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ABSTRACT

Alga-origin Fucoidan on development of therapeutic approaches for diabetes mellitus

Diabetes mellitus (DM) is a metabolic disorder that affects 450 million people worldwide, being the sixth
most common cause of death. Therefore, it is crucial to develop new therapeutic strategies and relevant
models for diabetes in order to accelerate the discovery of new treatments. In this perspective, marine
origin polymers represent a relatively untapped source that can be used in the creation of
platforms/models to attend these needs. Algae, for instance, synthesize sulfated polysaccharides with
several bioactivity properties, which added to their structural role, open new avenues in biomaterials
research.

The main focus of this thesis consists in the demonstration of the potential of fucoidan on the development
of therapeutic approaches for diabetes mellitus treatment. Fucoidan (Fu) is an underexploited sulfated
polysaccharide extracted from brown algae, which has interesting chemical and biological properties. The
major obstacle for using fucoidan on polymeric devices for biomedical applications is the higher solubility
in water. In order to control the solubility of fucoidan in water and increase its processability, a chemical
modification was studied, a methacrylation reaction, enabling its further gelation by photocrosslinking.
Quasi-spherical hydrogel particles were thus prepared, supporting the culture of human pancreatic cells
(1.1B4HP), as well as the sustained delivery of insulin. Moreover, alternative methodologies based in
blends of fucoidan with other natural/synthetic polymers were also explored. In particular, attention was
given to agarose, with attractive gelling properties mediated by temperature. The properties of the
resulting hydrogel were assessed, envisaging its use on the encapsulation of pancreatic cells (1.1B4HP
cells) as a system to protect those cells from the host immune system. As pancreatic cells and islets are
highly vascularized, a platform device was developed based on fibrous meshes of PCL/fucoidan using
airbrush technique, with capacity to promote angiogenesis. Additionally, the anti-oxidant effect of fucoidan
on beta cells was also assessed, enabling to protect those cells from oxidative stress. This fucoidan was
combined with alginate, developing hydrogels capable to support the encapsulation of pancreatic cells
and islets with insulin secretion responsive to glucose concentration in medium.

Altogether the results obtained under the scope of this thesis gave interesting insights on the use of the
new fucoidan-based structures as functional biomaterials with a potential pivotal role for diabetes

treatment.

Keywords: Brown Algae; Diabetes Mellitus; Fucoidan; Hydrogels; Marine Biomaterials.



RESUMO

Fucoidan de algas marinhas usado no desenvolvimento de abordagens terapéuticas para diabetes

mellitus

A diabetes mellitus (DM) é um disturbio metabdlico que afeta cerca de 450 milhdes de pessoas em
todo 0 mundo, sendo a sexta causa de morte. Por conseguinte, € crucial desenvolver novas
estratégias/modelos terapéuticos para a diabetes levando a descoberta de novos tratamentos. Nesta
perspetiva, os polimeros de origem marinha representam uma fonte relativamente inexplorada que pode
ser usada na criacao de plataformas/modelos para atender a essas necessidades. As algas, sdo um
exemplo, porque sintetizam uma grande variedade de polimeros e compostos mais pequenos com varias
propriedades bioativas. O foco principal desta tese consiste na demonstracdo do potencial do fucoidan
no desenvolvimento de novas abordagens terapéuticas desenvolvidas para o tratamento da diabetes
mellitus. Fucoidan (Fu) é um polissacarideo sulfatado extraido de algas castanhas, com propriedades
guimicas e biologicas interessantes sendo pouco explorado. O principal obstaculo para o uso de fucoidan
em dispositivos poliméricos para aplicacées biomédicas € ser bastante soluvel em agua. Para controlar
a solubilidade do Fu na agua e aumentar sua processabilidade, foi estudada uma modificacdo quimica,
uma reacao de metacrilacdo, permitindo a sua gelificacdo através da foto reticulacao. Desta forma, foram
preparadas particulas quase-esféricas, permitindo o contacto direto com células pancreaticas humanas
(1.1B4HPcélulas) bem como o encapsulamento/libertacdo de insulina foram abordados. Além disso,
metodologias alternativas baseadas em misturas do Fu com outros polimeros naturais/sintéticos
também foram exploradas. A agarose teve uma atencao particular, com propriedades gelificantes
atrativas dependentes da temperatura. As propriedades do hidrogel resultante foram avaliadas,
antevendo a sua utilizacdo no encapsulamento de 1.1B4HP células, para proteger essas células do
sistema imunitario do hospedeiro. Como as células pancreaticas e as ilhotas Langerhans sao altamente
vascularizadas, foi desenvolvido um bicomposito de nanofibras PCL/Fu usando uma técnica de
aerografia, esse dispositivo/plataforma tinha a capacidade de promover a angiogénese. O efeito
antioxidante do fucoidan nas células beta também foi avaliado, permitindo proteger as células do stress
oxidativo. Hidrogéis de fucoidan e alginato foram desenvolvidos, sendo capazes de suportar o
encapsulamento das ilhotas Langerhans e promover a secrecao a insulina em resposta a concentracao
de glucose presente no meio. Em conclusdo, os resultados obtidos no ambito desta tese foram
interessantes e promissores, demonstraram a capacidade do fucoidan a ser usado como base em
estruturas e mecanismos que poderao ser fundamentais para o tratamento da diabetes.

