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Abstract

Impaired skin wound healing due to severe burn injury often leads to aberrant scar tissue
formation as a result of excessive extracellular matrix (ECM) deposition and dysfunctional
collagen turnover by fibroblast cells. However, despite extensive research on impaired wound
healing and the advancement in skin tissue engineering, which have contributed to a significant
decrease in burn-related mortality, they still present significant drawbacks such as excessive
scar formation. The importance of mechanical forces in wound healing, scarring, and ECM
remodeling has been highlighted, as a variety of cells involved in such biological processes are
mechanosensitive, being able to perceive the surrounding mechanical forces and respond to
them via several mechanisms. Thus, it is important to grasp how cells transduce the mechanical
cues of the surrounding microenvironment at cellular and tissue level toward the development
of strategies to promote wound healing. Innovative approaches based on the release of
mechanotransduction inhibitors and mechanomodulatory devices are under investigation to
overcome excessive scar formation and promote the formation of healthy skin.

This study investigated the effect of hydrogel mechanical properties on human dermal
fibroblast behavior in three-dimension (3D). To recreate the key aspects of the ECM, a
viscoelastic and dual-crosslinked hydrogel based on a pectin derivative polymer (PectX)' was
designed and its properties were characterized in detail. To develop hydrogels with tunable
mechanical properties, a dual crosslinking strategy using both physical (ionic) and chemical
(Diels-Alder) crosslinking was employed. The PectX polymer had to be modified with either
furan or maleimide groups, attaining a modification degree of 7.08 + 0.29% and 8.51 + 0.21%,
respectively, to later promote the Diels-Alder reaction between them. The hydrogels were
firstly biofunctionalized with a cell adhesive peptide (CGGGGRGDSP, cell-adhesive domain
underlined) through Michael's addition reaction that provided biochemical cues for cell
adhesion. Then, hydrogels were ionic crosslinked using calcium ions to adjust their rheology at
4°C, followed by a Diels-Alder reaction between maleimide and furan groups at 37°C. Through
the variation of polymer concentration (2-4%) we were able to obtain elastic modulus values
between 1528.31 + 297.80 Pa and 3898.99 + 486.31 Pa and viscous modulus values between
193.51 + 73.30 Pa and 461.01 + 111.76 Pa. By varying the calcium concentration (6-12 mM), it
was possible to obtain hydrogels displaying elastic and viscous moduli from 921.40 + 260.60 Pa
to 1699.73 + 50.03 Pa and 130.09 + 42.07 to 230.08 + 95.22 Pa, respectively. Cell behavior to

these hydrogels demonstrated that the increase in calcium ions (Ca?*) concentration led to an

' Disclosure: PectX is a derivative of pectin obtained by specific purification and chemical modification
reactions. As a patent request is under preparation, the exact chemical composition and fabrication
methods are confidential. Thus, in the scope of this dissertation, the polymer is referred to as PectX.



increase in cell adhesion and elongation, while the increase in polymer concentration had the
opposite effect. Varying the concentration of the peptide also demonstrated that cell adhesion
is enhanced as the peptide content increases, as expected. De novo fibronectin deposition, a
major ECM component, was also evaluated at day 14, demonstrating that in both 2 and 3%
hydrogels cells were able to form interconnecting cellular networks secreting large amounts of
fibronectin, while in 4% hydrogels such behavior was hindered. In addition, multicellular
fibroblast spheroids were produced to later be incorporated into the hydrogels. A greater
contraction in the diameter of the spheroids was observable in the first 24 hours after seeding
the molds, and their size continues to decrease during the 7-day culture period in the molds.
The fibroblasts assembled in spheroids remained metabolically active throughout the 7-day
experiment, though a decrease was observed that is directly related to the increase in cell
density and spheroid size. Finally, the multicellular spheroids were embedded within the
hydrogels to assess fibroblast migratory behavior. The results indicated that the increase in
polymer concentration severely restricted the fibroblast's ability to migrate and invade the gel
network. Furthermore, the maturation time of the spheroids did not have a highly significant
impact on their migration and the cell density showed that although the spheroids with 2500
cells completely disassembled the spheroid, they were not sufficient to promote the formation
of cellular interconnected networks, while the spheroids with 5000 and 10000 cells formed
these structures.

Overall, we created a dual-crosslinked hydrogel with tunable mechanical properties through
the combination of physical and chemical crosslinking strategies. Furthermore, we have
demonstrated that the mechanical properties of such hydrogels play a regulatory role in key

fibroblast functions such as proliferation, spreading, migration, and de novo ECM deposition.



Resumo

A cicatrizacao de feridas da pele, em particular de lesdes graves provocadas por
queimaduras, leva frequentemente a formacao de tecido cicatricial anormal como resultado da
deposicao excessiva de componentes da matriz extracelular (MEC) e da conversao desregulada
de colagénio realizada pelos fibroblastos. No entanto, apesar da extensiva investigacao no
ambito da cicatrizacao de feridas e engenharia de tecidos da pele contribuir para a diminuicao
da mortalidade como resultado de queimaduras graves, ainda existem obstaculos significativos,
tal como a formacao excessiva de tecido de cicatrizacdo. A importancia das forcas mecanicas
na reparacao de feridas, cicatrizacao e remodelacao da MEC tem sido realcada em diversos
estudos uma vez que as células envolvidas nestes processos bioldgicos sao mecanosensiveis.
Como tal, sdo capazes de percecionar as forcas mecanicas circundantes e responder através de
diversos mecanismos. Assim, é importante compreender de que forma as células percecionam
os sinais mecanicos do microambiente circundante de forma a desenvolver estratégias mais
eficazes para promover a cicatrizacao das feridas. Atualmente estao a ser investigadas
abordagens inovadoras baseadas na libertacao de inibidores de mechanotransducao e
dispositivos mecanomoduladores para colmatar a formacao excessiva de tecido de cicatriz e
promover a formacao de pele saudavel.

Este estudo investigou o efeito das propriedades mecanicas do hidrogel no comportamento
de fibroblastos humanos da derme em trés dimensoes. Para recriar aspetos chave da MEC, um
hidrogel viscoelastico baseado num polimero derivado da pectina (PectX) foi desenvolvido e as
suas propriedades foram caracterizadas em detalhe. Para desenvolver hidrogéis com
propriedades mecanicas controlaveis, foi utilizada uma estratégia de reticulacdo dupla
envolvendo reacdes de reticulacao fisica (ionica) e quimica (Diels-Alder). Inicialmente, o
polimero (PectX) foi modificado com grupos furano e maleimidas para permitir a reacao Diels-
Alder, tendo-se obtido um grau de modificacao de 7.08 + 0.29% e 8.51 + 0.21%, respetivamente.
Os hidrogéis foram primeiramente biofuncionalizados com um péptido para promover a adesao
celular (CGGGGRGDSP, dominio de adeséo celular sublinhado) através da reacao de adicao de
Michael. De seguida, os hidrogéis foram reticulados ionicamente utilizando ides de calcio para
ajustar a sua reologia a 4°C, seguido da reacao Diels-Alder entre grupos maleimida e furano a
37°C. Através da variacdo da concentracao de polimero (2-4%) foi possivel obter valores do
modulo elastico entre 1528.1 + 297.80 Pa e 3898.99 + 486.31 Pa e valores do modulo viscoso
entre 193.51 = 73.30 Pa e 461.01 = 111.76 Pa. Variando a concentracao de calcio (6-12 mM),
foi também possivel obter hidrogéis com modulos elasticos e viscosos entre 921.40 + 260.60 Pa
a 1699.73 + 50.03 Pa e 130.09 + 42.07 a 230.08 + 95.2 Pa, respetivamente. O comportamento
celular nestes hidrogéis demonstrou que enquanto o aumento da concentracdo de calcio levou

a um aumento do alongamento celular, o aumento da concentracao de polimeros teve o efeito

Vi



oposto. A variacdo da concentracdao do péptido também demonstrou que a adesao celular
aumenta a medida que a concentracao do peptideo aumenta, tal como esperado. A deposicao
fibronectina, um importante componente da MEC, foi também avaliada ao dia 14 de cultura,
demonstrando que em hidrogéis preparados a uma concentracao de 2% e 3% de polimero as
células eram capazes de formar redes celulares interconectadas e secreta grandes quantidades
de fibronectina. Por outro lado, os hidrogéis preparados a 4% de polimero restringiram
significativamente a deposicdo de fibronectina. Além disso, foram produzidos esferoides
multicelulares de fibroblastos, os quais foram posteriormente incorporados nos hidrogéis para
avaliar a migracao celular. Foi possivel observar uma maior contracdo do diametro dos
esferoides nas primeiras 24 horas apos as células terem sido cultivadas nos moldes. No entanto,
o seu tamanho continuou a diminuir ao longo do periodo de cultura de 7 dias. Os esferoides
permaneceram metabolicamente ativos durante os 7 dias de cultura, embora tenha sido
observada uma diminuicao na atividade metabdlica que esta diretamente relacionada com o
aumento da densidade celular e do diametro do esferoide. Por fim, os esferoides foram
incorporados nos hidrogéis para avaliar o comportamento migratorio dos fibroblastos. Os
resultados indicaram que o aumento da concentracao de polimero restringiu severamente a
capacidade de os fibroblastos migrarem e invadirem o hidrogel. Para além disso, observou-se
que o tempo de maturacao dos esferoides nao teve um impacto muito significativo na sua
migracao. Por outro lado, a densidade celular mostrou que, embora os esferoides preparados
com 2500 células se tenham desagregado completamente no interior do hidrogel, a densidade
celular nao foi suficiente para promover a formacao de redes celulares interconectadas,
enquanto os esferoides com 5000 e 10000 células formaram estas estruturas.

De uma forma geral, foi possivel criar um hidrogel com propriedades mecanicas controlaveis
através da combinacao de estratégias de reticulacao fisica e quimica. Usando este hidrogel, foi
possivel demonstrar que as propriedades mecanicas desempenham um papel regulatorio nas
funcoes de fibroblastos da derme, tais como proliferacao, morfologia, migracao e deposicao de
MEC.
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Chapter 1 - Introduction

1.1. Wound healing and mechanomodulation

Skin is the largest organ of the human body having several essential functions, such as
providing the body with a protective barrier, regulating body temperature, sensation,
excretion, immunity, blood storage, and vitamin D production [1]. It is a multilayered tissue
composed of several cells and ECM components which confer its highly dynamic with specific
biochemical and physical properties [2], [3]. Since it is the outermost layer of the human body,
it is subject to all sorts of interactions with the external environment which can lead to its
damage. Injuries are considered disruptions of the structure and functions of the skin, which
can be triggered by a number of different causes, such as surgical incisions or burns. When the
skin suffers an injury, it immediately triggers a healing process in order to restore its original
structure and functions. This is a highly coordinated and dynamic process in which several
biologic systems interact with each other via cellular and molecular mediators [4]. However,
in more severe burn wounds, inflammation and skin remodeling are usually prolonged which
can lead to the excessive accumulation of ECM components and, consequently, a dysregulation
of the collagen synthesis and degradation process, mainly by dermal fibroblasts. In most critical
cases, the persistence of macrophages and fibroblasts in the injury site leads to an exaggerated
accumulation of collagen, forming hypertrophic or keloid scars [5], [6].

According to the World Health Organization (WHO), over 180,000 people die each year as
a consequence of burns, while almost 11 million people worldwide experienced burns severe
enough to seek medical attention in 2004 alone. Although the mortality rate has decreased,
this leads to an increase in morbidity. In most cases, severe non-fatal burns lead to the need
for prolonged hospitalization and hypertrophic or keloid scars formation, resulting in
disfigurement and disabilities, which makes them a leading cause of morbidity [7].
Furthermore, the American Burn Association estimated that in 2016 more than 486,000
individuals received medical treatments for burn injuries and that there are at least 40,000
hospitalizations that were a result of this type of wound, in the United States alone [8]. In a
study carried out by Guest et al, [9] the costs and outcomes of burn wound management and
its progression were analyzed over the course of 24 months. This study allows us to perceive a
clear difference between the costs of burns that heal within their normal timeframe and those
that do not. During this study, burns that healed within their ideal timeframe had an overall
cost of US$15,302.85, while the treatment of those which had a prolonged healing period cost
USS$51,734.80. Furthermore, it was specified that the total allocated for wound dressings alone
was US$589.81 and US$3,288.98 for burns that healed within their normal timeframe and burns

that did not, respectively. Moreover, according to a report by Transparency Market Research,



the total costs of burn wound hospitalizations alone were approximately US$1.3 billion in 2018,
and in the same year, the global burn treatment market was evaluated to be worth about
USS2.6 billion. In addition, they establish that a Compound Annual Growth Rate is expected to
be close to 5% between 2019 and 2027, so they predict that this market will be worth about
USS4 billion by that year [10]. Thus, severe burns, and more specifically those that do not heal
in a short period of time, approximately 30 days [11], resulting in the formation of fibrotic
tissue (hypertrophic and keloid scars), are a socio-economic burden.

The “gold-standard” technique for the treatment of severe burn wounds is the use of
autografts, as they are obtained from the patient and represent a minimal risk of rejection.
However, its main disadvantage is the limited availability, especially in patients with a high
total body surface area affected percentage. Other skin grafts, namely allografts and
xenografts, despite being more easily available, can induce rejection by the immunological
system of the patient and there is also the possibility of disease transmission. Furthermore,
scar formation, wound contraction, and a lack of tissue integration are risks usually associated
with those grafts [12], [13]. In light of these constraints, skin substitutes are frequently
employed to promote burn wound healing. When dealing with severe wounds that damage at
least the first two layers of skin, it is important to reconstruct both the dermis and the
epidermis in order to accomplish effective wound closure [14]. It is clear to see that even
though there have been breakthroughs in skin substitutes, the results in minimizing or
eliminating scars have been underperforming. Therefore, further investigation in other fields
such as the immunomodulation as well as the mechanomodulation of cells involved in skin
repair has recently been the focus of some research works.

Most skin cells are mechanosensitive, capable of perceiving mechanical stimuli applied to
their surroundings through several structures termed mechanosensors. These stimuli are
translated to biochemical signals, inducing different types of responses from cells, this
mechanism is called mechanotransduction [15]. To effectively develop mechanomodulatory
dressings, it is necessary to first understand how cells sense and transduce the mechanical
properties of the surrounding niche as well as how such mechanical cues drive cellular
responses and new tissue formation. Often, excessive scarring occurs when mechanosensitive
and mechanoresponsive cells recognize various mechanical stimuli, such as matrix
stiffness which can stimulate and activate key mechanosignaling pathways. Currently, research
has identified several of these signaling pathways, which are primarily present in fibroblasts,
the main cell causing excessive extracellular matrix deposition in pathological scars [16].

Thus, mechanomodulation of the cellular response appears to be a promising approach to
address the presented problem of wound healing in severe burns that result in excessive scar
tissue formation. However, despite advances in the field, there is still a need for further
research to understand how the mechanical properties of cell’s microenvironment impact their

biological response.



1.2. Aim of the thesis

The main objective of this dissertation was to evaluate how the mechanical cues of a
bioengineered hydrogel, aimed to be used as a wound dressing, impact the fibroblast response
in 3D.

Specifically, we aimed to:

(i) Develop a viscoelastic hydrogel with adjustable mechanical and biochemical
properties, that mimics those of normal skin. A dual crosslinking technique was
pursued to better modulate the mechanical characteristics of the hydrogel, which
were determined through rheological tests.

