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Resumo 

A cicatrização de feridas consiste num processo extremamente complexo de reparação de tecidos 

que envolve uma interatuação dinâmica de vários tipos de células, enzimas, citoquinas e fatores de 

crescimento. Qualquer desregulação nesta cascata de sinalização complexa pode conduzir ao 

desenvolvimento de uma ferida crónica que não cicatriza, impedindo, assim, que se desenrole o curso 

normal das fases de reparação e de regeneração tecidular. 

O comprometimento da cicatrização de feridas representa um encargo significativo em termos 

económicos e humanísticos quer para os sistemas de cuidados de saúde quer para a sociedade, sendo 

responsável por elevados custos de cuidados de saúde, assim como por uma menor qualidade de vida 

em termos de bem-estar nos indivíduos afetados. Atualmente, as opções terapêuticas disponíveis são 

incapazes de fazer face ao conjunto de requisitos impostos pelo ambiente dessas feridas. Assim, existe 

uma grande necessidade médica e social de novas abordagens terapêuticas.  

O desenvolvimento e caracterização de um biomaterial inovador que constitua uma abordagem 

diferente à cicatrização de feridas, focado na regulação do microambiente da ferida crónica, e com 

o intuito de promover a regeneração dos tecidos, é o objetivo primordial deste projeto.  

Assim, apresenta-se neste trabalho uma plataforma multimodal avançada para a cicatrização de 

feridas crónicas, e que consiste num patch único de um hidrogel de alginato biologicamente 

funcionalizado. 

A conceção do biomaterial desenvolvido assenta numa estratégia de fotopolimerização UV que 

permite a produção de hidrogéis de alginato fotoreticulados. Estes hidrogéis encontram-se 

funcionalizados com sinais bioquímicos específicos como, por exemplo, pequenos péptidos contendo 

a sequência de aminoácidos RGD, a fim de aumentar as interações que se estabelecem entre as células 

e o biomaterial, ou uma sequência clivável por metaloproteinases da matriz (MMPs) que permita uma 

remodelação da estrutura mediada por enzimas celulares. Assim, o hidrogel de alginato desenvolvido 

pode proporcionar uma potencial capacidade de regeneração tecidular, uma vez que a 

suprarregulação de MMPs é uma característica típica de ambientes em que a cicatrização de feridas 

se encontra comprometida. Para além disso, a presença de cisteína em ambos os extremos da 

sequência peptídica clivável por MMPs permitirá a produção de hidrogéis com propriedades 

bioquímicas e mecânicas ajustáveis.  
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A principal inovação do presente estudo reside na incorporação de nanopartículas biopoliméricas 

de melanina na estrutura do hidrogel, de forma a criar uma plataforma com uma maior capacidade 

de remover radicais livres. Tal valência iria ter como alvo o excesso de espécies reativas de oxigénio 

que estão presentes em ambientes típicos de feridas crónicas. 

A finalidade primordial de uma maior captura destas espécies radicalares é a sua potencial 

contribuição para a regulação dos processos imunológicos associados à inflamação crónica.  

Desta forma, o objetivo principal deste projeto assenta no desenvolvimento de uma plataforma 

terapêutica multimodal capaz de atenuar o severo microambiente inflamatório e, simultaneamente, 

estimular a regeneração dos tecidos. 

A incorporação de nanopartículas de melanina no sistema do hidrogel de alginato providenciou ao 

biomaterial uma maior capacidade em captura de radicais, o que constitui um resultado promissor no 

que diz respeito à regulação dos ambientes de inflamação crónica.  

Por outro lado, a plataforma apresentou propriedades viscoelásticas ajustáveis de acordo com a 

formulação do hidrogel, nomeadamente do conteúdo de melanina e da concentração de péptido 

clivável por MMPs. Este facto pode ser importante dado que as propriedades mecânicas do biomaterial 

desenvolvido devem correlacionar-se com os requisitos biomecânicos do tecido alvo. 

O sistema desenvolvido pode ser aplicado em feridas crónicas de duas formas distintas: como um 

scaffold baseado num hidrogel de alginato, que permitirá ao sistema desenvolver otimizações para se 

constituir um hidrogel capaz de direcionar o comportamento das células, e como um hidrogel 

liofilizado. Nesta última configuração, os aspetos proregenerativos inerentes ao biomaterial podem 

até ser potencialmente melhorados por um modo facilitado de aplicação no local da ferida e uma 

validade prolongada, do ponto de vista da comercialização e da aplicabilidade clínica.  

Uma aprofundada avaliação biológica e validação da plataforma em modelos bem estabelecidos 

de cicatrização de feridas é requerida para testar a eficácia do biomaterial num meio que se 

assemelhe às condições que se verificam in vivo. 

Espera-se que este projeto possa proporcionar uma melhor perspetiva no que diz respeito ao 

desenvolvimento de novas terapêuticas-alvo, capazes de influenciar positivamente as feridas 

crónicas, contribuindo para a reparação e a regeneração do tecido, assim como o encerramento de 

feridas, garantindo deste modo a qualidade de vida dos pacientes afetados. 
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Abstract 

Wound healing consists in an extremely complex process of tissue repair that relies on a dynamic 

interplay of several types of cells, enzymes, cytokines, and growth factors. A deregulation in this 

complex signaling cascade can lead to the development of a non-healing chronic wound, thus 

preventing the normal tissue repair and regeneration course of events to take place. Impaired wound 

healing presents a significant economic and humanistic burden to healthcare systems and societies, 

being responsible for major healthcare expenses and a decreased health-related quality of life for 

those affected. Currently existing treatment options are unable to meet the challenging 

requirements set by the wound environment. Therefore, there is a great medical and social need for 

new therapeutic approaches.  

The development and characterization of a novel biomaterial that constitutes a different wound 

healing approach, focused on the regulation of the chronic wound microenvironment, in order to 

promote tissue regeneration, is a primary goal of this project. 

Herein, an advanced multimodal platform for chronic wound healing, consisting on a 

biofunctionalized alginate-based hydrogel single patch, is presented.  

The manufacturing of the developed biomaterial relies on a UV photopolymerization strategy 

that allows the production of photocrosslinked alginate hydrogels. Such hydrogels are functionalized 

with specific biochemical cues, such as small peptides containing the RGD motif, in order to increase 

cell-biomaterial interactions, and a matrix-metalloproteinase (MMP) cleavable sequence to allow an 

enzymatically mediated remodelling of the structure to occur in a “cell-demanded” fashion. Thus, 

the designed alginate hydrogel may provide a potential tissue regeneration ability, since upregulated 

MMPs are a hallmark of impaired wound healing environments. Furthermore, the presence of 

cysteine on both ends of the MMP-cleavable peptide will allow the production of hydrogels with 

tunable biochemical and mechanical properties. 

The main novelty of the current study relies on the incorporation of biopolymeric melanin 

nanoparticles within the hydrogel, in order to create a platform with an enhanced free radical 

scavenging ability. This would allow to target excessive reactive oxygen species (ROS) that are 

present in chronic non-healing wounds environments. The primary objective of such approach is that 

the capture of these radical species may potentially contribute for the regulation of immune 

processes associated with chronic inflammation. 
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Thus, the main goal of the current project relies on the development of a multimodal therapeutic 

platform capable of attenuating the harsh inflammation microenvironment, while stimulating tissue 

regeneration. 

The incorporation of melanin nanoparticles to the alginate-based hydrogel system granted a 

higher radical scavenging ability to the biomaterial, which constitute promising results towards the 

regulation of chronic inflammation environments. Moreover, the platform presented tailored 

viscoelastic properties by varying the hydrogel formulation, namely the melanin content and the 

MMP-sensitive peptide concentration. This may be important since the mechanical properties of the 

developed biomaterial should match the biomechanical requirements of the target tissue. 

The developed system may be applied to chronic wounds in two distinctive manners: as a native 

hydrogel scaffold, which will allow the system to be further optimized as a cell-instructive hydrogel, 

and as a lyophilized hydrogel construct. In this latter approach, the full inherent pro-regenerative 

features of the biomaterial may even be potentially enhanced due to the easier delivery to the 

wound site and increased shelf life in a commercialization and clinical applicability point of view. 

Further biological assessment and validation of the platform in well-established wound healing 

models is required to test the biomaterial efficacy in an environment that may closely resemble 

actual in vivo conditions.   

Hopefully, this project might provide a better insight into the development of new targeted 

therapies that are able to positively influence chronic wounds, promoting tissue repair and 

regeneration, as well as wound closure, thus granting quality of life to patients affected. 
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Chapter 1  

Purpose of the thesis 

Prolonged wound healing and chronic wounds present challenging issues to the healthcare system 

and a significantly decreased health-related quality of life for those affected [1]. The economic 

burden and human health complications related to poor wound healing are likely to increase, as the 

number of patients suffering from impaired healing conditions and chronic wounds is reaching larger 

proportions worldwide [2,3]. 

Although a normal and successful wound healing usually occurs in small injuries, this may not be 

the case when it comes to larger wounds or in the presence of a set of typical physiological or clinical 

conditions such as infection, age, obesity, diabetes, vascular disease and even cancer [2]. These 

factors may negatively influence the healing process and lead to an incomplete tissue repair, even 

though the underlying explanation at a cellular and molecular level is not yet fully understood [4]. 

The lack of knowledge regarding the abnormal healing mechanisms, as well as the scarcity of 

preclinical animal models that may more closely resemble human conditions [5], end up determining 

the reduced availability and poor efficiency of the treatment alternatives provided to patients with 

wound-healing pathologies. 

Therefore, there is a great and urgent medical and social need to develop new therapeutic 

approaches improving the endogenous tissue regenerative capacity [5].  

Promote a faster and more efficient healing of these injuries and a maximal restoration of tissue 

function, allowing tissues to regain their structural and functional integrity, becomes then a top 

priority of medical care [5].  

As currently existing therapies for treating non-healing chronic wounds fail to provide the desired 

clinical outcomes, the challenge relies on developing multimodal therapeutic platforms that could 

target the inflammation process and promote tissue repair or regeneration. 

Moreover, as wound healing is an extremely complex process with several different factors 

involved, multi-targeted therapies are nowadays essential to promote efficient and fast regeneration 
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of chronic wounds [6]. New therapeutic strategies should present a broad range of applications and 

act rapidly, without giving rise to significant side effects, which always constitutes a challenging task. 

The main goal of this project is to develop a novel advanced multi therapeutic platform aimed at 

targeting general typical conditions within the chronic wound healing niche. In order to obtain the 

best possible solution, one needs to clarify what are the central biological features related to a non-

healing wound that might be addressed through the developed strategy. Among these characteristics, 

prolonged inflammation and tissue regeneration constitute fundamental aspects of wound healing 

that should be targeted in a preliminary phase [7]. 

Therefore, a multi-therapeutic patch that attenuates the harsh conditions of non-healing wounds 

and ultimately leads to a reverse of their chronicity, while simultaneously stimulating new tissue 

formation, would be an ideal outcome of this project. 

 

1. Introduction 

 

1.1 Non-healing wounds 

Impaired wound healing following trauma, surgery, acute illness, or chronic disease conditions 

may be the result of the deregulation of essential parts of the normal tissue repair response, such as 

inflammation, matrix deposition, angiogenesis, and cell recruitment [5]. The active pursuit of novel 

clinical approaches that might lead to a more effective wound healing relies on a deeper 

understanding of the underlying biological basics of repair and regeneration [5]. 

Therefore, in this section, the hallmarks of non-healing wounds are presented in order to grant a 

better insight on how the developed platform may positively affect the course of events during the 

healing process of chronic wounds. First, general characteristics regarding typical chronic wounds 

environments are described. Later, since inflammatory bowel disease (IBD) consists in a specific type 

of chronic disease that is associated to the development of chronic wounds, classic features of IBD 

are also presented.  
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1.1.1 Chronic wound healing  

 

 

Upon tissue injury, normal wound healing comprises four main overlapping stages, namely 

hemostasis, inflammation, proliferation (the repair phase) and neo-tissue formation (the remodeling 

phase) [5] (Figure 1).  

During hemostasis, the blood clotting system aims at forming a stable clot in order to stop the 

bleeding through a coagulation process. Afterwards, in the inflammatory phase, its main goal is to 

destroy bacteria and remove debris to allow the growth of new tissue, as it will be explained later in 

detail. The proliferative phase is characterized by the formation of new blood vessels and 

extracellular matrix synthesis. Finally, in the neo-tissue formation stage, the local tissue is remodeled 

and increases its tensile strength [8]. 

Figure 1 – Normal wound healing overlapping stages and their main characteristics. Retrieved from 
[9]. 

 

However, following an acute wound such as trauma or surgery, if other pathologic factors, 

including an underlying disease state as diabetes, are present, and depending on the nature of the 

wound, an acute wound may become a chronic wound, examples being diabetic foot ulcers, venous 

leg ulcers and pressure ulcers [10] [11]. In these cases, the healing process stalls in the inflammatory 

phase, thus resulting in chronic inflammation, which may lately evolve to cancer [12].  
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Regarding the inflammatory phase of wound healing, removal of pathogens, such as bacteria, and 

nonviable tissue by neutrophils and monocytes that arrive to the wound site takes place [10]. Complex 

interactions generated by proinflammatory cytokines regulate this stage, ultimately leading to the 

differentiation of monocytes into macrophages [10], [13]. Due to their ability to change their 

physiology, macrophages may present two possible phenotypes: a pro-inflammatory (M1) and an anti-

inflammatory one (M2). Therefore, macrophages play an extremely important role in wound healing 

(M1) and tissue repair or remodeling (M2) [14]–[18], two coexisting processes in this type of 

inflammation as destruction and healing of the local tissue can be observed [19]. As a result, the most 

important cells at this point are phagocytic cells like neutrophils and macrophages that, besides 

phagocytosis, are responsible for other functions. Neutrophils release proteases, such as matrix 

metalloproteinases (MMPs) like gelatinases (MMP-2 and MMP-9), collagenases (MMP-1, MMP-8) and 

membrane-type MMPs (MMP-14) [20], and reactive oxygen species (ROS) to cleanse the wound and 

induce cell migration. Macrophages also secrete ROS and several growth factors and cytokines, such 

as tumor necrosis factor-α (TNF-α), interleukins (IL)-8 and IL-1β, monocyte chemoattractant protein-

1 (MCP-1) and macrophage inflammatory protein-1 beta (MIP-1β), thus promoting tissue proliferation 

and cell migration by recruiting fibroblasts and endothelial cells to restore the damaged blood vessels 

[11].  

While in acute wounds, proteases are well-regulated by their inhibitors, namely tissue inhibitors 

of matrix metalloproteinases (TIMPs) [21], in chronic wounds, protease levels exceed the ones of their 

corresponding inhibitors, resulting in extracellular matrix (ECM) degradation. Constant tissue injury 

results in an increased level of proteases at the wound site, promoting the recruitment of more 

immune cells, amplifying the proinflammatory cytokine cascade [11] and preventing the wound 

healing process to proceed to the proliferative phase. 

In an attempt to remove injured tissue, polymorphonuclear neutrophils (PMNs) produce high 

amounts of ROS, causing endothelial dysfunction and allowing the migration of inflammatory cells 

through the endothelial barrier due to the opening of inter-endothelial junctions, destroying the tissue 

and creating a persistent inflammation [22]. Destroyed tissue and apoptotic cells may trigger an 

immune response, and as the inflammatory stimulus is persistent, recruitment of monocytes and 

proliferation of macrophages is continuously induced [23]. This results in an endless sequence of 

inflammatory events, which hampers the healing process to proceed to the next stage.  

In conclusion, overproduction of ROS is a hallmark of chronic wounds. Upregulation of ROS 

production may promote oxidative stress, inducing damage in cells and biomolecules as DNA, lipids, 

ECM or cellular proteins and, thus, to local tissue [24]. Such oxidative stress may stall the normal 

wound healing process, as well as lead to more complicated pathological conditions and, eventually, 

cancer [23]. 
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1.1.2 Internal chronic wounds in the gut: Inflammatory 

Bowel Disease (IBD) 

 

Inflammatory bowel disease (IBD) consists in a chronic inflammatory disorder associated to an 

immunological imbalance of the intestinal mucosa, comprising two main forms, Crohn’s disease (CD) 

and ulcerative colitis (UC) [25]. While CD can involve each part of the gastrointestinal tract, UC only 

affects rectum and colon (Figure 2) [26]. [27] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Currently, there is a lack of knowledge regarding the etiology of IBD and full comprehension of its 

pathophysiology has not yet been achieved [25]. However, it is well established that chronic intestinal 

inflammation presents similar features to the majority of chronic wounds, namely the overproduction 

of both reactive oxygen and nitrogen species (RONS). Therefore, oxidative and nitrosative stress may 

play an important role in the IBD development [28].  