Palavras-chave: Algas castanhas, Biomateriais Marinhos; Diabetes Mellitus; Fucoidan; Hidroggis.
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INTRODUCTION TO THE THESIS FORMAT

The present thesis is divided into four main sections (1 to 4) containing nine chapters (I to IX). This
structure was adopted to allow a proper organization of the data presented in the various chapters. An
introduction (Section 1) can be found divided in two Chapters: Chapter | and Il. An overall materials and
methods section (Section 2). The Section 3 shows the experimental results obtained in the context of this
thesis and their discussion, focusing on use of sulphate polysaccharide-fucoidan in the production of
architectures, which can be useful in the development of therapeutic strategies for diabetes mellitus. The

Section 4 finalizes this thesis with general conclusions and final remarks.

The main body of the thesis is based on a series of publications published in international journals
or submitted for publication. Each chapter is presented in a manuscript form, i.e., abstract, introduction,
experimental section, discussion (or in two separate sections, i.e., results plus discussion), conclusion,
and acknowledgements. A list of relevant references is also provided as a subsection within each chapter.
Figure 1 shows the structure of the thesis divided in the 4 main sections. The contents of each part and

chapter are described below in more detail.

Section 1 - General introduction - Background

This chapter is divided in two chapters, the first is a brief literature review about fucoidan the marine
biomaterial selected for this thesis, the second is more about general concepts about diabetes and

currently strategies used for treatment of this disease.

Chapter | - Fucoidan: a seaweed sulfated polysaccharide on current and future strategies for

biomedical applications: This chapter provides an introduction to fucoidan a marine biopolymer and its

applications in the biomedical field. This marine biopolymer was used along the entire thesis.

Chapter |l = Biomaterials - based therapies against diabetes: This chapter provides background

information about diabetes mellitus. Its complications and the currently available methods using

biomaterials.

Section 2 - Detailed description of experimental materials and methodologies

Chapter Il - Materials and Methods: A list of the materials used, and methods applied to obtain the

results described further on is provided, being the basis to the whole work described in this thesis.
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Section 3 - Experimental work regarding the development of therapeutic approaches for diabetes

mellitus based on fucoidan.

Chapter IV - Fucoidan hydrogels photo-cross-linked with visible radiation as matrices for cell culture:

This chapter studied the modification of fucoidan with methacrylation reaction in order to control its water-

solubility and consequently to improve its processability.

Chapter V - Fucoidan - based hydrogel particles as biomaterials for diabetes treatment strategies:

Similarly, to Chapter IV, modified fucoidan (MFu) were cross-linked with visible light, using the reaction
conditions previous optimized. In this case, besides the chemical characterization, the insulin diffusion

and the direct contact with1.1B4 human pancreatic cells (1.1B4HPcells) were also evaluated.

Chapter VI - Building fucoidan/agarose-based hydrogels as a platform for development of therapeutic

approaches against diabetes: This chapter describes the combination of agarose (Aga), a gelling polymer

with fucoidan (Fu), a non-gelling one, as an alternative pathway to prepare hydrogels for diabetes
treatment. The influence of different concentrations of fucoidan and agarose on the overall properties of

the hydrogels was evaluated in terms of physicochemical and biological properties.

Chapter VII - Angiogenic potential of airbrushed fucoidan/polycaprolactone nanofibers meshes: This

chapter aims to show the production of poly(e-caprolactone) and fucoidan (PCLFu) airbrush nanofibers
mesh, that could be used as platform device for support therapeutic approaches for biomedical

applications in special for vascularization field.

