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Abstract

Every year, millions of people are diagnosed with cancer worldwide and radiotherapy plays an
important role in their treatment. However, it can also cause uncomfortable or even painful side
effects on the skin. The most common side effect of radiotherapy is radiodermatitis. These skin
lesions could affect the success of the treatment and the quality of patient life. One therapeutic
approach of relevance to skin wound healing is tissue engineering, in which the combination of a
biomaterial, cells, and biological signals plays a decisive role in the regeneration of the damaged
tissue. Hydrogels are considered suitable and ideal biomaterials for tissue engineering, due to their
structural similarity to the skin extracellular matrix. Hydrogel-based dressings act as a three-di-
mensional scaffold, which can absorb the exuding liquids and debris from the wound area, main-
taining a physiologically moist microenvironment and promoting wound healing. Alginate is one of
the most common biopolymers used in wound healing and collagen is the most abundant protein
in the human body. The combination of these two components in wound hydrogel-based dressings
can provide a proper environment for the healing process.

At present work, a hydrogel-based dressing for radiodermatitis treatment was designed. The
hydrogels were synthesized, and fully characterized in terms of morphology, chemical composition,
swelling behavior, water content, pH-responsive behavior, and protein adsorption. Additionally,
human dermal fibroblasts under and without radiation treatment were cultured to assess the in
vitro cytocompatibility and regenerative effect of the hydrogels. The hydrogels were composed of
alginate and type | collagen, in order to restore skin tissue integrity and hemostasis and decrease
the side effects of radiotherapy. Morphologically, the hydrogels showed that temperature (37 °C),
incubation time (12 and 24 h) and collagen concentration (0.25 %) appear to induce an increase of
collagen fibrils formation which could be important in promote cell adhesion and proliferation.
From chemical analysis, it is possible to conclude that collagen can be incorporated into the algi-
nate network without altering its chemical structure, even using different conditions of hydrogel
production. Regarding the swelling behavior and water content, hydrogels showed a great ability
to absorb exudate maintaining a physiologically moist environment. Additionally, they showed to
be stable at different pH values (5.5, 7.4, and 8.0) and capable to adsorb proteins while maintain-
ing their integrity. Furthermore, even after irradiation, the alginate-collagen hydrogels permitted
human dermal fibroblasts to grow and proliferate with similar cell morphology and organization
compared to control (without hydrogel), highlighting hydrogels biocompatibility. In sum, the de-
veloped hydrogel based on alginate and collagen showed promising properties in terms of main-

taining a healthy physiological milieu and promoting cell proliferation even after radiotherapy.






Resumo

Todos os anos, milhoes de pessoas sao diagnosticadas com cancro em todo o mundo e a radio-
terapia desempenha um papel importante no seu tratamento. No entanto, também pode causar
efeitos adversos desconfortaveis ou até dolorosos na pele. O efeito adverso mais comum da radi-
oterapia é a radiodermite. Essas lesdes cutaneas podem afetar o sucesso do tratamento e a quali-
dade de vida do doente. Uma abordagem terapéutica de relevancia para a cicatrizacao de feridas
cutaneas € a engenharia de tecidos, na qual a combinacdo de um biomaterial, células e sinais
biologicos desempenha um papel decisivo na regeneracao do tecido lesado. Os hidrogéis sao con-
siderados biomateriais adequados e ideais para a engenharia de tecidos, devido a sua semelhanca
estrutural com a matriz extracelular da pele. Os pensos a base de hidrogel atuam como uma matriz
tridimensional, que pode absorver os exsudados e detritos da area afetada, mantendo um micro-
ambiente fisiologicamente himido e promovendo a cicatrizacdo da ferida. O alginato € um dos
biopolimeros mais usados na cicatrizacao de feridas e o colagénio é a proteina mais abundante no
corpo humano. A combinacao desses dois componentes em pensos a base de hidrogel pode propor-
cionar um ambiente adequado para o processo de cicatrizacao.

No presente trabalho, foi desenvolvido um penso a base de hidrogel para tratamento de radi-
odermatites. Os hidrogéis foram sintetizados e totalmente caracterizados quanto a morfologia,
composicao quimica, capacidade de absorcao e retencao de liquidos, resposta ao pH e adsorcao
de proteinas. Adicionalmente, fibroblastos da derme humana sob e sem tratamento com radiacao
foram cultivados para avaliar a citocompatibilidade in vitro e o efeito regenerativo dos hidrogéis.
Os hidrogéis foram constituidos por alginato e colagénio tipo I, com o objetivo de restaurar a
integridade e hemostasia da pele e diminuir os efeitos adversos da radioterapia. Morfologicamente,
os hidrogéis mostraram que a temperatura (37 °C), o tempo de incubacdo (12 e 24 h) e a concen-
tracdo de colagénio (0,25 %) parecem levar a um aumento na formacao de fibrilas de colagénio
gue podem ser importantes em promover a adesao e proliferacao celulares. A partir da analise
quimica, é possivel concluir que o colagénio pode ser incorporado na rede de alginato sem alterar
a sua estrutura quimica, mesmo utilizando diferentes condicoes na sintese do hidrogel. Em relacao
a capacidade de absorcao e retencao de liquidos, os hidrogéis mostraram uma grande capacidade
para absorver exsudato mantendo um ambiente fisiologicamente humido. Adicionalmente, mos-
traram-se estaveis em diferentes valores de pH (5,5, 7,4, e 8,0) e capazes de adsorver proteinas
mantendo a sua integridade. Além disso, mesmo apos a irradiacao, os hidrogéis de alginato e co-

lagénio permitiram que fibroblastos da derme humana crescessem e proliferassem com morfologia
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e organizacao celular semelhante ao controlo (sem hidrogel), destacando a biocompatibilidade dos
hidrogéis. Em suma, o hidrogel desenvolvido a base de alginato e colagénio mostrou propriedades

promissoras em termos de manutencao de um meio fisiologico saudavel e promocao da proliferacao
celular mesmo apos radioterapia.
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Chapter 1

Introdution

In the current years, cancer is one of the most problematic medical conditions worldwide,
and radiotherapy is a fundamental component of cancer treatment. Radiotherapy uses high
doses of ionizing radiation to destroy cancer cells. However, the development of radioderma-
titis, which is a skin lesion caused by radiation, is a significant adverse effect of this therapeutic
modality.

In this chapter, radiotherapy, and its most common side effect - radiodermatitis - will be
explained, and a solution, with the potential to replace and/or accelerate the reconstitution
of damaged skin, will be explored.

1.1 - Radiotherapy

Cancer is a disease characterized by the uncontrolled growth of abnormal cells that can
eventually spread to other parts of the body. In the current years, cancer is one of the most
severe medical conditions and, according to the World Health Organization (WHO), is the sec-
ond leading cause of death worldwide [1]. There are several therapeutic modalities available
to treat cancer, but surgery, chemotherapy, and radiotherapy are the most commonly used.
Approximately, 50 % of all cancer patients require radiotherapy during their course of illness
[2].

Radiotherapy also called radiation therapy is a treatment that uses high doses of radiation
to destroy cancer [2]. The distribution of radiation dose over time, known as fractionation, is
one of the most important factors determining the outcome of radiotherapy. In general, the
total radiation dose is divided into daily doses (range from 1,8 to 2 Gray), five days a week, for
five to eight weeks. Gray (Gy) is the international system (SI) unit of absorbed dose, defined as
1 J/kg [3]-

The radiation used in radiotherapy is called ionizing radiation because it forms ions as it
passes through biological targets, causing damage. This radiation damage can be originated
from two mechanisms, direct and indirect [4]. In the direct action of radiation, all atoms or
molecules that are inside the cells are exposed to radiation injury. However, is the deoxyribo-
nucleic acid (DNA) the vital target, in which ionizing radiation produces single or double-
stranded chromosomal breaks. Instead, in the indirect mechanism, ionizing radiation exerts its
biological effect via radiolysis of intracellular water, forming free radicals. These free radicals



interact with DNA, creating some physico-chemical modifications that can cause harmful ef-
fects [4, 5].

The biological effects of ionizing radiation can be influenced by factors related to the ra-
diation itself and the target tissue. Type of radiation (e.g., photons or electrons) and fraction-
ation (e.g., total dose and dose per fraction) are some of the factors related to radiation. In
fact, various types of radiation differ in penetrability, and this can cause more or less damage.
Also, the mode of administration of the radiation is an important factor, since a single dose
causes more damage than the same dose being fractionated. In general, the total dose of radi-
otherapy is divided into daily doses to allow cellular repair of the healthy tissues. Importantly,
the tissue damage builds up with every single delivery of radiation - the cumulative effect of
radiation - and this is shown by the fact that, at the end of the radiotherapy treatment, patients
developed some lesions that are non-existent at the beginning [4, 5]. Regarding the factors
related to a biological target, it can be highlighted: (1) the tissue radiosensitivity, which varies
with the rate of mitosis and cellular maturity, (2) the repair capacity of cells, where the effect
of the same radiation dose is different in cells with higher capacity than other to repair radia-
tion damages, (3) the cell-cycle phase (e.g., the post-DNA synthetic phase - G2 - and the mitosis
phase - M - are the most sensitive to radiation) and (4) the degree of tissue oxygenation, since
the presence of oxygen is known to have the ability to potentiate the response to radiation [6].
Therefore, actively proliferating cells (e.g., basal cells of the epidermis, which is a layer of the
skin) are highly radiosensitive, i.e., sensitive to radiation [4]. Although radiotherapy is aimed
at cancer, in most cases it affects the surrounding healthy tissue, such as the skin. Due to the
skin radiosensitivity, radiotherapy can cause cutaneous lesions known as radiodermatitis [6].

Despite all advances in technology and improvement in treatment regimens, radiodermati-
tis remains a significant adverse effect of radiotherapy, and its prevention and management
are still a challenge [6, 7].

1.2 - Radiodermititis

Radiodermatitis (RD) is a skin lesion that occurs as a side effect of radiotherapy treatment
[5]. Approximately, 95 % of patients who receive radiotherapy will develop some form of RD
during or after the course of treatment [6-8].