ROS production is tightly regulated by the antioxidant system, consisting of several enzymes such 

as superoxide dismutase (SOD), catalase, and glutathione peroxidases (GPXs) and their antioxidant 

substrates (like glutathione and α–tocopherol) [29]. The production of ROS leads to a condition of 

oxidative stress, which is counterbalanced by the production of antioxidants in the tissue. However, 

in a condition of persistent oxidative stress, the antioxidant resources of the body may be considerably 

depleted, generating an imbalance between ROS and antioxidant activity [26]. It has been suggested 

that IBD might be linked to an imbalance between ROS generation and antioxidant activity, which 

Figure 2 - IBD location along the gastrointestinal tract - Crohn's disease may affect any part of the 
gastrointestinal tract, most commonly the end of the small intestine (the ileum) and the colon, while 
ulcerative colitis only affects rectum and colon. Retrieved from [27] 
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could explain, to some extent, clinical pathophysiological features, such as inflammation and damage 

of the mucosal layer in the gastrointestinal tract [30] of both disease cases [31]. 

Moreover, the activation of neutrophils through the cytokines produced by macrophages in a 

chronic inflammation situation generates high levels of ROS as an inflammatory response. Upregulated 

ROS production by both neutrophils and macrophages can then be correlated with the harsh 

inflammatory changes in the colonic mucosa that are reported in UC [32], which may lead to mucosal 

barrier depletion [33]. On the other hand, CD patients show decreased SOD and GPX activities in 

intestinal mucosa [34]. Therefore, monitoring the activity of these cellular antioxidant enzymes may 

allow the regulation of the levels of oxidative stress and tissue damage in a chronic wound 

environment [34]. 

Significant oxidative stress may lead to oxidative injury by inducing lipid peroxidation, cellular 

oxidative damage, enzymatic disfunction and eventual tissue destruction in IBD [35]. Abnormal 

expressions of pro-inflammatory and anti-inflammatory molecules, which are implicated in the innate 

and adaptive immunity [36], may also enhance the deleterious effects of oxidative stress.  

One critical issue in IBD is that inflammation can be prolonged due to the opening of the intestinal 

epithelial barrier and increased bowel permeability [26]. This barrier is mainly composed by 

epithelium cells, that are specialized in absorption and secretion functions [37]. These cells are 

connected through different types of cellular junctions, which can be affected by upregulated 

cytokines and interleukins [38], eventually leading to the disruption of such junctions. Therefore, 

epithelial permeability increases, generating a greater immune response followed by increased 

intestinal inflammation [39]. Intestinal homeostasis will then be compromised, triggering the 

inflammatory cascade and leading to a persistent inflammation, which is a hallmark of IBD [40].  

The influence of ROS in IBD is summarized in the scheme of Figure 3. 

 

 

 

Another important feature regarding IBD, is the upregulation of matrix metalloproteinases (MMPs)  

[41], which can be produced by immune and stromal cells in response to inflammatory cytokines and 

growth factors [41]. Since MMPs promote the digestion of the extracellular matrix (ECM), it is believed 

Figure 3 - Upregulated ROS production may lead to oxidative stress due to an imbalance between 
ROS formation and the antioxidant activity. Oxidative stress may then have deleterious effects on 
cells (DNA, lipids and proteins damage) and tissue (increased epithelial permeability and loss of 

intestinal homeostasis), which can induce chronic inflammation, a typical feature of IBD 
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that these proteases may regulate epithelial barrier function, immune response and even wound 

healing, which turns them into potential biomarkers for disease activity in IBD [41]. 

Therefore, it would be of high interest to develop a multi-therapeutic strategy that could 

simultaneously promote the scavenging of ROS and the remodeling of the intestinal mucosal barrier. 

 

1.2 Therapeutic platforms for treatment of chronic wounds in the 

gut 

In recent years, treat-to-target approaches have gathered much attention regarding IBD. Novel 

therapeutic targets include proinflammatory pathways in the intestine, since achieving control of the 

chronic inflammation that is present in gastrointestinal tissue in IBD may be critical towards efficient 

treatment of the disease [42]. Pro-inflammatory cytokine tumor necrosis factor-alfa (TNF-α) may 

contribute decisively to the most studied inflammatory pathway in IBD, thus playing a pivotal role in 

the pathogenesis of the disease [43]. Anti-cytokine therapies focused on TNF-α were clinically 

effective in a segment of patients with IBD, showing promising results concerning this pathway-based 

anti-inflammatory approach. However, only a subgroup of patients may benefit from this therapy 

[44]. 

Apart from regulating the underlying chronic inflammation, mucosal healing may also be regarded 

as a priority in the treatment of patients with IBD, as it is associated with lower hospitalization and 

relapse rates [45],[46], [47]. 

Moreover, there is growing interest in therapeutic approaches based on inflammation-targeting 

biomaterials, which can act as a drug delivery system to the inflamed gut. Zhang et al. [48] reported 

the delivery of an anti-inflammatory drug at the local level, in order to enhance therapeutic outcomes 

and minimize systemic toxicity. The developed biomaterial demonstrated preferential adhesion to 

inflamed epithelial surfaces and released the drug only upon enzymatic digestion.  

A multi-therapeutic patch was then designed in order to achieve the main goal of this project: 

the development of a multifunctional biomaterial able to attenuate the severe conditions that are 

typically featured in a chronic wound environment.  

As seen in the previous section, oxidative stress and high levels of proteases are hallmarks of non-

healing wounds. In this work, it was hypothesized that the development of a platform that is able to 

specifically target oxidative stress through the scavenging of ROS might be able to attenuate the harsh 

inflammatory conditions related to chronic wounds. Moreover, higher levels of proteases may be 

exploited through the manufacturing of a protease-sensitive construct. 

Herein, a description of the general structure and single components of the multifunctional patch 

developed is presented.  

Beyond critical characteristics, the biomaterial to be developed needed to fulfill some important 

requirements: 1) be adaptable, 2) easy to produce and ready-to-use, 3) present adequate mechanical 



8  Introduction 

 

properties, 4) easy to store and to handle. Therefore, it was decided that the patch should consist of 

a lyophilized hydrogel that could be applied onto the chronic wound and rehydrated in situ.  

 

 

1.2.1 Hydrogels 

 

Hydrogels, also known as aqua gels, are three-dimensional (3D) polymeric networks formed via 

crosslinking of either natural or synthetic water-soluble polymers, thus generating a water-insoluble 

hydrophilic material that is able to absorb and retain substantial amounts of water [49], [50]. 

Hydrogels present extremely attractive physicochemical properties that can be tunable, making them 

suitable for a wide range of biomedical applications, such as their use as scaffolds in tissue engineering 

or as constructs for sustained-release drug delivery [51], [52]. Hydrogels derived from natural 

polymers such as alginate, collagen, chitosan, dextran and hyaluronic acid are frequently used in 

tissue regeneration approaches due to their ability to mimic natural ECM [53]. ECM is a 3-D network 

of extracellular macromolecules, such as collagen, enzymes and glycoproteins, that provides 

structural and biochemical support of surrounding cells. Common functions of ECM include cell 

adhesion, cell-to-cell communication and cell differentiation [54]. Besides their inherent 

biocompatibility, naturally derived polymers may be designed in order to better mimic such features 

[55]–[57]. Hydrogels based on natural polymers constitute a versatile platform that may resemble 

native ECM, granting spatial support and access to bioactive motifs such as RGD, protect cellular 

functions and promote tissue formation, which is of the utmost importance in wound healing [58]–

[60] [61]. 

To design a tailored ECM-mimicking biomaterial, bioinert polymers that do not interact with cells 

are typically preferred starting materials. 

 

1.2.2 Alginate – chemical structure, properties and 

applications 

 

Alginate is one of the most well-known polysaccharidic polymers, being widely used among the 

fields of wound healing, drug delivery and tissue engineering [53]. This biopolymer may be found in 

seaweed or in some types of bacteria, either as structural components of marine brown algae, or as 

capsular polysaccharides in some soil bacteria, respectively [53]. Alginate is an anionic, naturally 

derived polysaccharide block copolymer composed of regions of either (1,4)-linked sequential β-D-

mannuronic acid monomers (M-blocks) or sequential α-L-guluronic acid (G blocks) monomers, as well 

as regions of (1,4)-linked alternating M and G residues (Figure 4) [53], [62]. Depending on the alginate 

source, the length of the consecutive M (MMMMM) or G (GGGGG) residues and its sequential 

distribution throughout the polymer chain may vary [53].  
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Figure 4 – Chemical structure of alginate, representing the G-blocks, M-blocks and alternating blocks. 
Retrieved from [63] 

Alginate is biocompatible, biodegradable in some extent, nontoxic, pH sensitive and easy to 

modify chemically due to the presence of reactive carboxyl and hydroxyl groups in the polymer 

backbone (Figure 4) [64], [65]. More importantly, alginate is bioinert and can be functionalized with 

biochemical cues in order to build a cell-instructive material with tailored properties [66]–[68].  

Additionally, alginate is considered a good mucoadhesive agent [63] due to its carboxyl end groups, 

as it has been reported that polymers with increased charge density and, particularly, polyanion 

polymers, are efficient bioadhesive polymers [69], [70]. 

Alginate may easily form gels through ionic crosslinking of carboxylate groups from adjacent 

guluronate monomers on the polymer backbone (G-blocks), in the presence of divalent cations, such 

as Ca2+, Ba2+, Sr2+  [53], [63], [64]. This leads to the formation of a three dimensional network of 

alginate fibers, typically described by the “egg-box model” (Figure 5) [63].  

 

 
 

Figure 5 – Scheme of the physical gelation process that generates alginate hydrogels by ionic 
crosslinking with divalent cations – “egg-box model”. Retrieved from [63] 
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The frequency and length of guluronic acid residues (G residues) and the ionic cross-linker can 

affect the resultant overall strength of the network. Gels derived from alginate with a high content 

of G residues in its structure usually present higher stiffness and lower porosity, maintaining their 

structural integrity for longer periods of time [71]. As physical gelation is an easy and reversible 

process that can occur under mild conditions in aqueous solution, it has contributed to the wide use 

of alginate polymers as wound dressings and cell transportation vehicles to promote tissue 

regeneration [53]. However, in physiological conditions, the ionically crosslinked alginate hydrogels 

present a limited long-term stability, representing a crucial drawback in this gel formation 

mechanism. These hydrogels can be dissolved due to the release of divalent ions into the surrounding 

environment by exchange reactions with monovalent cations [72].  

Concerning wound dressing and tissue regeneration applications, the uncontrollable degradation 

kinetics of ionically crosslinked alginate hydrogels is considered a disadvantage, since the hydrogel 

may degrade faster than the time required to achieve complete wound healing.  Bearing this in mind, 

a better control of the hydrogel performance is required to overcome general limitations of physically 

crosslinked gels. Thus, in the case of using alginate hydrogels as scaffolds for tissue engineering, 

chemically crosslinked hydrogels are advantageous since they provide long-term stability and allow a 

more specific control of degradation kinetics [62], [64]. 

 

1.2.3 Alginate functionalization 

 

1.2.3.1 Covalently crosslinked alginate hydrogels through 

photopolymerization  

 

Among the strategies that are used to induce the covalent crosslinking of polymers, 

photocrosslinking is a well-established, rapid and extremely efficient method, granting a high 

crosslinking reaction rate [50], [63]. Photopolymerization can occur under ultraviolet (UV) or visible 

light and in the presence of photoinitiators, which generate free radicals that trigger the 

polymerization process [73]. The free radicals generated upon irradiation of the photoinitiator will 

react with the active end group on the methacrylated polymer, promoting the formation of covalent 

crosslinked bonds in the polymer through free radical photopolymerization (Figure 6) [74], [75].  

 

 

 

 

 

 

 

Figure 6 - Schematic illustration of the photocrosslinking of a polymer via radical polymerization 
of the methacrylated polymer. Adapted from [82] 
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The adequate choice of a photoinitiator system and short exposure to low-intensity light promote 

the occurrence of the radical polymerization mechanism with reduced damaging effects to cells and 

bioactive molecules [76]. Varying the photo-curable moiety may also provide a tight control of the 

mechanical properties, degradation rates and swelling behavior of hydrogels formed by 

photocrosslinking [74], [77].  

Photocrosslinkable biocompatible polymers are of great interest in the field of tissue engineering, 

since they may be injected into a target defect site in a minimally invasive approach and, following 

brief exposure to ultraviolet (UV) or visible light, rapidly form hydrogels in situ under physiological 

conditions [50]. Consequently, aqueous macromer solutions incorporating cells and drugs, such as 

bioactive factors, may be delivered in a less invasive manner by photocrosslinking [62], [78], [79]. 

Jeon et al. [74] reported an example of methacrylated alginate macromers forming hydrogels with 

tunable biodegradation rates and mechanical properties, through photopolymerization. The 

photocrosslinked alginate hydrogels exhibited good cytocompatibility, and constitute an exciting 

approach as cell carriers for tissue engineering applications [50].  

In this project, the multimodal hydrogel matrix was obtained through UV photopolymerization of 

alginate modified with methacrylic moieties, in the presence of 2-hydroxy-1-[4-(2-hydroxyethoxy) 

phenyl]-2-methyl-1-propanone (Irgacure® 2959). The biocompatibility of this photoinitiator, as well 

as its low cytotoxicity over a wide range of mammalian cell types and species, has been well 

demonstrated in previous studies [80], [81]. 

 

1.2.3.2 Functionalization of alginate with biochemical cues 

 

As mentioned in section 1.2.2, alginate is a bioinert polymer, meaning that it does not interact 

with cells. Furthermore, as alginate hydrogels are inherently hydrophilic, this leads to a low 

adsorption of ECM proteins onto the hydrogel surface and, subsequently, to reduced cell adhesion 

[64]. 

However, the absence of bioactive cues in the native composition of alginate allows the design of 

tailored cell-instructive biomaterials, since this biopolymer can act as a “blank slate” for further 

functionalization [82]. Bioactive cues can then be attached to alginate as required in order to 

fabricate customized cell-instructive hydrogels. The grafting of such biochemical cues may trigger 

and control specific cell responses and, therefore, regulate cell behavior in some extent to mimic 

native ECM environments [83]. As a result, cell-instructive hydrogels may resemble a synthetic ECM, 

allowing cell culture to occur under near-physiological microenvironments with real three-

dimensional conditions, which constitute an attractive approach for mechanical models regarding in 

vitro studies [84]. The mechanical, biological and physicochemical properties of such hydrogels can 

be independently tailored to promote specific cell-biomaterial interactions and cellular responses 

[82]. 
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Among the bioactive cues that can be incorporated in native alginate, cell-adhesive peptides 

containing the amino acid sequence arginine-glycine-aspartic acid (RGD) have been widely used as 

model adhesion ligands, due to the extensive presence of integrin receptors, for example, αvβ3 and 

α5β1, for this ligand in the cytoplasmic membrane of several cell types [85], [86]. Consequently, the 

attachment of peptides containing this cell-adhesion motif will enhance cell-biomaterial interactions 

through integrin-mediated cell attachment, generating a biomaterial that more closely mimics the 

cell-adhesion ability of native ECM [87]. Cell-matrix interactions may then be regulated according to 

the concentration of cell-adhesive peptide that is incorporated in the hydrogel structure. This allows 

the design and engineering of a chemically well-defined biomaterial with tunable physicochemical 

and biological properties.  

Furthermore, other functions of native ECM may be reproduced, for example, the stimulation of 

cellular responses such as proliferation and differentiation [88]. In fact, a previous study developed 

in our work group reported that bone cells within RGD-modified alginate microspheres established 

improved cell-biomaterial interactions and showed a higher level of differentiation when compared 

to cells immobilized within unmodified alginate microspheres [89]. 

Besides cell adhesion ligands, it is also possible to modify alginate with protease-labile 

crosslinking peptides, in order to obtain hydrogels with triggered degradation kinetics [68]. Matrix 

metalloproteinases (MMPs) may be a good target, since they are well-known enzymes capable of 

cleaving several components of the ECM, and thus playing a crucial role in morphogenesis, wound 

healing and tissue remodeling [83], [90]. Furthermore, as higher levels of MMPs are a hallmark of 

chronic wounds, these enzymes can be exploited to facilitate the hydrogel remodeling and the release 

of any added substance to the hydrogel. Sun et al. [68] reported the development of a MMP-sensitive 

photocrosslinkable alginate-based hydrogel system that showed a substantially higher degradation by 

MMPs secreted by the cells. Furthermore, the biomaterial promoted cell spreading, proliferation and 

enhanced functional expression. 