Chapter VIl - Fucoidan hydrogels significantly alleviated oxidative stress and enhance the endocrine

function of encapsulated beta cells: In this Chapter, the incorporation of two polysaccharides from brown

algae - namely fucoidan (Fu) and alginate (ALG) - in encapsulating materials was studied. In this work,
the anti-diabetic potential of fucoidan was assessed by studying its oxidative stress relying properties on
beta cells and further using them on the development of functional microparticles for the encapsulation

of rat insulinoma cells (INS1E).



Section 4 - Conclusions and final remarks

Chapter IX - General conclusions and final remarks: The final section of the thesis presents the

general conclusions and implications, current limitations and potential of the work described for

biomedical applications.

This thesis is based on six manuscripts that were submitted or accepted for publication, as

referenced in the chapters of section Ill of the thesis.
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Chapter |

Fucoidan: a seaweed sulfated polysaccharide on current

and strategies for biomedical applications:

ABSTRACT

Brown seaweeds are rich sources of bioactive compounds, including polysaccharides, carotenoids,
peptides, omega-3, pigments, vitamins and minerals. Fucoidan is a sulfated polysaccharide and bioactive
compound present in the cell wall of brown seaweed. Structurally, fucoidan is formed by different amounts
of L-fucose, sulfate groups, glucuronic acid and xylose, with other sugars being present depending on the
origin. Fucoidan is promising worldwide, as a result of its good therapeutic effects, especially among the
biomedical and pharmaceutical industry. Classical biological properties associated with fucoidan include
antitumor, antioxidant, and anti-inflammatory action, but despite intensive research, the correlation between
the various bioactive properties and the molecular and structural features of fucoidan still has to be clarified.
Deeply studying the structure of fucoidan and exploring the relationship between activity and structure are
useful tools for developing and utilizing this brown seaweed asset in a sustainable way, tackling the variability
found in natural origin products. Besides the bioactive features, fucoidan 's performance as support polymer
is also playing a relevant role in research and innovation, from drug delivery devices to cell culture matrices
and biomaterials for tissue engineering and regenerative medicine. This review starts by addressing the
extraction procedures/techniques to produce fucoidan from brown seaweeds, and further discuss the recent
findings on the applicability of fucoidan in the biomedical field and how fucoidan s chemical versatility is

affecting its performance. The present review thus aims to shed some light on the contribution of fucoidan

! This chapter is based on the following publication:

Reys L. L., Silva S. S., Reis R. L. and Silva T. H., "Fucoidan. a seaweed sulfated polysaccharide on current and future strategies for

biomedical applications”, (submitted for publication)
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for scientific and technological development in biomedicine, stressing the opportunities and the challenges it

is and will be facing to assume a key role in this highly demanding sector.

Keywords: Fucoidan; brown seaweed; biomedical application; sulfated polysaccharide; anti-diabetic,

antioxidant, anti-obesity, antitumoral, marine biomaterial.

I-1. GRAPHICAL ABSTRACT
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I-2. INTRODUCTION

During the past decades, marine organisms have been the focus of considerable and growing attention
as potential sources of valuable materials [1-3]. Valorization of by-products derived from those marine
organisms, as well as underexploited species, as natural renewable resources for obtaining relevant bioactive

compounds, could have both economic and environmental positive impacts [3,4]. Nevertheless, they remain
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largely unexploited on what concerns it's biotechnological applications. Marine algae possess a special group
of polysaccharides, sulfated polysaccharides, which face no similar in terrestrial plants but resemble the
glycosaminoglycans found in the extracellular matrix of mammals. Recently, increasing attention has been
paid to brown algae, known to contain in the cell walls a range of different polysaccharides including alginate,
laminarin and fucoidan [5]. Fucoidan is an anionic and sulfated polysaccharide, containing a substantial
amount of L-fucose often functionalized with sulfate groups, together with other sugars, as glucuronic acid
and xylose, which can be extracted by water [4-7]. This polysaccharide can be isolated from different species
of brown algae such as Fucus vesiculosus [8], Undaria pinnatifida [9], Ascophyllum nodosum [8], and
Bifurcaria bifurcata [8,10]. The interest in fucoidan comes from its intrinsic properties namely anti-tumoral
[6,11], anti-coagulant [6,11,12], anti-viral [6,13], anti-inflammatory [6,14], blood glucose reducer [6,15-17]
and antioxidant activities [6,8,18,19]. For this reason, is also playing a relevant role in research and
innovation, from drug delivery and cell culture 3D matrices to cosmetic and food additives [20,21].
Nevertheless, the exploitation of fucoidan for tissue engineering (TE) has been scarcely addressed, despite
its good bioactive properties that could act strongly in the search for novel functional applications in
pharmaceutical and biomedical areas [22], including in regenerative medicine and advanced therapies
[23,24].

