting solid was
redissolved in MiliQ water and subjected to dialysis for three days, with daily water
changes, to ensure complete removal of impurities and soluble byproducts. After
dialysis, the material was again vacuum filtered and washed with MiliQ water.
Finally, the solid was dried on filter paper at room temperature. Once dry, the rGO
was recovered and stored in a hermetically sealed container for subsequent

characterization and application.
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Table A.1: Kinetic model of Swelling.

Kinetic model Equations a = %:
Peppas[329,330] a = kt"
Mampel[329,331] —In(1—a) = kt
Second-order Q-a)yt—1=kt
equation[332,333]

_klt(1+2‘al//2)
Mixed model[236] a=1-e t/2

Where W;and W, are the swelling of the hydrogel at time t and an equilibrium,

respectively, k is the rate constant of the swelling process, and n is the diffusion
coefficient. An n value of 0.45 represents Fickian diffusion, and a value of 0.45 <

n< 0.89 represents anomalous (non-Fickian) diffusion [12].

Table A.2: Swelling kinetic parameters and contact angle.
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1st order Peppas Mampel Mixed Contact
Samples " angle
Fick k R? k R? k R? k 2
(degree)
CS-PF 15 0.45 0.061 0.920 0.189 0.973 0.142 0.947 0.480 0.962 60.2+0.05
CS-rGO 0.25- 0.76 0.083 0.983 0.028 0.995 0.075 0.990 1,365 0.910 37.21+0.03
PF 10
CS-rGO o.75- 0.67 0.085 0.973 0.030 0.991 0.154 0.963 0.100 0.949 26.81+0.02
PF 10
CS-rGO 0.25- 0.58 0.068 0.944 0.059 0.985 0.964 0.972 0.254 0.942 52.21+0.02
PF 20
CS-rGO o.75- 0.68 0.050 0.942 0.030 0.991 0.913 0.950 0.235 0.928 46.7+0.02
PF 20
CS-rGO-PF 15 068 0.040 0.969 0.018 0.992 0.095 0.985 1,685 0.992 29.0+0.02
CS-rGO o0 049 0.087 0972 0.166 0.978 0.224 0.928 1,365 0.927 62.0£0.03
CS-rGOos0-PF 0.75 0.084 0.973 0.026 0.995 0.783 0.941 0.495 0.992 26.7+0.00
25 3
CS-rGOos0-PF 0.84 0.013 0.998 0.020 0.937 0.208 0.998 1,693 0.927 22.6+0.01
15
Table A.3: Quantitative results of in vivo assay.
Samples Re- Neovascularization Granulation Inflammatory
epithelialization tissue cells
Untreated
4 days 0 2 1 2
21 days Marked epidermal acanthosis. Loose connective tissue is seen in the

papillary and reticular dermis.

CS
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4 days 1 2 2 3
21 days There is mild acanthosis, no hyperkeratosis. There are no traces of skin
appendages in the wound area yet.
CS-rGO-PF1o

4 days 2 3 3 2

21 days Good differentiation of the epithelium. Dermal papillae and epidermal ridges
are clearly visible, with many blood vessels close to the epithelial basement
membrane. Differences are seen between the loose connective tissue of
the papillary dermis versus a denser and more organized/molded tissue in
the reticular dermis. In addition, the generation of developing hair follicles is
seen. No hyperkeratosis or acanthosis is observed.

Positive Control
4 days 1 2 1 3
21 days Complete maturation of the epithelium, but epidermal ridges or marked

dermal papillae are not yet observed. Loose connective tissue is observed
in the papillary and reticular dermis. There is a greater presence of

inflammatory cells than fibroblasts.

Re-epithelialization (0 = none; 1 = partial; 2 = complete but immature/thin; 3 = complete and

mature). Neovascularization (0 = none; 1 = up to 5 vessels/high power field [HMF]; 2 = 6-10

vessels/HCF; 3 = >10 vessels/HCF). At this point, 3 visual fields were analyzed, and an average

was obtained. Amount of granulation tissue (0 = none; 1 = scant; 2 = moderate; 3 = abundant)

Inflammatory cells (0 = none; 1 = scant; 2 = moderate; 3 = abundant).