Another possible strategy for obtaining MMP-sensitive hydrogels relies on the partial crosslinking 

of the hydrogel with MMP-degradable amino acid sequences such as CGPQG↓IWGQC, as reported in a 

study conducted by Pereira et al. [91] based on pectin hydrogels. The arrow indicates the MMP-

cleavage site, which is located in the peptide bond between the amino acid glycine (G) and the amino 

acid isoleucine (I) [91]. The addition of MMP-cleavable moieties allows the hydrogel matrix to be 

partially degradable by cell-driven local proteolysis [91], providing cell-mediated control over the 

hydrogel degradation. Figure 7 provides an overview of cell behavior in a hydrogel functionalized with 

cell-adhesion and MMP-sensitive motifs. 
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 The possibility of manufacturing alginate hydrogels with tunable degradation rates through 

the incorporation of different densities of MMP-cleavable peptides is extremely important regarding 

tissue engineering. The degradation rate of the hydrogel should match cell growth and proliferation 

cycles, as well as the rate at which new tissue structure is formed in chronic wound healing [68]. 

Besides its degradation profile, the variation of the amount of MMP-degradable peptide that is 

incorporated into the hydrogel network may modulate the mechanical properties of the matrix [92]. 

Since a continuous cell-mediated degradation process will take place, the hydrogel must be designed 

with an adequate initial mechanical strength in order to allow the development of a construct that 

closely mimics native ECM [68]. 

In conclusion, by functionalizing alginate with appropriate biochemical cues in adequate amounts, 

tunable cell-instructive hydrogels may be obtained, which is of the utmost importance in the design 

of a multimodal platform that can be applied onto chronic wounds located in different types of tissues 

and, thus, with different requirements according to the specific cell types of the local tissue. 

 

1.2.3.3 Chemical strategies for alginate biofunctionalization 

 

The selection of adequate chemical strategies for grafting of such biochemical cues is of crucial 

importance. Polymer biofunctionalization can be achieved through different chemical approaches 

such as carbodiimide chemistry, reductive amination, “click” chemistry [93]. Although carbodiimide 

is the most used strategy to achieve the attachment of amine-terminated peptides to carboxylic 

groups of alginate, through the formation of an amide bond, “click” chemistry has started to emerge 

as an attractive approach due to its higher yields in aqueous medium and inherent biocompatibility 

[94], [95]. According to the definition of Sharpless and Finn, a “click” reaction can be described as a 

selective, high-yield reaction carried under mild water-tolerant conditions and with no by-products 

[96]. Due to their safety and non-toxic nature, where no metal catalysts are used, thiol-based 

Figure 7 – Cell-biomaterial interactions – Different types of cell behavior may be developed when the 
cells are in contact with the hydrogel functionalized with cell-adhesion and MMP-cleavable motifs. 

Adapted from [68]. 
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reactions, as thiol-ene and thiol-yne reactions, have been widely used to produce functional 

biomaterials for both tissue engineering and regenerative medicine [97], [98]. 

In the current work, the functional cysteine-terminated integrin-binding peptide containing the 

amino acid RGD motif was covalently coupled to the alginate backbone through base-catalyzed thiol-

Michael addition click reaction [99]. This reaction exploited the reactivity between activated carbon 

double bonds (C=C) of methacrylated alginate and the thiolate anion of the cysteine terminated cell-

adhesive peptide, which acts as a nucleophile [100]. In thiolene click chemistry, sulfhydryl-containing 

linkers (e.g., biscysteine peptides, dithiothreitol), may react with molecules presenting alkene groups 

through a hydrothiolation (Figure 8). 

 
Figure 8 – The hydrothiolation of a carbon-carbon double bond (C=C). Retrieved from [98] 

The bisfunctional cysteine-containing MMP-sensitive peptide with amino acid sequence 

CGPQGIWGQC was introduced during hydrogel formation, acting as a crosslinker. It contributed to 

hydrogel formation through a thiolene-based photoclick approach, after exposure to UV or visible 

light in the presence of an adequate photoinitiator (Figure 9) [101]. This reaction mechanism involves 

step growth reactions and polymer chain growth reactions. The thiol-ene click reaction is triggered 

by the presence of photoinitiators, which, upon exposure to UV radiation, generate free radicals that 

will deprotonate the thiol group, originating thiyl radicals. Such thiyl radicals will then react with the 

alkene or alkyne bonds forming covalent carbon-sulfur bonds (Figure 9) [102]. 

 
Figure 9 - Schematic illustration of the hydrothiolation of a carbon-carbon double bond (C=C) under 
exposure to UV or visible light and in the presence of the adequate photoinitiator. Retrieved from 
[98]. 
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This thiol-ene based click chemistry may provide simple, fast, reproducible, versatile and highly 

efficient chemical reactions, presenting high reaction rates, high yield, oxygen and water 

insensitivity, high selectivity and biocompatibility, allowing the formation of orthogonal networks 

[94], [103], [104]. In a work conducted by Polizzotti et al. [102], the thiolene photoclick reaction was 

explored in order to develop polyethylene glycol (PEG) hydrogels with enhanced mechanical 

properties and controlled network structure. It is important to highlight that both thiol-ene 

photocoupling reactions and radical polymerization between methacrylate moieties may occur 

simultaneously, thus resulting in the fabrication of hydrogels through a dual crosslinking strategy. 

A brief summary of the reactions carried out to obtain the biofunctionalized hydrogel matrix is 

presented (Figure 10). 

 

It should also be noticed that although the hydrogel may undergo enzymatically mediated 

degradation, the bonds that are cleaved are related to the newly formed covalent bonds between the 

methacrylated alginate and the MMP-cleavable moiety. Remarkably, considering the degradation is 

cell-mediated, the MMP-sensitive hydrogels are suitable for a wide variety of cells [68], which 

generates a vast series of applications to different body tissues and their particular chronic wounds.  

 

1.2.4 Melanin – structure, biosynthesis and general 

properties 

 

Natural melanin is one of the most abundant biological pigments in nature, being widespread 

distributed among living organisms, such as plants, microorganisms and animals, including in a rather 

high quantity in humans, being responsible for skin pigmentation [105], [106]. It is a hydrophobic, 

negatively charged, high molecular weight biopolymer, which essentially exists in three forms, namely 

eumelanin, pheomelanin and neuromelanin, and can be extracted from several organisms such as 

bacteria, fungi, plants and animals [107]–[110]. The most common type is eumelanin, which is widely 

present in cephalopods [111].  

Figure 10 - Schematic illustration of the formation of the photocrosslinked biofunctionalized alginate 
hydrogel through sequential chemical reactions. Adapted from [68]  
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The biosynthesis of this pigment in animal cells occurs in melanosomes, starting from the 

conversion of tyrosine to dopaquinone in the presence of the enzyme tyrosinase (Figure 11) [112]. As 

this intermediate compound is relatively unstable, it can rapidly lead to the formation of dopachrome 

through an intramolecular cyclization reaction [112]. Then, depending on the presence of dopachrome 

tautomerasis, dopachrome can be converted either in  5,6-dihydroxyindole (DHI) or 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) [112]. Currently, it is strongly believed that melanins are 

formed through oxidative polymerization of phenolic and/or indolic compounds [107]. For example, 

it is reported that eumelanin may result from the oxidative polymerization of DHI and/or DHICA [113]. 

Consequently, among these redox forms of DHI and DHICA, quinone-imine (QI) and indolequinone (IQ) 

species can be found in the composition of eumelanin [114]. Due to the presence of these units, 

melanins are classified as paramagnetic biopolymers, which present reducing and oxidizing sites 

within their structure, and are not typically soluble either in water or in organic solvents [115]. 

 

 
Figure 11 - Biosynthesis of eumelanin. Adapted from [112] 

Araújo et al. reported that eumelanin can be obtained from cephalopod ink [111] through an easy 

extraction method that is based on successive ink dilutions and washings with distilled water [116]. 

This process is then economically advantageous as the biopolymer is obtained ready-to-use, without 

requiring additional structure modification. Synthetic eumelanin, usually known as polydopamine 

(PDA), presents identical chemical composition to naturally derived melanin, although some 

physicochemical and morphological properties might be substantially different [105]. PDA may be 

produced through the spontaneous oxidation and polymerization of 5,6-dihydroxyindole (DHI), 5,6-
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dihydroxyindole-2-carboxylic acid (DHICA), 3,4-dihydroxyphenylalanine (DOPA) or dopamine (DA) in 

alkaline environments [105], [108], [117], [118].  

Although the structure of melanin is not fully understood, it is characterized for being highly 

disordered and heterogeneous, generating a considerable diversity of structures, depending on its 

source and metabolic or synthetic pathway [119]. Natural melanin performs a great variety of 

biological functions, such as structural coloration, photosensitization, photoprotection from UV and 

visible radiation, free-radical scavenging, antioxidant activity, metal ion chelation and 

neuroprotection. It also plays an important role in the regulation of a large range of metabolic 

processes and molecular interactions [120]–[126]. As a result of these properties, together with the 

polymer inherent biocompatibility and high photothermal conversion efficiency, there has been 

growing interest in the use of both natural and synthetic melanin as a new type of versatile 

biomolecules that can find a wide range of applications in the biomedical field [105]. Melanin has 

been used as a naturally active multifunctional nanoplatform for tumour photoacoustic imaging (PAI) 

and photothermal therapy (PTT) [127]–[130], as well as in the development of multifunctional 

bioprobes for multimodal molecular imaging, including positron emission tomography (PET), magnetic 

resonance imaging (MRI), PAI and computed tomography (CT) [131]–[134]. Araújo et al. [116] reported 

the use of melanin nanoparticles as nanocarriers in formulations for colon and intestine targeted drug 

delivery, due to the strong pH dependency exhibited by the drug release activity from melanin. 

Due to their free-radical scavenging ability and high antioxidant activity, melanin and PDA 

nanoparticles (NPs) have also been used as a novel nanoplatform for antioxidative therapy through 

scavenging excessive reactive oxygen and nitrogen species (RONS) [105]. Liu et al. [122] studied the 

effect of the activities of melanin NPs against toxic RONS (such as superoxide (O2
-), hydrogen peroxide 

(H2O2), hydroxyl radical (•OH), nitric oxide (•NO) and peroxynitrite (ONOO-)), and further assessed the 

potential of melanin nanoparticles for antioxidative therapy in vitro and in a rat model of ischemic 

stroke. The results obtained demonstrated that melanin nanoparticles present an extensive defense 

against multiple RONS. They were also able to attenuate the RONS-triggered inflammatory responses 

by repressing the expression of cytokines and inflammatory mediators [122], which allows for a more 

controlled regulation of chronic inflammation environments. In another study, Bao et al. [135] 

developed a powerful antioxidant defense PDA-based platform for ROS elimination in oxidative stress-

induced periodontal disease.  

In the present work, melanin nanoparticles have been entrapped during hydrogel formation. It 

was hypothesized that the incorporation of these nanoparticles in the hydrogel patch may allow a 

better control of the chronic wound environment by scavenging the increased amount of ROS that is 

typically present in non-healing wounds. This would help to attenuate the harsh conditions of chronic 

inflammation environments and, eventually, reverse the chronicity of such events, leading to tissue 

repair and restoration. 
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Chapter 2 

2. Materials and Methods 

Ultrapure sodium alginate (High-molecular weight alginate (AlgHMW), Pronova UP LVG, G/M ratio: 

≥ 1.5, Viscosity: 20-200 mPa*s; Mw= 75-200 kDa) was purchased from Novamatrix (FMC Biopolymers). 

Methacrylic anhydride was purchased from Sigma-Aldrich and used as received. Naturally derived 

melanin nanoparticles obtained from cuttlefish ink were kindly provided by Dr. Marco Araújo and used 

without further modification [136]. The RGD cell-adhesive CGGGGRGDSP (MW = 861.88) peptide and 

the MMP-cleavable CGPQG↓IWGQC (MW = 1048.2, arrow indicates the cleavage site) peptide were 

custom-synthesized and obtained from GenScript. Dulbecco’s modified Eagle’s medium (DMEM) was 

purchased from Gibco. Photoinitiator Irgacure 2959, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES), Tris buffered saline (TBS), 5,5′-dithiobis-(2-nitrobenzoic) acid (DTNB, Ellman’s reagent), 

L-cysteine and 2,2-Diphenyl-1-picryl-hydrazyl (DPPH) were obtained from Sigma-Aldrich.  

 

2.1 Synthesis and characterization of methacrylated alginate 

(AlgMa) 

A 1 wt% solution of AlgHMW (0.4 g; 2.02 mmol) in Tris buffered saline (TBS, 50 mM Tris, 150 mM 

NaCl, pH= 8) was treated with methacrylic anhydride (8.13 g; 52.76 mmol; 7.86 mL) at 0 °C, under 

vigorous stirring. The methacrylic anhydride was added into two portions distributed by intervals of 

5h, and the pH continuously adjusted to pH = 8 with a 5M NaOH solution. After vigorous stirring for 

10h at room temperature (rt), ethanol (150 mL) was added and the precipitated solid centrifuged at 

4000 rpm (Eppendorf centrifuge 5810R, rotor A-4-62) for 8 min. The pellet was further washed twice 

with ethanol and allowed to dry on air overnight. The obtained solid was rehydrated and purified 

through dialysis against decreasing concentrations of NaCl for three days. The resultant solution was 

passed through a 0.45 µm filter and lyophilized to give the product, methacrylated alginate (AlgMa), 

as a white foam (0.370 g). 1H NMR (D2O, 400 MHz): δ (ppm) 6.25 (br, s), 5.82 (br, s), 5.25 (br, s), 4.23-
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3.77 (br, m), 1.97 (br, s). FTIR (cm-1): 3264, 2933, 1711, 1596, 1407, 1297, 1160, 1123, 1088, 1027, 

949, 811, 727, 620, 556, 419. 

 

2.1.1 Nuclear magnetic resonance (1H-NMR) 

 

1H NMR spectra were recorded using a 400 MHz spectrometer AVANCE III (Bruker). Polymers were 

dissolved (13.3 mg/mL) in deuterated water (D2O, Euriso-top) and transferred to NMR tubes.  

 

2.1.2 Attenuated total reflectance – fourier-transform 

infrared spectroscopy (ATR-FTIR) 

 

Attenuated total reflectance/Fourier transform infrared spectroscopy (ATR-FTIR) spectra were 

recorded using a Frontier FT-IR spectrometer (PerkinElmer, USA) and FTIR spectra were recorded over 

a range of 4000-400 cm-1 at a resolution of 4 cm-1.  

 

2.2 Functionalization of AlgMa with cell-adhesion motifs 

(AlgMaRGD) 

Before any functionalization, methacrylated alginate (AlgMa) was dissolved in a 0.5 M Na2HPO4 

buffer solution, at rt, to obtain a 1 wt% final solution. pH level was adjusted to 9.5 by adding 0.1 M 

NaOH dropwise.  

The cell-adhesive peptide (CGGGGRGDSP) was then added to the AlgMa solution at a weight ratio 

of 200 mg/g AlgMa, to promote the coupling of the integrin-binding peptide. The obtained solution 

was protected from light and allowed to react overnight under stirring and inert atmosphere. The 

RGD-modified polymer (AlgMaRGD) was then purified through dialysis against decreasing 

concentrations of NaCl for three days using a MWCO 3500 membrane (Spectra/Por®, SpectrumLabs). 

Then, the final solution was frozen, lyophilized, and stored at -20 oC until further use. Control AlgMa 

was prepared through the same method, although without the addition of peptide (Blank). 

1H NMR and FTIR spectra were also recorded. 

1H NMR (D2O, 400 MHz): δ (ppm) 6.23 (br, s), 5.79 (br, s), 5.05 (br, s), 4.48 (br, s), 4.39 (br, s), 

4.29 (br, m), 4.04-3.91 (br, m), 3.75 (br, m), 3.23 (br, t), 2.70 (br, m), 2.25 (br, m) 1.96 (br, s), 1.67 

(br, m). FTIR (cm-1): 3230, 2932, 1600, 1408, 1318, 1161, 1124, 1088, 1027, 948, 811, 724, 620, 559, 

408. 
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2.2.1 Quantification of incorporated cell-adhesive peptide 

(AlgMaRGD) 

 

The amount of incorporated cell-adhesive peptide onto the structure of AlgMa was assessed 

through the colorimetric DC protein assay (BIO-RAD). AlgMa (8 mg) was dissolved in ultrapure water 

(Millipore) to obtain a 2 wt% solution. 100 µL of this solution were mixed with 100 µL of 2 mg/mL 

peptide solution to obtain the highest peptide concentration standard for the calibration curve 

(named P7, 1 mg peptide/mL solution). The remaining standard solutions (0.5 mg/mL to 0.015 mg/mL) 

were prepared sequentially by successive dilutions with 1 wt% AlgMa solution. P0 was exclusively 

prepared with 1 wt% AlgMa, since it should not contain any cell-adhesive peptide. Afterwards, 5 μL 

of each sample containing the RGD-modified alginate or standard were transferred to a 96-well plate. 