An overview of the current and potential applications of fucoidan in the food, cosmeceutical
pharmaceutical, and biomedical areas will be addressed, including in particular, the research relevant for
tissue engineering and biomedical field (Figure | - 1). Foundational information about bioactive properties,
extraction methods, and structure will also be reported. This review intends thus to show significant

scientific/industry applications that fucoidan can have in the biomedical field.
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Fucoidan
Brown algae

(1-3) and (1-4)limked-L-fucopyranose

Figure I-1. Schematic illustration of fucoidan applications and biological properties.

I-3. METHODOLOGIES OF EXTRACTION

Various extraction methods have been studied and employed in research laboratories and in the industry
to produce high-quality fucoidan. It can be extracted using hot acid/salt (CaCl.) [7,21,25,26] or ethanol/water
solutions [26-28] further assisted by ultrasound and microwave radiation [29] or enzymes [30], as well as
using acidic extraction [26]. The latter method is the most common one used in the industry, as this method
produces fucoidan with the highest yield, higher purity, and better quality [20,29,31-34]. In all those
methods, the correct adjustment of parameters such as temperature, extraction time, concentration/pH, and

species of algae should be controlled in order to avoid large variability among fucoidan extracts, the
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degradation of fucose chains or the removal of undesirable components [29]. The minimum change in these
parameters can affect the composition, chemical structure, molecular weight, size of fucoidan fractions, and
yields of resulting fucoidan and subsequently influencing the bioactivity of the produced extracts [35]. A
fucoidan production process (Figure | - 2) can be described in three steps: i) mill seaweed, ii) extraction and
purification of the extracts, iii) drying, and careful storage [23]. In the first step, the seaweed can be collected
/n loco, cultured, or obtained through specialized enterprises and then grounded. Subsequently, the fucoidan
is extracted from brown algae using hot acid (hydrochloric acid (HCI) or sulphuric acid (H.SO.)) or
ethanol/aqueous solutions [32,36], together with calcium addition to promote precipitation of alginates
normally co-extracted with fucoidan [7,20,25,29]. The ethanol used in the process of extraction is used to
remove the salts and small molecules from the target polysaccharides. Extraction with acidic solutions gives
higher yields of crude fucoidan [37], but care is needed as it could result in undesirable products such as
alginic acids and metals and may cause degradation on fucose chains [7,38]. Then, the material is
centrifuged to remove the alginate previously precipitated with calcium and obtain the crude fucoidan extract
is obtained after filtration to remove insoluble components [7,36-38]. Finally, the crude extract is purified
through different methods namely: i) in the form of lead hydroxide complex the fucoidan is extracted with hot
water, the extracted is lead with acetate and barium hydroxide), ii) formaldehyde/alcohol, the fucoidan is
extracted with dilute acid, then is precipitated by treating with ethanol and iii) cetylpyridinium chloride, the
fucoidan extracted is dialyzed with water and precipitated with calcium chloride and supernatant are treated
with cetylpyridinium chloride [20,32,39-42]. Fucoidan is normally obtained after dialysis and freeze-drying
in a powder form with yellow-brown color. The color of fucoidan powder is directly related to the amount of
fucoidan in the powder [36,37,39,43]. If the powder contained very small quantities of fucoidan, it would be
very white or creamy color. The powder containing large concentrations of fucoidan will be close to a dark
brown color [36]. An advantage of extraction with hot acid solutions, give higher yields of crude fucoidan but
could result in the extraction of undesirable products such as alginic acids and metals [36-38]. However, the
application of diluted acid at ambient temperature may result in partial cleavage of sulfate ester (SO.2) and
degradation of fucose chain, which can influence the bioactive properties, these groups are normally
associated with fucoidan bioactive properties [7,36] Ultrasound, and microwave-assisted extraction consist