(i1) Assess how the mechanical and biochemical properties of the hydrogels influence
essential cellular behaviors in individualized cells, such as cell adhesion and
spreading. The biocompatibility of these gels was also determined.

(iii) Determine whether cell migration of multicellular fibroblast spheroids is affected

by the mechanical properties of the hydrogel as well as by spheroid characteristics.



Chapter 2 - Literature Review

2.1. Skin anatomy, physiology, and healing

2.1.1. Skin structure, functions, and cells

The skin is the largest organ in the human body, providing a protective barrier and
regulating essential functions such as body temperature, sensation, immunity, blood storage,
and vitamin D. These functions are assured by the three main layers that compose the skin,
which are the epidermis, the dermis, and the hypodermis (Figure 1) [17]-[20]. It is important
to highlight that there are specialized structures across these layers that impart the regulatory
and protective functions of the skin. These are named skin appendages and include structures
such as the pilosebaceous follicles, the sweat glands, and the sebaceous glands, which,
although they are mainly located in the dermis and hypodermis, are also connected to the
epidermis [17], [21].
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Figure 1 - Schematic representation of the different layers of human skin, including the

cells, and appendages [22].

The epidermis is the outer layer, which is in direct contact with the external environment,
serving as a protective barrier that shields the body from microorganisms, chemical substances,
and physical trauma. Moreover, it limits water loss, maintains optimal hydration, and has
sensory functions. This first layer is likewise stratified, with keratinocytes accounting for more
than 80% of its cells, but it also contains other cells such as melanocytes, Langerhans cells, and
Merkel cells, all of which play important roles in the functions of the epidermis [18], [20].

Keratinocytes are formed from basal cells that divide and subsequently start migrating towards



the skin surface, during which these cells undergo proliferation, differentiation, and
keratinization. These cells produce keratin, which imparts strength and protection to the skin,
as well as lamellar granules, which release a variety of compounds such as lipids, proteins, and
hydrolytic enzymes, all of which contribute to the skin's barrier function [23], [24]. The
homeostasis of keratinocytes is crucial in maintaining the skin’s protective barrier function and
is achieved by their communication and adhesion to each other through intercellular
connections formed by desmosomes, which consequently leads to an adequate rate of cell
renewal and differentiation [18]. The differentiation, morphology, and location of these cells
allow the identification of the epidermis’ four or five different layers, depending on body
location [25], [26]. As mentioned, this layer is also composed of melanocytes, which are located
in the basal layer and are responsible for the production of melanin, a pigment transported to
keratinocytes that shields the genetic material in the nucleus from ultraviolet (UV) radiation
[8]. Langerhans cells are mainly distributed throughout the spinous and granular layers and are
the first immune barrier, as these cells are able to recognize and process antigens by
phagocytizing them [23], [27], [28]. Finally, Merkel cells are mechanoreceptors that may be
found individually in the epidermis or organized into specialized structures known as tactile
discs, playing an important role in the skin’s sensory function [23], [24], [27].

Underlying the epidermis is the dermis, and these two skin layers are connected by a
specialized structure called the basement membrane that not only attaches them but also
provides support for the epidermis. The basal layer of the epidermis is connected to this
membrane by hemidesmosomes, which in turn is connected to the papillary dermis by collagen
fibrils. The basal membrane is semipermeable, serving as a protective barrier against chemicals
and other cells while allowing the diffusion of nutrients and oxygen to the upper layer [29],
[30].

The dermis constitutes the thickest skin layer and is mainly comprised of connective tissue
consisting of collagen and elastin fibers, which provide the skin flexibility, elasticity, and
resistance to mechanical forces. This layer also harbors blood and lymphatic vessels, nerves,
and skin appendages such as the sebaceous and sweat gland. Thus, the dermis is also
responsible for defending the body from mechanical traumas and assuring thermoregulatory
and sensory functions [19], [27]. This layer also comprises fibroblasts, which are the
predominant cell type and are responsible for the synthesis of the extracellular matrix (ECM)
components. In addition, it also contains macrophages and mast cells, which are involved in
the immunological and inflammatory responses [27], [31], [32]. The dermis is comprised of two
distinct regions, the papillary and reticular dermis, each with its own composition and function.
The papillary layer, which is the most superficial, is thinner and made up of loose connective
tissue with some collagen and elastin fibers and a higher cellular density. The reticular dermis,
on the other hand, is a thicker and highly organized network of connective tissue, consisting

mostly of tightly interwoven elastic fibers and thick dense collagen bundles [28], [29], [33].



The hypodermis is the skin's deepest layer, located directly underneath the dermis. It is
mostly composed of adipose tissue and collagen fibers derived from the dermis, enhancing the
interconnections between these layers, and is also interlaced with blood and lymphatic vessels
and nerves. This layer is a reservoir of energy and fluids, serving as the structural support for

the upper layers and aiding in thermoregulation due to its heat-insulating properties [28], [34].

2.1.2. The role of ECM in skin homeostasis and wound healing

2.1.2.1. The ECM, biophysical and biochemical signals

The ECM is an abundant cell-secreted component characterized by its dynamic nature and
tissue-specific properties. It is a 3D arrangement of macromolecules that are continuously
synthesized, secreted, and remodeled by skin cells, mainly fibroblasts and epithelial cells. The
ECM can be described as a gel-like matrix composed of a complex network of collagens, elastin,
proteoglycans, glycosaminoglycans, laminins, fibronectin, and matricellular proteins (Figure
2), which are essential to maintain the skin’s healthy development and homeostasis and to
support wound healing [2], [3]. ECM's primary role is to function as a scaffold, preserving the
integrity of cells and tissue structure; however, it also acts as a reservoir of growth factors,
cytokines, and chemokines, allowing intracellular transmission of biophysical and biochemical

signals toward regulating cell response [35].
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Figure 2 - Schematic representation of the ECM composition and several interactions with

the cells. Created at biorender.com.

Collagens are one of the most prevalent components of the ECM, with over 20 subtypes

discovered in the skin. These can be classified as (1) fibrillar, which aggregate and



crosslink with one another, producing the structure of the ECM and imparting its tensile
strength, and (2) non-fibrillar, which create a reticular network binding with cells and
specialized ECM molecules, forming specialized structures such as the basement membrane.
Elastin molecules generate elastic fibers through crosslinking with nearby elastin molecules
such as fibrillin, a glycoprotein that keeps these fibers unified. Together they interact to
provide the ECM its elasticity and flexibility, as well as the capacity to recoil after mechanical
stress, proving to be also important components to preserve the ECM's structure [2], [36].
Fibronectin is another glycoprotein found in the ECM that interacts with other extracellular
molecules as well as with certain cells via membrane receptors. Cells recognize the arginine-
glycine-asparagine (RGD) amino acid sequence, which triggers signaling pathways for cell
attachment, migration, and differentiation, therefore playing an important role in cell
communication and adhesion [37]. Glycosaminoglycans (GAGs) are negatively charged
hydrophilic polysaccharides present in the ECM, such as chondroitin/dermatan sulfate, heparan
sulfate, heparin, and hyaluronan. Most GAGs are covalently linked to a protein, forming
structures called proteoglycans, such as decorin and versican. Due to the properties of these
molecules, they draw ions via osmosis, which consequentially leads to the attraction of water
and the entrapment of large volumes in their structure. As a result, they are responsible for
maintaining the osmotic balance and hydration of the skin, thus contributing to its
compressibility and the viscosity characteristic of the dermal connective tissue. In addition,
most are able to bind to growth factors found in the ECM, granting spatiotemporal modulation
of these substances [38], [39].

As stated earlier, the ECM is not a static structural scaffold, but instead is a dynamic matrix
responsible for the regulation of cell fate through mechanical and biochemical cues essential
for tissue development, hemostasis, and regeneration. Cells are capable of binding to the ECM
via cell transmembrane receptors such as integrins, allowing them to perceive biophysical cues
of their microenvironment, such as stiffness and porosity, and activating a cascade of
downstream signals in the cell. ECM also has a role in the spatiotemporal presentation of
biochemical signals that are critical for cell behavior. Biochemical cues are often delivered in
the form of soluble signals, though the ECM can also bind soluble signals to the cell surface,
boosting their effective concentration and limiting their degrees of freedom [40], [41].
Integrins are also able to detect specific ECM components and bind to a wide range of
intracellular proteins, enabling interactions with the cells’ cytoskeleton and signal transduction
pathways. Although integrins are one of the main cellular receptors, other extracellular matrix
receptors have been reported such as transmembrane proteoglycans (syndecans, receptor for
hyaluronan mediated motility, and CD44), elastin/laminin receptor (ELR), CD36, annexin II,
and receptor tyrosine kinases [11], [42]. Apart from signaling through cellular response, the
ECM can also signal via the proteolytic cleavage of active components and mechanical exposure

of cryptic sites. Overall, when physical or chemical signals from the ECM contact with cells,



they create amplified chemical messages that are subsequently delivered to a decision center,

such as the cell nucleus, which determines how the cell should behave [40], [43].
2.1.2.2.Wound healing process

A skin wound is an injury described as a disruption to its normal anatomical structure that
comprises the tissue’s functions, and it is usually caused by surgical incisions and mechanical,
thermal, or chemical injuries. The skin rapidly responds to this disruption by triggering the
healing process which aims to restore the original skin anatomy, properties, and functions. This
is a highly orchestrated and dynamic process in which both the immunologic and biological
systems interact with each other via cellular and molecular mediators [4]. There are four main
healing phases that, in an acute wound, occur in the following order: hemostasis, inflammation,
proliferation, and remodeling (Figure 3) [44]. Wounds are classified as either acute or chronic
based on how long it takes for them to heal. While acute wounds typically take up to 3-4 weeks
to heal in an orderly and efficient manner, chronic wounds are difficult to heal injuries that do

not heal in an organized or timely manner in a period of 30 days [11].
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In acute wounds, the first phase of the healing process starts immediately upon injury,
when the blood components and platelets come in contact with the exposed collagen from the
ECM, leading to the formation of a clot that provides a provisional matrix for wound protection
and cell migration. This clot is composed of fibronectin, fibrin, vitronectin, and
thrombospondin [45], [46]. The aggregated platelets degranulate and release key mediators
such as platelet factor 4 (PF4), platelet-derived growth factor (PDGF), insulin-like growth
factors (IGFs), epidermal growth factor (EGF), and transforming growth factor alpha and beta
(TGF-o. and TGF-B). These mediators allure and activate fibroblasts, endothelial cells, and
macrophages, which are critical for the next stages of the healing process [45].

The inflammatory stage starts with the lure of leukocytes or neutrophils, which are the first
cells to infiltrate the wound site and begin to phagocytose bacteria, foreign particles, and
damaged tissue. Monocytes are then recruited to the wound site, through mediators and
degraded ECM components, which, upon arrival, connect to the ECM and differentiate into
macrophages [5], [47], [48]. These take over the neutrophil’s functions, keeping the wound
clear of any bacteria and necrotic tissue, through phagocytosis and the synthesis of enzymes
such as collagenase and elastase. Macrophages have a crucial role in the progression of the
wound healing process, as they release cytokines and growth factors, such as PDGF, fibroblast
growth factor (FGF), vascular endothelial growth factor (VEGF), interleukin-1 (IL-1) and
interleukin-6 (IL-6), IGF-1, and TGF-B and TGF-a, attracting and activating fibroblasts,
endothelial cells and promoting angiogenesis, which ultimately leads to the transition to the
next phase [45], [48]. Lastly, lymphocytes are the final cells to emerge during the
inflammation, and they participate in cellular immunity and antibody production. Moreover,
lymphocytes provide important profibrotic cytokines and growth factors [46], [49].

The proliferative phase is reached when the wound starts being reconstructed with new
tissue. In this stage, it is possible to observe several events such as fibroblast migration,
collagen synthesis, de novo ECM formation, angiogenesis, granulation tissue formation,
epithelialization, and wound contraction. In order to carry out the repair of the skin’s wound,
it is fundamental that a continuous supply of nutrients is provided. Therefore, angiogenesis is
triggered, repairing affected blood vessels, and creating new ones towards the wound center
[50], [51]. Meanwhile, fibroblasts begin replacing the provisional matrix with a collagen-rich
granulation tissue, which is achieved by breaking down the provisional matrix and synthesizing
important components for the new ECM, such as fibronectin, proteoglycans,
glycosaminoglycans (hyaluronan) and glycoproteins (collagen, mainly type Ill, and elastin) [4],
[51]. Fibroblasts also differentiate into myofibroblasts which are important not only because
they secrete various components of the ECM, but also promote wound contraction, this way
approximating the wound edges and diminishing the healing time. Myofibroblasts express
smooth muscle actin (a-SMA) which confers a contractile behavior and allows them to bind to

ECM via the integrin receptors. These cells gather at the wound edge, attaching to the matrix



and contracting it to decrease the size of the wound [50]-[53]. At the same time, keratinocytes
in the vicinity of the wound are stimulated by growth factors to proliferate and migrate towards
restoring the epidermis, promoting reepithelization. These epidermal cells shape the new basal
membrane and when cells from different edges of the wound come in contact, a signal is
transmitted to end the migration and link themselves to each other for stabilization [51], [54].

In the last phase of wound healing, remodeling, the ECM continues to balance the synthesis
and degradation of collagen, in order to remodel the matrix. Macrophages and fibroblasts lead
to the degradation of collagen, with the production of matrix metalloproteinases (MMPs).
Meanwhile, collagen is being synthesized, replacing collagen type Il with type |, and crosslinked
by an enzyme, in order to achieve the organization and strength as close to native skin as
possible [45], [50]. In this phase, it is also possible to observe a decrease in the number of cells
present, as a result of apoptosis, and a regression of the blood vessels from angiogenesis [55].
Despite the continuous remodeling process in wound healing, scar development is the most
common consequence of this process, and scars typically only achieve around 70% of the tensile
strength of the unwounded tissue [56].

In more severe injuries, such as partial and full-thickness burns, there is a high risk of
hypertrophic or keloid scars formation, which can lead to considerable morbidity as they induce
a variety of severe symptoms such as soreness, itchiness, dyspigmentation, heat sensitivity,
and decreased range of motion related to its contraction [57]-[59]. Partial and full-thickness
burns affect both the dermis and the epidermis and can even reach the hypodermis, which can
lead to abnormalities in the wound healing process [60], [61]. These two types of scars are
caused by excessive scarring due to an imbalance of fibrosis, which is the collagen turnover
process in which fibroblasts replace type Il collagen with type | collagen [6]. The inflammation
and skin regeneration processes are prolonged in these wounds (Figure 4), resulting in a buildup
of ECM components and, consequentially, a dysregulation of the collagen synthesis and
degradation processes. As a result, there is a persistent presence of macrophages and
fibroblasts which ultimately lead to an exaggerated accumulation of collagen [5], [6]. In this
context, the amount of collagen in hypertrophic scars and keloids is significantly higher than
in normal skin, and the ratio of type | to type Il also fluctuates among them. Furthermore, the
wound mechanical environment, such as the physical properties of the ECM, has been shown

to influence wound healing and scar formation as it modulates cell behavior [62], [63].
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Figure 4 - Differences between normal and abnormal wound healing leading to excessive
scar formation over time. Normal wound healing follows a time-specific sequence of phases whereas
excessive scar formation exhibits dysregulations of the fundamental signaling pathways, which can result
in persistent inflammation, excessive collagen synthesis, or inadequate matrix degradation and

remodeling [62], [63].