To this sample, 25 μL of alkaline copper tartrate solution (Reagent A) and 200 μL of Folin reagent 

(Reagent B) were then added, and the mixture was allowed to react at room temperature for 15 

minutes in complete darkness. Finally, the protein content was determined by measuring the 

absorbance at 750 nm using a micro-plate reader (Synergy MxTM , BioTek, USA). The incorporated 

peptide concentration was determined from the performed calibration curve.  

 

2.3 Development and characterization of the multi-functional 

alginate-based patch 

2.3.1 Preparation of photocrosslinked alginate hydrogels 

 

AlgMa and AlgMaRGD were separately dissolved in 0.9 wt% NaCl at 25 oC (Eppendorf 

Thermomixer®, Germany) to obtain 4 wt% solutions.  

Melanin nanoparticles were dissolved in 0.9 wt% NaCl at final concentrations of 1.5 wt%, 2.25 wt% 

and 3 wt% and the obtained solutions were sonicated during 20 minutes. Photoinitiator Irgacure 2959 

was dissolved in 0.9 wt% NaCl at a final concentration of 0.235 wt%. The prepared solution was kept 

wrapped with aluminum foil to be protected from light. A MMP-sensitive peptide solution was 

prepared by dissolving 1.05 mg (final molar concentration in the hydrogel of 4 mM) or 2.10 mg (final 

molar concentration in the hydrogel of 8 mM) of MMP-cleavable peptide in 25 µL of 1M sodium acetate 

buffer (pH = 5). 

To fabricate photocrosslinked MMP-sensitive alginate hydrogels, 4 wt% AlgMa and AlgMaRGD 

solutions were mixed in adequate proportions to obtain a 1.5 wt% precursor alginate solution 

containing 200 μM RGD [137]. 

The total volume of the precursor solution was then completed by adding melanin stock solution 

in the desired amounts, the intended volume of MMP-cleavable peptide stock and 0.9 wt% NaCl 

solutions, and the photoinitiator at 0.05 wt%. The final gel precursor solutions (14 μL) were placed 
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between two glass slides separated by 250 µm spacers. The samples were then irradiated (7 mW/cm2, 

λ within the range 280-450 nm) using a BlueWave® 200 curing spot lamp (Dymax, USA) for the desired 

time periods (60-300 s). Photocrosslinked hydrogel discs were then placed in diH2O or DMEM 

supplemented with HEPES until further analysis. Hydrogel discs with different melanin (0 wt%, 0.3 

wt%, 0.45 wt%, 0.6 wt%) and MMP-sensitive peptide (0 mM, 4 mM, 8mM) concentrations were obtained. 

Some formulations were characterized either in the form of hydrogel or as a lyophilized scaffold. For 

obtaining a lyophilized scaffold, the manufactured hydrogel discs were transferred to a 48-well plate, 

frozen and freeze-dried overnight (FreeZone Plus 2.5 Liter Cascade Console Freeze Dry System, 

Labconco). 1H NMR and FTIR spectra of different hydrogel samples were also recorded. 

 

2.3.2 Coupling efficiency of the MMP-cleavable peptide 

 

The amount of MMP-cleavable peptide incorporated onto the hydrogel network during 

photopolymerization was determined by performing the DTNB (Ellman’s reagent) assay. Briefly, 

photocrosslinked hydrogel discs were transferred to a 48 well-plate and stirred overnight in diH2O 

(200 μL) at 70 rpm, protected from light. 30 μL of the sample solution were then mixed with 150 μL 

of a DTNB solution at 0.03 wt% in sodium phosphate buffer. 

 Absorbance was measured at 410 nm in a microplate reader (Synergy MxTM , BioTek, USA). The 

standards for the calibration curve were prepared with serially diluted L-cysteine solutions 

(concentrations ranging from 5.63 mM to 0.0718 mM) in sodium phosphate buffer (pH = 8). Sodium 

phosphate buffer was used as a blank. All measurements were made using at least three replicates. 

The efficiency of the MMP-cleavable peptide incorporation (Ieff) can then be determined by 

equation 1:  

𝐼𝑒𝑓𝑓 =
𝑃𝐴𝐷𝐷−𝐹𝑆𝐻

𝑃𝐴𝐷𝐷
× 100,                                               (1) 

 

where FSH indicates the amount of free sulfhydryl groups, corresponding to the amount of MMP-

cleavable peptide that was not conjugated to alginate and PADD is the total amount of peptide that 

was added to alginate. 

 

2.3.3 Free-radical scavenging activity 

 

The free-radical scavenging ability of the developed hydrogel was evaluated through the DPPH 

antioxidant assay. Briefly, photocrosslinked hydrogel discs were transferred to a 48-well plate and 

425 μL of a 0.1 mM DPPH solution in 95% Ethanol were added. The plate was protected from light and 

kept at rt, and 60 μL aliquots were taken at different time points, namely after 2 hours, 3 hours, 6 

hours, 9 hours and overnight. Absorbance was read at λ = 517 nm using a UV-Vis spectrophotometer 

(Lambda 35, PerkinElmer, USA). A control containing a similar concentration of free melanin 

nanoparticles was also run, as well as a blank consisting of DPPH in ethanol solution. All measurements 
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were made using at least three replicates. Lower absorbance values were associated to a higher free 

radical scavenging activity.  

 

2.3.4 Rheological properties 

 

The linear-viscoelastic behavior of the alginate-based hydrogels was assessed through oscillatory 

shear experiments using Kinexus Pro rheometer (Malvern Instruments Ltd., UK).  

Photocrosslinked hydrogel discs obtained by the abovementioned procedure (section 2.2.1) were 

immersed in DMEM supplemented with HEPES and incubated overnight at 37 oC in a CO2 incubator. 

Then, a sample disc was cut using a 4 mm diameter biopsy punch and placed onto the bottom 

geometry plate. Afterwards, the top geometry was lowered in order to contact the hydrogel with a 

predefined gap, calculated based on 30% compression of their initial thickness, which was measured 

with a digital caliper (Duratool). All tests were carried out in a humidified environment at 

physiological temperature (37 oC) to prevent hydrogel dehydration during analysis. 

Amplitude sweep (strain sweep) tests were performed, by maintaining the frequency constant at 

0.1 Hz and varying the amplitude of the shear strain from 0.1 to 100%. The linear viscoelastic region 

(LVR), which corresponds to the values of the shear storage modulus (the elastic component of shear 

modulus - G’) and the shear loss modulus (the viscous component of shear modulus – G’’) that display 

low dependence on amplitude, was determined. The mean of the selected values of G’ and G’’ was 

calculated. Moreover, frequency sweep tests were also conducted, by varying the radial frequency 

(ω) from 0.01 to 10 Hz, while the strain amplitude was held constant at a predefined value within the 

LVR of the amplitude sweep test. The values of G’ and G’’ that showed a low dependence on 

frequency, corresponding to the values within the LVR, were then selected and their mean was 

calculated. At least three replicates were used for each test. 

 

2.3.5 Swelling ratio 

 

The swelling ratio was determined by following a reported procedure [137]. Briefly, hydrogel 

samples (14 μL, n = 4) were lyophilized and weighted to obtain the initial dry weight (WID). Freeze-

dried samples were then incubated in ultrapure water (1 mL) at 37 oC for 24h. Afterwards, the 

hydrogel’s superficial excess water was gently removed with a tissue paper, and the hydrated sample 

was weighted to determine the swollen weight (WS). Swelling ratio (q) was then determined by 

dividing the weight after the hydration step of the hydrogel (WS) by its initial dry weight (WID) (Eq. 

2): 

 

𝑞 =
𝑊𝑆

𝑊𝐼𝐷
 ,                                               (2) 
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Chapter 3 

3. Results 

3.1 Synthesis and characterization of methacrylated alginate 

(AlgMa) 

Methacrylated alginate (AlgMa) was synthesized by replacing secondary hydroxyl groups (alcohols) 

on the alginate backbone with methacrylate groups, through a nucleophilic substitution reaction of 

AlgHMW with methacrylic anhydride (Figure 12), as reported in a previous study [138]. 

 

Figure 12 - Chemical reaction of native alginate (G-block) with methacrylic anhydride, yielding 
methacrylated alginate as a product 
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The success of functionalization was confirmed by the 1H-NMR spectrum of AlgMa (Figure 13), 

which presents two characteristic peaks at 5.82 and 6.25 ppm (protons 13 and 14, respectively), 

belonging to the methylene group in the vinyl bonds. Moreover, a new sharp peak at 1.97 ppm can 

also be observed, which is related to the methyl group (proton 15) [137].  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 - 1H-NMR spectrum of methacrylated alginate, showing the characteristic proton peaks of 
the modified polymer 

The functionalization degree was determined through the ratio between the peak corresponding 

to the alginate proton 6 at δ = 5.08 ppm and the one at δ = 6.25 ppm corresponding to methylene 

protons of the methacrylate moiety, being approximately 52%. The obtained functionalization degree 

is in accordance with common methacrylation percentages regarding AlgMa, as reported in the 

literature [68].  

 

3.2 Conjugation of cell-adhesive peptide to methacrylated 

alginate (AlgMaRGD) 

Functionalization of methacrylated alginate (AlgMa) with a bioactive ligand containing a cell-

adhesion motif (RGD) was accomplished via thiol-Michael addition reaction between the terminal thiol 
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group of the RGD-containing peptide and the methacrylate groups of the polymer (Figure 14), as 

previously reported [68]. The conjugation was achieved through a base catalyzed mechanism, where 

the thiol is deprotonated and reacts with the alkene moiety of the methacrylate functional group. 

This addition reaction can occur in water and under mild conditions with high yields, which were 

important characteristics that gave preference for this reaction over the traditional carbodiimide 

methodologies [94], [95]. 

 
Figure 14 - Synthesis of RGD-modified methacrylated alginate (AlgMaRGD) - Grafting of a bioactive 
peptide containing the amino acid sequence RGD onto the methacrylated alginate through thiol-
Michael addition click reaction 

The success of the conjugation reaction was confirmed by 1H-NMR, where it was possible to 

observe new peaks corresponding to the cell-adhesive peptide protons (Figure 15). 

Figure 15 - 1H-NMR spectrum of methacrylated alginate functionalized with the cell-adhesive 
peptide (AlgMaRGD) 
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ATR/FTIR spectra for high molecular weight alginate (AlgHMW), AlgMa, AlgMaRGD and the peptide 

containing the amino acid sequence RGD, were recorded (Figure 16). Few noticeable changes were 

found among the obtained spectra. Characteristic peaks at 1600 cm-1 and 1410 cm-1 were observed 

for AlgHMW and AlgMa samples. These peaks may be assigned to asymmetric and symmetric —C=O 

stretching vibrations of COO— groups, respectively [139]. The coupling of methacrylate moieties to 

the alginate structure in AlgMa led to a sharpening within the broad range 3500-3000 cm-1, when 

compared to the ATR/FTIR spectrum of AlgHMW. Such band may be assigned to O-H stretching of 

methacrylic moieties. Moreover, the spectrum of AlgMa also showed a sharpening at 1596 cm-1 due to 

stretching vibrations of carbonyl groups from the methacrylate moieties introduced. It was also 

possible to observe a characteristic peak at 1635 cm-1 for the ATR/FTIR spectrum of RGD-peptide, 

assigned to carbonyl stretching vibration in amide groups [140]. An amide II characteristic peak at 

1532 cm-1 was also noticed regarding the peptide spectrum. Both these peaks were not found in any 

of the alginate-derived spectra probably due to the low concentration (200 μM) of RGD-peptide that 

is present in those polymers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16 - ATR/FTIR spectra of high molecular weight alginate (AlgHMW), methacrylated alginate 
(AlgMa), RGD-modified methacrylated alginate (AlgMaRGD), and the RGD-containing peptide (RGD) 

 

The amount of cell-adhesive peptide grafted onto AlgMa was 71 mg peptide/g AlgMa, as 

determined by the colorimetric DC protein assay. This represents an incorporation of 35% of the initial 

amount of peptide that participated in the coupling reaction. However, considering that the polymer 

presents a degree of methacrylation of, approximately, 50%, this means that the overall incorporation 

in respect to the available methacrylate groups was 70%.   
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3.3 Characterization of melanin particles 

The structure of melanin particles was investigated by ATR-FTIR (Figure 17). The obtained 

spectrum presented strong peaks in the 3700-3000 cm-1 range, at 1582 cm-1 and 1358 cm-1, and in the 

780-596 cm-1 range. In the 3700-3000 cm-1 range, the broad peak may be due to νO-H and νN-H 

stretching vibration modes [141]. The peak at ca. 1582 is due to νC=O and νC=C stretching modes 

from carbonyl and conjugated double bonds, respectively, while the peak at ca. 1358 cm-1 is assigned 

to in-plane βC-H bending modes [141]. In the 780-596 cm-1 range, the wide band is assigned to the 

δO=C=O deformation mode of carboxyl groups [142]. 

 

 
 

Figure 17 - ATR/FTIR spectrum of melanin particles 

TEM images of melanin particles were kindly provided by Laura Marín Caba from the research 

group TeamNanotech at Universidad de Vigo (Figure 18). 
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Figure 18 - TEM images of melanin particles 
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Through the analysis of the TEM images, it was possible to observe particles with spherical 

morphology exhibiting a dimension between 180 and 200 nm, which is in accordance with the shape 

and dimensions reported in the literature [143]. 

 

3.4 Development and characterization of the multi-functional 

alginate-based patch 

3.4.1 Preparation of photocrosslinked alginate hydrogels 

 

Alginate hydrogel discs were fabricated through photocrosslinking of a gel precursor solution in 

the presence of Irgacure 2959 as photoinitiator. A mixture of AlgMa and AlgMaRGD was adjusted in 

order to grant a final RGD concentration within the hydrogel of 200 μM, which is within the same 

range of that presented in ECM-derived biological matrices [144]. Free radicals generated upon 

exposure of the photoinitiator to UV radiation contributed to the alginate covalent crosslinking 

through both radical polymerization and radical-initiated thiol-ene photopolymerization. The 

presence of a peptide crosslinker allowed the latter covalent crosslinking strategy to occur due to its 

functionalization with terminal thiol groups of the amino acid cysteine at both ends. It is important 

to determine the amount of MMP-cleavable peptide that is covalently coupled to the polymer, since 

this peptide can affect the crosslinking density of the hydrogel network and, thus, the mechanical 

properties of the scaffold. Melanin nanoparticles were incorporated in the hydrogel structure during 

the gelation process.  

Proof of MMP-sensitive peptide grafting was obtained through ATR/FTIR analysis of hydrogel 

formulations with no melanin nor MMP-cleavable peptide (Blank), no melanin and a peptide 

concentration of 4 mM (Pep4) and a melanin content of 0.3 wt% and a peptide concentration of 4 mM 

(Mel0.3Pep4) (Figure 19). The spectrum of the enzymatically degradable peptide was also recorded. 

New characteristic peaks in the Pep4 and Mel0.3Pep4 spectra were observed when compared to the 

Blank spectrum, at 1596 and 1410 cm-1, due to the coupling of the peptide crosslinker. The first peak 

(1596 cm-1) is assigned to amide I bonds from peptides [145]. The peak at 1410 cm-1 is due to amide 

III bonds [145], which are characteristic of proteins.  
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Figure 19 - ATR/FTIR spectra of the MMP-cleavable peptide and hydrogels with different composition. 
Blank hydrogels refer to constructs without melanin and MMP-sensitive peptide. Pep4 represent 
hydrogels without melanin and a peptide concentration of 4 mM. Mel0.3Pep4 refer to scaffolds with 
a melanin content of 0.3 wt% and a peptide molar concentration of 4 mM. 

 

Influence of MMP-cleavable peptide and melanin quantities 

 

Precursor gel solutions with different MMP-cleavable peptide concentration, namely 4 mM (Pep4) 

and 8 mM (Pep8), and different melanin content, such as 0.3 wt% (Mel0.3), 0.45 wt% (Mel0.45) and 

0.6 wt% (Mel0.6) have been photocrosslinked by exposure to UV radiation. The first goal of this 

approach was to obtain stable hydrogel discs to evaluate their radical scavenging activity. Regarding 

this, it was interesting to change melanin concentration within the hydrogel in order to evaluate if 

the entrapment of a higher melanin content would result in higher radical scavenging ability. 