of the penetration of radiation (energy) into the material structure, promoting the extraction of the compounds
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selectively. It is faster as compared to the classical process of extraction [44-48]. In the process of
microwave-assisted extraction, microwaves induce the vibrations of water molecules in the algae. Because of
these vibrations, the temperature of intracellular liquids increases, and water evaporates and exerts pressure
on the cell walls. As the cell walls break, the intracellular contents where fucoidans are present are released
into the medium [29,49,50]. This method requires short extraction time, use of non-corrosive solvents,
requires lower energy consumption and generates fewer wastes, when compared with other techniques [21].
The principal disadvantage of this process is the energy input in the process that can exceed the energy level
required for the cleavage of sulfate esters (SO.2); thus, it is highly recommended that the necessary energy
input is carefully exerted during the extraction process to avoid any structural alteration of the sulfated
polysaccharides [29]. The enzyme-assisted extraction of fucoidan is still being studied. This process consists
in the isolation of fucoidan from algae by enzyme degradation of the cell wall. The extraction with enzymes is
performed under moderate conditions that conserve the bioactivity of fucoidan. For the extraction it is
necessary an enzyme mixture because the algae cell wall is chemically and structurally heterogeneous
[29,51]: alginate lyase [29], cellulose and laminarinase [52], are some of the used ones because these
enzymes do not hydrolyze fucoidan, as demonstrated by Athukorola et al [53]. Another advantage of this
process is the simple separation of fucoidan from other products only using crossflow filtration or membrane

with an adequate cut off, where sulfated polysaccharides are retained on the membrane.

Furthermore, there is an urgent need for more well-defined, gentle extraction methods, using shorter
extraction times, lower temperatures, and lower acid levels, to help ensure the removal of distinct fucoidan
structures. In addition, the extraction method must be cost-effective and environmentally sustainable for

industrial production, and of course, a bid for acceptable legal standards concerning solvent use.
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Figure I-2. General procedure for the extraction of fucoidan from brown seaweed (adapted from [4,31,39]).

4. CHEMICAL COMPOSITION AND PHYSICOCHEMICAL PROPERTIES

Despite many studies on the chemical composition and structure of fucoidan, the uncertain remains due
to the large variability that can be observed between different extracts [36,54]. Fucoidan is composed mainly
of Lfucose or L-fucopyranose and sulfate groups substituting on hydroxyl groups. Besides, other
monosaccharides are also present, such as mannose [42,55], galactose [47], glucose [46], xylose [47,56],
uronic acids [23,46], as well as acetyl groups [38,40,57] (Figure | - 3) Moreover, the backbone of fucoidan
polymers from Laminaria, Analipus japonius, Cladosiphom okamurans and Chorda filum species have the L-
fucopyranose residues substituted with sulfate (SO=) on the C-2 position. Other fucoidan polymers such as
the ones from Ascophyllum and Fucus species have substitutions at C-2 or C-4 (rarely on C3). L/ et a/ [6]
reported that the structure of fucoidan of various brown algae differs from one species to another. Generally,
fucoidan has a backbone of (1—3)-linked-a-L-fucopyranose or alternating (1—3) and (1—4)-linked-a-L-
fucopyranose residues. The type of glycosidic linkage of fucoidan monosaccharides in the backbone is closely
related to the species of seaweed [58-61]. In general, fucoidan is branched in various ways, whereas some
sulfated fucan polymers have been detected in invertebrates, classified as well as fucoidans, but having a

linear backbone [6,60,62]. Fucoidan can differ in structure among seaweed species and can vary even within
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the same species [63]. The chemical composition, namely monosaccharide composition, sulfation patterns,
fine structure, and differences in the bioactivity of fucoidan varies according to the season, geographic
location, the maturity of the specimen, among others [5,31,36,48]. Until today, different chemical structures
of the fucoidan extracted from different seaweed have been proposed. Thus, fucoidan should be understood
as a family of polymers (sulfated fucans) and not only one polymer with different molecular weight (Mw) or
sulfate contents. The molecular weight of fucoidan varies between 20-300 kDa for low molecular weights
fractions and 200-800 kDa for high molecular weight exhibiting significant variations [44,46,47]. The
differences in molecular weight can be influenced as well by algae species, sugar variations, and sulfate
groups distribution, but also to the conditions used on the extraction, which may cause partial hydrolysis of
the polymer and the lower Mw [39,64-66]. The difficulty in measure of molecular weight (Mw) can be related
to the presence of some contaminants and the heterogeneity of components. Furthermore, the molecular
weight of fucoidan can influence other physicochemical properties of fucoidan, namely the hydrocolloids
properties (a colloid system where the colloid particles are hydrophilic and diffused in water), related with
intermolecular associations, as well as capability to form gel network [48]. Nevertheless, this bottleneck in
fucoidan characterization can also be related to glycosidic linkage angles, negative charges originating from
sulfate groups, which tend to expand the polysaccharides in water through mutual electrostatic repulsion and