102



Appendix B: Supporting Information for Chapter 3

B.1 Pinus Radiata Bark Extract Production (TA)

Pinus radiata bark extracts were produced through a pilot-scale extraction
process, as described by Bocalandro et al. (2012)[334]. For this purpose, a
reactor volume of 4 m3 and a vapor heating system composed of a shell and a
tube heat exchanger with 6 m? heat transference area were used. In addition, a
recirculation circuit for the extracted solution was implemented. Briefly, the Pinus
radiata bark was ground with a double-knife mill to an average size lower than 20
mm. Then, the bark was dried at room temperature to a humidity of 24.5% (dry
weight), and 100 kg (dry weight) of bark was soaked in an ethanol/water solution
at a 1:20 ratio (w/v) for 120 min at 120 °C. Subsequently, the ethanol was
evaporated in a vacuum (absolute pressure 0.05 bar) at room temperature. Thus,
the water-insoluble particulate material after decanting and the water-soluble
polyphenol fraction were obtained. Finally, the water-soluble polyphenols were
lyophilized at room temperature, and the obtained extracts were stored in sealed

amber glass containers for further analysis.

B.2 Materials characterization techniques

Western blotting. Tissue samples were placed in liquid nitrogen and macerated

with a hammer in a stainless steel support. Subsequently, the lyophilized samples
were homogenized in a buffer containing 1% Triton-X-100, 100 mM Tris (pH 7.4),
100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM
sodium orthovanadate, 2 mM PMSF and 0.01 mg/mL of antiprotease cocktail
using the Politron® equipment. The homogenate was centrifuged at 12,000 rpm
at 4 °C for 20 minutes to separate the sample according to its density.
Subsequently, the supernatant was aspirated and its proteins were quantified with
the biuret reagent. Subsequently, the samples received Laemmli buffer added
with 200 mM dithiothreitol in a 5:1 ratio. Finally, they were subjected to a
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temperature of 100°C for 5 minutes. After protein quantification, 50 ug of total
protein was subjected to 12% polyacrylamide gel electrophoresis (SDS-PAGE) in
a BioRad Minigel apparatus with electrophoresis buffer. Initially, they were
subjected to 80 V up to the gel stacking line and subsequently to 120 V up to the
gel resolution line. A molecular weight marker with established molecular weight
values was used in each gel. The proteins separated in the gel were transferred
electrically to a nitrocellulose membrane using a BioRad® apparatus for
approximately 1.5 hours at 120 V, kept on ice. To reduce nonspecific binding, the
PVDF membrane was incubated in 5% BSA diluted in basal solution at room
temperature for 1 hour. After blocking, the membrane was washed three times
with basal solution and incubated with specific antibodies diluted in 3% BSA
blocking solution, and kept at 4°C overnight with gentle shaking. The primary
antibodies used are described in Table S2 (1:5000). The following day, they were
washed with basal solution and incubated with secondary antibody for
approximately one hour. Approximately 2 ml of chemiluminescence solution in a
1:1 dilution of the reagents from the Thermo Fisher® commercial kit was then
added for approximately two minutes. Light emission was detected and captured
using the SysGen® photodocumentation system. Optical density was read using
ImageJ® software. The results were normalized by comparing the expression with
GAPDH.