In healthy skin, there is a balance between cell growth and death of each cell type, while
in RD the basal layer, which is an actively dividing layer of skin, is destroyed. Therefore, RD
affects the balance between normal cell production in the basal layer and cell destruction on
the skin surface. During radiotherapy treatments, radiation accumulates in the skin, altering
its integrity and the healing process. This leads to structural, histologic, and vasculature
changes of the skin [9].

The development of these lesions depends on several factors, including the type of radiation,
fractionation, area of treatment, co-existing skin conditions and patient lifestyle [6-10].

The clinical manifestations of RD can be divided into: early/acute reactions and
late/chronic reactions. These two forms of RD depend on the time the skin reaction occurs.
Acute skin reactions develop a few hours to weeks after the first exposure to ionizing radiation,
while chronic RD can occur months, years or even decades after radiotherapy. Both acute and
chronic RD can impair the cosmetic outcome of the treatment and consequently the quality of
life of patients [5].



Symptoms of acute and chronic RD can be graded on a scale of 1-4 according to the National
Cancer Institute and the criteria of the Radiation Therapy Oncology Group (RTOG) as shown in
Table 1.1 [5,11]. Acute RD (see Fig. 1.1) starts with skin rash, mild erythema, skin dryness and
dry desquamation (grade 1). With higher doses of radiation, can occurs bright erythema com-
bined with patchy moist desquamation (grade 2). When RD worsens, moist desquamation de-
velops (grade 3). In some rare cases, necrosis with haemorrhage and eventually ulceration can
occur (grade 4) [5, 6, 11].

Figure 1.1 - Acute radiodermatitis from (a) erythema to (b) dry and (c) moist desquamation. Adapted
from [12].

Chronic RD is usually characterized by skin atrophy, fibrosis, pigmentation changes, telan-
giectasia, ulceration, and necrosis (see Table 1.1 and Fig. 1.2) [5].

RD can cause a lot of pain and, sometimes a premature interruption of radiotherapy is
necessary, which will eventually affect the treatment outcome and, consequently, the overall
survival rate. For that reason, it is very important to delineate a proper strategy for the pre-
vention and treatment of acute RD [5, 6].

Nowadays, the prevention and treatment of RD still remain a challenge because, despite
advancements in science and technology, and the development of new therapeutic options,
there is no definitive evidence supporting any one intervention in the prevention or manage-
ment of RD [7, 8]. As a result, each department of radiotherapy uses a different approach to
prevent and manage acute RD [5]. Up to now, the therapeutic options of RD include emollient
creams, topical corticosteroids, drying lotions and absorbent dressings [9]. Therefore, it is nec-
essary to perform more studies to reach a universal consensus.

Figure 1.2 - Chronic radiodermatitis from (a) pigmentation change to (b) telangiectasia and ulceration.
Adapted from [6, 13].



Table 1.1 — Radiation Therapy Oncology Group radiation morbidity scoring for radiotherapy-
induced skin injuries.

RTOG Grade
Onset 1 2 3 4
Acute No change over  Follicular, faint Tender or Confluent, Ulceration;
or dull ery- bright ery- moist desqua- hemor-
thema; epila- thema; patchy mation other rhage; ne-
tion; possible moist desqua-  than skin folds; crosis
dry desquama- mation; mod- pitting edema
tion; decreased erate edema
sweating
Chronic Slight atrophy; Patchy atro- Marked atro- Ulceration;
pigmentation phy; moderate  phy; gross tel- necrosis
change; some telangiectasia; angiectasia
hair loss total hair loss
1.3 - Skin

The skin is the largest organ in the human body and forms a protective barrier against the
outside world. Its structure is extraordinarily adapted to protect the body from external factors
(e.g., temperature, chemicals, and pathogens) and to maintain homeostasis [14].

Anatomically, it is divided into three layers: epidermis, dermis and hypodermis (also called
the subcutaneous tissue), with different degrees of specialization within each layer (Fig. 1.3a)
[14, 15].

a) b)
R 22075599850 59 )
F%)‘%; 2%%%%5)}13 ./)\);2/7% Stratum corneum
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Figure 1.3 - (a) Diagram of the main layers of the human skin; (b) Structure of epidermis. Adapted from
[14].

The epidermis is the most superficial and biologically active layer of the skin. It is composed
mainly of keratinocytes and is divided into five layers: stratum corneum, stratum lucidum,
stratum granulosum, stratum spinosum, and stratum basale (Fig. 1.3b). The stratum basale has
progenitor cells, which differentiate into keratinocytes. Keratinocytes differentiate and mature
as they move towards the surface of the skin (stratum corneum). This process results in kerat-
inization, in which keratinocytes accumulate keratin. When the keratinocytes reach the



stratum corneum they are shed from the skin. The epidermis is a continually regenerating struc-
ture since the differentiation process takes approximately 30-40 days [14, 16].

Other cells are also found in the epidermis, including: (1) melanocytes, cells responsible
for skin pigmentation and ultraviolet protection, (2) Langerhans cells, with a key role in the
immune response of skin against pathogens, and (3) Merkel cells, essential for touch sensation
[14, 16].

The dermis is separated from the epidermis by the basement membrane. It is an irregular
connective tissue composed of blood and lymphatic vessels, oil and sweat glands, nerves, hair
follicles, and fibrous tissue [14, 15]. The structure of this layer provides resistance and flexi-
bility to the epidermis and support for vast vasculature, lymphatic system, and nerves [15]. It
is mainly constituted by the extracellular matrix (ECM) with interconnected collagen fibrils,
elastic fibers, proteoglycans, and glycoproteins. The predominant ECM component is collagen
and the two major collagen found in the dermis are type | (80-90 %) and type Il (10-20 %) [15,
17]. There are some types of cells within the connective tissue of the dermis, including: fibro-
blasts, endothelial cells, macrophages, and adipocytes. Fibroblasts are the principal cell type
present in the dermis and are responsible for generating ECM and allowing the skin to recover
from injury [16].

Below the dermis layer is the hypodermis, also called the subcutaneous tissue. It is the
deepest layer of the skin and is composed by adipose cells, fibroblasts, macrophages, as well
as bigger blood vessels and lymphatic vessels [14]. This tissue plays a particular role in adipo-
cyte homoeostasis, thermoregulation, shock absorption, and water storage [14, 15].

Radiotherapy should always be a balance between destroying cancer and minimizing dam-
age to the surrounding healthy cells. In fact, ionizing radiation acts preferentially in the cells
that are actively dividing, such as cancer cells. However, cells from the basal layer of the
epidermis are also considerably affected. Besides, when radiation passes through the skin to
reach the tumor, all the normal cells in the area may become damaged. Thus, skin is one of
the most affected organs in radiotherapy treatment [10].

1.4 - Wound Healing

In healthy skin, wound healing is a dynamic and complex process that can be divided into
four phases, namely (1) homeostasis, (2) inflammation, (3) proliferation and (4) remodelling
(Fig. 1.4) [18]. After skin injury, blood platelets stick to one another and to the wound site,
and thrombin triggers the coagulation cascade, which forms a mesh preventing further bleeding.
Besides, platelets play an important role in leukocyte recruitment and the initiation and pro-
gress of inflammation. The inflammatory phase is characterized by the recruitment of immune
cells such as macrophages and neutrophils into the wound site, which will remove damaged and
dead cells, bacteria and other pathogens or debris. Platelets and inflammatory cells release
growth factors that recruit fibroblasts and endothelial cells into the wound, producing, that,
collagen/granulation tissue and a new network of blood vessels, respectively. Subsequently,
the epithelialization process occurs, in which epithelial cells migrate upwards to cover the
defect. Finally, during the tissue remodelling phase, excess collagen fibers are degraded, and
wound contraction begins to peak, resulting in scarring [18, 19].

Importantly, the skin is lubricated and slightly acidic (around pH 5.5-6) [20]. However, after
a certain skin injury, the pH of the wound increase to pH values in the alkaline range (around



8-8.5). If the wound healing is functional, the pH of the wound decreases gradually, from pH
values in the alkaline range to the pH of intact skin (5.5-6). However, if the pH values remain
at a high level, the wound healing process will slow down or even stop [20].

1. Hemostasis phase 2. Inflammatory phase

Blood clot

] Epidermis

Macrophages

Dermis Fibroblast

Platelet -

3. Proliferation phase 4. Remodelling phase
Blood clot

Figure 1.4 - Schematic representation of the process of wound healing. After injury, (1) blood platelets
are activated to form a clot and recruit leukocytes. Then, (2) neutrophils and macrophages remove dam-
aged and dead cells, bacteria, and other pathogens or debris. Next, (3) fibroblasts migrate, proliferate,
and activate the angiogenesis process. Finally, (4) granulation tissue is formed, the extracellular matrix
proteins are deposited to reconstitute the dermal tissue, and the epidermis is regenerated [18].

Normally, the human skin possesses high self-regeneration potential [18]. However, in case
of deep injuries or skin defects, the skin healing does not happen spontaneously, requiring
medical intervention. According to the types and stages of wounds, medical dressings can be
applied to their surface to promote the healing process [18, 19].

In the case of radiotherapy, it is known that this treatment retards cell proliferation, de-
creases cytokine activity and collagen content, and can cause various histological skin changes
such as a decrease in skin hydration and an increase in skin pH. As result, there is a delay in
the wound healing process, impairing the skin's barrier function [13, 19], and can lead to RD
development. Therefore, the use of a suitable dressing can also accelerate the wound healing
process, healing in the management of RD [19]. In general, dressings are used to treat acute
dermatitis because acute dermatitis might cause premature radiotherapy stoppage and, as a
result, influence treatment outcome and overall survival rate. Although current studies show
us that the use of wound dressings can improve acute RD, there is a lack of evidence-based,
randomized, controlled trials comparing different types of these dressings [19]. More studies



should be done because there are many types of dressings with distinct properties, and differ-
ent pathological types of wounds also have their own characteristics [19].