by hydroxyl groups involved in intra-molecular or intermolecular hydrogen bonds [67].

Regarding processability, fucoidan is a water-soluble polymer, but it is not able to form gels alone but
only viscous solutions [48]. The processability/viscosity of fucoidan is influenced by molecular weight,
sulfation degree, and pattern, as well as polymer branching, besides experimental factors such as polymer
concentrations temperature, ionic strength, and pH [11,32,39,48,68]. In some areas like the biomedical
area, the solubility in water of fucoidan can be a limitation because pure structures cannot be obtained,
requiring modifications of the polymer or combination with other compounds, challenging its bioactive

performance [69,70].

10
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Figure I-3. Model of the chemical structure of fucoidan (adapted from [7,71]).

I-b. BIOLOGICAL PROPERTIES

The chemical structure of fucoidan, namely molecular weight, number, and position of sulfate groups
and amount of L-fucose and other sugar residues, influences most biological activities exhibited by this
biopolymer, although the structure-activity relationships are not yet well established [31,36,62,72]. Fucose,
the major constituent of fucoidan is a useful indicator of important biological activities, namely antioxidant
and antitumor effect: in general, higher content of fucose, the higher are the biological activities [39]. Sulfate
groups also form a large component of fucoidan, and fucoidan s biological activities are closely related to its
sulfate content [36,73], as well as position and pattern [6]. Another important parameter that influences the
bioactivity of fucoidan is the molecular weight [6]. For these reasons, each type of fucoidan may have unique
structural features and possess (or not) several biological activities. Fucoidan is known to exhibit a wide variety
of biological activities, namely antioxidant [6,39,74], antitumor [6,11,75], anti-inflammatory [6,14],
anticoagulant [6,12,39] and reducing blood glucose [76,77]. In Table | - 1, it is possible to find summarized
information on the main biological properties of fucoidan and their applications. The biological activities must
always be confirmed in the laboratory, at least when extracts are obtained by different methodologies or using

different species (ideally, specimens) for comparison. For instance, our group has recently shown that extracts

11
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from the same algae species like Fucus vesiculosus can show very different activity with some having

antitumor activity, while others are not showing any toxicity or being toxic to all cells [78].

Antioxidants can prolong or prevent the oxidative stresses applied in organs. In fucoidan, the
antioxidant activity is related to the molecular weight and fucoidan sulfate content [6]. Fucoidan, in recent
years, demonstrated to have a better total antioxidant capacity (TAC) compared with synthetic antioxidants
[36,79]. Some authors reported that fucoidan was a natural antioxidant because the sulfate group present in
the structure has particular involvement in antioxidant activity and has a significant potential for avoiding or
delaying free radical-mediated illnesses [36,39,79]. In the literature, it is also suggested that the sulfate
groups of fucoidan would be present in the reaction with oxygen radicals and prevent oxidative stress
[36,39,74,80]. However, the scavenging effects are related to a lower amount of sulfate in the polymer
backbone. Therefore, the lower the molecular weight, the stronger is the effects of scavenging. Ruperez et a/
[80] demonstrated that fucose could be the key to the radical scavenging ability of fucoidan that could be
potentially used as an antioxidant for the food industry [7,36,80]. For comparison, this polymer has shown a

much higher scavenging activity than vitamin C and K-carrageenan [7].