B.3 Surgical Procedure and Groups

The animals were anesthetized by intraperitoneal injection of a 2.5%
tribromoethanol solution (100 pL/10 g; Sigma, USA). The animals' backs were
shaved, and after asepsis with 70% ethanol, two full-thickness circular incisions
were made in the dorsocervical region with a sterile histological punch (1.5 cm in
diameter), the thickness of which encompassed all skin layers. The excised skin
from each animal was preserved for subsequent histological and biochemical

analysis, representing samples from the initial day (day 0) without treatment.
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The groups, consisting of 9 animals each, were separated according to wound
treatment: in group 1, both wounds of each animal were treated with chitosan
hydrogels (circular, 2.0 cm in diameter) pre-moistened with 0.9% saline; in group
2, both wounds of each animal were treated with chitosan-reduced graphene
oxide hydrogels (circular, 2.0 cm in diameter) pre-moistened with 0.9% saline; In
group 3, both wounds of each animal were treated with chitosan-reduced
graphene oxide-tannin hydrogels (circular, 2.0 cm in diameter) pre-moistened with
0.9% saline; in group 4, the wounds were treated only with 0.9% saline (150 uL
each). The wounds of all animals in both groups were covered with gas, and the
dressing was changed daily after hydration with 0.9% saline (100 pL) until the
follow-up day. The hydrogels were removed only after euthanasia of the animals
at 2,7, and 14 days.

Table B.1. Skin irritation assessment: scoring scale for erythema, scaling, and

edema.
Reaction Irritation Score
Formation of erythema and eschar
Without erythema 0
Mild erythema (barely noticeable) 1
Well-defined erythema 2
Moderate to severe erythema 3
Severe erythema (red) tending to eschar 4
formation
Edema formation
No edema 0
Mild edema (barely noticeable)
Well-defined edema (edges of the area well 2

defined by magnification)
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Moderate erythema (increase approx. 1 mm) 3
Severe edema (increase of more than 1 mm and 4
extension beyond the area of exposure.

Maximum possible score for irritation 8

Table B.2. TagMan assays used for Western blot and RT-gPCR.

TaqMan Assays Product Codes
Gapdh Rn01775763_g1
Glyceraldehyde-3-Phosphate Dehydrogenase
Vegf Rn01511602_m1
Vascular endothelial growth factor
CcoL | Rn01463848 m1
Collagen type |
COL Il Rn01437681_m1
Collagen type Il
MPO Rn01460205 m1
Myeloperoxidase
CD68 Rn01495634_m1
Glycoprotein CD68
Arg1 Rn00691090_m1
Arginase 1
IL-6 Rn01410330_m1
Interleukin 6
IL-10 Rn01495634 g1
Interleukin 10
IL-18 Rn00580432_m1

Interleukin 183
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IL-1r Rn02586400_m1

Interleukin 1 receptor antagonist

Table B.3. Quantitative results of in vivo assay.

Samples Re- Neovascularization Granulation Inflammatory
epithelialization tissue cells
Untreated
2 days 0 2 1 2
14 days  Marked epidermal acanthosis. Loose connective tissue is seen in the
papillary and reticular dermis.
CS
2 days 1 2 2 3
14 days There is mild acanthosis, no hyperkeratosis. There are no traces of
skin appendages in the wound area yet.
CS-rGO
2 days 1 2 1 3
14 days Complete maturation of the epithelium, but epidermal ridges or marked

dermal papillae are not yet observed. Loose connective tissue is
observed in the papillary and reticular dermis. There is a greater

presence of inflammatory cells than fibroblasts.

CS-rGO-TAs3
2 days 2 3 3 2
14 days Good differentiation of the epithelium. Dermal papillae and epidermal

ridges are clearly visible, with many blood vessels close to the epithelial
basement membrane. Differences are seen between the loose
connective tissue of the papillary dermis versus a denser and more

organized/molded tissue in the reticular dermis. In addition, the
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generation of developing hair follicles is seen. No hyperkeratosis or
acanthosis is observed.

Re-epithelialization (0 = none; 1 = partial; 2 = complete but immature/thin; 3 = complete and
mature). Neovascularization (0 = none; 1 = up to 5 vessels/high power field [HMF]; 2 = 6-10
vessels/HCF; 3 = >10 vessels/HCF). At this point, 3 visual fields were analyzed, and an average
was obtained. Amount of granulation tissue (0 = none; 1 = scant; 2 = moderate; 3 = abundant)

Inflammatory cells (0 = none; 1 = scant; 2 = moderate; 3 = abundant).
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