Furthermore, the amount of peptide crosslinker was changed in order to better promote hydrogel 

formation in the presence of higher concentrations of melanin particles. To fabricate such hydrogels, 

the precursor gel solutions were photopolymerized for 5 minutes (300 s). Formulations containing a 

melanin concentration of 0.6 wt% and without crosslinker failed to form stable constructs after 300 

s. Consequently, as it was not possible to obtain the necessary controls to the assays to be carried 

out, the melanin concentration of 0.6 wt% was discarded. Regarding formulations without the peptide 

crosslinker and varying melanin content (0.0 wt%, 0.3 wt% and 0.45 wt%), the most stable hydrogel 

networks were fabricated after 300 s, so this was the time selected as reference for the majority of 

hydrogels to be analysed.  

Furthermore, it was noticed that the incorporation of the peptide crosslinker allowed the 

formation of stable hydrogel networks after 300 s of photopolymerization (Figure 20). Hydrogels 

without the peptide crosslinker and with a melanin content of 0.3 wt% (Mel0.3 hydrogels) were more 

difficult to handle and less stable than hydrogels containing the same melanin content and a peptide 

crosslinker concentration of 4 mM (Mel0.3Pep4 hydrogels) or 8 mM (Mel0.3Pep8 hydrogels). Moreover, 
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noticeable changes were not found regarding the macroscopic appearance between Mel0.3Pep4 

hydrogels and gels with the same amount of MMP-cleavable peptide and an increased melanin 

concentration of 0.45 wt% (Mel0.45Pep4 hydrogels) (Figure 20). This results show that the coupling of 

the peptide crosslinker induces a higher crosslinking density and, consequently, more stable hydrogel 

networks, allowing an efficient melanin incorporation. Increasing the peptide crosslinker 

concentration to 8 mM, while maintaining the melanin content at 0.3 wt% (Mel0.3Pep8 hydrogels) also 

did not produce significant changes regarding the overall handling and stability of the hydrogels, as 

no noticeable changes were found when compared to Mel0.3Pep4 hydrogels (Figure 20). 

 

 
 

Figure 20 - Hydrogels formed after 300 s of photopolymerization, with varying concentrations of 
melanin and peptide crosslinker. Mel0.3 refer to scaffolds with a melanin content of 0.3 wt% and no 
MMP-cleavable peptide. Mel0.3Pep4 refer to scaffolds with a melanin content of 0.3 wt% and a peptide 
molar concentration of 4 mM. Mel0.45Pep4 refer to scaffolds with a melanin content of 0.45 wt% and 
a peptide molar concentration of 4 mM. Mel0.3Pep8 refer to scaffolds with a melanin content of 0.3 
wt% and a peptide molar concentration of 8 mM. 
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Influence of photocrosslinking time 

 

The photocrosslinking time was optimized using a formulation containing melanin and the MMP-

cleavable peptide, namely Mel0.3Pep4. Hydrogels were photocrosslinked for different time periods 

(60 s, 70 s, 80 s, 90 s, 100 s, 140 s and 300 s) in order to achieve the minimum UV exposure time 

required to produce a stable hydrogel. It was found that, after 60 s, hydrogels did not acquire the 

structural stability needed in order to be easily handled without leaving gel-forming material in the 

glass slides. As this would prevent reproducible hydrogels to be obtained, the crosslinking time of 60 

s was discarded. For the remaining gelation times, it was demonstrated that a higher 

photopolymerization time produces alginate-based constructs that present a more stable gel network 

(Figure 21). Therefore, Mel0.3Pep4 hydrogels fabricated after a higher UV exposure time of the 

precursor solution are easier to handle and present an enhanced structural stability.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 - Mel0.3Pep4 hydrogels were photocrosslinked for different time periods (70 s, 80 s, 100 s, 
140 s and 300 s) to study the structural stability of the newly formed gel network. Mel0.3Pep4 refer 
to scaffolds with a melanin content of 0.3 wt% and a peptide molar concentration of 4 mM. 
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Influence of the freeze-drying process 

 

Freeze-dried hydrogels were prepared, since the developed platform should be 1) adaptable, 2) 

easy to produce and ready-to-use, 3) present adequate mechanical properties, 4) easy to store and 

to handle. Therefore, it was important to study whether the freeze-drying process can affect the 

mechanical and biological properties of the designed patch, in order to validate the use of the 

platform as a lyophilized hydrogel construct, which would potentially show the versatility of the 

engineered biomaterial.  

Differences in the macroscopic appearance between non-lyophilized and lyophilized hydrogels 

may be observed in formulations with no melanin and no MMP-cleavable peptide (Blank), as well as 

in Pep4 and Mel0.3Pep4 hydrogels (Figure 22). 

 

 
 

Figure 22 - Blank, Pep4 and Mel0.3Pep4 hydrogels before (left) and after (right) the freeze-drying 
process. All hydrogel samples were photocrosslinked for 300 s. Blank hydrogels refer to constructs 
without melanin and MMP-sensitive peptide. Pep4 refer to hydrogels without melanin and a peptide 
molar concentration of 4 mM. Mel0.3Pep4 refer to scaffolds with a melanin content of 0.3 wt% and a 
peptide molar concentration of 4 mM. 
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After the freeze-drying process, the hydrogel presents a sponge-like aspect and an interconnected 

porous structure for all the hydrogel samples evaluated.  

Furthermore, alginate hydrogel fibers may be observed for the three formulations tested (Figure 

23). The presence of melanin nanoparticles can be noticed for Mel0.3Pep4 hydrogels. 

 

 
Figure 23 - Blank, Pep4 and Mel0.3Pep4 freeze-dried hydrogels. All hydrogel samples were 
photocrosslinked for 300 s. Blank hydrogels refer to constructs without melanin and MMP-sensitive 
peptide. Pep4 refer to hydrogels without melanin and a peptide molar concentration of 4 mM. 
Mel0.3Pep4 refer to scaffolds with a melanin content of 0.3 wt% and a peptide molar concentration 
of 4mM. 

The aspect of freeze-dried Mel0.3Pep4 hydrogels before and after rehydration may also be 

observed (Figure 24). Upon rehydration, lyophilized hydrogels maintained their structural integrity 

and were easily handled. 
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Figure 24 - Freeze-dried Mel0.3Pep4 hydrogels before (left) and after rehydration (right). Mel0.3Pep4 
refer to scaffolds with a melanin content of 0.3 wt% and a peptide molar concentration of 4mM 

 

3.4.2 Coupling efficiency of the MMP-cleavable peptide 

 

The amount of MMP-cleavable peptide incorporated onto the alginate hydrogel network was 

evaluated through the Ellman’s assay.  

5,5′-dithiobis-(2-nitrobenzoic) acid (DTNB, Ellman’s reagent) is a chromogenic reagent usually 

used for thiol detection, since it has a highly oxidizing disulfide bond. Therefore, free thiols in solution 

may stoichiometrically reduce this bond in an exchange reaction, leading to the formation of a mixed 

disulfide and the release of one molecule of 5-thio-2-nitrobenzoic acid (TNB) (Figure 25) [146]. As the 

MMP-cleavable peptide presents the amino acid cysteine (which contains a thiol group) at both ends, 

measuring the thiol content of a solution where hydrogel discs were immersed may indirectly estimate 

the extent of incorporation of the MMP-cleavable peptide. 

 

 
Figure 25 - Chemical reaction between the Ellman’s reagent (DTNB) and free thiols in the DTNB assay 
[147] 
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Hydrogel samples with different compositions and the same photocrosslinking time (300 s) were 

tested (Figure 26 – A). Hydrogels were prepared with different MMP-cleavable peptide molar 

concentrations, namely 4 mM (Pep4) and 8 mM (Pep8), and varying melanin content (0 wt%, 0.3 wt% 

(Mel0.3) and 0.45 wt% (Mel 0.45)).  

Results (Figure 26 - A) show that the incorporation percentage of both molar concentrations 

tested, Pep4 and Pep8, while maintaining the melanin content at a constant amount, were 

approximately the same. The coupling percentage varied between 93.67 ± 1.42 (Pep4) and 94.78 ± 

0.71 (Pep8) for hydrogels with no melanin, 75.59 ± 4.27 (Pep4) and 76.70 ± 5.37 (Pep8) for Mel0.3 

samples and 70.66 ± 6.52 (Pep4) and 68.07 ± 3.70 (Pep8) for Mel0.45 hydrogels.  

Therefore, a variation on the peptide incorporation percentage was detected when altering the 

melanin concentration, while the MMP-cleavable peptide molar concentration was kept constant. In 

fact, a decrease of the coupling efficiency was noticed with an increase of melanin content.  

Moreover, hydrogel samples with the same composition (Mel0.3Pep4), but different testing 

conditions, were also analysed. Freeze-dryed hydrogel samples (Liof) produced after 300 s of 

photocrosslinking and hydrogels fabricated after 100 s and 300 s of UV light exposure were analysed 

(Figure 26 – B). All hydrogel samples produced similar results, as the peptide incorporation percentage 

was determined as 75.59 ± 4.27 for Mel0.3Pep4, 82.43 ± 4.24 for Mel0.3Pep4Liof and 75.95 ± 7.34 for 

Mel0.3Pep4 100 s.  

Importantly, the partial incorporation of the amount of MMP-cleavable peptide added to the 

hydrogel should be considered in order to more precisely estimate the actual peptide concentration 

within the hydrogel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26 - Coupling Efficiency of the MMP-Sensitive Peptide was determined through a DTNB assay. 
(A) - All hydrogel samples present different compositions and were photocrosslinked after 300 s; 
Mel0.3 and Mel 0.45 refer to melanin concentrations within the hydrogel of 0.3 wt% and 0.45 wt%, 
respectively; Pep 4, Pep 8 refer to MMP-cleavable peptide molar concentrations of 4 mM and 8 mM, 
respectively. (B) - All hydrogel samples present the same composition (Mel0.3Pep4). The effect of 
the freeze-drying process and of the photocrosslinking time on the MMP-cleavable peptide 
incorporation was studied, since freeze-dryed hydrogel samples (Liof) and hydrogel samples 

fabricated after 100 s and 300 s of UV light exposure were analysed. 
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3.4.3 Free-radical scavenging activity 

 

The radical scavenging activity of the hydrogel samples was assessed through the DPPH assay. 

2,2-Diphenyl-1-picryl-hydrazyl (DPPH) is a purple-colored stable free radical that presents an 

unpaired valence electron at one nitrogen atom (Figure 27) [148]. The stability of the DPPH molecule 

is due to the delocalization of the spare electron over the entire molecule. Antioxidants can then 

donate a hydrogen atom and therefore reduce the stable DPPH radicals to the yellow compound 

diphenyl-picrylhydrazine (Figure 27) [149]. As free DPPH radicals present a maximum absorbance 

value at 517 nm, whenever these radicals interact with a proton donor substrate, they are removed 

and the absorbance at this particular wavelength decreases [149]. Therefore, the radical scavenging 

activity can be measured as a decrease in the absorbance of DPPH, since a lower absorbance of the 

reaction mixture means a higher free radical scavenging activity, as seen in the work of Kumar et al. 

[150]. [151] 

 

 

 

 

 

 

 

 

 

The DPPH assay was performed on hydrogels with varying melanin concentrations (0 wt%, 0.3 wt% 

(Mel0.3) and 0.45 wt% (Mel0.45)). The possible influence of the peptide crosslinker on the radical 

scavenging ability of the hydrogels was also assessed by evaluating hydrogel formulations with 4 mM 

(Pep4) and 8 mM (Pep8) MMP-cleavable peptide. The kinetics of radical scavenging were evaluated 

for different time points, namely 2h, 3h, 6h, 9h and overnight (ON).  

Results show a great variation on the radical scavenging activity from hydrogels with and without 

melanin nanoparticles, independently of the MMP-cleavable peptide concentration (Figures 28, 29 

and 30).  

The influence of a higher melanin content in the radical scavenging activity of the hydrogels was 

evaluated by varying the concentration of melanin in the hydrogel (0 wt%, 0.3 wt% and 0.45 wt%), 

while maintaining the MMP-sensitive peptide concentration constant (0 mM, 4 mM or 8mM).  

Regarding hydrogels without the peptide crosslinker (Figure 28), the scaffolds without melanin 

(Blank hydrogels) presented low radical scavenging activity throughout all time points, with a peak of 

Figure 27 - Reaction mechanism of DPPH with an antioxidant. AH – antioxidant radical scavenger A˙- 
antioxidant radical. Retrieved from [151]. 
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radical scavenging activity at 6h (16.8 ± 2.0 %). Hydrogels with 0.3 wt% (Mel0.3) and 0.45 wt% melanin 

(Mel0.45) presented a higher free radical scavenging ability than Blank hydrogels. Overall, Mel0.3 and 

Mel0.45 samples presented a similar radical capture, with a peak of activity after being incubated 

overnight (Mel0.3 76.1 ± 1.8 % and Mel0.45 73.3 ± 3.9 %). Concerning earlier time points, Mel0.45 

hydrogels (2h: 20.5 ± 0.4 %; 3h: 27.6 ± 1.1 %) presented higher scavenging activity than Mel0.3 

hydrogels (2h: 14.5 ± 5.4 %; 3h: 21.1 ± 2.3 %), while at later time points, the opposite situation was 

observed (Mel0.3 – 6h: 35.2 ± 2.2 %; 9h: 46.1 ± 1.1 %; Mel0.45 – 6h: 31.7 ± 2.0 %; 9h: 36.7 ± 6.4 %). 
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Figure 28 - Free-radical scavenging ability of the hydrogels through different time points, namely 2h, 
3h, 6h, 9h and overnight (ON) was determined via the DPPH assay. All hydrogel samples present 
different composition and were photocrosslinked after 300 s. Although samples do not contain the 
MMP-cleavable peptide, they present varying melanin concentrations (0 wt% (Blank); 0.3 wt% (Mel 
0.3); 0.45 wt% (Mel 0.45)). 

 

For hydrogels with a MMP-cleavable peptide molar concentration of 4 mM (Figure 29), scaffolds 

without melanin (Pep4) were the hydrogels that showed lower radical scavenging activity after 

overnight incubation (48.5 ± 4.7 %).  

However, for all the remaining time points, Pep4 hydrogels (2h: 9.7 ± 3.4 %; 3h: 22.9 ± 1.0 %; 6h: 

28.8 ± 2.1 %; 9h: 38.7 ± 2.1 %) presented similar results when compared to melanin-containing 

hydrogels. Mel0.3Pep4 and Mel0.45Pep4 hydrogels showed similar DPPH scavenging ability for all time 

points, including a rather high radical scavenging activity after being incubated overnight (Mel0.3Pep4 

– 87.8 ± 1.8 %; Mel0.45Pep4 – 87.0 ± 1.1 %). 