1.5 - Tissue Engineering - Hydrogels

Tissue engineering (TE) is a multidisciplinary discipline that aims to replace and/or regen-
erate previously damaged tissues/organs [21, 22]. Most TE approaches combine biology, bio-
chemistry, physics, medicine, and materials science to achieve medical applications. There are
several strategies of TE capable of restoring, retaining, and revitalizing lost tissues. Usually,
the TE mechanism is based on the incorporation of three elements: (1) cells to synthesize the
matrices of new tissue, (2) a biomaterial that provides the proper environment for cell attach-
ment, proliferation, differentiation, and migration, and (3) biological signals (e.g., growth fac-
tors) that stimulate cells to regenerate damaged tissue [21, 22].

In recent years, tremendous progress has been made in the field of TE to develop new
matrices for tissue regeneration. Among them, hydrogels are one of the possibilities with great
potential to mimic the native skin microenvironment due to their excellent characteristics,
such as biocompatibility, biodegradability, softness, hydrophilicity, and viscoelasticity [18, 19,
23-25].

Hydrogels are defined as a three-dimensional (3D) network formed by hydrophilic polymers,
which can be physically or chemically crosslinked [25, 26]. These hydrophilic structures can
mimic the properties of various tissues in the body due to their structural similarity to the ECM,
and ability to restore the morphological characteristics and mechanical properties of damaged
tissue [22]. Importantly, the hydrophilicity of this 3D network is due to the presence of hydro-
philic functional groups in their polymeric structure, such as hydroxyl (—OH), carboxyl (—COOH),
amino (—NHz) and amide (—CONH) groups [21, 27].

Hydrogels can absorb and retain large amounts of water or other aqueous solutions (e.g.,
saline). The ability of a hydrogel to absorb and retain water is known as swelling behavior and
water content, respectively [27]. Regarding the swelling behavior, hydrogels can swell until the
osmotic forces that help to extend the polymer network are balanced by the elastic forces from
the stretched segments of the polymer [25, 27]. Thus, they require a certain time to reach an
equilibrium between the forces that allow the diffusion of water/physiological fluids into the
hydrogel network, and the forces exerted by the polymer strands within the hydrogel [25, 27].
The swelling process of hydrogels can be controlled by two factors, (1) properties of the poly-
mer forming the hydrogel (e.g., cross-linking density, hydrophilicity, hydrophobicity, concen-
tration), and (2) properties of the swelling medium (e.g., ionic strength, pH, temperature) [25,
28]. When fully swollen, hydrogels show unique characteristics such as being soft and rubbery
and having low interfacial tension with water and physiological fluids. These characteristics
make them similar to ECM in living tissues [25].

The water content of hydrogels may vary in a wide range. In general, hydrogels with high
water content (from 70 to 90 %) possess a degree of flexibility very similar to natural tissue [21,
28]. Furthermore, they maintain a physiologically moist environment that creates excellent
conditions for cell proliferation and differentiation [28].



Hydrogels have several advantages when used as matrices for skin engineering, because
their physicochemical parameters and mechanical properties are easily adjusted to desirable
levels of an engineered skin substitute [29].

In a wound healing process, an ideal skin substitute should (1) act as a barrier to protect
the wound from infection, (2) maintain hydration, (3) be permeable to gas exchange and water
vapor, (4) provide support for cellular migration and proliferation, (5) be easily handled, (6) be
non-adherent, (7) provide no local or systemic toxicity, (8) have adequate physical and me-
chanical properties, (9) be available and (10) at low cost [16, 24]. Furthermore, all skin substi-
tutes need to satisfy the basic requirements of biocompatibility and biodegradability [18].

Several studies have shown that hydrogels can be used as wound dressings as they can ac-
celerate the healing process [7, 19, 22-24]. The hydrogel-based wound dressings have shown
(1) an extraordinary potential to absorb exudates from the wounds, (2) high water-swelling
capacity while being non-water-soluble (i.e., swell readily without dissolving), (3) oxygen de-
livery capacity and (4) ability to protect the wound from external factors (e.g., microorganisms,
temperature changes) [18, 26]. In fact, traditional wound dressings (e.g., gauze, and bandages)
also provide a physiological barrier to prevent contaminations, meanwhile permitting exudate
adsorption to maintain a dry environment at the wound site. However, modern wound dressings
such as hydrogel-based wound dressings, can provide a moist environment that stimulates cell
proliferation and differentiation, and consequently accelerate the healing process as well as
help the cleaning of the necrotic tissue [28].

Owing to their exceptional hydration capacity, hydrogels keep the wound moist and play a
positive role in cleaning the necrotic tissue. Moreover, a wound covered with a dressing can
easily be replaced or monitored, as the hydrogels are usually non-adherent and transparent
[19]. All these features point to the potential hydrogel therapeutic in the management of acute
RD [5, 9, 19].

Hydrogels can be used as a permanent or temporary dressing to cover different wounds and
improve their regeneration. Based on the polymer used for their synthesis, hydrogels can be
divided into two different groups: natural and synthetic [18]. Natural polymers are mostly ob-
tained from natural sources such as animals, vegetables, and microorganisms. Instead, syn-
thetic polymers are synthesized and adjusted in a controlled mode to obtain certain physico-
chemical characteristics [24]. In medical applications, natural-derived polymers have some ad-
vantages when compared with synthetic ones, because they have biological properties (e.g.,
biocompatibility, biodegradability, biological activity) similar to the ECM of the tissues, making
them appropriate for the substitution of natural ECM structural components. Additionally, these
natural biomaterials share a chemical structure, rich in groups that can be blended with some
elements, resulting in versatile materials suitable for several TE requirements. Unfortunately,
natural polymers have high degradation rates, which are quite difficult to control. However,
their derivatives are generally well tolerated by living organisms without triggering toxic reac-
tions [24]. When compared with natural polymers, synthetic polymers are (1) biologically inert,
(2) do not enclose impurities, (3) degrade in a controlled manner, and (4) have relatively low
cost [24].

Both natural and synthetic polymers can be used in TE to fabricate hydrogels. However,
natural polymers (e.g., alginate and collagen) have been some of the most commonly used
polymers in wound healing applications [24, 29].



1.6 - Alginate and Collagen

Alginate (Alg) is an anionic biopolymer composed of (1-4) B-D-mannuronic acid and a-L-
guluronic acid residues linked either randomly or as homopolymeric blocks (Fig. 1.5) [30]. The
residues are arranged into three types of polymer segments: (1-4) B-D-mannuronic acid residues
alone (-M-M- blocks), segments formed entirely of a-L-guluronic acid (-G-G- blocks) or segments
formed of alternating B-D- mannuronic acid and a-L-guluronic acid residues (-G-M- blocks) [31,
32]. The proportions and the sequence of M and G residues determine the physical properties
and molecular weight of alginates [30, 31].
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Figure 1.5 - Chemical structure of alginate. In this case, a segment of -MMGG- residues [30].

Alg is obtained from brown seaweed, as well as bacteria and it is widely used in several
biomedical applications such as wound healing dressings [26, 31, 33, 34]. This natural polymer
is an important biomaterial for wound healing due to its excellent properties: hydrophilicity,
biocompatibility, non-toxicity, non-immunogenicity, biodegradability, hemostatic capabilities,
resistance in acidic media, and relatively low cost [24, 30, 31, 35]. Alg can be used in the
synthesis of materials for wound dressing, and these may have different formats, including
hydrogels, films/membranes, nanofibers, foams, and topical formulations [31].

Alg hydrogel-based dressings can absorb wound exudates, maintain a physiologically moist
environment, promote granulation tissue formation, and protect the wound site from bacterial
infections [19, 24, 31].

Alg forms hydrogels in the presence of divalent ions, such as calcium ions (Ca?*), which
react preferentially with G-block regions of the polymer, through electrostatic interactions (Fig.
1.6) [26]. The gelation of Alg occurs when -G- block region chains align and cooperatively bind
the divalent cations. The resulting configuration is known as the “egg-box structure” since one
divalent ion binds to four G units [26, 32, 36, 37].
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Figure 1.6 - Mechanism of ionic cross-linking of an alginate solution and calcium ions resulting in gel
formation with characteristic egg-box structure [37].

Owing to the high affinity of divalent ions toward the G-blocks, the gel properties will be
highly dependent on the M/G ratio (i.e., the ratio between M and G blocks) and the G-block
length [38]. An Alg with a higher G content (low M/G ratio) tends to yield hydrogels with greater
mechanical stiffness and strength than an Alg with a high M/G ratio [26, 38]. Importantly, since
Alg is a natural biopolymer, the sequence of G and M blocks can vary significantly between the
different sources of raw material [37].

The gelation process can also occur in the presence of trivalent ions such as aluminium
(A**) and iron (Fe3*) and the binding intensifies, resulting in a more compact gel network when
compared to divalent ions [27, 31].

Alg hydrogels can be formed by two different mechanisms: internal or external gelation
[33]. These methods differ in how the crosslinking agent is introduced into the Alg network.
For internal gelation, crosslinking ions are released in the interior of the Alg phase by controlled
exposure, and the result is a homogeneous distribution of Alg in the hydrogel [37]. This internal
crosslinking has been reported in the literature, and the results show that gels produced by in-
ternal gelation are less compact and more porous, and have higher release rates [37]. Differ-
ently, external gelation is a diffusion of crosslinking ions from the outside into the interior of
an Alg phase (Fig. 1.7) [33, 37]. This external crosslinking produces inhomogeneous gels but
with uniform thickness, different geometries, and good reproducibility [33]. Further, external
gelation offers more rapid gelation, a smoother surface, and a denser structure than internal
gelation [33, 36, 37].

The therapeutic efficacy of Alg hydrogel-based dressings can be influenced by several fac-
tors such as the (1) ratio of other polymers utilized in combination with Alg, (2) properties of
crosslinkers used, (3) time, pH, temperature of crosslinking, (4) nature of excipients used, (5)
incorporation of other particles (e.g., nanoparticles), and (6) antibacterial agents [31, 37].