2.2. The importance of mechanical forces in dermal fibroblast biology

2.2.1. General principles in mechanotransduction

Mechanotransduction is defined as the process through which cells detect mechanical
stimuli from their microenvironment, such as load, deformation, stiffness, roughness, or
topography, and convert them into biochemical signals, resulting in a modulation of the cell’s
response. There are a variety of mechanosensitive and mechanoresponsive cells capable of
sensing these cues and activating, suppressing, or even modulating important molecules in
mechano-signaling pathways [16], [64]. Fibroblasts are one of the most abundant
mechanoresponsive cells in the skin and are able to detect these stimuli through structures
named mechanosensors, including the cells membrane, mechanosensitive ion channels,
integrins, focal adhesions, and protein and intercellular complexes. There have been several
mechanotransduction pathways reported throughout the years, such as the integrin, Mitogen-
activated protein kinase (MAPK), Yes-Associated Protein (YAP)/Tafazzin (TAZ), Wingless-
related integration site (Wnt), Roh, Smad, and FAK signaling pathways (Figure 5) [15].
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Figure 5 - Mechanosignaling pathways activated in cells when subjected to mechanical
stress. When mechanosensors in or on cells are engaged, multiple mechanosignaling pathways are

activated, which subsequently affect cell response [15].

The integrin-FAK route is one of the most typical mechanotransduction mechanisms that
can affect fibroblast survival, collagen synthesis and reorientation, and its differentiation
into myofibroblasts. The mechanical stimuli are received and conveyed from the cell surface
to cell-matrix adhesion sites on the cell membrane through the ECM. When the
integrin receptors bind to ECM, they are activated and their molecular form is altered. When
integrin receptors link to ECM components such as fibronectin, their molecular structure
changes, allowing their cytoplasmic tails to engage with adaptor proteins that bind them to
cytoskeletal actin. These proteins form the focal adhesion complex that physically binds the
integrins to the ends of the contractile microfilament bundles, establishing a molecular
connection between the ECM and the cytoskeleton. These complexes stimulate focal adhesion
kinase (FAK), which is essential for cell migration. Their activity triggers intracellular signal
transduction pathways, which enhance the renewal of cell-ECM interactions. In wound healing,
when FAK is suppressed or removed, pro-inflammatory and pro-fibrotic growth factors are
significantly attenuated, and as a result collagen, deposition, and myofibroblast quantities are
decreased [16], [65]. Another significant mechanotransduction mechanism implicated in

fibrogenesis is the integrin-mediated TGF-B pathway. It is a soluble factor that can trigger
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fibrosis and modulate myofibroblast differentiation as it is involved in cell structural changes
and the release of pro-fibrotic molecules such as a-SMA, which interact with myosin to generate
tension. TGF-B pathways are distributed downstream through the Smads pathway and combine
with Co-Smad to reach the nucleus, where they bind DNA and activate target genes. TGF-31
also increases myofibroblast contractility and stimulates the synthesis of fibronectin fibrils,
which is associated with pathological contracture. Furthermore, ECM stiffness influences
induced TGF-B1 expression and consequently differentiation of fibroblasts into myofibroblasts,
as integrins are activated and release this factor in stiffer matrices. This leads to an increase
in smooth muscle actin, which results in greater ECM stiffness and a positive feedback loop for
fibrosis. Moreover, TGF-B2 and TGF-B3 are known to have pro-fibrotic characteristics and
regulate epidermal and dermal cell motility, respectively, and hence play a significant role in
wound healing [65]-[67].

2.2.2. Skin viscoelasticity

Viscoelasticity is considered to be a universal and fundamental characteristic of most
biological tissues, as it allows the tissues to undergo deformations without compromising their
integrity and the skin is no exception. The primary components of the ECM, as well as the
resident cells, are responsible for this viscoelastic behavior of skin [68]. Viscoelastic materials
are characterized as exhibiting the behavior of both elastic materials and viscous liquids when
subjected to mechanical forces. When exposed to stress, which is defined as the force or
pressure per unit area of a material caused by external loads or forces, purely elastic materials
demonstrate the capacity to alter their length, volume, or shape followed by recovery to their
original state once the stimulus is withdrawn. Viscous liquids, on the other hand, react
the completely opposite way, deforming in a steady, time-dependent, and permanent manner,
unable to restore to their previous shape. As a result of their in-between mechanical
properties, viscoelastic materials display an initial elastic response when a force is applied to
them, allowing them to store the applied stress; however, this is followed by a time-dependent
response and energy dissipation. If subjected to external stress or load, these materials will
creep, described as the material's tendency to slowly deform, and as a result of stress
exposure, they will experience stress relaxation, meaning that the force required to maintain
the deformation will progressively decrease. Furthermore, when a sinusoidal tension is applied,
stress and strain, which is the amount of deformation a material undergoes, are considered to
be in-phase for purely elastic materials since the entire imposed energy is stored and later
recovered with no loss; however, viscous fluids are found to be completely out of phase, which
means that all of the energy is dissipated and lost through internal friction in the system [68]-
[71].

As previously described, the skin is a dynamic tissue whose chemical and physical properties

are strongly influenced by age, gender, ethnicity, and location, among other factors. It mainly
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consists of a collagen-rich fibrous network embedded in ground substance. On one hand, the
main fibrous constituents of the ECM, namely collagen and elastin, are the key players which
provide the structural stiffness and elasticity of the skin, with elasticity fluctuating depending
on the direction of force application due to the alignment of the fibers. The bonds that crosslink
these fibers in the ECM are usually non-covalent weak bonds that allow the dissipation of energy
in a time-dependent manner and upon load/deformation application, as these can break the
bonds. On the other hand, this proteoglycan-rich ground substance is another main participant
in providing skin its viscous nature, as its water uptake largely influences the energy loss
through its flow in and out of the matrix [68], [72]. In this way, the skin exhibits anisotropic,
time-dependent, viscoelastic material behavior Thus, the skin exhibits an anisotropic, time-
dependent behavior of a viscoelastic material with elastic and viscous modulus, as shown in
Table 1, which depends on the skin site and also vary with whether or not epidermis is included
in the tests. Furthermore, the biomechanics of healthy skin and scar tissue differ significantly.
As mentioned, undamaged healthy skin is viscoelastic by nature, whereas scar tissue is typically
stiffer and less viscoelastic. As the content and arrangement of dermal fibrous ECM molecules
govern skin mechanical characteristics, a dysregulation of ECM composition, abundance, and
organization affects not only the mechanical characteristics of the matrix but also the overall
mechanics of the tissue, which ultimately will influence cellular signaling [71].

Overall, biomechanical tensile testing, in which the tissue is stretched and the force it
generates is quantified, has contributed significantly to the understanding of some aspects of
the mechanical behavior of skin. However, the viscoelastic performance of the skin at low
loads, which has not been as deeply explored, has been gaining some interest due to its
important role in the normal physiological function of this tissue. These studies allow a better
characterization of the physical properties of skin, providing insight into its ability to resist
stretching, withstand stress, and dissipate energy through viscous methods. These properties
can be applied to the development of biomimetic materials with mechanical properties that
more closely resemble those of the skin and/or its ECM and be used to study how these
characteristics influence wound healing/scar formation and affect the cellular response, and
ultimately be employed in the development of wound healing treatments and skin substitutes
[15], [71].

Table 1 - Mechanical properties of the human healthy and scarred skin.

Sample  Tissue Testing Method Main Findings Refs.
composition  Condition
Full Skin | Unwounded Frequency sweep G’ ranged from 325.0 to 1227.9 Pa [73]
(Dermis + LG U] (strain G’’ ranged from 68.5 to 189.9 Pa
Epidermis) 0.5% and frequencies

between 0.628 and
75.398rad/s)

Dermis Only | Unwounded Frequency sweep G’ ranged from 434.9 to 6620.0 Pa [73]
measurements (strain G’’ ranged from 126.3 to 458.6 Pa

0.5% and frequencies

between 0.628 and

75.398rad/s)
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2.3.Hydrogels as ECM-mimics for skin applications

2.3.1. Hydrogels: fundamental concepts

Hydrogels are 3D water-swollen networks formed by the crosslinking of hydrophilic polymer
chains, that are capable of retaining large quantities of water or other biological fluids without
being dissolved. Hydrogels are porous, permeable structures that facilitate the flow of
nutrients, oxygen, and cellular waste, and they also demonstrate swelling ability and
viscoelastic properties. Hydrogels may be fabricated using various crosslinking reactions and
exhibit adjustable physicochemical features as well as high biomimicry of the ECM of natural
tissues. Furthermore, hydrogels can be modified with chemically and physiologically active
recognition cues such as stimuli-responsive compounds and growth factors to improve their
biofunctionality. The microenvironment provided by hydrogels, more specifically the
biophysical/biochemical properties, can significantly affect cell proliferation and
differentiation, and also ECM production. Due to the distinctive properties with which
hydrogels can be produced, they have been widely studied for various biomedical and tissue
regeneration applications, including wound healing [74], [75].

The polymers employed can be either of natural origin, such as polysaccharides derived
from animal, plant, or microorganism sources, polynucleotides, and polypeptides, or of
synthetic origin, artificially man-made. Naturally occurring polymers usually include
carbohydrates and proteins, providing structural support to the plants/animals, hence their
biocompatibility and non-cytotoxic effect compared with synthetic hydrogels, which most
times are prepared through the use of chemical agents. Moreover, most natural polymers are
readily available and cheaper and exhibit bioactive properties [76]. To form hydrogels, polymer
chains can be chemically crosslinked, usually through covalent bonds, or physically crosslinked
by non-covalent bonds such as molecular entanglement, hydrogen, or ionic bonds, or even a
combination of both. The stability of these crosslinks can be tuned by several different
methods, such as the use of temperature, ions, or UV radiation.

When designing a hydrogel for wound healing applications, various factors must be taken
into consideration, including biocompatibility, biodegradability, bioadhesiveness, and cell-
hydrogel interaction. Furthermore, properties such as vascularization capability, antibacterial,
anti-inflammatory, and pro-angiogenic qualities may be incorporated into hydrogels, depending
on the application. Biocompatibility is a critical necessity for any hydrogel in order to preserve
tissue homeostasis by offering an appropriate scaffold without triggering adverse responses.
The biodegradability of the hydrogels is also crucial because they serve only as a temporary
matrix for skin cell adhesion, proliferation, re-epithelialization and neovascularization, and
wound healing. Bioadhesivity also contributes to the long-term durability of hydrogel dressings
around the wound area by promoting homeostasis, keeping the site moist, and absorbing tissue

exudates during healing [77].
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Hydrogels are extensively employed in tissue engineering not only due to the features
mentioned above but also for their mechanical and structural properties that are comparable
to numerous tissues and ECM, as well as their ability to be given in a non-invasive manner. As
a result, producing scaffolds that match both the structure and bio-functions of the natural
ECM is extremely desirable [78].

2.3.1.1.Pectin-based hydrogels

Pectin is a naturally occurring polysaccharide, which makes up the structural component
of the plant’s cell walls and can be extracted from apple pomace and citrus peels, being one
of the major by-products of cider or juice industries. It has been widely used in the food
industry for its gelling, thickening, and emulsifying capacities. However, it is being increasingly
found in pharmaceutical and biomedical applications, owing to its chemical versatility, anionic
nature, and ionic crosslinking ability [79], [80].

This polysaccharide is composed mostly of galacturonic acid (70%), rhamnose, galactose,
and arabinose (Figure 6), and is regarded as one of the most structurally complex natural
polymers. Its backbone is comprised of linear chains (1,4)-a-d-galacturonic acid (GalA) residues
which can be acetylated, or methyl esterified. The amount of carboxyl groups esterified with
methyl groups determines the degree of esterification (DE) and depending on its DE pectin can
be categorized as low methoxyl (LM), with a DE lower than 50%, and high methoxyl (HM), with
a DE higher than 50%. These present dissimilar properties, affecting characteristics such as
solubility, crosslinking ability, and gel formation. HM pectin is normally soluble in hot water
containing a dispersion agent to prevent agglomeration. Furthermore, its gelling usually
involves an acidic aqueous media as well as an abundance of carbohydrates. Gelation of HM
pectin occurs via hydrogen bonds between non-dissociated carboxyl groups and secondary
alcohol groups, as well as via hydrophobic interactions between methoxyl groups and water.
On the other hand, LM pectin is not as pH sensitive and its gelling may occur at physiological
temperatures and pH values, requiring only the introduction of divalent cations such as
calcium, resulting in a spreadable, shear reversible ionically crosslinked gel network [81], [82].
Due to the high complexity of pectin, its exact chemical composition and structure are still
under debate, although it is believed that it is composed of three main domains, namely the
homogalacturonan (HG) which is usually alternated by rhamnogalacturonan-l (RG-l) and
rhamnogalacturonan-Il (RG-Il). However, other structural classes such as xylogalacturonan (XG)
and apiogalacturonan (APG), can also be found in their composition. The HG accounts for at
least 65% of the pectin and is known as the smooth area since it is a homopolymer of GalA with
no side chains. On the other hand, the remaining domains are considered the hairy region of

this polysaccharide due to the occurrence of side chains of different sugars [82], [83].
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Figure 6 - Schematic representation of the pectin structure. Its smooth zone is composed of partially

esterified HG and its hairy zones are composed of highly branched zones namely RG-I1 and RG-11 [84].

Pectin has been shown to exhibit a wide range of bioactive attributes, including anti-tumor,
anti-inflammatory, antioxidant, mucoadhesiveness, and biodegradability, among others, which
have proven attractive for various biomedical applications, including tissue engineering and
regenerative medicine [85]. Aside from these distinguishing characteristics, the presence of
numerous hydroxyl, carboxyl, carbomethoxy, and acylamino functional groups make pectin
capable to obtain a broad spectrum of derivatives, making it a is a highly versatile material
whose viscoelastic properties can be easily modulated and tuned through polymer
concentration, crosslinking, or even through its chemical modification [86], [87]. One of the
major drawbacks of utilizing pectin polymers for tissue engineering applications is that it
exhibits poor cell adhesion, essential for cell survival, mostly owing to their hydrophilic nature.
However, the incorporation of cell adhesion sites through the modification of this polymer with
oligopeptides containing the RGD sequence has been used to enhance integrin-dependent cell
adhesion, one of the most important contributors to the regulation of cell function. As a result,
pectin can be used for the production of biomimetic materials for a wide range of natural
tissues and may be employed as a matrix to entrap and distribute a range of medicines,

proteins, and cells.

17



2.3.2. The emerging role of hydrogel viscoelasticity in cell response

Most human tissues are viscoelastic being capable of dissipating as well as storing stress.
Indeed, this viscoelastic nature of the tissues has been shown to be significant in influencing
cell and tissue response, such as in the tendons, skin, and brain. There have been studies that
show the pivotal role of tissue viscoelasticity not just in normal physiological processes, but
also in disease development. The effect of viscoelastic properties of the cell’s
microenvironment has been studied both on two-dimensional (2D) and 3D matrices.