Furthermore, radical scavenging activity was compared between hydrogels and free melanin 

nanoparticles at a similar concentration (0.3 wt% (MelNP0.3) and 0.45 wt% (MelNP0.45)). Results 

showed a higher DPPH radical scavenging activity of MelNP0.45 for the first time points (2h: 40.1 ± 

5.8 %; 3h: 55.0 ± 2.6 %; 6h: 75.0 ± 1.0 %; 9h: 83.7 ± 0.9 %) when compared to the one of Mel0.3Pep4 

and Mel0.45Pep4 hydrogels and of MelNP0.3 (2h: 24.0 ± 1.7 %; 3h: 27.3 ± 0.2 %; 6h: 39.0 ± 1.1 %; 9h: 

45.7 ± 1.8 %). MelNP0.3 presented similar results to these two types of hydrogel samples, regardless 

the higher free radical scavenging activity for the first time point (2h). 
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 Although free melanin nanoparticles presented a higher scavenging ability in the first time points, 

after overnight incubation, the free-radical scavenging activity of the hydrogels was similar to the 

free biopolymeric nanoparticles (MelNP0.3 – 71.4 ± 4.0 %; MelNP0.45 – 85.8 ± 4.7 %), with MelNP0.3 

presenting lower DPPH scavenging activity than the hydrogels. This indicates that for a melanin 

concentration of 0.3 wt%, the kinetics of radical scavenging activity of free and entrapped melanin 

nanoparticles is, approximately, the same. 
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Figure 29 - Free-radical scavenging ability was assessed through different time points, namely 2h, 
3h, 6h, 9h and overnight (ON). Hydrogels were prepared with a varying concentration of melanin (0 
wt%; 0.3 wt% (Mel 0.3); 0.45 wt% (Mel 0.45)). All hydrogel samples contain a MMP-cleavable peptide 
molar concentration of 4 mM (Pep4) and were photocrosslinked for 300 s. Pep4 refers to a hydrogel 
without melanin. MelNP refers to free melanin nanoparticles 

Regarding hydrogels with a peptide crosslinker concentration of 8 mM (Figure 30), scaffolds 

without melanin (Pep8) showed low free radical scavenging activity, as expected. The peak of activity 

for Pep8 hydrogels was observed at the last time point evaluated (overnight - 23.5 ± 5.3 %). Hydrogels 

with both 0.3 wt% (Mel0.3Pep8) and 0.45 wt% (Mel0.45Pep8) melanin concentrations presented similar 

DPPH scavenging activity at 3h and a rather high one after being incubated overnight (Mel 0.3Pep8 – 

87.3 ± 0.3 %; Mel0.45Pep8 – 89.0 ± 0.7%). However, for the remaining time points Mel0.45Pep8 

hydrogels showed a slightly higher free-radical scavenging ability (2h: 23.8 ± 4.7 %; 6h: 39.2 ± 3.1 %; 

9h: 53.8 ± 1.3 %) than Mel0.3Pep8 constructs (2h: 11.7 ± 5.8 %; 6h: 33.0 ± 4.8 %; 9h: 43.6 ± 2.1 %). 
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Figure 30 - Free-radical scavenging ability of hydrogels. All hydrogel samples present different 
composition and were photocrosslinked after 300 s. All samples contain a MMP-cleavable peptide 
molar concentration of 8 mM (Pep8). Pep8 refers to a hydrogel without melanin. Mel0.3 and Mel0.45 
refer to a melanin content of 0.3 wt% and 0.45 wt%, respectively 

Therefore, the hydrogel antioxidant activity was increased when adding melanin to the construct, 

comparing with samples containing no melanin. Furthermore, it was observed that increasing the 

melanin content from 0.3 wt% to 0.45 wt%, while maintaining the molar concentration of MMP-

cleavable peptide constant, did not result in an increase of radical scavenging activity.  

In addition, similar free-radical scavenging activity was observed for hydrogels with the same 

melanin content and varying peptide concentration, for all groups and all time points. 

Moreover, the influence of the freeze-drying process and of the hydrogel photocrosslinking time 

on the free-radical scavenging activity of hydrogels was also tested with the Mel0.3Pep4 as the 

selected hydrogel formulation (Figure 31). For the first two time points, namely after 2h and 3h, all 

samples presented similar results. For the next two time points, Mel0.3Pep4 Liof hydrogels showed a 

slightly higher free-radical scavenging activity (6h: 44.3 ± 6.8 %; 9h: 62.1 ± 1.6 %) than Mel0.3Pep4 

(6h: 32.6 ± 4.0 %; 9h: 42.2 ± 3.1 %) and Mel0.3Pep4 100 (6h: 33.9 ± 2.9 %; 9h: 37.4 ± 4.5 %). However, 

after being incubated overnight, Mel0.3Pep4 hydrogels presented the highest DPPH scavenging 

activity (87.8 ± 1.8 %), comparing with both Mel0.3Pep4 Liof (72.1 ± 1.7 %) and Mel0.3Pep4 100 (64.5 

± 8.1). Overall, all hydrogel samples presented similar free-radical scavenging activity, which means 

the freeze-drying process and different photopolymerization times may not affect the radical 

scavenging ability of the developed biomaterial. 
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Figure 31 - Free-radical scavenging ability of the hydrogels. All hydrogel samples present the same 
composition (Mel0.3Pep4). Mel0.3Pep4 refer to scaffolds with a melanin content of 0.3 wt% and a 
peptide molar concentration of 4mM. The effect of the freeze-drying process and of the 
photocrosslinking time on the free-radical scavenging ability of the constructs was studied, since 
freeze-dryed hydrogel samples (Liof) and hydrogel samples fabricated after 100 s and 300 s of UV light 
exposure were analysed. 

 

3.4.4 Rheological properties 

 

The rheological properties of the fabricated hydrogel discs were evaluated by performing both 

strain-sweep and frequency-sweep (data not shown) analysis. All hydrogels show a higher shear elastic 

modulus (G’) than shear viscous modulus (G’’), which means all samples present a gel or solid-like 

behavior, as expected. 

Viscoelastic properties of Mel0.3Pep4 hydrogels were determined for different gelation times, 

namely 70 s, 80 s, 100 s, 140 s and 300 s (Figure 32), in order to study the influence of the 

photocrosslinking time alone on the mechanical properties of the hydrogels with the same 

composition. 

The elastic component of shear modulus (G’) was tailored in a wide range (87.7 ± 3.9 Pa for the 

hydrogel formed after 70 s to 2886.7 ± 93.5 Pa for the hydrogel fabricated after 300 s of UV exposure) 

by simply varying the UV radiation exposure time (70 s, 80 s, 100 s, 140 s, 300 s). The viscous 

component of shear modulus (G’’) was also tailored in a broad range (28.2 ± 2.6 Pa for a hydrogel 

formed after 70 s of UV exposure to 636.8 ± 26.0 Pa for hydrogels fabricated after 300 s of UV 

irradiation).  

A higher UV exposure time led to higher values of both G’ and G’’, with hydrogels formed after 

80 s (G’: 110.5 ± 4.5 Pa; G’’: 41.8 ± 8.7 Pa), 100 s (G’: 279.5 ± 11.4 Pa; G’’: 39.5 ± 2.9 Pa) and 140 s 

(G’: 637.0 ± 26.4 Pa; G’’: 58.3 ± 3.5 Pa) also showing continuously higher values for the shear modulus 

components. 
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Figure 32 - Influence of crosslinking time on the rheological properties of Mel0.3Pep4 hydrogels. 
Results were obtained following amplitude sweep tests and the presented values are within the linear 
viscoelastic region. Mel0.3Pep4 refer to scaffolds with a melanin content of 0.3 wt% and a peptide 
molar concentration of 4mM 

Therefore, it is concluded that increasing the photopolymerization time produces stiffer hydrogels 

due to an enhanced crosslinked network, as the G’ of hydrogels was modulated from values lower 

than 100 Pa for hydrogels formed after 70 s of UV exposure to values around 3000 Pa for scaffolds 

fabricated after 300 s of UV irradiation. 

The influence of melanin in the mechanical properties of the hydrogels was studied by varying 

the concentration of melanin in the hydrogel (0 wt%, 0.3 wt% and 0.45 wt%), while maintaining the 

MMP-sensitive peptide concentration constant at 4 mM (Figure 33). A photocrosslinking time of 300 s 

was established for all the hydrogel samples. The G’ of the alginate-based hydrogels decreased with 

an increasing melanin content, ranging from 4302.5 ± 95.3 Pa for the Pep4 hydrogels to 2395 ± 63.7 

Pa for the Mel0.45Pep4 scaffolds. The Mel0.3Pep4 constructs show an intermediate value for G’ 

(2886.7 ± 93.5 Pa).  

In addition, the influence of a lyophilization step on the mechanical properties of fabricated 

hydrogels was evaluated (Figure 33). Regarding Mel0.3Pep4 hydrogels, the G’ measured for lyophilized 

(G’: 3017.5 ± 34.5 Pa; G’’: 174.7 ± 3.1 Pa) and non-lyophilized (G’: 2886.7 ± 93.5 Pa; G’’: 636.8 ± 

26.0 Pa) scaffolds was relatively similar. These results show the independence of the biomechanical 

properties on the freeze-drying process. This is of the utmost importance regarding the delivery mode 

of the biomaterial, meaning that it can be used as a lyophilized patch that could be rehydrated in the 

wound site. 
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Figure 33 - Influence of a varying content of melanin on the rheological properties of hydrogels with 
a MMP-cleavable peptide molar concentration of 4 mM. All hydrogel samples were photocrosslinked 
for 300 s. Lyophilized Mel0.3Pep4 hydrogels show similar rheological properties than Mel0.3Pep4 
hydrogels tested before the freeze-drying process. Results were obtained following amplitude sweep 
tests and the presented values are within the linear viscoelastic region. Pep4 refer to hydrogels with 
no melanin and a peptide molar concentration of 4 mM. Mel0.3Pep4 refer to scaffolds with a melanin 
content of 0.3 wt% and a peptide molar concentration of 4mM. Mel0.45Pep4 refer to scaffolds with a 
melanin content of 0.45 wt% and a peptide molar concentration of 4mM 

The influence of the peptide crosslinker on the rheological properties of hydrogels with a melanin 

content of 0.3 wt% was also evaluated by varying the peptide concentration (0 mM, 4 mM and 8 mM) 

within the manufactured constructs (Figure 34). The shear modulus of Mel0.3Pep4 (G’: 2886.7 ± 93.5 

Pa; G’’: 636.8 ± 26.0 Pa) and Mel0.3Pep8 (G’: 1641.4 ± 90.4 Pa; G’’: 300.1 ± 19.0 Pa) hydrogels was 

greater than the one of the scaffolds without the MMP-cleavable peptide, Blank (G’: 1145.7 ± 43.5 

Pa; G’’: 120.8 ± 8.3 Pa) and Mel0.3 (G’: 279.4 ± 44.9 Pa; G’’: 108.9 ± 6.8 Pa). Therefore, the addition 

of the MMP-sensitive peptide promotes the formation of stiffer hydrogels. Nevertheless, when 

increasing the crosslinker peptide molar concentration from 4 mM to 8 mM, results show a decrease 

of the mechanical properties of the constructs, as Mel0.3Pep4 hydrogels are stiffer than Mel0.3Pep8 

hydrogels. Moreover, the incorporation of melanin to hydrogels that do not contain the peptide 

crosslinker leads to a lower shear modulus, since both G’ and G’’ of Blank hydrogels are higher than 

the ones of Mel0.3 hydrogels. 
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Figure 34 - Influence of the MMP-cleavable peptide concentration on the rheological properties of 
hydrogels with a melanin content of 0.3 wt%. Blank refer to hydrogels with no melanin nor MMP-
cleavable peptide. Mel0.3 refer to scaffolds with a melanin content of 0.3 wt% and no peptide 
crosslinker. Mel0.3Pep4 refer to scaffolds with a melanin content of 0.3 wt% and a peptide molar 
concentration of 4mM. Mel0.3Pep8 refer to scaffolds with a melanin content of 0.3 wt% and a peptide 
molar concentration of 8mM. All hydrogel samples were photocrosslinked for 300 s. Results were 
obtained following amplitude sweep tests and the presented values are within the linear viscoelastic 
region 

 

3.4.5 Swelling Ratio 

 

 

The swelling ratio of hydrogel samples with various MMP-cleavable peptide concentration (0 mM, 

4 mM and 8 mM) and melanin content (0 wt%, 0.3 wt% and 0.45 wt%) was determined. Hydrogel 

samples were freeze-dried and weighted to obtain their initial dry weight. Then, they were incubated 

in ultrapure water at 37 oC for 24h, and the hydrated sample was weighted to determine the swollen 

weight. The swelling ratio was then calculated by dividing the weight after the hydration step of the 

hydrogel by its initial dry weight. Results (Figure 35) show that Blank hydrogels present a higher 

swelling ratio (95.4 ± 16.4) than any other sample tested. Pep4 hydrogels (48.4 ± 4.6) also show a 

higher swelling than melanin-containing hydrogels. Therefore, the incorporation of melanin within 

the alginate hydrogel structure leads to a decrease of the hydrogel swelling ratio. Furthermore, 

Mel0.3Pep4 hydrogels (23.2 ± 2.8) present a lower swelling ratio than Mel0.3Pep8 hydrogels (38.2 ± 

5.3). Moreover, the influence of the photocrosslinking time on the swelling ratio was also evaluated, 

since Mel0.3Pep4 hydrogels were fabricated after 100 s and 300 s of UV exposure. Mel0.3Pep4 100 

hydrogels (20.0 ± 2.2) produced a swelling ratio within the same range of the one related to 

Mel0.3Pep4 constructs, which indicates the absence of influence of the photocrosslinking time on this 

hydrogel property.  
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Figure 35 - Swelling ratio of hydrogels produced under different conditions. All hydrogel samples 
were photocrosslinked for 300 s, except Mel0.3Pep4 100 s, which was photopolymerized for 100 s. 
Blank refer to hydrogels with no melanin and no peptide crosslinker. Pep4 refer to hydrogels with no 
melanin and a peptide molar concentration of 4 mM. Mel0.3Pep4 refer to scaffolds with a melanin 
content of 0.3 wt% and a peptide molar concentration of 4mM. Mel0.3Pep8 refer to scaffolds with a 
melanin content of 0.3 wt% and a peptide molar concentration of 8mM 
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Chapter 4 

4. Discussion 

Over the past few years, several studies reported the development of photocrosslinked cell-

instructive polymer-based hydrogels for tissue engineering applications [68], [74], [91], [137]. Much 

attention has been directed to the interactions established between the biomaterial and cells in order 

to design scaffolds with tailored biological properties [68], [137], [152]. In recent studies, 3D natural 

ECM-mimicking hydrogels have been designed with the appropriate physicochemical and 

biomechanical properties, working as scaffolds with improved cell-affinity that may provide the 

spatial support needed for cells to spread, grow, proliferate and differentiate, ultimately leading to 

tissue remodeling [68]. 

However, in the context of non-healing wounds and IBD, the construction of models that may 

resemble natural ECM may not be enough to attenuate the harsh conditions associated to chronic 

inflammation and prevent the progress of the injury or disease. Currently provided therapies in IBD 

are based on pharmacological agents, such as anti-inflammatory drugs and targeted biologic 

agents[153], and eventual surgical intervention, which in both cases does not allow an effective 

treatment of the disease [154]. As a result, there is a great and urgent need for new therapies that 

can provide better medical outcomes regarding IBD.  

The present study aimed to develop and characterize an advanced multi-therapeutic bioactive 

platform, consisting on a biofunctionalized alginate hydrogel-based single patch, which could be 

potentially used for customized medical application in chronic wound healing. The new therapeutic 

biomaterial was designed to target the high levels of ROS that are present in general chronic wound 

environments, potentially leading to a better regulation of such local environments and a reverse of 

the chronicity of inflammation. The biochemical cues added to the scaffold would promote cell-

biomaterial interactions, allowing cells to attach, spread, proliferate, differentiate, and eventually 
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induce tissue repair or regeneration. Thus, the main novelty of this project relies on the development 

of a multi-functional biomaterial single patch, which targets inflammation and, at the same time, 

promotes the regeneration of the local tissue. 

 

Synthesis and characterization of functionalized alginate 

  

The polymer of choice for the development of the multifunctional patch was alginate, a naturally 

derived anionic polysaccharide that has been widely used in the biomedical field. In its native 

structure, this polymer does not interact with cells, which constitutes a great advantage, since we 

can modify it in order to develop specific biological properties [66]–[68].  

The first step to engineer such platform consisted on the functionalization of alginate with 

methacrylate groups through a nucleophilic substitution reaction. The success of functionalization 

was confirmed by 1H-NMR, where new peaks in the spectrum of AlgMa, corresponding to methylene 

and methyl groups of the methacrylate functional group, were observed. ATR/FTIR analysis also 

confirmed the coupling of methacrylate moieties to the alginate structure, since the spectrum of 

AlgMa showed a sharpening within the broad range 3500-3000 cm-1 and at 1596 cm-1 when compared 

to the spectrum of AlgHMW. The first may be assigned to O-H stretching of methacrylic moieties, 

while the latter may be due to stretching vibrations of carbonyl groups from the methacrylate 

moieties introduced, thus confirming the functionalization of alginate. 

 The ratio between the peaks of methacrylate moieties and the protons corresponding to the 

alginate backbone allowed to determine the functionalization degree, which was 52%.  

In order to improve cell-adhesion, a small cysteine-terminated peptide, containing the RGD 

adhesion motif (CGGGGRGDSP), was conjugated through base catalyzed thiol-Michael addition click 

reaction, yielding RGD-modified AlgMa (AlgMaRGD) as the reaction product. The coupling of this 

peptide was successfully confirmed by the appearance of new peaks on the 1H-NMR spectrum of 

AlgMaRGD, corresponding to protons of the amino acids belonging to the peptide.  

Results showed a cell-adhesive peptide incorporation of 35% for the thiol-Michael addition click 

reaction, which is higher than carbodiimide couplings that usually proceed with low yield owing to 

slow reaction kinetics under aqueous conditions [155]. 

However, since the polymer presents a degree of methacrylation of, approximately, 50%, the 

overall peptide incorporation in respect to the available methacrylate groups, was 70%. Thus, the 

coupling efficiency allows the estimation of the amount of RGD-containing peptide that is conjugated 

onto the hydrogel network.  