Although Alg possesses excellent properties for TE applications, it lacks specific interaction
with human cells. Therefore, Alg is often functionalized with cell adhesion ligands such as the
tripeptide Arginine-Glycine-Aspartate (RGD). RGD is a recurrent cell-recognition ligand in ECM
that binds integrins to the membrane proteins of different cell types. This cell ligand is present
in collagen fibrils in human tissues. Accordingly, the composite hydrogel of alginate and colla-
gen may provide the adhesion sites for cell attachment and proliferation [39].
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Figure 1.7 - Schematic representation for the formation of alginate hydrogel via external gelation. (a)
Cations (Ca?*) diffuse from the exterior of the alginate phase to the interior. (b) A hydrogel is formed with
a higher alginate and Ca?* concentration at the surface. Adapted from [37].

Collagen (Col) is one of the main structural elements of the ECM of tissues and is very
important for cell recognition, attachment, proliferation, and differentiation [36, 39]. Further,
it is a fundamental component to maintain the structure and biological integrity of connective
tissues [40].

Col is a protein containing three polypeptide chains (a-chains), each of which is character-
ized by an amino acid repeating sequence [Glycine-X-Y]n, where X and Y are occupied by pro-
line and its hydroxylated form, hydroxyproline, respectively [40, 41]. The three a-chains are
organized in a triple-helical conformation that forms a filament known as Col fibril. Several Col
fibrils are incorporated into a structure called Col fiber (Fig. 1.8) [40, 42].

Amino Acids Chains
a-chains

Collagen Molecules

Collagen Fibers
Collagen Fibrils

Figure 1.8 - Schematic representation of the four-level structure of a collagen fiber. From [42].

To date, there are 29 Col types numbered in roman numerals (I to XXIX), and all types are
characterized by the typical triple-helical structure [40-43]. This Col family can be subdivided
into (1) fibril-forming collagens, (2) fibril-associated collagens, (3) beaded-filament forming
collagens, (4) basement membrane collagens, (5) transmembrane collagens, (6) collagens form-
ing hexagonal networks and anchoring fibrils, and (7) multiplexins [44]. The fibril-forming
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collagens are the most abundant collagens subfamily, with about 90 % of the total Col. The
fibril-forming collagens are type I, I, 1ll, V, XI, XXIV and XXVIl. Among them, type | collagen
(Coll) is the most prevalent in the human body, is particularly important in bone tissue, skin,
and tendon, and it is the best-studied [40, 44, 45]. The collagen fibrils are important for cell
attachment and tissue repair, and their formation is basically a self-assembly process (i.e., one
that is determined by the intrinsic properties of the Col molecules) [40].

The high prevalence of Col in human tissues and its inherent properties (e.g., good cell
recognition and biocompatibility, weak immunogenicity, biodegradability, and ability to form
3D matrices) makes it a natural choice as raw material for TE [24, 40, 43]. The major hurdle
that restricts the widespread application of Col is its poor mechanical properties. To improve
their mechanical properties, Col can be incorporated with other materials, such as Alg. In fact,
it is reported that Col in the combination with Alg not only enhances the mechanical properties
of the composite hydrogel but also tunes their stiffness [43].

Col can be obtained from different sources such as animals, marine organisms, and synthetic
sources [43]. Several studies show that Col molecules can be incorporated in scaffolds, such as
Alg matrices, to recreate Col fibers functions [35, 36, 39, 41]. Further, Col-based scaffolds have
the capacity to replace the native function of ECM and can play an important role in the wound
healing process [24, 35, 46].
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Chapter 2

Objectives

The main objective of this work is the development of a hydrogel-based dressing for acute
radiodermatitis treatment. It is expected that it will restore the morphological characteristics
of damaged skin, promoting rapid wound healing.

Thereby, alginate-collagen hydrogels will be produced and characterized in terms of mor-
phology, chemical composition, swelling behavior, water content, pH-responsive behavior, and
protein adsorption for radiodermatitis treatment. Furthermore, human dermal fibroblast cells
under and without radiation treatment will be cultured to assess the in vitro cytocompatibility
and regenerative effect of the hydrogels.
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Chapter 3

Materials and Methods

3.1 Preparation of the Alg-Coll hydrogels

Initially, stock solutions of Alg and Coll (Fig. 3.1a) were prepared: a) Alg at 4 % (w/v) solu-
tion was obtained by dissolving sodium Alg (Sigma-Aldrich, China) powder in distilled water,
under constant stirring, at room temperature (RT), and b) Coll at 0.5 % (w/v) solution was
prepared by swelling bovine Coll flakes (Sigma-Aldrich, USA) into 0.01 M hydrochloric acid pH
2.1 (VWR Chemicals BDH®, Belgium) overnight at 4 °C, and homogenized at 12.4 rota-
tions per minute (rpm) using an ULTRA-TURRAX® IKA for 3 h to break down the Coll flakes to
individual Coll fibrils.

Posteriorly, nine hydrogel formulations (Table 3.1) at different Coll concentrations (0, 0.125
and 0.25 %), temperatures (RT and 37 °C) and incubation times (0, 12 and 24 h) were produced
by external gelification, using calcium chloride dihydrate (CaClz) at 0.25 M (Sigma-Aldrich, Ger-
many). Briefly, Alg at 4 % (w/v) and Coll at 0.25 and 0.5 % (w/v) solutions were mixed in a 1:1
ratio (Fig. 3.1b). After homogeneity, the resulting mixtures were placed into a mold (1 cm x 1
cm x 1 cm) (Fig. 3.1c) at RT without incubation time and at 37 °C for 12 and 24 h to trigger
Coll fibril formation (Fig. 3.1d). Subsequently, gelification process was performed for 30 min
under constant stirring using a plate shaker, to form hydrogels (Fig. 3.1e). Afterwards, hydro-
gels were rinsed five times with distilled water (Fig. 3.1f) and kept at 4 °C.

Table 3.1 — External conditions used for preparation of Alg-Coll hydrogels.

Hydrogel Formulation Abbreviation Temperature [ °C] Incubation time [h]

Alg 2 % (control) Alg

Alg 2 %-Coll 0.125 % Alg-Coll0.125 RT 0

Alg 2 %-Coll 0.25 % Alg-Coll0.25
Alg 2 % (control) Alg

Alg 2 %-Coll 0.125 % Alg-Coll0.125 37 12

Alg 2 %-Coll 0.25 % Alg-Coll0.25
Alg 2 % (control) Alg

Alg 2 %-Coll 0.125 % Alg-Coll0.125 37 24

Alg 2 %-Coll 0.25 % Alg-Coll0.25
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Figure 3.1 - Schematic of the step-by-step preparation process of the Alg and Alg-Coll hydrogels. (a) Stock
solutions of Alg 4 % and Coll 0.5 % were used to obtain (b) pre-gelled solutions of Alg (control), Alg-
Coll0.125, and Alg-Coll0.25. After homogeneity, (c) the resulting mixture was placed into a mold (1 cm x
1.cm x 1 cm) (d) at RT without incubation time and at 37 °C for 12 and 24 h, to trigger Coll fibril formation.
(e) A crosslinking agent was placed over Alg and Alg-Coll gels, and (f) the resulting hydrogels were rinsed.

3.2 Characterization of the Alg-Coll hydrogels
3.2.1 Morphology

Digital images of hydrogels were obtained using a Wireless EP50 Camera - Stereomicroscope
SZX10 (OLYMPUS, Germany), with a magnification of 6.3x.

The surfaces morphology of the freeze-dried hydrogels was evaluated by Scanning Electron
Microscopy (SEM), using a FEI Quanta 400 FEG / ESEM microscope (FEI, USA) with an accelerating
voltage of 15 kV. Previously, the samples were fixed to the surface of a specific sample holder
using a carbon ribbon for sticking the sample. The samples were then coated (SPI-Module) with
a thin layer of gold/palladium in an argon atmosphere.

The hydrogels matrixes were characterized by Transmission Electron Microscopy (TEM), us-
ing a JEOL JEM 1400 Electron Microscope (JEOL Ltd., Japan), with a STEM detector and EDS
system. The samples were initially fixed in 2.5 % glutaraldehyde and 2 % paraformaldehyde in
0.1 M sodium cacodylate, and washed 3 times for 5 min each, in 0.1 M sodium cacodylate buffer.
Then, the samples were post-fixed with 1 % osmium tetroxide and 1.5 % potassium ferrocyanide
in 0.1 M cacodylate buffer (pH 7.2) for 1 h. Posteriorly, the samples were incubated with 1 %
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uranyl acetate in water overnight at 4 °C, and dehydrated in ethanol (7 times for 10 min each)
and propylene oxide (3 times for 10 min each). After fixation and, dehydratation, the samples
were included in resin (propylene oxide and EPON) for 48 h at 55 °C. Ultrathin sections (40—60
nm thick) were stained with uranyl acetate and lead citrate and examined using a JEOL JEM
1400 Electron Microscope with an accelerating voltage of 80 kV.

3.2.2 Histochemical analyses

The samples were initially fixed using 10 % Neutral Buffered Formalin overnight. After fix-
ation, the samples were included in paraffin and 3 pm sections were obtained and stained
with Picro-Sirius Red. Briefly, sections were deparaffinized and rehydrated, stained for 3 min
in Gill’s Hematoxylin and tap water washed for 6 min. Then, sections were stained in Picro-
Sirius Red solution for 1 h and differentiated with acidified water for 30 sec. After a quick
dehydration in 96 % and 100 % ethanol, sections were mounted in Entellan.

The images were digitally recorded using an Olympus CX31 light microscope equipped with
a DP25 camera and U-CMAD3 adapter (Olympus, Japan), and an inverted fluorescence micro-
scope, Axiovert 200M (Zeiss, Germany), in order to assess the Coll formation and maturation,
respectively.