In a study, fibroblasts were cultured on 2D alginate hydrogels that were only chemically
(covalent bonds) or physically (non-covalent bonds) crosslinked, and RGD was also incorporated
into them to promote cell adhesion. The first hydrogels presented purely elastic characteristics
and the cells were unable to spread throughout the matrix, presenting a spherical morphology.
The latter, however, displayed viscoelastic properties which allowed the cells to spread,
presenting a more elongated morphology. Moreover, in the latter, the cells exhibited robust
focal adhesions and stress fibers and activation of the transcriptional regulatory protein YAP,
a behavior that compares to that seen in the presence of rigid, elastic substrates. This behavior
was attributed to the plastic deformation that these hydrogels demonstrated [88]. In another
study, performed on purely viscoelastic arrays of polyacrylamide gels with linear acrylamide
chains, it was shown that increasing the elastic modulus decreased the stiffness of the
fibroblasts and also increased their spreading [68]. Although these studies in 2D cultures are
relevant to understand how the viscoelastic properties of the material can affect the cells, it
is still known that the dimensionality of the culture affects several parameters such as cell
structure and adhesion, signaling, and nutrient transport into the culture. It is known that the
dimensionality of the cell culture influences many cellular mechanisms such as cell structure,
adhesion, signaling, and even nutrient transport. In order to effectively study cellular behavior,
3D matrices are important since they replicate the native conditions of the cells with greater
similarity. A study conducted on 3D hyaluronic acid and collagen interpenetrating network
hydrogels, which goal was to recapitulate ECM viscoelasticity and fibrillar architecture,
demonstrated that the dynamic crosslinking conferred the hydrogels with stress-relaxation
behavior and resulted in a significant increase on fibroblast’s spreading and proliferation, as
well as the formation of focal adhesions. In this study, the formation of focal adhesions was
attributed to the viscoelastic properties of hydrogels but also suggested that the fibrillar
component plays an important role in focal adhesion formation [88].

The biochemical and biophysical features of the ECM govern diverse cellular processes not
only in 3D space but also in a time-dependent way. Thus, hydrogels should match the tissue-
specific and dynamic structural features of natural ECM in order to efficiently support the
activities of encapsulated cells in 3D space. Furthermore, changes in cell shape are linked to
cell mechanotransduction signaling, which regulates a number of cell activities such as

adhesion, migration, proliferation, differentiation, and death. As a result, the dynamic and
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adaptive structures of ECM are crucial to a range of activities such as wound healing and tissue
regeneration. Dynamic hydrogels have been recently mentioned and are gaining increasing
interest, as they are matrixes with temporal and spatial accuracy in response to specific
mechanical stresses and biological signals. An example of these are dynamic matrices
generated through dynamic crosslinks, that can be cleaved and re-established favoring cell
spreading and migration. Recently, numerous types of dynamically chemical and physical
crosslinking strategies are increasingly being employed for the production of these dynamic
hydrogels as they are usually reversible, and contribute in a degradation-independent to the
structural dynamics of hydrogels [70], [89], [90].

2.3.3. Crosslinking reactions to engineer viscoelastic hydrogels

Polymers are usually soluble in an aqueous media; hence it is essential to provide physical
and/or chemical crosslinks between polymer chains, in order to preserve the integrity and
stability of the produced hydrogels. Crosslinking can be widely defined as the establishment of
junction points where the polymer’s chains crossover leading to the development of networks
that ultimately can result in the formation of hydrogels by restricting the mobility and freedom
of polymer chains as well as lowering their solubility. Thus, crosslinking between polymer
chains affects important physical properties of the hydrogels produced, such as their elasticity,
viscosity, solubility, and swelling ability, among others [91], [92].

As previously stated, the crosslinking can be either of chemical or physical nature, or even
a dual crosslinking strategy can be employed, exploiting a combination of both. Chemical
crosslinking often entails the generation of covalent bonds between polymer chains, which
usually require polymer modification/functionalization. Chemical crosslinking can be divided
into several categories depending on the method of crosslinking, such as free radical chain
polymerization (e.g., photopolymerization, oxidative-reductive mechanisms), enzyme-
catalyzed reactions, “click” chemistry (e.g., thiol-ene radical addition, Michael addition) and
dynamic covalent crosslinking (e.g., Schiff Base and Diels-Alder reactions) [92]. While physical
hydrogels show stress-relaxing properties, static covalent crosslinks frequently result in purely
elastic gels. On the other hand, dynamic covalent chemistry, as an intermediate, may develop
viscoelastic materials that exhibit stress-relaxing characteristics and deform under stress to
support biological activities such as spreading, proliferation, and differentiation [89].
Chemically crosslinked hydrogels are often defined as permanent, meaning that when cleaved,
covalent bonds are unable to reestablish themselves; however, dynamic covalent crosslinking
has a reconfigurable character, which means that these chemical connections can rapidly
dissociate, following by association upon stimuli removal. Physical crosslinking, on the other
hand, often make use of non-covalent interactions which are usually reversible. Physically
crosslinked hydrogels can be produced by applying methods such as ionic/electrostatic

interactions, hydrogen bonds, hydrophobic interactions (thermally or ultrasonically induced),
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chain entanglement, and crystallization, among others [93]. In general, chemically cross-linked
hydrogels appear to have more tunable physicochemical properties and exhibit high stability
and superior mechanical properties when compared to physically crosslinked hydrogels [74].
However, a significant disadvantage of chemical crosslinking is that many of the available
reactions require the use of crosslinking agents that are cytotoxic, therefore, preclude the
crosslinking in presence of cells and must be eliminated before application. Physical
crosslinking has the advantage of being simple synthesis procedures that do not involve
chemical modification or the use of these. However, hydrogels produced using these methods
often demonstrate relatively low mechanical stability [93], [94].

Despite the benefits of both physical and chemical crosslinking, some attributes require
improvement, such as the potential toxicity of excess and/or unreacted chemicals in the
covalent crosslinking reaction, as well as the mechanical strength and environmental
responsiveness of physical forces. As a result, dual crosslinking techniques, which combine
physical and chemical crosslinking methods, result in hydrogels containing both covalent and
physical crosslinks. The former sufficiently contributes to the mechanical strength of the
hydrogel, while the latter allows the hydrogel to dissipate greater quantities of energy

during deformation, further enhancing the hydrogel's toughness [95].

2.3.3.1.lonic crosslinking

lonic interactions are one of the simpler methods for hydrogel crosslinking. In ionically
crosslinked hydrogels, the driving force is the electrostatic interactions that occur between
oppositely charged molecules. Thus, this method may proceed between ionic complementary
polypeptides, two polyelectrolytes with opposite charges, or charged polysaccharide
multivalent counterions [96].

The ionic crosslinking method that employs the addition of multivalent counterions to a
polymer solution to induce their gelation, is widely used since it is usually a biocompatible
process that can occur at room temperature and physiological pH and can easily be reversed
by the use of chelating agents, such as ethylenediaminetetraacetic acid (EDTA) and sodium
citrate. However, as with most physical crosslinking processes, the hydrogels produced by this
method typically exhibit poor mechanical properties. Moreover, the approach poses the
possibility of ions being released, which in high quantities might become toxic to the cells [92],
[97]. This method frequently involves the usage of multivalent cations, requiring the
employment of anionic polymers. Due to this restriction, the approach is fairly limited in terms
of polymers to which it may be implemented, some of which are alginate, hyaluronic acid, (low
methoxyl) pectin, and gellan gum. In addition, calcium is one of the most commonly employed
ions for ionic crosslinking, and among the several water-soluble calcium salts, calcium chloride
(CaClz) is the most frequently applied ionic crosslinker due to its increased solubility in aqueous

conditions, resulting in a fast gelation [92], [98]. Upon dissolution in water, the anionic
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polymers are ionized, and the carboxylic groups present on their chains generate COO" groups
capable of binding to the multivalent cations via electrostatic interactions [96]. In polymers
such as pectin and alginate, these interactions form an egg-box model as can be seen in Figure
7 [99].

Pectin

Alginate

FEFeie
EFERER

Figure 7 - Schematic representation of the ionic crosslinking of pectin and alginate through

electrostatic interactions with Ca?* creating the egg-box model.

The method of preparing hydrogels through ionic crosslinking via multivalent ions and
charged polymers significantly influences their gelation as well as the characteristics of the
resulting hydrogel. This crosslinking procedure may be carried out in two different manners,
through internal and external gelation. On one hand, the ionic solution may be introduced and
dissolved directly into the hydrogel precursor solution, on the other hand, the polymer solution
may be added to an ion-containing bath, allowing free diffusion of ions into it. Both methods
result in the gelation of the polymer solution and the formation of an ionically crosslinked
hydrogel. On the one hand, hydrogels synthesized by this first technique generally demonstrate
a homogenous structure; yet, they have a looser network and consequently inferior mechanical
characteristics. In addition, with this method, the gelation time of the polymer solution for the
formation of hydrogels is considerably longer. On the other hand, gels prepared by the second
method generally do not have such a homogeneous structure, since the concentration of ions
at the surface is considerably higher than in the center, and for this reason, they have been

highly regarded for drug loading and release [100], [101].
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2.3.3.2.Diels-Alder reaction

Dynamic covalent bonds are a class of reversible chemical bonds that can be broken and
reformed under equilibrium conditions, one which the Diels-Alder (DA) reaction falls upon. DA
reactions are described as reversible click chemistries of [4+2]-cycloaddition that usually
happens between an electron-rich diene and an electron-poor dienophile, to form substituted
cyclohexene derivative, leading to the formation of more energetically stable bonds [89], [92].
This reaction is characterized as a click reaction, due to its high selectivity and yields.
Furthermore, these reactions can take place in the absence of toxic solvents, other
crosslinkers, or catalysts without the formation of by-products or the occurrence of side
reactions. However, compared to other click chemistries available, DA reaction is usually much
slower, taking longer times for the gelation to occur [102]-[104].

The most common strategy to fabricate hydrogels via DA reaction is to firstly functionalize
the hydrogels precursors with the required functional groups and then mix these solutions,
where the polymers are crosslinked through the DA reaction, in which diene-dienophile systems
that bond in a thermo-responsive way, forming the hydrogels. Among several available diene-
dienophile systems, the furan and maleimide groups are one of the most widely utilized
conjugates to stimulate this reaction, due to their relatively fast reaction rate at physiological
temperatures, as illustrated in Figure 8. Polymers must initially be functionalized with the
diene and/or dienophile groups. Chemical modifications, such as amidation reaction,
etherification, and imine formation, among others, are frequently required for the coupling of
these groups into the polymer chains. The produced hydrogels are typically thermo- and pH-
responsive and have been investigated for a variety of biological applications including tissue
engineering, drug delivery, and antimicrobial coatings [93], [105]. Gelling rates are typically
enhanced in aqueous conditions due to hydrophobic interactions between the diene-dienophile
conjugation; however, maleimide groups are susceptible to hydrolysis, which may eventually
inhibit the further reaction, affecting the stability of Diels-Alder cross-linked hydrogels. Since
the maleimide groups are usually more stable under more acidic conditions, the DA reaction is
often carried out in acidic aqueous media which also stimulates a more accelerated DA;
nevertheless, these are usually cytotoxic to cells and not adequate for in situ applications. As
a result, in recent years, methylfurans have been employed in place of furans to enhance the
gelation process at physiological pH, as they offer a more electron-rich diene. However, even
though the gelation is enhanced, so is the reverse DA reaction (retro DA). The retro-DA
reaction, which is usually favored by increased temperatures, also occurs more readily, which
further reduces the stability of the hydrogel. As mentioned, the DA reactions are
thermosensitive systems and demonstrate increased reversibility at higher temperatures,
usually over 100°C. However, the range of favorable temperatures upon which the DA and
retro-DA reactions occur may be adjusted by varying the diene-dienophile conjugation, their
concentration, and molecular weight [89], [93], [103], [104].
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Overall, DA reactions in the hydrogel synthesis have attracted significant attention for their
use in biomedical applications, especially due to their thermal self-healing, reversible
properties, and the ease of tuning their bulk characteristics, having also demonstrated the
possibility to be injectable and even to be crosslinked in situ. Controversially, hydrogels that
employ only DA crosslinking, still show some instability and rather slow gelation kinetics, which

has led to their combination with other crosslinking methods (dual-crosslinking) [89], [103].
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Figure 8 - An example of the Diels-Alder reaction between maleimide- and furan-
functionalized polysaccharide precursors (hyaluronic acid) in an aqueous medium, which
occurred at 37°C [106].

2.3.4. Mechanomodulatory hydrogels as versatile matrices to study fibroblast biology

and promote wound healing

The mechanical microenvironment that surrounds cells has been recognized in recent years
as having an important impact on the regulation of their behavior, not only in normal
physiological processes but notably in wound healing and scar formation. Cells are constantly
subjected to external and internal mechanical stimuli of varying magnitude, direction, and
frequency, all of which elicit varied reactions from the cells. As stated, these forces are
detected by the cells through mechanosensing, which are converted into biological signals
(mechanotransduction) and trigger various signaling pathways [107]. Thus, substantial effort
has lately been focused on understanding the influence of ECM mechanical properties in the
context of wound healing towards investigating how cells perceive and transduce mechanical
properties towards promoting skin regeneration.

Cunha et al demonstrated that by varying the amount of the crosslinking agent, the stiffness
of the alginate/collagen-1 hydrogels could be independently controlled without affecting other
parameters, and the storage modulus was tuned from 50 to 1200 Pa. The dermal fibroblasts
revealed considerable changes in cell shape immediately after being embedded in 3D

hydrogels, with the cells spreading significantly more in soft hydrogels, but not in stiffer ones,
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in which cells remained spherical. Tuning the storage modulus also resulted in various wound
healing-related genetic profiles in dermal fibroblasts, with the varied expression of genes
involved in inflammatory cascades, collagen production, surface adhesion receptors, and other
ECM components. Thus, the inability of fibroblasts to spread directly influenced the
downregulation of CCL2, an underlying mechanism of the chronic inflammatory response, the
release of which is initiated by one of the FAKs signaling pathways [108]. Another research with
poly(ethylene glycol) hydrogels focused on how varying the stress relaxation time influences
the biological response of fibroblasts. This research revealed that hydrogels with faster stress-
relaxation promoted the spreading and proliferation of fibroblasts embedded in 3D hydrogels.
Moreover, they discovered that integrin-p1 is located at the periphery of these cells in
hydrogels with a faster stress relaxation, however, as the stress-relaxation decreases, it is
diffused throughout the cell. This behavior was attributed to the higher levels of FAKs in
fibroblasts within the hydrogels with faster stress-relaxation time [109].

Most research results indicate that fibroblasts' potential to spread, differentiate, and
proliferate is enhanced in soft viscoelastic materials, especially with higher stress-relaxation
times (Table 3). Therefore, taking into consideration these studies, tuning the stiffness and
viscoelastic properties of a dressing biomaterial might prove a powerful technique to modulate
skin repair and regeneration. Wound dressing biomaterials that are applied to the wound site
act as both a barrier and a scaffold, greatly impacting the cellular response. Their mechanical
properties might possibly be adjusted to meet the appropriate stiffness to support and
promote the regeneration of the wounded skin, and their design could even be altered to better
adapt to the patient's demands. Furthermore, these biomaterials can be further improved with
the combination of spatiotemporal control over the delivery of bioactive components, growth

factors, or cells.
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Table 2 - Research on the impact of mechanical properties of hydrogels on the biological
response of fibroblasts.

Hydrogel Mechanical Cells Main findings Refs.
properties
Alginate | Variation of 3T3 Fibroblasts Both cell spreading and proliferation [110]
stress-relaxation were suppressed within materials
with long timescales for stress-
relaxation.
PEG | Variation of Porcine valvular  Higher levels of stress-relaxation [111]
stress-relaxation interstitial cell induce cell spreading by day 1 and
alignment by day 5.
Key myofibroblast markers, including
a-SMA and collagen 1, are
significantly upregulated.
Alginate-PEG | Variation of 3T3 fibroblasts B1-integrin is in the periphery of the [109]
stress-relaxation cell in the gels with fast stress
relaxation, while it is diffusive
throughout the cell in the gels with
slow stress relaxation.
Fast stress relaxation exhibited higher
levels of phosphorylated FAK and
paxillin.