Therefore, it becomes possible to tailor the physicochemical and biological properties of the 

constructs, which enables the development of cell-biomaterial interactions as required, according 

to the demands of the surrounding tissue. 
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Development and characterization of the multi-functional alginate-

based patch 

 

Preparation of alginate hydrogels 

 

A mixture of AlgMa and AlgMaRGD was used for the design of 1.5 wt% alginate hydrogels, 

fabricated through photopolymerization. Their proportions were adjusted in order to grant a final 

constant RGD concentration within the hydrogel of 200 μM, which is within the same range of that 

presented in ECM-derived biological matrices [144]. 

These hydrogels were photocrosslinked in the presence of a MMP-sensitive bisfunctional peptide, 

containing the amino acid cysteine at each end (CGPQGIWGQC), which besides allowing matrix 

remodeling by cellular proteases, can also serve as a crosslinker. Melanin nanoparticles have also 

been introduced as a component of the final hydrogel network due to their radical scavenging ability. 

Photopolymerization was performed through exposure to UV light at a defined range of wavelengths 

(280-450 nm) with specific energy (7 mW/cm2), using 0.05 wt% Irgacure 2959 as photoinitiator.  

Proof of MMP-sensitive peptide grafting was evaluated by ATR/FTIR analysis of Blank, Pep4 and 

Mel0.3Pep4 hydrogel formulations, as well as the MMP-sensitive peptide. New characteristic peaks in 

the Pep4 and Mel0.3Pep4 spectra were noticed when compared to the Blank spectrum, at 1596 and 

1410 cm-1, due to the coupling of the peptide crosslinker. The first peak (1596 cm-1) is assigned to 

amide I bonds from peptides. The peak at 1410 cm-1 is due to amide III bonds, which are typical of 

proteins. Therefore, the biofunctionalization of methacrylated alginate with a MMP-cleavable peptide 

was confirmed.  

 

Influence of MMP-cleavable peptide and melanin quantities 

 

The amount of melanin (0.3 wt%, 0.45 wt%, 0.6 wt%) and MMP-sensitive peptide (4mM and 8mM) 

in the precursor gel solution have been changed in order to study the influence of these components 

in hydrogel formation and in the radical scavenging ability of the final biomaterial. Furthermore, 

some hydrogels have been studied in the form of lyophilized scaffolds, since it provides an easier 

approach to handle and store the patch, granting a versatile biomaterial.   

It was not possible to form stable hydrogels without the peptide crosslinker and with the highest 

concentration of melanin considered (0.6 wt%), even after 300 s of photopolymerization. Therefore, 

this melanin content was discarded, since it would be impossible to produce the necessary controls 

needed for the assays to be carried out. However, stable Mel0.3 and Mel0.45 hydrogels were 

fabricated after 300 s of UV light exposure. This indicates that the presence of melanin may hamper 

the photocrosslinking mechanism, as a decrease of melanin content enabled hydrogel formation, even 

without the MMP-cleavable moiety. Moreover, easier to handle and more stable hydrogels were 

produced after the incorporation of the peptide crosslinker, since Mel0.3Pep4, Mel0.45Pep4, 
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Mel0.3Pep8 and Mel0.45Pep8 constructs showed an enhanced structural integrity and stability when 

compared to Mel0.3 and Mel0.45 scaffolds. Furthermore, noticeable changes were not found regarding 

the macroscopic appearance between Mel0.3Pep4 and Mel0.45Pep4 hydrogels, which means that the 

coupling of the peptide crosslinker induces a higher crosslinking density and, consequently, more 

stable hydrogel networks, allowing an efficient melanin incorporation. Similar overall handling and 

stability was observed after increasing the enzymatically degradable peptide concentration, as 

Mel0.3Pep8 and Mel0.45Pep8 hydrogel structures seemed identical to the ones of Mel0.3Pep4 and 

Mel0.45Pep4. 

 

Influence of photocrosslinking time 

 

Optimization of the photocrosslinking time was achieved using Mel0.3Pep4 hydrogels, since it 

should be performed with hydrogels containing both melanin and the MMP-cleavable peptide. 

Mel0.3Pep4 hydrogels were photocrosslinked for different time periods (60 s, 70 s, 80 s, 90 s, 100 s, 

140 s and 300 s) in order to obtain the minimum photopolymerization time needed to produce a stable 

hydrogel. After 60 s, hydrogels were not able to acquire the structural stability required to be easily 

handled without leaving considerable gel-forming material in the glass slides. The crosslinking time 

of 60 s was then discarded, since reproducible hydrogels would not be possible to obtain. For the 

remaining photocrosslinking times, it was noticed that a higher photopolymerization time generates 

more stable hydrogel networks, since a longer gelation time contributes to the development of an 

appropriate covalent crosslinking mechanism. Therefore, Mel0.3Pep4 hydrogels fabricated after a 

higher UV exposure time of the precursor solution were easier to handle and presented an enhanced 

structural stability. 

 

Coupling efficiency of the MMP-cleavable peptide 

 

The amount of MMP-sensitive peptide within the alginate hydrogel network was determined 

through the Ellman’s assay.  

For hydrogels produced after 300 s of photocrosslinking time, results show that the coupling 

efficiency of the proteolytically degradable peptide to alginate hydrogels is independent of the 

peptide crosslinker concentration in the gel precursor solution. In fact, hydrogels with no melanin 

presented a similar coupling percentage, 93.67 ± 1.42 for Pep4 and 94.78 ± 0.71 for Pep8 hydrogels. 

The incorporation of melanin led to the same conclusion, as the efficiency varied between 75.59 ± 

4.27 (Mel0.3Pep4), 76.70 ± 5.37 (Mel0.3Pep8), 70.66 ± 6.52 (Mel0.45Pep4) and 68.07 ± 3.70 

(Mel0.45Pep8). As shown, hydrogels with the same melanin content presented similar peptide 

incorporation, independently of the crosslinker molar concentration (4 mM or 8 mM). However, it 

should be noticed that the actual amount of MMP-cleavable peptide that is incorporated within the 
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hydrogel is higher for the scaffolds Pep8, Mel0.3Pep8 and Mel0.45Pep8, since it derives from the same 

percentage of a higher value. 

Furthermore, a lower coupling efficiency was associated to an increased amount of melanin within 

the hydrogel structure. A possible explanation resides in the fact that melanin nanoparticles may 

physically hamper the crosslinking mechanism and prevent the formation of covalent crosslinked 

bonds, thus negatively affecting the coupling of the peptide crosslinker to the hydrogel.  

The influence of the photopolymerization time and the freeze-drying process on the peptide 

incorporation in Mel0.3Pep4 scaffolds was also investigated. A similar coupling efficiency was 

obtained for scaffolds fabricated upon exposure to UV light during 100 s (75.95 ± 7.34) and 300 s 

(75.59 ± 4.27). Therefore, it was concluded that the variation of the photocrosslinking time does not 

interfere with the coupling efficiency of the MMP-cleavable peptide. This may reveal that differences 

between the crosslinking density of hydrogels of the same formulation, but with different 

photopolymerization time, should rely mostly on the crosslinking mechanism via free radical 

polymerization using the methacrylate moieties, as the peptide crosslinker concentration is the same. 

Moreover, Mel0.3Pep4 scaffolds before (75.59 ± 4.27) and after (82.43 ± 4.24) lyophilization presented 

a similar coupling efficiency. This constitutes an important result regarding the physicochemical and 

biological properties of freeze-dried hydrogels, as the amount of MMP-cleavable peptide incorporated 

by both lyophilized and non-lyophilized hydrogels was, approximately, the same. 

As a result, it becomes possible to more precisely estimate and adjust the amount of MMP-

sensitive peptide incorporated onto the manufactured alginate hydrogels and, therefore, elicit 

different biological responses.  

  

Free-radical scavenging activity 

 

Melanin nanoparticles were entrapped within the hydrogel network in order to provide an 

enhanced radical scavenging ability to the fabricated scaffolds. Such feature was assessed for 

different time points, namely 2h, 3h, 6h, 9h and overnight, through the DPPH assay. 

In general, almost all samples presented a continuously higher radical scavenging activity 

throughout all time points, since a longer sample incubation leads to a higher absorbance decrease 

of the DPPH radical.  

The influence of melanin on the radical scavenging activity of the hydrogels was evaluated by  

maintaining the MMP-sensitive peptide concentration constant (0 mM, 4 mM or 8mM), while varying 

the melanin content (0 wt%, 0.3 wt% and 0.45 wt%) of the constructs. 

The obtained results show that the addition of melanin to the hydrogel structure increases the 

free radical scavenging activity of the alginate-based constructs, since hydrogels with melanin 

nanoparticles in their composition capture a considerably higher amount of free radicals than 

hydrogels without this biopolymer in their structure. This fact was observed independently of the 

MMP-cleavable peptide concentration, although for the 4 mM concentration, Pep4 hydrogels showed 
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similar free radical scavenging activity than Mel0.3Pep4 and Mel0.45Pep4 for all time points, except 

after overnight incubation (Pep4: 48.5 ± 4.7 %; Mel0.3Pep4: 87.8 ± 1.8 %; Mel0.45Pep4: 87.0 ± 1.1 %). 

Mel0.3Pep4 and Mel0.45Pep4 hydrogels produced the same radical scavenging ability for all time 

points, including a rather high capture of free radicals after being incubated overnight (Mel0.3Pep4 – 

87.8 ± 1.8 %; Mel0.45Pep4 – 87.0 ± 1.1 %). 

For scaffolds without the peptide crosslinker, Blank hydrogels showed rather low capture of free 

radicals for all time points, with a peak of radical scavenging activity at 6h (16.8 ± 2.0 %). Mel0.3 and 

Mel0.45 hydrogels produced similar results between them, with Mel0.45 presenting higher scavenging 

activity for the first two time points (Mel0.3 - 2h: 14.5 ± 5.4 %; 3h: 21.1 ± 2.3 %; Mel0.45 - 2h: 20.5 ± 

0.4 %; 3h: 27.6 ± 1.1 %) and lower capture of free radicals for the next two time points (Mel0.3 - 6h: 

35.2 ± 2.2 %; 9h: 46.1 ± 1.1 %; Mel0.45 - 6h: 31.7 ± 2.0 %; 9h: 36.7 ± 6.4 %). After overnight incubation, 

the two constructs showed approximately the same scavenging activity (Mel0.3 - 76.1 ± 1.8 %; Mel0.45 

- 73.3 ± 3.9 %). 

Therefore, increasing melanin concentration in the hydrogels failed to produce an enhanced free 

radical scavenging, as hydrogels with different melanin contents, namely 0.3 wt% and 0.45 wt%, 

presented a similar radical scavenging ability.  

Concerning hydrogels with a peptide crosslinker concentration of 8 mM, Pep8 scaffolds showed 

low free radical scavenging activity with a peak of activity after being incubated overnight (23.5 ± 

5.3 %). Mel0.3Pep8 and Mel0.45Pep8 produced similar capture of free radicals after 3h and a rather 

high activity after being incubated overnight (Mel 0.3Pep8 – 87.3 ± 0.3 %; Mel0.45Pep8 – 89.0 ± 0.7%). 

However, for the remaining time points Mel0.45Pep8 hydrogels showed a slightly higher free-radical 

scavenging ability (2h: 23.8 ± 4.7 %; 6h: 39.2 ± 3.1 %; 9h: 53.8 ± 1.3 %) than Mel0.3Pep8 constructs 

(2h: 11.7 ± 5.8 %; 6h: 33.0 ± 4.8 %; 9h: 43.6 ± 2.1). 

When comparing hydrogels with different peptide crosslinker concentrations (4 mM and 8 mM), 

but an equal melanin content, such as Mel0.3Pep4 and Mel0.3Pep8 or Mel0.45Pep4 and Mel0.45Pep8 

scaffolds, free radical scavenging activity kinetics that were found, for all groups and all time points, 

were, approximately, the same.  

Thus, a fixed melanin concentration of 0.3 wt% was selected as preferred, since there was no 

relevant advantage in using 0.45 wt% melanin, regarding the free-radical scavenging activity. It also 

should be taken into consideration that melanin is a biopolymer that physically hampers the 

crosslinking mechanism, so it is essential to have just the minimum required amount of melanin that 

can provide a good radical scavenging ability to the photocrosslinked hydrogel. Moreover, the final 

molar concentration of MMP-cleavable peptide was decided to be 4 mM, since, as expected, there 

were no noticeable changes in the radical scavenging ability when using 8 mM crosslinker in the 

hydrogel formulation. 

Furthermore, the radical scavenging activity of hydrogels and free melanin nanoparticles at a 

similar concentration was studied. A higher DPPH radical scavenging activity was presented by 

MelNP0.45 for the first time points (2h: 40.1 ± 5.8 %; 3h: 55.0 ± 2.6 %; 6h: 75.0 ± 1.0 %; 9h: 83.7 ± 0.9 
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%) when compared to Mel0.3Pep4 and Mel0.45Pep4 hydrogels and MelNP0.3 (2h: 24.0 ± 1.7 %; 3h: 27.3 

± 0.2 %; 6h: 39.0 ± 1.1 %; 9h: 45.7 ± 1.8 %). These two hydrogel samples and MelNP0.3 presented 

similar results, regardless the higher free radical scavenging activity of MelNP0.3 for the first time 

point (2h). Nevertheless, after overnight incubation, the free-radical scavenging activity of the 

hydrogels was similar to the free biopolymeric nanoparticles (MelNP0.3 – 71.4 ± 4.0 %; MelNP0.45 – 

85.8 ± 4.7 %), with MelNP0.3 presenting lower DPPH scavenging activity than the hydrogels.  

As a result, it may be concluded that, for a melanin concentration of 0.3 wt%, the entrapment of 

this biopolymer within the alginate hydrogel structure does not affect its radical scavenging 

performance.  

Furthermore, results show that the photocrosslinking time does not considerably influence the 

radical scavenging ability of the constructs, since Mel0.3Pep4 100 hydrogels present a similar capture 

of free radicals in the first four time points when compared to Mel0.3Pep4 hydrogels, photocrosslinked 

for 300 s. However, after overnight incubation, Mel0.3Pep4 hydrogels (87.8 ± 1.8 %) presented a higher 

capture of free radicals than Mel0.3Pep4 100 (64.5 ± 8.1). 

Finally, the radical scavenging ability of the Mel0.3Pep4 Liof scaffold upon rehydration was similar 

to the one of the non-lyophilized Mel0.3Pep4 hydrogel. For the two earliest time points, the two 

samples showed similar results, while for the next two time points, Mel0.3Pep4 Liof (6h: 44.3 ± 6.8 

%; 9h: 62.1 ± 1.6 %) hydrogels presented a higher scavenging activity than Mel0.3Pep4 (6h: 32.6 ± 4.0 

%; 9h: 42.2 ± 3.1 %) constructs. However, for the last time point, Mel0.3Pep4 (87.8 ± 1.8 %) showed a 

higher ability to capture free radicals when compared to Mel0.3Pep4 Liof (72.1 ± 1.7 %). 

Moreover, no release of melanin particles were observed from the lyophilized scaffold after 

rehydration, meaning that melanin remains incorporated within the polymeric network. These results 

demonstrate the versatility of the material, which can be used either as a hydrogel or as a lyophilized 

patch with similar efficiency regarding the free radical scavenging activity.  

 

Rheological properties 

 

The fact that the biological behaviour of cells in a scaffold is highly dependent on the matrix 

stiffness, combined with the need of fabricating a scaffold that matches the biomechanical properties 

of the target tissue, motivated the rheological study of the obtained hydrogel formulations.    

The influence of gelation time on the mechanical properties of the scaffolds was evaluated in 

Mel0.3Pep4 hydrogel formulations photocrosslinked for several time periods (70 s, 80 s, 100 s, 140 s 

and 300 s). Results showed that a higher photopolymerization time leads to an increased hydrogel 

stiffness. Hydrogels with tailored mechanical properties were obtained by simply varying the 

photopolymerization time, with the elastic component of the shear modulus varying from G’ = 87.7 ± 

3.9 Pa (for hydrogels fabricated after 70 s of UV exposure) to G’= 2886.7 ± 93.5 Pa (for scaffolds 

manufactured after 300 s of photocrosslinking). Moreover, hydrogels formed after 80 s (G’: 110.5 ± 
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4.5 Pa; G’’: 41.8 ± 8.7 Pa), 100 s (G’: 279.5 ± 11.4 Pa; G’’: 39.5 ± 2.9 Pa) and 140 s (G’: 637.0 ± 26.4 

Pa; G’’: 58.3 ± 3.5 Pa) also showed continuously higher values for the shear modulus components. 