3.2.3 Chemical Profile

Chemical characterization was performed using Attenuated Total Reflectance - Fourier
Transform Infrared (ATR-FTIR) spectroscopy, with a Perkin - Elmer 2000 FTIR spectrometer
(Perkin-Elmer, USA). Alg-Coll solutions (Fig. 3.2a) and Alg-Coll hydrogels (Fig. 3.2b) were ana-
lyzed at a spectral resolution of 4 cm-1 in the range of 4000 to 400 cm-1, and 32 scans were
accumulated per sample. Three measurements were done per sample.
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Figure 3.2 - FTIR procedure for (a) liquid and (b) solid samples. ATR-FTIR spectra for liquid samples (Alg
and Coll solutions) were obtained directly from drying a small drop on the ATR crystal. Whereas solid



18

samples (Alg and Alg-Coll hydrogels) were analyze applying a force on the equipment handle to achieve
good contact with the ATR crystal.

3.2.4 Swelling Behavior

The swelling behavior of hydrogels was evaluated using a gravimetric method [47]. Briefly,
the hydrogels were immersed in phosphate-buffered saline (PBS, 138 mM NaCl, 2.7 mM KCl,
Sigma-Aldrich) pH 7.4 and incubated at 37 °C for 3, 12, and 24 h. At each time-point, the
hydrogels were taken out, put on a filter paper to remove liquid excess on the surface, and
immediately weighed. For all samples, the equilibrium swelling ratio was obtained after 12 h
of incubation. The measurements were continued until reaching the constant weight. The equi-
librium swelling ratio was calculated by the following equation:

Swelling ratio (%) = (W, — W,)/W, x 100, (3.1)

where, W, and W, are the weight of the hydrogel before and after immersion, respectively.
The measurements were performed in quintuplicate (n = 5) for each experimental condition,
and the results were taken as the mean values of measurements.

3.2.5 Water Content

The water content of hydrogels was also determined by the gravimetric method [47]. Briefly,
the freeze-dried samples were firstly weighed and posteriorly immersed in PBS at pH 7.4. After
immersion, all samples were incubated at 37 °C for 24 h. During the incubation period, the
weights of hydrogels were recorded at 3, 12, and 24 h. At each time-point, the hydrogels were
taken from the PBS solution, and the excess surface water was slightly removed by filter paper.
The equilibrium was obtained after 12 h of incubation. The water content was calculated by
the following equation:

Water Content (%) = (W,, — W,)/W,, x 100, (3.2)

where, W,, and W, are the wet and dried weights of the hydrogels, respectively. The as-
sessment was performed in triplicate (n = 3) for every sample, and the results were taken as
the mean values of measurements.

3.2.6 Influence of pH on the stability of the Alg-Coll hydrogels

To evaluate the effect of pH, the hydrogels were immersed in universal buffer 1x (150 mM
KCl, 10 mM KHzPO4, 10 mM NasCeHs07, 10 mM H3BOs4) at different pH values (pH 5.5, 7.4 and 8)
and kept at 37 °C for 3, 12, and 24 h. After incubation, hydrogels were taken out, put on a
filter paper, and immediately weighed. The structural behavior of the hydrogels at different
pH values was determined by the quantification of the weight alteration ratio following equa-
tion (3.1). All experiments were conducted in triplicate, and the results were taken as the
mean values of measurements.
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3.2.7 Influence of proteins on the stability of the Alg-Coll hydrogels

The potential effect of proteins on the integrity of hydrogels was evaluated through im-
mersing samples in alpha-minimum essential medium (a-MEM) with and without fetal bovine se-
rum (FBS, 10 % v/v, Gibco, USA). After immersion, samples were incubated at 37 °C for 1, 3,
and 7 days. For each time-point, samples were weighted as previously described. The structural
behavior of the hydrogels in a-MEM with and without FBS was determined by the quantification
of the weight alteration ratio following the equation (3.1). The medium was replaced every 3
days to maintain the initial volume. Hydrogels immersed in a-MEM without FBS were used as
controls. For each experimental condition, the measurements were performed in triplicate,
and the results were taken as the mean values of measurements.

3.3 Cell Culture

The cell culture was performed using primary Human Dermal Fibroblasts (HDF) cells (Coriell
Institute, USA).

HDF cells were cultured in a-MEM supplemented with 10 % (v/v) FBS, 100 IU/mL penicillin,
100 pg/mL streptomycin, and 2.5 pg/mL amphotericin B (all reagents from Gibco, USA), at
37 °C in a humidified atmosphere of 5 % CO2. The medium was replaced twice a week. At an
80 % confluency, cells were washed twice with PBS and detached using TrypLE™ Express (Gibco,
Denmark). Cells were then resuspended in culture media and collected to centrifuge (1200 rpm
for 5 min). The obtained pellet was resuspended in culture media and a cell suspension of 1x104
cells/cm2 was seeded in 24-well plates (SPL Life Sciences, Korea) and incubated for 24 h, for
posterior evaluation of: 1) the in vitro cytocompatibility of Alg and Alg-Coll hydrogels; 2) the
influence of radiation in metabolic activity and cell proliferation; 3) the regenerative effect of
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Alg and Alg-Coll hydrogels on irradiated cells, and 4) the cell cytoskeleton and morphology of
irradiated cells (Fig. 3.3).
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Figure 3.3 - Schematic representation of the cell culture experiments.

3.3.1 In vitro cytocompatibility of Alg-Coll hydrogels
3.3.1.1 Metabolic activity and cell proliferation

After seeding (section 3.3), the hydrogels were placed over the cell monolayers and further
incubated at 37 °C for 24 and 72 h (see Fig. 3.3). Cells cultured in the absence of the hydrogels
were used as controls. At each time-point, metabolic activity and cell proliferation were eval-
uated using the MTT assay, which is based on the reduction of 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium bromide (yellow) to a violet-blue formazan product by metabolic active
cells. Briefly, cultures were incubated with 10 % MTT solution (5 mg/mL, Sigma-Aldrich, USA)
for 3 h at 37 °C. After the incubation period, the culture medium was removed, and the form-
azan salts were dissolved with dimethyl sulfoxide (DMSO, Panreac, Germany) for 15 min at RT.
The absorbance values were measured at A = 550 nm in a microplate reader (Synergy HT, Biotek,
USA).

The influence of radiation on the cell metabolic activity, and the regenerative effect of Alg
and Alg-Coll hydrogels on irradiated cells were also evaluated using the MTT assay. After seed-
ing (section 3.3), the cell monolayers were irradiated according to the previously reported
methodology [48], at the Instituto Portugués de Oncologia do Porto. Briefly, cells were irradi-
ated at RT with a 6-MV photon beam produced by a Varian DHX Medical Linear Accelerator
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(Varian Medical Systems, USA). The cell culture plates were centered with the irradiation field,
exposed at a source-surface distance of 98 cm for a field size of 25 x 25 cm, and irradiated with
a daily dose of 2 Gy and dose rate of 600 cGy/min. Following irradiation, Alg and Alg-Coll
hydrogels were placed over irradiated cell monolayers and further incubated at 37 °C for 24
and 72 h (Fig. 3.3). Non-irradiated cell cultures, and equally manipulated, were used as controls.
At each time-point, the biologic response was evaluated in terms of metabolic activity and cell
proliferation.

3.3.1.2 Immunofluorescence analysis of irradiated cells

Cell monolayers which were irradiated, exposed to hydrogels and posteriorly, incubated at
37 °C for 24 h, were characterized by fluorescence microscopy after immunostaining for F-actin
cytoskeleton and nucleus. Firstly, cells were washed with PBS and fixed with formaldehyde
3.7 % for 15 min. Then, cells were permeabilized with 0.1 % Triton X-100 in PBS (15 min, RT)
and incubated with 1 % bovine serum albumin (BSA, 30 min, RT) to reduce non-specific coloring.
Cultures were stained for F-actin cytoskeleton with Alexa Fluor® 488 (1:150, 20 min, Enzo,
USA), and nucleus with Hoechst 33342 (8 pg/mL, 15 min, Enzo, USA). Images were obtained
with a Celena S digital imaging system (Logos Bio-systems, South Korea).

3.4 Statistical Analysis

All experiments were performed in triplicate as independent experiments. The results were
represented as mean + standard deviation (SD). The experimental data were performed using
Microsoft Office Excel 2016. Statistical significance (p < 0.05) was determined using a two-
tailed Student’s T-test, assuming unequal variance.
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Chapter 4.

Results and Discussion

4.1 Characterization of the Alg-Coll hydrogels

4.1.1 Morphology

Figure 4.1 presents digital images of Alg-Coll hydrogels obtained via external gelation, Over-
all, the hydrogels showed a tightly knit and smooth surface, and a blackened coloring propor-
tional to the amount of Coll added (Fig. 4.1), regardless of the temperature (RT and 37 °C) or
incubation time (0, 12 and 24 h). Regarding Alg hydrogels (controls), these exhibit a homoge-
nous surface, while Alg-Coll hydrogels revealed a heterogeneous surface, with black dots uni-
formly scattered over the hydrogels' surface. These black dots are more prominent on Alg-
Coll0.25 hydrogels, as expected.

12h 37°C 24 h 37°C

Alg-Coll0.125 Alg (control)

Alg-Coll0.25

1cm

Figure 4.1 - Digital images of hydrogels composed with Alg and Coll at 0.125 or 0.25 %, produced at
different temperatures (RT and 37 °C) and incubation times (0, 12 and 24 h). Alg hydrogels (with and
without incubation time), were used as controls. The scale bars correspond to 1 cm.
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The structure and morphology of freeze-dried hydrogels are shown in figure 4.2. Through
SEM analysis, it was shown that the temperature (37 °C) and incubation time (12 and 24 h)
appear to induce an increase of grooves (Coll fibril formation) on Alg-Coll samples, which was
significantly higher on Alg-Coll samples incubated for 24 h at 37 °C. Furthermore, SEM images
showed that the Coll fibrils formation was apparently high on samples with more Coll concen-
tration, i.e, on Alg-Coll0.25 surfaces compared to AlgColl0.125, as expected (Fig. 4.2).