PEG Thioester | Purely elastic vs. 3T3 fibroblasts Viscoelastic substrates showed [112]
viscoelastic increased cell spreading and nuclear
hydrogels (with YAP/TAZ compared to purely elastic
elastic modulus of ones.

1.4 kPa and stress
relaxation or not)
GelMA | Variation of the hDF Cell spreading and proliferation [113]

Young’s modulus decreased with the increase of the
(from 49.9 + 5.7 young’s modulus.
kPa to 139.1 + 8.6
kPa)

PEG-based | Variation of the hDF The increase of polymer concentration [111]

elastic  modulus
(from 0.34 to 9.1

kPa)
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Chapter 3 - Materials and Methods

3.1. Synthesis and characterization of Furan- and Maleimide-Functionalized
Pectin-derived macromers

Pectin-based polymer (PectX) was used in this work as a non-cell interactive hydrogel
matrix, allowing for tailored modification and biofunctionalization towards electing desired
cellular responses. For the synthesis of either furan- (PectX-FUR) or maleimide-modified
(PectX-MAL) pectin-based macromers, the polymer was firstly dissolved in ultrapure water
(Milli Q) at 1 wt¥% while stirred at room temperature. After polymer dissolution, 4-(4,6-
dimethoxy-1,3,5-triazine-2-yl)-4-methylmorpholinium chloride (DMTMM, Aldrich) previously
dissolved in ultrapure water was added to the polymer at 1.519 g per g of PectX and left to
react for 30 minutes, protected from the light to activate carboxylic groups in the polymer’s
backbone. Subsequently, either 5-methyl-2-furanmethanamine (98% purity, Thermo
Scientific™) or 1-(2-aminoethyl) maleimide hydrochloride (Aldrich) were added to the polymer
solution at 55.8 pl and 140 mg per g of PectX, respectively, and left react for 24 hours protected
from light. Afterwards, the solutions were further diluted in ultrapure water, transferred to
dialysis membranes (Spectra/Por® 3, SpectrumlLabs), and purified against decreasing
concentrations of sodium chloride (NaCl; AnalaR NORMAPUR® ACS) for 4 days. The solutions’
pH was adjusted to 6.8-7.0 using sodium hydroxide (NaOH) and were filtered using 0.20 pm
filter membranes (fisher brand). Finally, the solutions were frozen, lyophilized at -80°C and
0.008 mBar with the FreeZone 2.5 Plus freeze dryer (Labconco®), and stored at -20°C.

For 'H Nuclear Magnetic Resonance (NMR) analysis, the modified polymer was dissolved in
deuterium oxide (D20) at 13.3 mg/mL containing 5 pl of 3-(trimethylsilyl) propionic-2,2,3,3-d4
acid sodium salt (TSP-d4, Euriso-top), a standard solution. Then, samples were transferred to
NMR tubes, which were taken for analysis to confirm the incorporation of either maleimides or
furans into the pectin-based polymers. The NMR spectra not only allows the assessment of the
polymer’s functionalization but also allows the determination of the degree of substitution (DS)
of both groups separately by comparing the integral values of the new peaks corresponding to
protons of either furans (2.27 ppm) or maleimides (6.89 ppm) with a selected and unmodified
proton on PectX backbone (4.00 ppm). In this way the DS was determined using Equations 1

and 2, respectively:

Inetgral (2.27 ppm)/
3

DSpecex-rur(%) = X 100 (1)

Integral (4.00 ppm)+Integral (2.27 ppm)

Inetgral (6.89 ppm)/
2

DSpectx—mar(%) = X 100 (2)

Integral (4.00 ppm)+Integral (6.89 ppm)
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3.2. Fabrication of dual-crosslinked Pectin-based hydrogels

To produce the hydrogels, an appropriate mass of PectX-FUR and PectX-MAL was dissolved
separately in Hank’s Balanced Salt Solution (HBSS, Gibco) to prepare hydrogels at 2, 3 and 4%
final polymer concentration (1:1 PectX-FUR to PectX-MAL ratio). Throughout the preparation
of the hydrogels, the dissolved solutions were always placed on ice, maintaining them at a
temperature of 4°C to prevent the Diels-Alder reaction between the maleimide and furan
groups until the hydrogels were incubated. To the PectX-MAL solution, the cell-adhesive
peptide CGGGGRGDSP (Genscript, cell-adhesive domain underlined) was added at desired
concentration (0, 1, 2, and 4 mM) and left to react for 20 minutes. After this period, PectX-
FUR was added to the solution, mixed and calcium chloride (CaClz; Acros Organics) was
subsequently added at different concentrations (6, 8, 10, and 12 mM) and left to react for 1
hour. Then, 25 pl of the solution was pipetted onto a Teflon plate covered by a glass slide
treated with Sigmacote (Sigma-Aldrich), to prevent hydrogel adhesion, separated by 1 mm

spacers and incubated for 30 minutes at 37°C for thermal gelation.

3.3.Hydrogel characterization

3.3.1. Mechanical properties

To characterize the mechanical properties of the hydrogels, these were firstly soaked in
complete Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) for 24 hours at 37°C. The samples
were tested for both frequency sweeps (0.01 to 10 Hz at 1% strain) and strain sweeps (1 to
100% at 0.1 Hz), using a 4mm top plate and 8mm bottom plate of the Malvern’s Kinexus Pro
rheometer. Prior to testing, hydrogels were cut into samples with 4 mm of diameter to ensure
sample standardization, and their height was measured using a picometer. Samples were
loaded at a 20% compression was applied to ensure that the equipment plates had proper
contact with the gels. Samples were tested at 37°C, and water droplets were added to the

equipment’s base plate to prevent dehydration.
3.3.2. Swelling ratio

To assess the swelling ratio of the 2, 3, and 4% polymer hydrogels, they were frozen
immediately after preparation, then freeze-dried at -80°C, and finally weighed to determine
their dry weight (Wb). Gels were then incubated in DMEM at 37°C for 24 hours, after which they
were removed, the excess medium was extracted, and their wet weight was determined (Ws).

The swelling ratio (Q) was calculated using Equation 3:

Swelling Ratio (Q) = Ys=Wp 3)

Wp
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3.3.3. Degradation rate

The hydrogels were prepared, subsequently freeze-dried and prior to their incubation, their
initial weight (W) was measured. Then the hydrogels were then left in a DMEM at 37°C and at
certain time points, they were removed, washed with ultrapure water, frozen and lyophilized
so that their final dry weight could be determined. The degradation rate is calculated by the

percentage of weight loss through Equation 4:

Wi-WFr
WF

Degradation (%) = x 100 (4)

3.3.4. Gelation kinetics

To obtain the gelling curve of the hydrogels, the hydrogel precursor solutions were tested
through an oscillatory time sweep performed in Malvern's Kinexus Pro rheometer where the
strain and frequency are maintained throughout the assay at 1% and 0.1Hz, respectively. These
were prepared as described above, with the exception of the addition of the CaCl: solution,
which was only added immediately prior to the hydrogel solution being placed on the
equipment base plate. The samples were tested at 37°C, and water droplets were added to
the base plate of the equipment to prevent dehydration. Their elastic and viscous moduli were

assessed over time, for both samples with and without the addition of CaCl..

3.3.5. Hydrogel treatment with EDTA

The removal of ionic crosslinks formed by the Ca?*ions in PectX hydrogels was assessed. For
this purpose, produced hydrogels with varying polymer concentrations were firstly incubated
in DMEM for 24 hours. The hydrogels were then rinsed with HBSS before being incubated in
EDTA solution at different concentrations (5, 10, 25, 50, and 100 mM) and their behavior was

monitored throughout time.

3.4. Cell embedding in 3D hydrogels

To test the biological response of the hydrogels, human neonatal dermal fibroblasts (hNDFs)
were incorporated into the hydrogels as individualized cells, to evaluate the impact of hydrogel
properties on cell morphology and de novo deposition of ECM components. In addition,
multicellular hNDF spheroids were fabricated and incubated in hydrogels to study how hydrogel

properties impact the response of individual cells versus multicellular spheroids.
3.4.1. Cell source and maintenance

The hNDFs used in these experiments were thawed from -80°C and were used between
passages 5 to 12 For this purpose, the cells were removed from the freezer, and 1ml of pre-

warmed complete culture medium was added to their cryovial. The complete culture medium
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was used in all experiments involving cells and is constituted by DMEM supplemented with 10%
fetal bovine serum (FBS, Gibco), 1% antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin, Corning®) and 1% amphotericin B (2.5 mg/L, Corning®). Next, the cells were
cultured in cell culture flasks (SPL Life Sciences) with complete culture medium. In addition,
the cells were incubated in 5% carbon dioxide (CO2) at 37°C and used before reaching
confluence.

In order to use the cells, they were previously trypsinized and counted, so that the number
of cells necessary for the following experiments could be collected. To do this, the medium
was removed from the culture flasks, and then the cells were washed with PBS. They were then
incubated for 5 minutes at 37°C in a trypsin solution (Corning®), and after ensuring that the
cells had detached from the bottom of the flask and were not in aggregates, complete culture
medium was added to the solution to cease the trypsin’s action. The cells were then collected
in a falcon, several ups and downs were performed to ensure that there were no aggregates
and that they did not settle to the bottom and the cells in suspension were counted using a
Neubauer chamber. Finally, the required amount of cell suspension was removed and
centrifuged at 1200 rpm for 5 minutes using the Eppendorf® Centrifuge 5804R, and the pellet
is resuspended in the required quantity of medium/HBSS. Part of the cell suspension is also
transferred to new culture flasks and incubated in the same way as explained above, with

complete culture medium and at 5% CO2 and 37°C.
3.4.2. Spheroids formation

To establish multicellular spheroids, the liquid overlay technique (LOT), using agarose as a
non-adhesive surface, was the method used. As such, commercially available micro-molds (3D
Petri Dish®, by MicroTissues, Inc.), with 81 circular recesses distributed in a 9x9 array, were
used to make agarose molds, on top of which cells were seeded (Figure 9). Briefly, a sterile
0.9% NaCl solution was added to a previously sterilized in a dry cycle agarose powder (SeaKEM®
LE Agarose, Lonza) to form a 2% agarose solution. Afterwards, the solution was heated until
completely melted and filtered using a syringe and 0.20 ym membrane filters. It was then
reheated using a dry heater, and 500 pL of the solution was added to the micro-molds to make
81-microwell molds. These were incubated at 37°C in DMEM for a minimum time of at least 1
hour, before being used to form the spheroids. The cells were trypsinized and centrifuged, and
then the pellet was resuspended in 190 ul DMEM and added to the molds to obtain spheroids
with 2500, 5000, and 10000 cells each. In order to ensure that the spheroids were formed, the
molds were incubated in this manner for 30 minutes so that the cells could settle to the bottom
in the mold, and only then was the culture medium added, and these were incubated in 5% CO2
at 37°C.
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Figure 9 - lllustration of the procedure to prepare 3D spheroids made of human neonatal

dermal fibroblasts. Created at biorender.com.
3.4.3. Cell embedding within hydrogels

To incorporate the individualized cells, hNDF were trypsinized and centrifuged as described
above, and the pellet was resuspended in HBSS and added to the hydrogel solution before it
was incubated at 37°C at final densities of either 2x10° or 10x10¢ cells/mL, corresponding to
8% of the final hydrogel volume. Next, 25 pL of the hydrogel solution with cells was pipetted
onto a Teflon plate and incubated at 4°C for 30 minutes, after which the hydrogels were
incubated in culture medium at 5% CO2 and 37°C.

In the case of the 3D spheroids, they were removed from the molds at predefined time
points using the culture medium in which they were incubated to gently push them out of the
mold. These were then collected from the wells using a 1000 pL pipette tip so as not to tear
them apart and passed into an eppendorf, and the culture medium was subsequently removed.
The hydrogel solution was added to the spheroids, and they were carefully homogenized in it.
Then, as performed for the individualized cells, 25 pL of the solution were dispensed into a
Teflon plate and incubated at 37°C for 30 minutes, after which the hydrogels were incubated

in culture medium at 5% CO2 and 37°C.

3.5. Evaluation of cellular response within 3D hydrogels

3.5.1. Resazurin Assay

The metabolic activity for both the cells embedded in hydrogels and the spheroids in the

81 microwell molds was evaluated using the resazurin assay, at specific timepoints. Briefly, for

30



cell-laden hydrogels on days 1, 7, and 14, the hydrogels were incubated in a 20% of resazurin
solution (v/v) (Sigma) that was added to each well for 2h at 37°C protected from light. After
this period of time, 100 pl of medium were removed from the wells and transferred to a black-
walled clear-bottom 96-well plate (Corning® Costar) in duplicates. Similarly, for the spheroids
at days 1, 3, and 7 after cell seeding, the medium was removed from each mold and 2 mL of
culture media containing 20% of resazurin solution (v/v) was added to each well. The samples
were also incubated for 2 hours at 37°C in the dark, after which, 200 uL of medium from each
condition was transferred to the black-walled, clear-bottom 96-well plate, in triplicates.
Finally, the fluorescence of all samples was measured at the excitation and emission
wavelengths of 530 nm and 590 nm, respectively, using SynergyMx™ MultiMode Microplate
Reader (BioTek™). After the data was analyzed and the metabolic activity values were

normalized to day 1.
3.5.2.Spheroid Characterization

The spheroids were characterized by evaluating their dimensions at specific time periods
of their maturation. For this purpose, the spheroids were examined and imaged through 4x and
10x objectives of a microscope, the EVOS™ XL Core Imaging System (Invitrogen™). The pictures

were later processed using Fiji (ImageJ), which allowed the measurement of the spheroids.
3.5.3. Cell Viability (Live/Dead assay)

Cell viability was also determined using the Live/Dead assay on hydrogels containing
individualized cells at a density of 10x10° cells/ml at day 14. For this assay, the hydrogel
samples were firstly washed in HBSS incubated for 5 minutes in 5% CO2 at 37°C and then washed
3 consecutive times in unsupplemented DMEM without phenol red. Following this, the hydrogels
were incubated in DMEM containing Calcein AM and Ethidium homodimer-1, which stain the live
and dead cells, respectively, for 30 minutes at 37 °C. A DMEM solution was prepared with 0.24%
(v/v) Calcein AM and another with 0.20% (v/v) Ethidium homodimer-1, which stain living and
dead cells, respectively, and then these were mixed (1:1). Next, the hydrogels were incubated
in this solution for 30 minutes at 37°C and then washed in HBSS and incubated for 5 minutes
with 5% CO2 at 37°C. Finally, the samples were incubated under these same conditions in DMEM
without phenol red and analyzed using a confocal laser scanning microscope (Leica TCS-SP5,

Leica Microsystems).
3.5.4. Cell Morphology and ECM deposition

The cell’s morphology and the deposition of ECM molecules deposition were observed by
the staining for F-actin and nuclei, as well as fibronectin or collagen type-l, so at specific

timepoints, the cell/spheroid-laden hydrogels had to be fixed. To do this, the incubated
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samples were washed with HBSS, fixed with a 4% (v/v) paraformaldehyde (PFA, Electron
Microscope Sciences) in HBSS for 20 minutes, washed 3 consecutive times in HBSS to finally be
stored in HBSS at 4°C. Prior to the staining of the cells, they were permeabilized with Triton
X-100 0.1 (v/v)% in HBSS for 10 minutes at room temperature, and then the samples were
washed 3 times with HBSS. To observe the cell’s morphology only, the samples were incubated
in an HBSS solution containing Alexa Fluor® 488 Phalloidin (Invitrogen™ - Thermo Fisher
Scientific) (1:80) and 4',6-diamidino-2-phenylindole (DAPI; Vector Labs) (1:3000), for the
staining of the F-actin and nuclei, respectively. Initially, it was left for 45 minutes at room
temperature under agitation and then transferred to 4°C overnight while maintaining the
agitation. Finally, the samples were washed 3 times with HBSS and stored at 4°C protected
from the light in HBSS, until observed in CLSM. For the staining of the ECM components, after
the samples were permeabilized and washed, they were also incubated with bovine serum
albumin (BSA) 1% (v/v) in HBSS for 30 minutes at room temperature. Afterwards, the hydrogels
were incubated in an HBSS solution with either rabbit anti-fibronectin (Sigma-Aldrich) (1:400)
or rabbit anti-collagen type-l (Rockland) (1:200), Alexa Fluor 488 phalloidin (1:80) and DAPI
(1:3000) and remained overnight at 4°C under agitation. Then, samples were washed 3 times
with HBSS and incubated in HBSS with Alexa Fluor 594 goat anti-rabbit (Invitrogen™) (1:1000
fibronectin staining; 1:500 collagen staining) for 45 minutes at room temperature under
agitation. Once again, the samples were washed 3 times with HBSS and stored at 4° C protected
from the light in HBSS, until observed in CLSM.