This was in line with similar strategies described in the literature [101], since higher UV exposure 

time leads to the generation of a greater amount of photoinitiator-derived free radicals that actively 

participate in the crosslinking mechanism, resulting in a greater crosslinking density. Therefore, 

stiffer alginate hydrogels may be produced with exactly the same composition. 

The effect of the presence of melanin nanoparticles in the mechanical properties of the alginate-

based hydrogels was also investigated by varying the melanin content of the hydrogels (0 wt%, 0.3 

wt% and 0.45 wt%), while the MMP-cleavable peptide concentration was kept constant (4 mM). All 

hydrogel samples were fabricated with a photocrosslinking time of 300 s. The G’ of the alginate-based 

hydrogels decreased with a higher melanin content, ranging from 4302.5 ± 95.3 Pa for the Pep4 

hydrogels to 2395 ± 63.7 Pa for the Mel0.45Pep4 scaffolds. The Mel0.3Pep4 constructs showed an 

intermediate value for G’ (2886.7 ± 93.5 Pa).  

 The obtained results demonstrate that an increase of the melanin nanoparticles concentration 

within the hydrogel leads to a decrease of the shear modulus of the construct. Therefore, the 

incorporation of melanin generates hydrogels with a lower stiffness, since melanin may constitute a 

physical hurdle to the dual hydrogel crosslinking mechanism, hampering the formation of new 

covalent bonds between alginate polymer chains.  

Moreover, the influence of the freeze-drying process on the mechanical properties of Mel0.3Pep4 

hydrogels was evaluated. Similar values for G’ were measured for lyophilized (G’: 3017.5 ± 34.5 Pa; 

G’’: 174.7 ± 3.1 Pa) and non-lyophilized (G’: 2886.7 ± 93.5 Pa; G’’: 636.8 ± 26.0 Pa) scaffolds. These 

results show the independence of the biomechanical properties of the hydrogels on the freeze-drying 

process. This is extremely important regarding the delivery mode of the biomaterial, meaning that it 

can be used as a lyophilized patch that may undergo rehydration at the wound site without changing 

its mechanical properties, showing the biomaterial versatility.  

 Furthermore, mechanical tests were also conducted on hydrogels with a varying MMP-cleavable 

peptide content (none, 4 mM and 8 mM) and a constant melanin content (0.3 wt%) to study the 

influence of the peptide crosslinker on the final rheological properties of the constructs. Hydrogel 

mechanical properties were enhanced when adding the enzymatically degradable peptide, as stiffer 

hydrogels were produced upon coupling of the peptide. The shear modulus of Mel0.3Pep4 (G’: 2886.7 

± 93.5 Pa; G’’: 636.8 ± 26.0 Pa) and Mel0.3Pep8 (G’: 1641.4 ± 90.4 Pa; G’’: 300.1 ± 19.0 Pa) hydrogels 

was greater than the one of the scaffolds without the MMP-cleavable peptide, Blank (G’: 1145.7 ± 

43.5 Pa; G’’: 120.8 ± 8.3 Pa) and Mel0.3 (G’: 279.4 ± 44.9 Pa; G’’: 108.9 ± 6.8 Pa). With the 

incorporation of the crosslinker onto the alginate hydrogel structure, a higher crosslinking density was 

expected due to the occurrence of a dual crosslinking mechanism, one between methacrylate 

moieties of several alginate chains and another between methacrylate groups of polymer chains and 

thiol groups of the bisfunctional cysteine terminated MMP-sensitive peptide. Nevertheless, when 

increasing the crosslinker peptide molar concentration from 4 mM to 8 mM, results did not show the 
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predicted increase of the shear modulus, but a decrease of the mechanical properties of the 

hydrogels, as Mel0.3Pep4 hydrogels are stiffer than Mel0.3Pep8 hydrogels. This may be explained 

since hydrogels were manufactured through a dual crosslinking mechanism. Therefore, a higher 

peptide crosslinker concentration may lead, to a certain extent, to a higher crosslinking density of 

the hydrogel and, consequently, to an increased shear modulus, as stiffer hydrogels are produced. In 

such cases, both crosslinking mechanisms coexist in an appropriate manner. As demonstrated in the 

results of the Ellman’s assay, the MMP-cleavable peptide incorporation of Mel0.3Pep4 hydrogels with 

different photocrosslinking times, namely 100 s and 300 s, was the same. Therefore, the amount of 

peptide crosslinker in both hydrogels is equal. However, as abovementioned, substantially different 

mechanical properties may be found between these two conditions, as Mel0.3Pep4 hydrogels are 

stiffer than Mel0.3Pep4 100s. This difference is related not to the newly formed covalent bonds 

induced by the peptide crosslinker, since the amount is the same, but to the traditional radical 

polymerization mechanism, between the methacrylate groups of different polymer chains, which is 

the type of crosslinking that prevails in this case. A higher crosslinking density is generated and, thus, 

hydrogels present improved mechanical properties. However, a higher incorporation of peptide 

crosslinker, from 4 mM to 8 mM, may somehow promote the peptide-mediated covalent crosslinking, 

while reducing the effect of the radical polymerization process between methacrylate moieties, even 

knowing both Mel0.3Pep4 and Mel0.3Pep8 hydrogels were formed after 300 s of UV light exposure. It 

was also proved that Mel0.3Pep8 hydrogels present twice the concentration of the crosslinker peptide 

than Mel0.3Pep4 constructs, as they present the same MMP-cleavable peptide incorporation 

percentage. As the peptide-mediated covalent crosslinking is not as effective as the traditional radical 

polymerization mechanism involving methacrylate groups, a higher peptide crosslinker concentration, 

within some range, may lead to a less crosslinked hydrogel network, thus showing decreased 

mechanical properties and explaining this result.  

Besides, the incorporation of melanin to hydrogels that do not contain the peptide crosslinker 

leads to a lower shear modulus, since both G’ and G’’ of Blank hydrogels are higher than the ones of 

Mel0.3 hydrogels. This fact confirms the influence of the presence of this biopolymer on the 

rheological properties of the fabricated hydrogels.  

The fact that the hydrogel mechanical properties may be tailored through a variation of the 

photopolymerization time, MMP-cleavable peptide crosslinker concentration, or melanin content, 

constitutes an important finding. The fabricated hydrogels may, then, present different crosslinking 

densities and, consequently, different mechanical strength. In fact, manufacturing alginate hydrogels 

with tunable degradation rates is extremely relevant for tissue engineering applications, since the 

degradation rate should match the rate at which new tissue formation occurs in chronic wound 

healing. Moreover, the inherently poor mechanical properties of alginate hydrogels [156] may be 

enhanced in order to produce stiffer constructs, with an adequate initial mechanical strength to 

undergo cell-mediated degradation. These represent important developments concerning the design 

of hydrogels to be employed as scaffolds for tissue engineering in chronic wound healing, as it 
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becomes possible to tailor the viscoelastic properties of the developed platform in order to match 

the biomechanical requirements of the target tissue. Such ability is significantly relevant when 

engineering a patch to be applied on different tissues, and, consequently, that should be adapted to 

interact with different cell types [68]. 

 

Swelling ratio 

 

The swelling ratio of hydrogel samples with varying MMP-cleavable peptide (0 mM, 4 mM and 8 

mM) and melanin (0 wt%, 0.3 wt% and 0.45 wt%) content was assessed. 

Results showed that Blank hydrogels present the highest swelling ratio (95.4 ± 16.4) among the 

tested samples. The swelling ratio is intrinsically related with the hydrophilicity of the construct 

[157]. Since alginate hydrogels are inherently hydrophilic, Blank hydrogels present a higher swelling 

ratio. Furthermore, the addition of the peptide crosslinker in the Pep4 (48.4 ± 4.6) constructs leads 

to a loss of hydrophilic character of the hydrogel during the crosslinking reaction between hydrophilic 

groups in the backbone [157] and, thus, to a lower swelling ratio than the one of Blank hydrogels. 

Furthermore, Pep4 showed a higher swelling than melanin-containing hydrogels. Therefore, it may be 

concluded that the incorporation of melanin within the alginate hydrogel structure leads to a decrease 

of the hydrogel swelling ratio, as melanin is a hydrophobic biopolymer, thus decreasing the overall 

hydrophilic character of the alginate hydrogel. Another explanation may be related to the fact that 

the presence of melanin nanoparticles may decrease the available free volume within the hydrogel 

structure, thus reducing the amount of water that can be absorbed by the biomaterial. 

Moreover, Mel0.3Pep4 hydrogels (23.2 ± 2.8) presented a lower swelling ratio than Mel0.3Pep8 

hydrogels (38.2 ± 5.3), since this hydrogel property may also be related to the crosslinking density of 

the constructs [157]. As previously seen, Mel0.3Pep8 hydrogels present a lower crosslinking density 

and stiffness than Mel0.3Pep4 constructs, which means Mel0.3Pep8 network chains are weakly 

stretched when compared to Mel0.3Pep4. This allows, then, a higher swelling degree for the 

Mel0.3Pep8 hydrogels as they are able to retain greater amounts of water. 

In addition, the influence of the photocrosslinking time on the swelling ratio was also investigated, 

since Mel0.3Pep4 hydrogels were fabricated after 100 s and 300 s of UV exposure. Mel0.3Pep4 100 

hydrogels (20.0 ± 2.2) produced a swelling ratio within the same range of the one related to 

Mel0.3Pep4 constructs, which indicates the absence of influence of the photocrosslinking time on this 

hydrogel property, even knowing both hydrogel samples present different crosslinking densities, as 

previously reported. 

Further biological assays that may more closely resemble physiologically relevant in vitro and in 

vivo conditions to test the real hydrogel antioxidant activity regarding the capture of ROS are needed. 

Such studies should grant a biological validation of the developed platform as an efficient free radical 

scavenger biomaterial.
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Chapter 5 

5. Conclusion and Future Perspectives 

A multi-therapeutic hydrogel single patch based on methacrylated alginate was developed 

through a rapid, straightforward and highly efficient dual crosslinking strategy, via both radical 

polymerization using methacrylate moieties and peptide-mediated covalent crosslinking.  

The obtained multifunctional biomaterial contains in its structure bioactive cues that allow the 

scaffold to be recognized and remodeled by cells. Bioactive ligands with cell-adhesion motifs and 

MMP-cleavable moieties were successfully incorporated in the scaffold, potentially granting enhanced 

cell-biomaterial interactions. Moreover, the bioactive scaffold may adhere to the neighboring 

biological tissues, since the biofunctionalization with an integrin binding peptide promotes the 

formation of chemical bonds between the hydrogel and the tissue surface, granting a better 

integration of the construct [158]. The developed MMP-sensitive alginate hydrogel may then present 

the ability to induce cell growth and proliferation, ECM deposition and neo-tissue formation, 

promoting tissue repair and regeneration. 

The entrapment of melanin nanoparticles within the hydrogel network allowed the design of 

scaffolds with radical scavenging ability, capable of capturing free radicals that may be present in 

solution. The additional free radical scavenging activity granted by the melanin nanoparticles may 

potentially protect tissues from eventual oxidative damage in an IBD situation, thus constituting a 

possible approach to reverse the chronicity of non-healing wounds and ameliorate the harsh existing 

conditions in such environments. Consequently, the platform may provide a targeted effect in chronic 

wound healing, and its tunable biochemical composition may induce the local tissue regeneration. 

Depending on the amount of MMP-cleavable peptide incorporated, amount of melanin loaded and 

photopolymerization time, scaffolds with tunable mechanical properties may be obtained. This 

versatility is an important feature when engineering a multimodal platform that can potentially be 

applied to chronic wounds occurring in different types of tissues. Therefore, it is important to tailor 
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the mechanical properties of the scaffold to match the biomechanical properties of the target tissue, 

in order to induce appropriate biological responses.  

More importantly, it was observed that the radical scavenging ability and mechanical properties 

of the obtained hydrogels were similar to the ones of corresponding freeze-dried scaffolds. This is of 

great importance as it gives high versatility to the biomaterial, which can be efficiently applied either 

as a hydrogel for cell delivery or as a lyophilized scaffold that could be rehydrated at the wound site. 

In a clinical point of view, the use of a lyophilized scaffold is more attractive since it would be easier 

to store and to handle. Such lyophilized scaffold could be administered by colonoscopy and rehydrated 

in situ in a situation of IBD. 

Overall, the best alginate hydrogel formulation obtained includes a melanin content of 0.3 wt% 

and a peptide crosslinker concentration of 4mM (Mel0.3Pep4). This is due to the fact that there was 

not found any relevant advantage in using 0.45 wt% melanin, regarding the free-radical scavenging 

activity of the hydrogels. Moreover, as melanin may hamper the photocrosslinking mechanism, it is 

essential to have just the minimum required amount of melanin that can provide a good radical 

scavenging ability to the hydrogel. Additionally, the final molar concentration of MMP-cleavable 

peptide was decided to be 4 mM, since using 8 mM crosslinker in the hydrogel formulation produced 

similar results when compared to hydrogels with MMP-cleavable peptide at 4 mM, regarding the 

radical scavenging activity of constructs with a constant melanin content. 

Although additional biological assessment of the biomaterial needs to be performed, the 

developed platform may potentially be used for tissue engineering applications regarding chronic 

wound healing. Nevertheless, biological validation of the hydrogel in well-established wound healing 

models is required to test the biomaterial efficacy in an environment that may more closely resemble 

actual in vivo conditions.   

Several tests need to be conducted in order to obtain biological validation of the biomaterial and 

prove its multi-therapeutic effect of attenuating oxidative stress that typically characterize chronic 

wounds in IBD, and promote new tissue formation. Moreover, further biological studies may contribute 

for a better understanding of the underlying biological mechanisms regarding chronic wounds, namely 

in terms of oxidative stress induced tissue damage. 

Hopefully, this project may provide a better insight into the development of a material that is 

able to positively influence the chronic wound environment, promoting tissue repair and 

regeneration, as well as wound closure, thus granting quality of life to patients affected. 

 

 

Future perspectives 
 

The next step in the development of the presented platform is to obtain biological validation of 

the biomaterial under physiologically relevant conditions. Therefore, cytotoxicity assessment of the 

patch is required, in order to understand if the hydrogel does not disturb the normal biological 

functions when in contact with cells, which can be evaluated by the well-established resazurin or MTT 
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assays [159]. Moreover, cytocompatibility may also be investigated via the cell viability LIVE/DEAD 

kit, as reported by Pereira et al. [137]. The developed platform is based on naturally derived 

polymers, such as alginate and melanin, and other components at extremely low quantities and, thus, 

it should not elicit any potentially deleterious effects on cells. Therefore, although it is expected that 

the hydrogel system does not produce cytotoxic effects, since all its constituents have already been 

used with proved efficacy in contact with cells, evaluation of the biocompatibility of the patch is still 

required. Cell seeding on top of the biomaterial can also be performed to assess if cells are able to 

spread, proliferate and migrate in contact with the platform. ECM production may also be evaluated 

to better understand the regenerative potential of the biomaterial. 

Furthermore, the H2DCFDA/DCFDA assay may also be carried out in order to monitor intracellular 

ROS production, providing a direct measure of overall oxidative stress. Briefly, 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA) freely passes the cytoplasmic membrane and is 

deacetylated to H2DCF by intracellular esterases. Then, ROS species may promote the oxidation of 

H2DCF, resulting in the formation of a fluorescent product (DCF) (Figure 36) [160].  

 

 
 

Figure 36 – Mechanism of the H2DCFDA/DCFDA assay. H2DCFDA is taken up by the cells, deacetylated 
by intracellular esterases and oxidized by ROS, yielding a fluorescent product (DCF). Retrieved from 
[160] 

 

Therefore, this assay may grant preliminary insights into the antioxidant activity of the developed 

biomaterial. 

Moreover, the mucosal adhesion of the patch may also be tested using ex vivo models to see if 

the platform is able to adhere to post-mortem intestinal tissue. 

Further biological studies may also include testing the platform in well-established wound healing 

models to determine the biomaterial efficacy in an environment that may more closely resemble 

actual in vivo conditions. Regarding IBD, a possible approach to test the patch under such conditions 

would require the use of an in vitro cellular model that precisely mimics the intestinal epithelial 
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layer. To achieve that, triple co-culture models may be used, as previously reported with human colon 

carcinoma Caco-2, mucus-producing HT29, and Raji B cells [161]. The addition of acrylamide to the 

model may induce oxidative stress [162], allowing the antioxidant activity of the biomaterial to be 

tested under biologically relevant conditions. 
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