Independently of temperature (RT and 37 °C) and incubation time (0, 12 and 24 h), Alg
hydrogels (controls) presented a smooth surface, whereas Alg-Coll hydrogels (AlgColl0.125 and
Alg-Coll0.25) presented grooves and stretch marks well-embedded throughout the Alg matrix
(pointed by arrows in Fig. 4.2), which were more prominent on Alg-Coll0.25 hydrogels. Ban-
iasadi and Jolandan found identical grooves and stretch marks on the surface of Alg hydrogels
[39], and that was caused by Coll fibrils formation on the surface of the hydrogels, being also
proportional to Coll concentrations used.

The present work also studied the influence of temperatures (RT and 37 °C) and incubation
times (0, 12, and 24 h) on Coll fibrils formation. From SEM analysis, it was shown that the
temperature (37 °C) and incubation time (12 and 24 h) appear to be induced the increase of
Coll fibrils (grooves and stretch marks, pointed by arrows in Fig. 4.2) on Alg matrix, especially
on the Alg-Coll hydrogels pre-incubated at 37 °C for 24 h.

RT 12 h 37 °C 24 h 37 °C

Figure 4.2 - SEM micrographs of morphology and structure of Alg and Alg-Coll hydrogels. The presence of
Coll fibrils is pointed by arrows. Alg hydrogels (with and without incubation time) were used as controls.
The scale bars correspond to 5, 10 and 40 pm.



Alg-Coll0.125 Alg (control)

Alg-Coll0.25

25

With the purpose to confirm the presence and formation of Coll fibrils on the Alg matrix,
TEM analysis was performed (Fig. 4.3). TEM analysis allowed to characterize the hydrogels ma-
trix and confirm the presence Coll fibrils in the Alg network. Regarding the Alg hydrogels (con-
trols), it was shown that the Alg matrix displayed dark wires which are the Alg clusters alter-
nately linked in a continuous network, and grey zones occupied by water (Fig. 4.3), regardless
of temperature and incubation time. Concerning Alg-Coll hydrogels, striated and elongated
structures (Coll fibrils) were observed within the Alg matrix, namely in hydrogels pre-incubated
at 37 °C for 12 and 24 h. It should be noticed that the pre-incubation at 37 °C induced a higher
Coll fibrils formation on Alg-Coll hydrogels compared to Alg-Coll hydrogels produced at RT.
Besides, it was shown that Alg-Coll hydrogels pre-incubated at 37 °C for 24 h appear to contain
more Coll fibrils compared to Alg-Coll hydrogels pre-incubated at 37 °C for 12 h (Fig. 4.3).
Furthermore, hydrogels with 0.25 % of Coll showed higher content of Coll fibrils than Alg-
Coll0.125 hydrogels, as expected.

SEM (Fig. 4.2) and TEM (Fig. 4.3) data provide direct evidence that temperature (37 °C) and
incubation time (12 and 24 h) led to an increase of Coll fibrils in the samples. These data are
in accordance with a study performed by Moxon et al, where the authors showed that the
incubation of Alg-Coll solutions at 37 °C for 4 h, prior to gelification, also led to Coll fibrils
formation in the Alg network [49].

RT 12 h 37 °C 24 h 37 °C

Figure 4.3 - TEM imagens of the matrix of Alg and Alg-Coll hydrogels. Alg hydrogels (controls) displayed
dark wires in Alg matrix which are a fibril-like network, and grey zones occupied by water. Alg-Coll hy-
drogels highlighted the present of striated Coll fibrils within the Alg matrix, namely in hydrogels pre-
incubated at 37 °C for 12 and 24 h.
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4.1.2 Histochemical analyses

Histochemical analysis of hydrogels, stained with Picro-Sirius Red, was performed in order
to assess the Coll formation (Fig. 4.4) and maturation (Fig. 4.5). The images were captured
with an Olympus CX31 light microscope equipped with a DP25 camera and U-CMAD3 adapter
(Fig. 4.4) and an inverted fluorescence microscope, Axiovert 200M (Fig. 4.5).

Picro-Sirius Red stain is a selective histochemical method suitable for both morphological
and semiquantitative detection in paraffin-embedded sections of fibrillar Col networks. Picro-
Sirius Red is a strong, linear anionic dye comprising six sulfonate groups that can associate along
cationic Col fibers, and enhance their natural birefringence under cross-polarized light. Thus,
under polarized light, fibrillar Col networks can appear stained by green, red or yellow, de-
pending on their polymerization degree and 3D organization [50-52], and are easily differenti-
ated from the black background. This histochemical staining allowed thus distinguished mature
and immature Col fibrils by colour, where immature ones appear stained green and mature at
red [50-53].

Regarding the Coll formation (Fig 4.4), only Alg-Coll hydrogels revealed elongated struc-
tures stained red, the Coll fibrils (pointed by arrows in Figure 4.4), as expected. Alg-Coll hy-
drogels pre-incubated at 37 °C for 24 h showed more prominent Coll fibrils formation compared
to hydrogels pre-incubated at RT or at 37 °C for 12 h. Besides, it was observed a higher content
of Coll fibrils on Alg-Coll0.25 hydrogels than on Alg-Coll0.125 hydrogels (Fig. 4.4). These results
showed that the pre-incubation of Alg-Col hydrogels at 37 °C for 24 h has a positive impact on
Coll fibrils formation on Alg matrix, as reported by Rivero et al, [52].

Regarding Coll maturation (Fig. 4.5), immatures Coll fibers (stained at blue-green) were
observed on Alg-Coll hydrogels produced at RT, whereas, Alg-Coll samples pre-incubated at
37 °C for 12/24 h contained predominantly mature fibers (stained at pink-red). Ovchinnikova
et al. [51] showed histological images stained by Picro-Sirius Red, where mature Coll fibers
appear orange-red and immature Coll fibrils green under polarized light.

These findings suggest that the temperature (37 °C) and incubation time (24 h) result in
samples with a higher content of mature Coll fibers which could be important to promote cell
adhesion and proliferation[40, 51].
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Figure 4.4 - Histological images of Alg and Alg-Coll hydrogels produced at different temperatures (RT and
37 °C) and incubation times (0, 12 and 24 h), stained with Picro-Sirius Red. The imagens were captured
with Olympus CX31 light microscope equipped with a DP25 camera and U-CMAD3 adapter (Olympus, Japan).
Under standard light, Picro-Sirius Red staining marks the Coll fibrils at red. All images were taken at 40X
magnification and scale bars correspond to 50 pm.
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12 h 37 °C 24 h 37 °C

Figure 4.5 - Immunofluorescence images of Alg and Alg-Coll hydrogels produced at different temperatures
(RT and 37 °C) and incubation times (0, 12 and 24 h), stained with Picro-Sirius Red. The imagens were
captured with an inverted fluorescence microscope, Axiovert 200M (Zeiss, Germany). Under polarized
light, Picro-Sirius Red staining marks the thick mature Coll fibers at pink-red, and thin immature fibers at
blue-green. All images were taken at 10X magnification and scale bars correspond to 200 pm.

4.1.3 Chemical profile

ATR-FTIR analyses were performed to determine the chemical functional groups of Alg, Coll
and Alg-Coll solutions (Fig. 4.6) and Alg and Alg-Coll hydrogels (Fig. 4.7). It should be noticed
that hydrogels were freeze-dried in order to avoid the water absorption peaks in the analysis.

Alg solution displayed the typical Alg absorption bands [54-58], with the asymmetric and
symmetric stretching of thw carboxylic group (—COO) on the polymeric backbone, found at
1599 and 1411 cm™, respectively (Fig. 4.6). It is also possible to identify bands corresponding
to the hydroxyl group (—OH stretching) at 3326 cm™ and the —CH stretching at 2933 cm™. The
—CO group of the carboxyl is depicted at 1298 cm™', and the characteristic peak of mannuronic
acid residues at 816 cm™'. The peak observed at 1031 cm™ occurred due to C—O—C antisymmet-
ric stretching (Fig. 4.6).
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In Coll0.125 solution, it was observed the characteristic Col absorption bands [41, 55, 57-
59] corresponding to amide A (3307 cm™) and amide B (2927 and 2832 cm™) and the three main
bands of the Col fingerprint: a) at 1601 cm™ which relates to amide | due to carbonyl stretching
—CH, b) at 1410 cm™ which is typical of amide Il due to vibrations of the N—H bond and C—N
stretching and c) at 1298 cm™ which corresponds to vibrations of amide Ill due to C—N stretching
and N—H deformation (Fig. 4.6a-c). Similar results were found in the ATR-FTIR spectrum of
Coll0.25 solution: the N-H stretching vibration peak for the amide A at 3305 cm™, and the N—H
bond and C—N stretching peak for the amide B at 2926 and 2848 cm. It is also possible to
identify bands corresponding to amide | at 1599 cm™', amide Il at 1409 cm™, and amide Il at
1296 cm™ (Fig. 4.6).

Alg-Coll solutions (Alg-Coll0.125 and Alg-Coll0.25) displayed Alg and Coll characteristics
bands [57, 60], indicating a successful entrapment of Coll into the Alg matrix, without chemical
reactions occurring between them (Fig. 4.6).
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Figure 4.6 - ATR-FTIR spectra of the solutions of Alg, Coll and Alg-Coll solutions. (a-c) The three main
bands of the Col fingerprint (Amide I, Il and IlI).