3.6. Statistical Analysis
Statistical analyses were all performed using the GraphPad Prism 9 software and the
results are presented as the mean + standard deviation (SD). The non-parametric Mann-Whitney

test was applied with 95 % confidence interval and statistically significant differences marked
with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****).
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Chapter 4 - Results and Discussion

4.1. Synthesis and characterization of PectX-MAL and PectX-FUR macromers

In order to mimic key properties of the ECM, it is necessary to endow the hydrogel with
specific features such as a viscoelastic behavior, and the ability to support cell adhesion and
regulate tissue morphogenesis. Based on that, a dual-crosslinking strategy was employed to
fine-tune the rheological and mechanical properties of the hydrogels, while a bioorthogonal
Michael-addition reaction was used to tether cell-adhesive peptides into the gel network.
Regarding the viscoelastic properties, ionic crosslinking was applied via a reaction of carboxylic
groups in polymer backbone with calcium ions as it leads to the formation of physical hydrogels
with greater capacity for energy dissipation and, therefore, contributing significantly to their
viscoelasticity. Although several divalent cations could be used for this physical crosslinking
process, calcium chloride was used as the ionic crosslinker for these dual crosslinked hydrogels,
since it has been widely explored for the crosslinking of alginate hydrogels owing to its high
solubility, which results in faster gelation [97]. Additionally, ionic crosslinking is also a suitable
method to adjust the rheological properties of hydrogels for future 3D bioprinting applications
[92]. The ionic crosslinking using CaZ* has been previously employed in the research group to
crosslink pectin polymers, delivering interesting results regarding the printability of pre-
crosslinked hydrogels, allowing the bioinks to flow through the nozzle and maintaining shape
after deposition, as well as cellular response [114]. As it is well known, non-covalent crosslinks
formed via physical crosslinking are often weaker and more prone to disruption when subjected
to mechanical stresses than covalent bonds formed through chemical crosslinking. Thus, a
chemical crosslinking approach based on the Diels-Alder reaction was also adopted to enhance
the hydrogels' stability during culture and to modulate their mechanical properties. This
reaction was selected to provide the hydrogel with dynamic covalent bonds that would offer it
much of its deformation resistance (elastic behavior) by forming strong polymer chain-to-chain
bonds. Moreover, it also occurs at physiological pH and temperature conditions without the
formation of any by-products, which is advantageous for possible in situ crosslinking. The DA
reaction commonly occurs between electron-rich dienes and electron-poor dienophiles. Among
the several diene-dienophile combinations available to promote the DA reaction, the
conjugation of furan with maleimide groups is one of the most explored, due to their faster
reaction under physiological conditions. Furthermore, the use of a furan derivative containing
a methyl group has recently been employed since it is more electron-rich than furan, allowing
for further enhancement of gelation kinetics [83]. To enable the Diels-Alder reaction, the
polymers had to be firstly functionalized with maleimide and furan groups. Furthermore, as

the polymer does not contain cell adhesion sites, it was important to biofunctionalized the
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hydrogels with relevant biochemical cues, such as the addition of cell adhesion peptide
sequence accomplished via the thiol-Michael addition click chemistry. Employing all of these
strategies we were able to modulate the hydrogel's mechanical and biological properties,
evaluating the fibroblast's response both as individualized cells and multicellular spheroids.

To this end, PectX polymer was functionalized with either maleimide or furan groups to
generate PectX-MAL and PectX-FUR macromers, which were subsequently used to dual
crosslinked cell-loaded hydrogels through a combination of ionic gelation and Diels-Alder
reaction. To accomplish this, the PectX polymer was firstly mixed with DMTMM, a reagent that
allowed the activation of the carboxyl groups through esterification, forming a reactive triazine
ester intermediate that then suffers nucleophilic substitution by an amine group, which is
present in the maleimides and furans used, resulting in the formation of an amide bond [94]
(Figure 10).
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Figure 10 - PectX modification with maleimide and furan groups for the synthesis of PectX-
MAL and PectX-FUR macromers. The DMTMM was added to the PectX polymer and left to react for
30 minutes at room temperature, activating the carboxyl groups. Then, 1-(2-aminoethyl) maleimide
hydrochloride (a) or 5-methyl-2-furanmethanamine (b) were added separately, leading to PectX-MAL and

PectX-FUR.

The incorporation of maleimide and furan groups to the polymer chains was confirmed
through the use of 'H NMR analysis, where distinctive new peaks of these groups were identified
and were previously absent from the of pure PectX spectrum. The analysis of the 'H NMR
spectra, as seen in Figure 11, reveals the appearance of a peak at 6.89 ppm in PectX-MAL,
which is attributed to maleimide groups, while in the PectX-FUR there is a noticeable peak at
2.27 ppm, indicating the presence of the furan groups. When comparing these two spectra to
the PectX spectrum, it is possible to perceive that these peaks were not present at all in pure

PectX, confirming the successful functionalization of the newly synthesized polymers. In
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addition, through the analysis of the NMR spectra, it was also possible to determine the degree
of substitution for each modified polymer. This was done by comparing the integrals of either
the methyl group (-CHs, three protons) of the furans (2.27 ppm) or the carbon double bond
(two protons) of the maleimides (6.89 ppm) to a known and unmodified proton on the backbone
of the PectX polymer (4.00 ppm) according to the Equation 1. Thus, DS values of 7.08 + 0.29%
and 8.51 + 0.21% were obtained for the functionalization with furans and maleimides,
respectively. The reproducibility and control over the reaction conditions were confirmed by
repeating the modification of this polymer with both groups, and very similar integral values

were obtained (Supplementary Figure S1).
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Figure 11 - "H NMR spectra (D20, 400MHz) of pure PectX, PectX-MAL, and PectX-FUR, after
its functionalization with maleimide and furan groups. New peaks are visible in the spectra of
PectX-MAL and PectX-FUR that are not found in the spectrum of pure PectX, with the maleimides peak at
6.89 ppm and the furans peak at 2.27 ppm.

4.2. Hydrogel preparation and characterization

The dual crosslinked hydrogels were prepared as illustrated in Figure 12 using different
final polymer concentrations (2%, 3%, and 4%), but keeping fixed the ratio between PectX-MAL
and PectX-FUR (1:1). The final polymer concentration of hydrogels was varied to understand
how it influences the physical properties of the hydrogels and, later, how this affects cellular

response, since varying this parameter also affects the number of available sites for the DA

35



crosslinking reaction. As PectX lacks cell adhesion sites in the polymer’s backbone, a cell-
adhesive peptide sequence (CGGGGRGDSP, cell-adhesive domain underlined) was also
incorporated into the hydrogel, enabling integrin-mediated cell adhesion and cell-matrix
communication, and conferring the hydrogel with properties that resemble this feature of the
cell's native environment. The cell adhesive peptide was added to the PectX-MAL at a final
concentration of 0, 1, 2, or 4 mM, in order to compare its impact on cells response and
determine its optimal concentration. After the reaction of the cell adhesive peptide with the
maleimide groups, PectX-FUR was added to the solution and subsequently, CaCl> was also added
to the solution. The solution was kept at 4°C, inhibiting the temperature-dependent DA
reaction between the maleimide and furan groups and enabling the ionic crosslinking process
to proceed first. This crosslinking happens between the carboxyl groups in PectX, which ionize
when in contact with the aqueous media, allowing them to react with the Ca* in the CaCl
solution. Calcium chloride was also added at different concentrations (6, 8, 10, and 12 mM) to
evaluate the ionic crosslinking effect both on the hydrogel’s mechanical properties and the

cell’s behavior.
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Figure 12 - Schematic illustration of the preparation of dual-crosslinked hydrogels. To create
the hydrogels, a previously dissolved solution of PectX-MAL containing the maleimide groups was mixed
with a solution containing an RGD peptide which promotes cell adhesion. The solution of PectX-FUR,
which includes the furan groups, was then added, followed by a solution containing Ca?* ions, promoting
the ionic gelation between the carboxyl groups. Finally, the solution was incubated at 37°C to promote
the Diels-Alder reaction between the maleimide and furan groups, leading to the formation of dual

crosslinked hydrogels.
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In order to understand how the mechanical properties of the cell microenvironment
influence cell response, the hydrogels used for this purpose must be tailored with elastic and
viscous moduli values similar to those of the target tissue, which in this research work is the
healthy skin. The rheological properties of developed hydrogels can be adjusted through
several strategies, such as changing the final polymer concentration, the concentration of the
crosslinking agent (CaClz), the ratio between maleimides to furan groups, and even the degree
of substitution of the functional groups incorporated in the polymer backbone. As previously
mentioned, increasing the polymer concentration will also lead to an increased density of
furan/maleimide groups present in the solution, resulting in a superior crosslinking degree via
DA crosslinking reaction. Additionally, increasing the CaClz content for the ionic gelation would
also result in the alteration of the mechanical properties of the hydrogels as well as in the ratio
between physical to covalent crosslinks in the gel network. Thus, in both strategies a change
in the degree of crosslinking can be observed, resulting in modulation of the overall mechanical
properties of the hydrogels and in the alteration of the types of bonds present in the gels,
which ultimately could impact cell response, namely their morphology, proliferation,
differentiation, and matrix deposition.

To evaluate how polymer concentration impacts the mechanical properties of hydrogels,
dual crosslinked gel networks were synthesized using a final polymer content of 2, 3, and 4%,
while maintaining the CaCl; and RGD concentration at 10 and 2 mM, respectively. In addition,
gels were also prepared using different concentrations of CaCl2 (6, 8, 10, and 12 mM), while
fixing the final polymer concentration at 2% and RGD at 2 mM. These different hydrogels were
subjected to frequency and strain sweep assays (Figure 13A and D), to determine their elastic
(G) and viscous (G") modulus. Overall, both strategies were suited to tune the mechanical
properties of hydrogels, though varying the polymer concentration proved to be more effective.
In this way, through the variation of the polymer concentration, it was possible to modulate
the elastic moduli values between 1528.31 + 297.80 and 3898.99 + 4863.01 Pa and of viscous
moduli between 193.51 + 73.30 and 461.01 + 111.76 Pa (Figure 13B and C). On the other hand,
although these values also differed with the concentration of CaZ*, this difference was not as
significant, with the elastic moduli values ranging from 921.40 + 260.60 to 1699.73 + 50.03 Pa
and those of viscous from 130.09 + 42.07 and 230.08 + 95.22 Pa (Figure 13E and F). Previously
we had seen that the values of the elastic and viscous moduli varied with their measurement
with and without the epidermis, with the full-thickness skin having values of G' between 325.0
and 1227.9 Pa and of G" between 68.5 and 189.9 Pa and the dermis only having higher values
with the G’ ranged between 434.9 and 6620 Pa and those of G" between 126.3 and 458.6 Pa.
Comparing these values with the results obtained by varying the concentration of the ionic
crosslinking agent and polymer in the hydrogels we were able to modulate the elastic and
viscous modulus within the range of the healthy dermis and some vales were also attained in

the full-thickness skin interval. These findings show that the degree of crosslinking can be
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tuned by varying both the polymer concentration and the CaClz concentration. However, the
polymer concentration proved to be a more efficient strategy in modulating both the elastic
and viscous properties, since, as previously stated, the Diels-Alder reaction between the
maleimide and furan groups provides dynamic covalent bonds between the polymers chains
that not only have the strength of covalent bonds but are also reversible like physical crosslinks.
Although the reversibility of these covalent bonds has been established at higher temperatures,
this behavior at physiological temperatures is still not well known. On the other hand, ionic
crosslinking, as most physical crosslinks, present a reversible behavior, the bonds generated by
this approach are much weaker which limits the extent of the modulation of the hydrogels’
mechanical properties, as their bonds are more easily disrupted.

The gelation profile of the hydrogels was assessed using an oscillatory time sweep, which
allows for the observation of the crossover point between the modules, indicating the reaction
kinetics (Figure 13G). In this case, the crossover occurs almost instantaneously after CaClz
addition due to the fast reaction of ionic gelation. In addition, it is also noticeable that the
mechanical properties of hydrogels in both conditions remained stable after 1 hour since there
are no significant variations in the values of G' and G". At 1h of gelation, the mechanical
properties of hydrogels were 1100 + 494.97 and 58,56 + 23.45 Pa for samples with the CaCl:
addition and 2.19 + 1.64 Pa and 88.88 + 0.61 Pa for samples without the addition of the ionic
crosslinker. The swelling behavior of the hydrogels is intimately related to their crosslinking
degree, as an increased crosslinking degree leads to the formation of denser gel networks.
Therefore, lyophilized hydrogels were weighed and then incubated for 24 hours in culture
medium before being weighed once again. The swelling rate was determined (Figure 13H) and
demonstrated, as expected, that with the increase of polymer and consequently of the degree
of chemical crosslinking, a decrease in the swelling of the hydrogels is observed. The
degradation rate of hydrogels incubated in DMEM for 7 days was also assessed (Figure 131), and
as expected, the hydrogels exhibited minimal degradation with a similar profile between them.
Such mass loss can be attributed to the sol fraction of the gels, though quantification of sol-
gel conversion is required to confirm this hypothesis. Chelsea et al. reported that adjusting the
crosslinking density in hyaluronic acid hydrogels crosslinked by DA reaction between furan and
maleimide groups did not significantly affect the mass loss when these gels were incubated in
PBS alone and that the only factor leading to degradation had been the presence of
the hyaluronidase, which did not target the DA bonds but the polymer itself. Furthermore, it
was also reported in this study that the crosslinking density present in the hydrogels has a
significant impact on gel swelling, with the increase in furan maleimide ratio resulting in the
decrease of the hydrogels swelling [115].