Regarding ATR-FTIR spectra of Alg hydrogels, the typical absorption peaks of Alg [54-58]
were detected in all conditions independent of temperature (RT and 37 °C) and incubation time
(0, 12 and 24 h) (Fig. 4.7). In detail, Alg hydrogel produced at RT (Fig.4.7a) showed character-
istic peaks at 3322 cm™ (—OH stretch), 2927 cm™ (—CH stretch), 1593 and 1413 cm™ (—COO
asymmetric and symmetric stretch), 1292 cm™ (—CO stretch), 1026 cm™' (C—0—C antisymmetric
stretch), and 816 cm™ (—CO vibration of groups in mannuronic units). Whereas Alg hydrogel
pre-incubated at 37 °C for 24 h (Fig. 4.7b) displayed the absorption bands at 3318 cm™ (—OH
stretch), 2929 cm™ (—CH stretch), 1591 and 1414 cm™ (—COO asymmetric and symmetric
stretch), 1292 cm™ (—CO stretch), 1023 cm™ (C—0—C antisymmetric stretch), and 817 cm'
(—CO vibration of groups in mannuronic units). These results showed that temperature, incu-
bation time and gelification process did not affect the chemical profile of Alg hydrogels.
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Concerning ATR-FTIR spectra of Alg-Coll hydrogels, typical bands of Alg and Coll [57, 60]
were detected on Alg-Coll0.125 and Alg-Coll0.25 hydrogels (Fig. 4.7 and Supplementary Mate-
rial A), regardless the conditions used (temperature, incubation time and gelification process).
In general, the ATR-FTIR spectrum of Alg-Coll hydrogels showed characteristic absorption bands
at 3232 cm™ corresponding to amide A and at 2924 and 2843 cm™ corresponding to amide B
bands. There is also observed a set of three bands at 1591, 1412 and 1291 cm™' representing
—CH stretch (Amide 1), N—H bond plus C—N stretch (Amide Il), and N—H deformation plus C—N
stretch (Amide Ill), respectively. The absorption peaks at 1025 and 816 cm™ presented in this
spectrum occur due to C—0—C antisymmetric stretching vibration and —CO vibration of groups
in mannuronic units of Alg, respectively (Fig. 4.7). From ATR-FTIR analyses, it is possible to
conclude that Coll can be incorporated into the Alg network without altering its chemical struc-
ture, even using different conditions of hydrogel production.
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Figure 4.7 - ATR-FTIR spectra of of freeze-dried Alg and Alg-Coll samples at (a) RT and (b) incubated at
37 °C for 24 h.
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4.1.4 Swelling behavior and water content

The swelling behavior is an intrinsic property of hydrogels, where the gels enlarge due to
solvent penetration into the space between the network chains [21]. Hydrogels can swell until
the osmotic forces that help to extend the polymer network are balanced by the elastic forces
from the stretched segments of the polymer, a phenomenon known as equilibrium [25, 27].
Moreover, they can retain large amounts of water or other aqueous solutions, an important
condition for wound healing [61]. In this sense, the equilibrium swelling ratio and water content
of produced hydrogels were evaluated, which is shown in Table 4.1. Comparing Alg (controls)
and Alg-Coll hydrogels produced at RT, a reduction of swelling ratio and water content was
observed in Alg-Coll hydrogels, indicating that the Coll incorporation could provide some re-
sistance to water diffusion and swelling tendencies [47, 62]. However, when both hydrogels
(Alg and Alg-Coll) were pre-incubated at 37 °C for 12 and/or 24 h, the swelling ratio and water
content of Alg-Coll hydrogels (Table 4.1) increased, probably, due to the hydrophilic properties
of Coll [58, 60].

Alg hydrogels produced at RT and those pre-incubated at 37 °C for 12 or 24 h showed dif-
ferences significates in terms of swelling ratio and water content. The temperature and incu-
bation time reduced the swelling ratio and water content of Alg hydrogels, i.e, decreased the
Alg hydrogel's ability to swell and retain liquids (Table 4.1). While the Alg-Coll hydrogels pre-
incubated at 37 °C for 12 or 24 h showed a higher swelling ratio and water content compared
to Alg-Coll hydrogels produced at RT (Table 4.1).

From all these results, it is possible to conclude that Alg-Coll0.25 hydrogels incubated at 37
°C for 24 h may be useful for wound healing due to their high swelling ratio (ability for adsorbing
the wound exudate) and water content (ability to maintain a physiologically moist environment)
[46, 60, 62, 63].

Table 4.1 — The equilibrium swelling ratio and water content of Alg-Coll hydrogels.

Hydrogel Tempg—:-rature Ingubation Swelli?g ratio Water oContent
[°C] time [h] [%] [%]

Alg 80.85+0.97 % 97.46 £ 15.21 %
Alg-Coll0.125 RT 0 79.60 + 1.41 %* 97.32 + 6.88 %
Alg-Coll0.25 77.73 + 4.87 %  97.08 + 4.34 %*

Alg 57.25 £ 0.72 %* 97.29 + 0.58 %*
Alg-Coll0.125 37 12 76.55 + 0.62 %*  97.38 + 0.91 %*,*
Alg-Coll0.25 78.34 + 0.80 %*  97.35 % 2.67 %*,*

Alg 62.76 £ 2.81 %* 97.17 £ 0.95 %*
Alg-Coll0.125 37 24 82.17 + 0.10 %*,* 97.45 + 1.38 %*,*
Alg-Coll0.25 82.58 + 0.22 %*  97.47 + 0.79 %*,*

Data were expressed as mean + SD.
*Significant differences compared to hydrogel produced at RT (control), at same composition, with p <

0.05, obtained by Student’s T-test.
#Significant differences compared to Alg (control) at same condition of production, with p < 0.05, obtained

by Student’s T-test.
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4.1.5 Influence of pH on stability of the Alg-Coll hydrogels

As previously described (section 1.4), the human skin tissue is slightly acidic (around pH
5.5-6) [20], but after a certain injury (e.g., ionizing radiation), the pH of the wound increase
to values in the alkaline range (around 8-8.5). In a functional healing process, the pH of the
wound decreases gradually, from pH values in the alkaline range to the pH of intact skin. How-
ever, if the pH values remain at a high level, the healing process will slow down or even stop
[20]. Since the pH varies throughout the healing process, this study evaluated the influence of
pH values (5.5, 7.4 and 8.0) on the stability of Alg and Alg-Coll hydrogels (Fig. 4.8), to predict
their behavior in vivo situation.

Regardless of their composition and production method, all hydrogels showed structural
stability independently of pH values. But their physical behavior was dependent on pH value,
i.e, at acid (5.5) pH the hydrogels shrank while at alkaline (8.0) pH occurred the puffing of
their matrixes. Several authors [47, 64] have reported that this physical behavior is due to
ionization and pronation of —COOH group on the Alg polysaccharide. So, under an alkaline so-
lution the —COOH of the Alg is ionized, leading to swelling of Alg network. Contrarily, under
acidic conditions occurs the protonation of the —COO groups of the Alg network, increasing the
cross-linking degree of the network, and consequently promoting the shrinkage of the hydrogels
[47, 65].

m55 m74 m8.0

40 “ |‘| |“ |‘ ‘ll ‘|| “ ||| “‘
Alg

Alg- CoIIO 125 Alg- CoIIO 25 Alg Alg-Coll0.125 Alg-Coll0.25 Alg Alg-Coll0.125 Alg-Coll0.25
12h 37 °C 12h 37°C 12h 37°C 24h37°C  24h37°C 24h37°C

[2]
o

()
o

w
o

N
o

Hydrogels

Figure 4.8 - Stability of the Alg and Alg-Coll hydrogels at different pH values (5.5, 7.4 and 8), after 3 h
incubation. Data are expressed as mean + SD (n = 6).

*Significant differences compared to pH 7.4 (control), for same hydrogel, with p < 0.05, obtained by
Student’s T-test.

4.1.6 Influence of proteins on stability of the Alg-Coll hydrogels

When a biomaterial contacts a biological tissue, one of the first events to occur is protein
adsorption [65]. Thereby, this study evaluated if the adsorption of proteins could affect the
stability of the Alg and Alg-Coll hydrogels. Figure 4.9 shows the weight alteration ratio of the
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Alg and Alg-Coll hydrogels immersed in a-MEM with and without FBS, after 1 (figure 4.9a) and
7 days (figure 4.9b).

Regarding the 1st day results, no significant differences were shown between hydrogels
immersed in a-MEM with and without FBS, i.e., the adsorption of proteins did not influence the
weight of the hydrogels (Figure 4.9a). Contrarily, after 7 days of incubation, there were signif-
icant differences between the hydrogels immersed in a-MEM with and without FBS (Figure 4.9b).
In this case, the presence of proteins in media led to increasing the weight of hydrogels, but
without the breakdown of their matrixes, indicating that Alg-Coll hydrogels are capable of ad-
sorbing proteins while maintaining their integrity.
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Figure 4.9 - Stability of the Alg and Alg-Coll hydrogels in a-MEM with and without FBS (control), after (a)
1 and (b) 7 days of incubation at 37 °C. Data are expressed as mean + SD (n = 3).

*Significant differences compared to control (a-MEM without FBS), at same hydrogel, with p < 0.05, ob-
tained by Student’s T-test.
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4.2 Cell Culture

4.2.1 In vitro cytocompatibility of Alg-Coll hydrogels

Cell metabolic activity can provide relevant information about the capability of cells to
grow and proliferate in the presence of biomaterials [66, 67]. Figure 4.10 is shown the HDF
cells’ growth (metabolic activity) in presence of Alg and Alg-Coll hydrogels for 24 and 72 h. The
cell metabolic activity was reduced in the presence of both hydrogels, contributing to a de-
crease in cell growth rate compared to control (HDF cells without hydrogels). However, the
cells in the presence of hydrogels continued to grow throughout the culture time, being ob-
served with a significant increase in metabolic activity from 24 to 72 h for all samples (Fig.
4.10). Besides, it was observed that at 72 h of culture, similar cell metabolic activity was ob-
served between Alg-Coll0.25 hydrogels prepared at RT, Alg hydrogels pre-incubated at 37 °C
for 12 and control (Fig. 4.10). Moreover, some hydrogels (Alg at RT, Alg-Coll0.125 at RT, and
Alg-Coll pre-incubated at 37 °C for 12 h) showed much close cell metabolic activity to the
control at 72 h of culture. These data suggest that hydrogels did not affect the cell viability,
since the cells continued to grow and proliferate but at a slower rate compared to the control.
Similar results were found in a study performed by Rehman et al, where the authors showed
that after 1 day in culture, the cell metabolic activity was reduced in the presence of 0.004
wt % rGO loaded GelMA hydrogel, being observed an increasing of metabolic activity from 1 to
3 days in culture [66]. Rehman et al, [66] also showed that the proliferation of fibroblasts cells
exposed to GelMA hydrogels significantly increased after 5 days in culture as compared to 1 and
3 days.

Regarding the cell growth in the presence of Alg hydrogels and Alg-Coll, no significant dif-
ferences were found between them (Fig. 4.10), suggesting that the incorporation of Coll on Alg
matrix did not show a cytotoxic effect, even using high Coll concentrations (Coll0.25 %). These
data are in accordance with a study performed by Tierney et al, where the authors showed that
three different Col contents (0.25 %, 0.5 % and 1 %) did not affect the cellular number or
metabolic activity [68].

Comparing the cell metabolic activity in the presence of hydrogels produced at RT and at
37 °C for 12/24 h, no differences were observed between them (Fig. 4.10), indicating that the
temperature (RT and 37 °C) and incubation time (0, 12 and 24 h) used to produce hydrogels did
not affect the cell growth. Moxon et at, showed that the incubation of Alg-Col solutions at 37 °C
for 4 h, prior to gelification, did not affect the proliferation and migration of encapsulated
human iPSC-derived neurons [49].



35

24h m72h
0,25

o
N
o

HDF metabolic activity (Abs = 550 nm)
o
)

# # #
* * #
0,15 . # #
1 l { i :
0,05
0,00

Alg Alg- CoIIO 125 Alg- CoIIO 25 Alg Alg-Coll0.125 Alg-Coll0.25 Alg Alg-Coll0.125 Alg-Coll0.25 Control
RT 12h37°C 12h37°C 12h37°C 24h37°C 24h37°C 24h37°C

Samples

Figure 4.10 - Metabolic activity of HDF cells exposed to the Alg and Alg-Coll hydrogels for periods of 24
and 72 h. Cells cultured in the absence of the hydrogels were used as control. Data were expressed as
mean = SD (n = 3).

*Significant differences compared to control (without material), at same time-point, with p < 0.05, ob-
tained by Student’s T-test. #Significant differences between time-points (24 compared to 72 h), at same
hydrogel, with p < 0.05, obtained by Student’s T-test.

4.2.2 Influence of radiation in metabolic activity and cell proliferation

The effect of ionizing radiation in HDF cells after 24 h culture is shown in Figure 4.11. It
should be noticed that non-irradiated HDF cells were equally manipulated as irradiated HDF
cells, but they were not exposed to ionizing radiation.

No significant differences in cell metabolic activity were observed between non-irradiated
and irradiated cells, however, there seems to be a tendency toward higher values in irradiated
cells as compared to non-irradiated. This slight increase in metabolic activity values seems to
be related to the increase of cell proliferation after irradiation [67]. It has been reported for
many years [69, 70] that when cells are exposed to low doses of ionizing radiation (e.g., 1-2
Gy), the probability of immediate DNA damage is extremely small. In this case, ionizing radia-
tion led to an increase of apoptosis of damaged cells followed by cell proliferation [70]. Fur-
thermore, Acharya et al, [71] reported that cells surviving irradiation upregulate their meta-
bolic state to compensate for the damage incurred during exposure. Therefore, these results
(Fig. 4.11) are consistent with the literature, as it is possible to observe a slight increase in cell
proliferation in HDF cells that were irradiated with 2 Gy compared to HDF cells that were not
irradiated, 24 h after incubation.
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Figure 4.11 - Metabolic activity of irradiated and non-irradiated HDF cells after 24 h of incubation. HDF
cells cultured in the absence of the hydrogels were used as control. Data were expressed as mean + SD (n
=3).

4.2.3 Regenerative effect of Alg-Coll hydrogels on irradiated cells

Figure 4.12 shows the metabolic activity of irradiated HDF cells in the presence of the Alg
and Alg-Coll hydrogels for periods of 24 and 72 h.

Once again it was found that the irradiated cell metabolic activity was lower in the presence
of hydrogels compared to control over the 72 h of culture (Fig. 4.12). Contrarily to non-irradi-
ated cells, here, no differences in irradiated cells growth were found between 24 and 72 h of
incubation, regardless of hydrogel used (Fig. 4.12).

Although ionizing radiation caused an initial increase in cell proliferation (Fig. 4.11), 72 h
after exposure (figure 4.12) the HDF cells maintained similar values of metabolic activity, which
is not in agreement with what was observed in the non-irradiated cells (Fig. 4.10). This means
that ionizing radiation slows down cell growth, independently of the presence or absence of
the hydrogel.

The potential regenerative effect of Alg-Coll hydrogels would be observed if there was an
increase in the expression of cell metabolic activity compared to control (without hydrogel)
[72]. Eventually, longer culture times after radiation exposure would contribute to selecting
the hydrogel with an effective regenerative effect.
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Figure 4.12 - Metabolic activity of irradiated HDF cells exposed to the Alg and Alg-Coll hydrogels for
periods of 24 and 72 h. Irradiated cells cultured in the absence of the hydrogels were used as controls.
Data were expressed as mean + SD (n = 3).

4.2.4 Immunofluorescence analysis of irradiated cells

Figure 4.13 shows the organization and morphology of irradiated HDF cells exposed to Alg
and Alg-Coll hydrogels over 24 h of culture. Control samples (irradiated HDF cells not exposed
to hydrogels) showed typical fibroblasts morphology [47, 73, 74], nhamely a dense network of F-
actin filaments organized as stress fibers, with cells presenting an elongated and flattened
morphology. It is also possible to observe abundant cell-to-cell contact. Identical appearance
and morphology were observed in irradiated HDF cells in the present of Alg and Alg-Coll hydro-
gels, and no morphological and organizational differences were found between hydrogels used
(Fig. 4.13).

Fibroblasts are essential to the wound healing process as they deposit a temporary tissue
matrix allowing the skin to recover from injury [16]. Their morphology and cytoskeletal organ-
ization are important for cell homeostasis [47]. Notably, fibroblasts contain a cytoskeletal pro-
tein named actin, and its distribution in fibroblast cells is very important for wound healing
[75]. As can be seen (Fig. 4.13) the cytoskeleton F-actin organization, nucleus, and morphology
of irradiated HDF cells in the absence (control) of hydrogels are similar to those exposed to
hydrogels. This means Alg-Coll hydrogels do not change the cytoskeleton F-actin organization
and cell morphology.
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Figure 4.13 - Immunofluorescent images of irradiated HDF cells in the absence (control) and presence of
Alg and Alg-Coll hydrogels, after 24 h of irradiation. Cell cytoskeleton F-actin was stained green and
nucleus counterstained in blue. Scale bar corresponds to 100 pm.
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Chapter 5

Conclusion

Radiotherapy plays an important role in cancer treatment. However, this therapeutic mo-
dality can cause a skin lesion known as radiodermatitis. This common side effect of radiother-
apy particularly affects the quality of life of patients. In the last years, some therapeutic ap-
proaches have been developed to improve the wound healing process, but the treatment of
radiodermatitis still remains a challenge. Among the different wound dressings developed so
far, hydrogels are one of the possibilities with great potential to mimic the native skin micro-
environment. In fact, hydrogels can absorb wound exudate maintaining a physiologically moist
environment for the healing process.

In this study, Alg-Coll hydrogels were developed and characterized in terms of morphology,
chemical composition, swelling behavior, water content, pH-responsive behavior, and protein
adsorption. Additionally, human dermal fibroblasts under and without radiation treatment were
cultured to assess the in vitro cytocompatibility and regenerative effect of the hydrogels.

The morphology of hydrogels was characterized by SEM and TEM analyses and showed that
temperature (37 °C), incubation time (12 and 24 h) and Coll concentration (0.25 %) appear to
induce an increase of Coll fibrils formation which could be important to promote cell adhesion
and proliferation. Histochemical analysis of hydrogels allowed to confirm the formation and
maturation of Coll fibrils in the Alg network.

From FTIR, was concluded that Coll can be incorporated into Alg network without altering
their chemical structure, even using different conditions of hydrogel production.

Regarding the swelling behavior and water content, the hydrogels showed a great ability to
absorb exudate maintaining a physiologically moist environment. Addditionally, they showed to
be stable at different pH values (5.5, 7.4, and 8.0) and capable of adsorbing proteins while
maintaining their integrity.

The Alg-Coll hydrogels showed to be cytocompatible, allowing the cell growth and prolifer-
ate from 24 to 72 h of culture. The potential regenerative effect of Alg-Coll hydrogels was not
possible to observe due to the used culture times (72 h). However, the hydrogels showed good
biocompatibility, once the irradiated cells grew in the presence of Alg-Coll hydrogels with sim-
ilar cell morphology and cytoskeletal organization (actin) compared to the control (without
hydrogel), which is an important feature for wound healing.

In summary, the Alg-Coll hydrogels showed promising properties in terms of maintaining a
healthy physiological milieu and promoting cell proliferation even after radiotherapy. Thereby,
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the Alg-Coll hydrogels seem to have promising properties for the wound healing process and
consequently radiodermatitis treatment.



41

Chapter 6

Future Perspectives

Although this project is still in a very early stage, the truth is that the work presented very
promising results, and therefore more studies should be done.

In the short-term, for instance, in vitro biodegradation tests should be conducted to deter-
mine the biodegradability of Alg and Alg-Coll hydrogels. Also, the regenerative effect of Alg
and Alg-Coll hydrogels should be evaluated using longer cultures times.

In the long-term, it will be necessary for a better understanding of the biological process
resulting from skin exposure to ionizing radiation and produced hydrogels. The cellular mecha-
nisms involved both during radiodermatitis and in its healing process should be also studied, as

well as gene expression analysis.
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Supplementary Material

A. ATR-FTIR spectra of freeze-dried Alg and Alg-Coll samples
incubated at 37 °C for 12 h.
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