Furthermore, to evaluate if the amount of RGD incorporated in the hydrogels was
dependent on either the peptide content or the polymer concentration, the peptide’s grafted

percentage was determined after its incorporation (Figure S2). Results demonstrated that by
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fixing the polymer concentration at 2%, increasing the initial RGD concentration from 1 to 2
mM does not result in significant differences in the final density of grafted RGD. Additionally,
the results were similar when maintaining RGD concentration at 2 mM and varying the polymer
concentration between 2 and 4%. Overall, the percentage of RGD incorporated in the hydrogels

ranged between 81.24 + 1.36% and 85.63 + 0.38%, indicating the efficiency of the click Michael-
addition reaction.
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Figure 13 - Physical properties of dual crosslinked PectX hydrogels prepared with different
concentrations of polymer and CaClz. (A) Storage (G’) and loss (G’’) moduli of hydrogels with 2, 3,
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and 4% polymer final concentrations via frequency sweep assays. Elastic moduli (B) and viscous moduli
(C) of hydrogels with different polymer concentrations, fixing CaClzand RGD at 10 and 2 mM. (D) Storage
(G’) and loss (G’’) moduli of hydrogels with 6, 8, 10, and 12 mM Ca?* crosslinking agent concentrations
via frequency sweeps assays. Elastic modulus (E) and viscous modulus (F) of hydrogels with different
crosslinking agent concentrations. (G) Gelation time of the hydrogels with and without Ca?* crosslinking
hydrogels with the evolution of elastic (G') and viscous (G") moduli as a function of time at 37°C. (H)
Swelling ratio of hydrogels with different polymer concentrations upon incubation in supplemented DMEM
for 24h. (I) Degradation rate of hydrogels prepared with different polymer concentrations, while
maintaining CaClzand RGD at 10 and 2 mM, over the course of 7 days. In all assays, the RGD concentration

was fixed at 2 mM. (p < 0.001 (***) and p < 0.0001 (****))

Despite the fact that the hydrogel displayed minimal mass loss over the 7-day period,
a chelating agent can be used to remove calcium ions from the gel network which leads to a
significant reduction of the crosslinking degree with consequent release of entrapped
compounds. EDTA is an aminopolycarboxylic acid that has been employed as a chelating agent
since it can bind to ions such as calcium, disrupting the physical cross-links in hydrogels.
Hydrogel de-crosslinking may be beneficial not only for further research regarding the
embedded cells but also to promote a controlled hydrogel dissolution in situ. Indeed, this can
be useful for the use of hydrogels as dressings for wound regeneration, where the application
of a cell-compatible chelating agent at a suited concentration can be explored for painless
hydrogel removal and wound bed cleansing. The de-crosslinking effectiveness of PectX
hydrogels containing varying percentages of polymer and maintaining CaCl and RGD
concentrations at 10mM and 2 mM, respectively, was determined by immersing them in EDTA
solutions of different concentrations (5, 10, 25, 50, and 100 mM) and qualitatively observing
their behavior at different incubation times (10s, 30s, 60s, 5min and 10 min). The visual
assessment (Figure 14) revealed that at a low EDTA concentration (5 mM), none of the hydrogels
showed significant alterations after 10 minutes. However, when the solution concentration was
increased, the de-crosslinking action became more prominent. The 2% polymer gels began to
change shape after only 60 seconds in 10 mM EDTA solution and were almost dissolved after 10
minutes of incubation. The 3 and 4% gels only showed significant changes after 5 minutes and
10 minutes of treatment, respectively, which can be explained by the increased degree of
crosslinking of these hydrogels. The further increase of the EDTA concentration demonstrated
an acceleration of the de-crosslinking process, thus, with the use of a 25 mM EDTA solution,
the 2% polymer hydrogels showed a reduction in structural stability after 10 seconds of
immersion and almost complete dissolution after 5 minutes. On the other hand, the 3 and 4%
hydrogels took longer to completely dissolve, requiring about 10 min of treatment, which could
be related to the presence of chemical bonds in the gel network, which are not sensitive to the
action of EDTA. In this case, the stability of the gel network is dictated by the balance between

the water penetration and the crosslinking degree of the network throughout time. In general,
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increasing the concentration of the chelating agent allowed the acceleration of the de-
crosslinking process of the hydrogels, since with the increase of its concentration there was a
higher number of molecules for the binding of the calcium ions, however, at high
concentrations EDTA it could become cytotoxic to the cells.

As stated, EDTA is a chelating agent that rapidly sequesters divalent ions and has been
frequently used to dissolve hydrogels. This compound has been widely employed in hydrogels
containing alginate and calcium ions, which display physical crosslinking comparable to that
observed when calcium ions are combined with pectin, both resulting in the formation of the
egg-box model. Bidarra et al. employed this technique to recover human umbilical vein
endothelial cells contained in RGD-modified alginate hydrogels by immersing them in a 50 mM
EDTA solution for 5 minutes. The hydrogel was completely dissolved, and the cells were
retrieved successfully. Furthermore, a cell viability assay revealed that cells in RGD-modified
alginate hydrogels retained 80% vitality even after being exposed to the chelating solution
[116]. Another work, aimed at assessing cardiac fibroblast release from alginate hydrogels also
functionalized with an RGD peptide, investigated if the exposure to the chelating agent
impacted cell viability. In this way, fibroblast suspensions were incubated for 15 minutes in
EDTA solutions of various concentrations (0.5, 5, 10, 25, and 50 mM). This study indicated that
exposing fibroblasts to different EDTA solutions had almost no effect on their viability (81%),
which was similar to fibroblasts attached and incubated in PBS alone (78.0%) or in trypsin-EDTA
(89.3%) [117]. However, although there have been nearly no studies reporting the use of EDTA
solutions for in-situ de-crosslinking of hydrogels applied in skin wounds, one study compared
the use of normal saline and normal saline supplemented with EDTA at relatively lower
concentrations (0.1 mM) for wound irrigation. It was reported that, at the tested concentration,
EDTA did not cause additional toxic effects, did not interfere with the healing process and also
demonstrated antibacterial properties [118]. In a preliminary approach, a screening was
performed to assess if the encapsulation of the cells within the hydrogels impacted the de-
crosslinking using an EDTA solution. Although the visual results were not recorded, de-
crosslinking was attempted on cell-laden hydrogels with 2% polymer, 2 mM RGD, 10 mM CaCl2,
and different cell concentrations (2x10° and 10x10° cells/ml) after 7 days of culture. The
highest concentration of EDTA (50mM) was used in an attempt to dissolve the hydrogels and
slightly more resistance to hydrogel dissolution was observed. Indeed, gels required about 10
minutes to completely dissolve compared to 5 minutes of cell-free hydrogels. Furthermore, this
study was also performed on hydrogels incubated for a period of 14 days using a higher cell
density (10x106 cells/ml). Results demonstrated that even after 25 minutes of exposure to
EDTA solution at 50 mM the hydrogels still had not completely dissolved. This behavior can be
attributed to the deposition of ECM components by the fibroblast cells, which makes it difficult
to fully dissolve the network without the use of enzymes. However, further investigation is

warranted to elucidate the impact of cell density and culture time on hydrogel de-crosslinking.
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Figure 14 - Macroscopic images showing the impact of EDTA concentration and incubation
time on the structural stability of cell-free dual-crosslinked hydrogels prepared with

varying polymer content and 10 mM and 2mM of CaCl: and RGD, respectively.

4.3. Impact of hydrogel properties on the morphology and metabolic activity
of fibroblasts in 3D

Since most cells, such as fibroblasts, have mechanosensors and therefore, are capable of
perceiving and interpreting mechanical stimuli such as viscoelasticity and stiffness, it is critical
for skin regeneration applications to develop a microenvironment capable of modulating their
response in a manner that promotes regeneration while reducing or eliminating scar tissue
formation. Furthermore, it is vital to understand how, and which cell fates are triggered when
cells are embedded in 3D matrices with mechanical characteristics that either match or do not
those of healthy skin. Indeed, some recent findings have shown matrix stiffness as a major
driver of fibroblast activation and pro-fibrotic responses, which can lead to the development
of hypertrophic or keloid scars [119]. In this way, the main objective of this work was to study

how matrix stiffness impacts the cellular response of dermal fibroblasts in 3D towards the
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rational design of hydrogel dressings capable of inducing the formation of healthy skin and
supporting normal wound healing. Thus, hNDFs were selected for the cell studies as they act
as mechanosensing cells that play a crucial role in dermal regeneration, particularly in the
production and remodeling of extracellular matrix components. As previously stated,
unmodified pectin-based polymers lack cell-adhesion sites. Therefore, an integrin-mediated
cell adhesion peptide RGD had to be incorporated into the hydrogels. A study was conducted
to understand how and to which extent the density of RGD tethered in the hydrogels influences
the cells embedded in them. The initial peptide content was varied between 0 and 4 mM, while
the polymer and CaCl: concentrations were kept constant at 2% and 10mM, respectively. The
RGD impact was assessed through the quantification of the metabolic activity and assessment
of the morphology of embedded cells by staining of the nucleus and cytoplasm, which was
evaluated after 1 and 7 days of culture (Figure 15A and B). The hydrogels with concentrations
of 1 and 2 mM of RGD peptide did not show significant differences in fibroblast morphology and
metabolic activity of cells throughout the 7 days of culture. Indeed, only a slight increase in
the metabolic activity of hydrogels with higher RGD concentration was noticeable. In both
cases, fibroblast elongation was evident after only 24 hours of culture, with a considerable
increase in metabolic activity by day 7 of culture. Furthermore, in hydrogels without the cell
adhesive peptide (0 mM of RGD), the cells demonstrated no adherence to the matrix with a
round morphology, which was predicted given the lack of cell adhesion sites in the hydrogel
and also explaining the decline in metabolic activity between day 1 and 7 of culture. In the
case of hydrogels containing 4 mM of RGD concentration, cells showed a highly spread
morphology at day 7, but the increase in the metabolic activity was lower when compared to
both 1 mM and 2 mM RGD-containing hydrogels. This behavior indicated that, while cells were
able to elongate and adhere to the hydrogel, which was further exacerbated over the 7-day
culture period, increasing the peptide concentration led to a reduction in their metabolic
activity as they were probably overly attached to the matrix. These results suggest that the
density of the peptide dictates the extent of cell spreading in 3D, which can be regulated
simply by altering the concentration of RGD peptide added to the hydrogels. Thus, taking into
consideration the results obtained both by CLSM imaging and metabolic activity measurements
of the fibroblasts embedded within the dual crosslinked hydrogels, the 2 mM concentration of
RGD appears to be optimal and, therefore, the remaining assays were performed with this
concentration. The influence of this integrin-mediated cell adhesion ligand has been
extensively researched and employed on hydrogels deficient in adhesion sites [106]. A study
conducted by Pereira et al demonstrated in a similar way that fibroblast morphology was
affected in an RGD concentration-dependent manner. The results through a Live/Dead assay
showed that with RGD concentration between 0 to 2 mM cells remained alive for at least 7

days, however, demonstrated different morphologies. Fibroblasts cultured in RGD-free
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hydrogels remained round throughout the experiment while in the presence of this peptide,
they adhered to the matrix and elongated as a function of RGD’s density [120].

As mentioned above, it is recognized that the mechanical properties of the wound
environment have an effect on the healing process by regulating cell behavior [16]. Thus, to
understand how the mechanical properties of the hydrogel affect cell response in terms of cell
morphology and metabolic activity, these parameters were evaluated after the culture of
hNDFs in hydrogels with different CaClz or polymer concentrations. As we have seen, the
reduction in the content of the ionic crosslinker leads to a reduction in the mechanical
properties of the hydrogel, especially in the viscous modulus, since we now have a higher
content of DA bonds that can lead to the network becoming more static. The reduction of the
viscous properties of the gel led to fibroblasts showing a more rounded morphology, although
after 7 days in culture they show some degree of cell sprouting. The 10 mM of CaCl;
concentration proved to be the optimal condition of the physical crosslinking degree by
promoting fibroblast adhesion and elongation, as well as an increase in their metabolic activity.
However, the further increase in calcium chloride showed a reversal of this effect. Although
cells were able to elongate within the hydrogel, the increase in the degree of crosslinking leads
to an increase in cell confinement that could be associated with the reduction in their
metabolic activity (Figure 15C and D). Furthermore, the study of the influence of the
mechanical properties was also carried out by the variation of the polymer’s concentration.
The resazurin assay revealed a decrease in metabolic activity directly related to the increase
in polymer concentration, and hence the mechanical properties of the hydrogels. This drop in
metabolic activity is followed by a decrease in fibroblast spreading (Figure 15E and F). In 2%
polymer hydrogels fibroblasts demonstrate an elongated morphology only after 24 hours of
culture. On the other hand, hydrogels with 3 and 4% polymer demonstrate the opposite
behavior, showing completely round after the first 24 hours. However, after this period of
culture, in the 4% hydrogels, the cells remained completely round with only minimal sprouts,
probably due to the increased confinement and decreased dynamics of the hydrogel, due to
the greater amount of covalent bonds (DA). Taking all these results into account, in general,
the concentrations of 2 mM RGD and 10 mM CaCl; have presented the most favorable results in
the cell-laden hydrogels. Therefore, these were the concentrations selected for subsequent

experiments.
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Figure 15 - Metabolic activity and morphology of dermal fibroblasts embedded within the
dual crosslinked hydrogels throughout 7 days of culture. Cell metabolic activity measured
through the resazurin assay on hydrogels with different concentrations of (A) polymer, (C) RGD peptide,
and (E) calcium chloride. Cell morphology assessed through staining of the nucleus and cytoplasm on
hydrogels with varying concentrations of (B) polymer, (D) RGD peptide, and (F) calcium chloride. (p <
0.01 (**) and p < 0.0001 (****); Scale bars: 20 pm)

4.4, Cell viability and matrix deposition in dual crosslinked hydrogels with
different mechanical properties

To investigate how mechanical properties influence key cellular functions in the context of
skin tissue engineering, such as the cell viability and deposition of ECM components, hNDFs
were embedded in hydrogels with varying polymer concentrations at a higher cell density of
10x106 cells/ml and cultured for 14 days. A live/dead assay was performed on day 14 of culture

(Figure 16A), showing that there were almost no dead cells and indicating the high



biocompatibility of hydrogels. Furthermore, the nucleus and cytoskeleton stained on days 1
and 14 of culture (Figure 16B), further corroborated the behavior previously observed in these
gels using a lower cell density and allowing to observe if cells were able to communicate with
each other forming multicellular networks. The cells embedded in the 2% gels were already
elongated, forming interconnected cellular networks after only 1 day of culture, while the
fibroblasts in the 3 and 4% polymer hydrogels remain spherical corroborating what was
previously observed morphological behavior of cells embedded within hydrogels at a lower
density. After 14 days in culture, in 2% polymer gels, cells maintained their dense
interconnecting cellular networks and in 3% polymer hydrogels, with time, cells were able to
exhibit a similar behavior also forming these networks. On the other hand, fibroblasts in 4%
polymer hydrogels gels, even though they were capable of elongation and adherence to the
matrix to some extent, there was no formation of these interconnecting cellular networks. This
means that over time, cells are still cable of remodeling the matrix to some extent in order to
form these multicellular networks, but this behavior is either stimulated or prevented by the
matrix stiffness. Given that the hydrogels are not degradable, it is hypothesized that the
mechanical compliance of the hydrogels along with the ability of the cells to locally rearrange
the gel network are major determinants of cell response, i.e., spreading and morphology, in
our hydrogels. Additionally, the metabolic activity of cells within these hydrogels was assessed
(Figure 16D). In hydrogels containing 4% of polymer concentration, cells maintained their
metabolic activity profile with a drastic decrease at day 7, however with a recovery of
metabolic activity at day 14 to values close to the ones on the first day. Furthermore, cells
within both the 2% and 3% hydrogels were able to increase their metabolic activity throughout
the 14 days.

Fibronectin is a fibrous protein of the extracellular matrix of the vast majority of biological
tissues, including the skin. It plays a key role in several important processes such as cell
adhesion and migration and is also present in almost all stages of skin healing. Not only is it
important for the formation of the fibrous clot after injury, but it has also been shown to be
required for further deposition of other components of the ECM components essential for
normal healing, such as collagen [121]. For this reason, fibronectin staining was also performed
on day 14 (Figure 16C), and deposition of this ECM component across the hydrogel network was
found on both the 2% and 3% gels, but more evident on the former. However, in the 4% gels,
only minimal deposition of fibronectin was observed, which is only found in the periphery of
the cells that are slightly more elongated. These observations could be attributed to the
increased mechanical properties of hydrogels imparted by the chemical crosslinking that
restrain the cells and reduce the ability of the cells to remodel the surrounding matrix towards
spreading. A study performed on gelatin hydrogels produced via horseradish peroxidase (HRP)-
catalyzed crosslinking, demonstrated that cell morphology, proliferation, and matrix

components deposition are dependent on matrix stiffness. To this end, gelatin-based hydrogels

46



were produced with two different stiffnesses (1.1 and 6.2 kPa) and human dermal fibroblasts
were then embedded within the gels. The stiffer hydrogels demonstrated that cells had
difficulty spreading throughout the 14-day culture period, exhibiting a round shape with some
sprouts. Moreover, these hydrogels also downregulated the expression of important ECM
components such as collagen-1 and -1ll and also fibronectin, when compared to cells cultured
on tissue culture plates. However, fibroblast present on the soft hydrogels even though they
did not demonstrate improvement in matrix deposition compared to those cultured in tissue
culture plates, they did show to be homogeneously spread and elongated throughout the

hydrogel, forming interconnected cellular networks for cell-cell communication [122].
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4.5. Spheroids characterization and cell migration within the dual
crosslinked hydrogels

The ability of cells to migrate within the hydrogel network is an important feature for the
colonization of the hydrogels and also the production of ECM components, which are crucial in
the context of skin regeneration. To assess and characterize cell migration in hydrogels, cell
tracking using cell live imaging is usually performed, however, this is a much more time-
consuming and complex process. In this sense, to determine whether dual crosslinked hydrogels
allowed cell migration and how this cell function is influenced by the stiffness of the hydrogels,
we chose to incorporate cell spheroids with different characteristics into the hydrogels, thus
being able to evaluate cell migration through invasion of the hydrogels. Multicellular spheroids
are usually formed by intrinsic self-assembly of cells [123] which in this case was promoted by
their seeding onto 81-microwell round bottom agarose molds.

The agarose 81-microwell molds previously prepared were seeded at different cell densities
to obtain spheroids composed of 2500, 5000, or 10000 hNDFs cells each. During spheroid
formation, it was possible to observe that initially, the cells gather themselves into fragile
cellular aggregates through intercellular interactions. Over time, these aggregates mature into
more round, well-defined, and resistant spherical cellular structures due to contractile forces
generated by actin stress fibers. Thus, the longer the maturation time, the greater the
compaction of the aggregates, generating a denser cell-cell network [123]. This maturation
process can be observed in Figure 17A. Prior to the embedment of the spheroids into the
hydrogels, these were firstly characterized regarding their metabolic activity and size in the
agarose molds throughout a 7-day period of time. Microscopy observation revealed that after
only 9 hours of the cell seeding onto the molds, spheroids with 10000 and 5000 cells had already
taken on a more round and compact shape, enabling them to be manipulated. However,
spheroids made of 2500 cells were still loose and disintegrated after attempting their removal
from the mold. Furthermore, the spheroid’s diameter was assessed while in the mold, revealing
that the fibroblast has a greater compaction tendency in the first 24 hours, but still exhibit
some size decrease throughout the culture time (Figure 17B). The metabolic activity of
spheroids was directly affected by the variation of cell densities, which were measured using
resazurin assay at 24, 72 (3 days), and 168 (7 days) hours (Figure 17C), with an increase in
metabolic activity, observed throughout the 7-day spheroid culture when compared to day 1.
This increase, however, was much more pronounced in spheroids with lower cell density, which
can be explained by the fact that the higher density limit nutrition, oxygen, and metabolic
waste exchange from the outermost layer to the spheroid's core and vice versa, which create
a hypoxic environment to the inner cells, reducing their metabolic activity. Experimental work
performed the formation of fibroblast spheroids in a similar way using agarose micro-molds to

prepare them with different sizes and evaluate their impact. This study found that spheroids

48



larger than 400 pm induced apoptosis due to the hypoxia gradient felt towards the core of the
spheroid. In addition, as in our work, they found an initial decline in the size of the spheroids,
showing that they become denser and more compact, stabilizing after 5 days. In spheroid s
below 300 pm in size, tests were also performed that showed that there were no signs of

necrosis or apoptosis and that the fibroblasts maintained their proliferative phenotype [124].
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Figure 17 - Spheroid characterization. (A) Spheroid’s diameter at different time points. (B) Spheroid
microscopic imaging throughout the 7-day timeline. (C) Spheroid metabolic activity. (p < 0.001 (***) and
p < 0.0001 (****); Scale bars: 250 pm)

After characterizing the formation of fibroblast spheroids, they were incorporated within
the hydrogels (Figure 18A), and different parameters were compared to study their impact on
fibroblast migration. In almost all experimental conditions some spreading of the cells was
already visible at day 7 when observing the samples under EVOS™ microscopy. However, by day
14 these results were more pronounced, and a more accurate comparative analysis could be
made. Thus, spheroids made of 5000 cells were incorporated with different maturation times
(9 and 24 hours) in hydrogels of 2% polymer, 2 mM RGD and 10 mM CaCl.. Through the images
obtained by staining their cytoskeleton (Figure 18B), there were no significant differences
between the conditions as both showed extremely elongated cells forming interconnecting
cellular networks with a uniform spreading. In addition, in the image of the spheroid with a
shorter maturation time, the core of the spheroid is quite visible, showing that fibroblasts are

migrating throughout the hydrogels towards the colonization of the empty space.
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In addition, the migration of cells from spheroids with different cell densities (2500, 5000,
and 10000 cells per spheroid) with 24 hours of maturation was also studied by using hydrogels
containing 2% polymer, 2mM RGD and 10mM CaCl; (Figure 18C). Compared to the 5000-cell
spheroid described above, the spheroids with lower cell density showed total spreading of cells
with no evidence of the pre-existence of a spheroid. Indeed, cells appeared to migrate
randomly through the matrix, without the formation of cellular networks. However, this effect
is possibly due to the reduced size of the spheroid and the smaller number of cells in it, allowing
the spheroid to disassemble in a much faster manner increasing the migration distance between
each other. In comparison, the spheroids with higher cell density did not show very significant
differences from the spheroids with 5000 cells, and also demonstrated a high migration of cells
that appeared elongated and forming interconnected cell networks. Although the distribution
of these does not seem to be as uniform as in the spheroids with 5000 cells, due to the higher
number of cells present.

Finally, the impact on the mechanical properties of the hydrogels was evaluated (Figure
18D). To do that, spheroids with 5000 cells each and 24 hours of maturation were incorporated
into hydrogels with different concentrations of polymer (2, 3, and 4%), keeping the
concentration of RGD and CaCl; fixed at 2mM and 10 mM, respectively. The 2% gels, as
mentioned above, showed an increased migration capacity and the formation of dense
interconnected cellular networks for cell-cell communication. However, this behavior was
downregulated in the 3% gels and almost completely inhibited in the 4% gels. Through the
cytoskeleton staining images, it is possible to observe that the 3% gels, after 14 days, although
the cells were able to elongate, did not show large sprouts and migration beyond the spheroid’s
core. In hydrogels with 4% polymer, it is possible to observe that this behavior is similar,
demonstrating even less cell elongation and migration in relation to the core of the spheroids.
As previously shown through the use of individualized cells, the mechanical properties affect
various behaviors of fibroblasts, and in this case, the increase in polymer concentration leads
to a consequent increase in the crosslinking degree and, thus making the network denser and
more static, confining the cells and inhibiting cell behaviors such as their elongation and
migration.

To study the impact of the mechanical properties of hydrogels on multicellular spheroids,
Kim et al. used GelMA hydrogels with varying polymer concentration to model their elastic
modulus between 0.3 and 2.6 kPa and incorporated stem cells spheroid within the gels. Firstly,
the density of spheroids in the hydrogels was evaluated to see if it could have any impact on
cell migration. It was found that there were no significant differences in the cell sprouting area
between high- and low-density hydrogels. Then, they proceeded to the characterization of the
spheroids incorporated in the different gels. The gels with lower polymer densities and
consequent lower elastic modulus demonstrate that the spheroids had higher cell sprouting and

that this significantly decreased with increasing polymer concentration, with no differences
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observed in stem cell spheroids within hydrogels with higher elastic modulus. Moreover, the
spheroids within the different hydrogels were evaluated for apoptosis and proliferation using
different staining’s, and demonstrated that at higher polymer concentrations the cells exhibit
a more apoptotic behavior due to hypoxia and spheroids within the more soft gels had grater
proliferation rate [125]. In our work, the hydrogels with 3% polymer concentration have
anelastic modulus comparable to those obtained at the highest polymer density in study of Kim
et al. However, despite demonstrating that in stiffer gels there was no cell migration from the
spheroids, contrary to what was observed in our hydrogels, they were only left in culture for a
short period of time. Thus, the disparity of these results may be due to differences in the
culture time of the spheroids, as well as in the viscoelastic properties of gels which were not
characterized in this study and have been shown to significantly influence the ability of cells
to migrate and remodel the surrounding ECM [125]. Overall, it was possible to unravel that

using our hydrogel system, cell migration is mostly dictated by the polymer concentration.
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Figure 18 - Schematic illustration of spheroid embedment within the hydrogels (A) and
confocal imaging of F-actin staining of fibroblasts after 14 days within the hydrogels with
varying polymer concentrations while maintaining RGD at 2ZmM and CaCl: at 10mM. (B)
Spheroids embedded in 2% polymer hydrogel at different maturation points, 9 and 24 hours after mold
seeding. (C) Spheroids embedded in hydrogels with different PectX concentrations of 2, 3 and 4%. (D)
Spheroids embedded in 2% polymer hydrogels with different cell densities, namely 2500, 5000 and 10000
cells per spheroid. The larger images are images of the central zone of the spheroids, while the smaller

images are from the periphery to have a better visualization of the sprouting. (Scale bars: 150 pm)
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Chapter 5 - Conclusions and Future Work

Severe burns leading to the development of fibrotic tissue, hypertrophic scars, and keloids
are a serious socio-economic problem that still exists. Despite existing advances in wound
healing and skin regeneration products, these have been below expectations, and there is still
no product that truly solves the problem of excessive scar tissue production.
Mechanotransduction has been an emerging field of research that has recently been providing
seminal contributions to the understanding of how cells as mechanosensitive entities are able
to change their biological responses as a function of the biophysical properties of their niche.
Thus, herein we propose the development of a biomimetic hydrogel with tunable mechanical
properties, in order to study their impact on cellular response in the context of skin repair.

Through the implementation of a dual crosslinking strategy, it was possible to obtain a
hydrogel with tunable viscoelastic properties. Furthermore, the incorporation of a cell-
adhesive peptide in hydrogels allowed for the addition of relevant biochemical cues that
promoted the adhesion of dermal fibroblast cells. Altering the polymer content and the
concentration of the ionic crosslinking agent allowed the modulation of the mechanical
properties of the hydrogel, namely the elastic and viscous moduli, within the values found in
the literature related to healthy skin.

We were able to demonstrate that these hydrogels were highly biocompatible as confocal
imaging confirmed high cell viability after 14 days in culture, with almost no detectable dead
cells. Furthermore, the modulation of the mechanical and biochemical characteristics of the
hydrogels was achieved by varying the concentrations of polymer, CaCl. and RGD and allowed
the observation of changes in the behavior of fibroblasts. It was noticeable that hydrogel does
not support cell adhesion without the addition of the cell-adhesive peptide, since the polymer
has no cell adhesion sites, and the concentration of RGD for optimal adhesion was determined
to be at 2 mM. Changes in calcium concentration allowed the observation that the adhesion
and elongation of fibroblasts also increases with the increase of Ca?*, due to the increase in
the viscous properties of the hydrogel. However, at some point there was a decline in cells
metabolic activity, which could be related to the dynamics of the gel network. Thus, the
calcium concentration of 10 mM proved to be ideal, allowing high cell spreading and metabolic
activity. Varying the concentration of polymer proved to have a greater impact on the
modulation of mechanical properties, which demonstrated to significantly affect cell response.
Increasing polymer concentration translated to a decrease of the ability of fibroblasts to
elongate as well as to a reduction in their metabolic activity, which were related to the
hydrogel's denser and more static network causing confinement to the cells. These results were
also validated with the embedding of fibroblasts in these hydrogels at a higher cell density. In

softer hydrogels the cells were able to spread homogeneously, and form interconnected
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networks with high deposition of fibronectin, while in stiffer gels there was minimal deposition
of this ECM component. Finally, the embedding of dermal fibroblast spheroids allowed for the
evaluation of cell migration which demonstrated that the mechanical properties of the
hydrogels had a great impact. The higher the polymer concentration the greater the difficulty
cells had in migrating. Furthermore, maturation time showed no significant differences in this
behavior, however lower cell density did show to impact negatively in the formation of the
interconnecting cellular networks.

In summary, the developed dual crosslinked hydrogel allowed the modulation of the
mechanical and biochemical properties of the hydrogels which were characterized both in terms
of mechanical and cellular behavior. Future studies should focus on the detailed
characterization of the hydrogel network dynamics (e.g., stress relaxation), sol-gel conversion,
and the introduction of cell-degradable sites. In addition, it would be crucial to evaluate in more
detail how the mechanical properties of the hydrogels further influence cellular behavior. Thus,
it would be beneficial to evaluate the activation of fibroblasts under different conditions, which
could be accomplished by immunohistochemical staining of both a-SMA and vimentin as well as
through the measurement of TGF-b levels in the medium. Furthermore, it would be relevant to
determine the impact of mechanotransduction on the expression of key genes and proteins in
the context of healthy and fibrotic tissue formation. Another important factor in skin
regeneration and exacerbated scar tissue formation are the signaling pathways that are involved
in mechanotransduction. Thus, the pharmacological inhibition of these pathways may allow
further evaluation of how the hydrogels are influencing the cell's behavior. A limiting aspect in
comparing the hydrogels cultured using with individualized cells and multicellular spheroids was
the difference in the number of cells incorporated in each condition. During the spheroid-laden
hydrogel formation, it was extremely difficult to guarantee the same number of spheroids per
gel by pipetting. Therefore, it would be crucial to develop a method that would allow such
control in order to make a more accurate comparison. Lastly, it would also be important to
assess if the hydrogel mechanical properties have any impact on the crosstalk between

fibroblasts and other important cells involved in the wound healing process.
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Figure S1 - '"H NMR spectra (D20, 400MHz) of two separate PectX-FUR (A), and PectX-MAL
(B) functionalization, demonstrating reproducibility through similar integrals of their

peaks.
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Figure S2 - Percentage of grafted RGD into the hydrogels, comparing the use of different
concentrations of both the peptide and the polymer. The assay was performed by fluorescence

quantification of untethered peptide (CGGGGRGDSP-FITC) upon 24h incubation in HBSS.
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