Furthermore, the antitumoral activity of fucoidan has been discussed as a strategy for the treatment
of cancer [6,11,81,82]. In fact, the sulfate groups present in fucoidan could be responsible for this property.
Some authors reported that oversulfation influence the anticancer activity [83-85] through higher angiogenic
activity, thus more effectively inhibiting the growth of tumor [83]. The role of sulfate groups in cancer
treatment has been described by Belting ef. a/, reporting that the negative charge of sulfate groups can
interact with a positive charge of natural polyamines with equal or even higher affinity than DNA [56,86-88].
Natural polyamines (putrescine, supermidine and spermine) are present in all mammalian cells, binding the
nucleic acids and play an important role in DNA conformation, replication, transcription, and translation.
Because cellular proliferation depends on an adequate supply of polyamines, the polyamines biosynthetic
pathway has been an attractive target for the proliferation disorders, such as cancer [86,89,90]. It was also
reported that fucoidan from Fucus vesiculosus inhibited the proliferation and induced apoptosis in human
lymphoma HS-sultan cell lines [6,11,75]. By its turn, Alekseyenko et al [85] studied the activity of fucoidan
isolated from Fucus evanescens in C57B1/6 mice with transplanted Lewis lung adenocarcinoma, with

injections of 10mg/kg to 25mg/kg potentiating the antimetastatic and anti-tumor activities of
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cyclophosphamide [6,11,85]. Molecular weight is another crucial factor for anti-cancer fucoidan activity. Cto
et a/produced three fucoidan fractions with molecular weights of < 5, 5-30, and > 30 kDa and reported that
the Fssx show most tumor growth inhibitory effect, despite the sulfate amount in F-s being higher than in the
two other fractions [91,92]. Yang et a/ realized a study that suggested that anticancer activity of fucoidan
could be significantly improved by lowering their molecular weight when they are depolymerized by mild
hydrolysis conditions without causing desulfation [44]. Other studies identified the antitumoral potential on
fucoidan in different perspectives: inhibiting proliferation of tumor cells, stimulating the apoptosis of tumor

cells, blocking tumor cells metastasis, or enhancing immune response [83].

Studies also suggested that fucoidan could be used for the treatment of inflammatory pathologies,
namely chronic wound (chronic leg ulcers) and rheumatoid arthritis, because fucoidan can significantly inhibit
the release of nitric oxide (NO) induced by bacterial lipopolysaccharide and reduce inflammation [93]. L/ Fan
et a/[94] studied that fucoidan isolated from Laminaria japonica can regulate the inflammation response via
genes (HM6B1 and NF-K3) inactivation in induced myocardial damage on mice. Medeiros et aland Cumashi
et al[56,69] reported that sulfated fucans from brown seaweed possess anti-inflammatory potential because
inhibited phagocyte migration to the inflammation site. Additionally, a Laminaria saccharina fucoidan extract
was shown to interact with L- and P-selectins and reduce the escape of neutrophils polymorphonuclear

leucocytes (PMNSs) to the abdominal cavity and the induction of acute peritonitis [69].

According to the literature, the anticoagulant activity exhibited by several fucoidan extracts may have
some relation with molecular weight, sugar composition, sulfate content and position in fucose [6,35,39].
Regarding molecular weight, it was found that a sugar chain long enough to bind the thrombin is required.
Thus, only fucoidan with Mw above 45 kDa would be capable of hindering blood coagulation. The
anticoagulant activities of fucoidan, isolated from nine species, were tested by different authors that found
that fucoidan from Ecklonia kurome and Hijikia fusiform exhibited the highest activity of activated partial
thromboplastin time (APTT) and thromboplastin time (TT) [6,20]. Some studies reported that anticoagulant
activity may be related to sugar composition [36,55]. However, uronic acid composition is not necessary for
this activity but could improve the anticoagulant action by enhancing the sugar chain s flexibility [36,95].
The position of sulfated groups on fucose residues is also important for anti-coagulation effects [6,42] . Duarte

et al. studied that anticoagulant activity of fucoidan was mainly determined by the fucose sulfated chains, in
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particular by the disulfated fucosyl units [6,42].

In the literature, /n vitro, and in vivo studies propose the application of fucoidan in reducing blood glucose
[76,96]. In fact, some studies shown the anti-diabetic potential of extracts and components of brown algae
[96]. Aim et al. [76] have shown that a low molecular weight fucoidan prevented hyperglycemia in diabetic
rats [97]. Furthermore, it has been referred that the lowering of blood glucose is related to inhibition of
enzymes o-amylase and a-glycosidase during the digestion of carbohydrates [97,98]. In the process of
digestion of a diet rich in carbohydrates, enzymes a-glycosidase and a-amylase play a vital role, and the
inhibition of these enzymes would reduce the digestion of oligosaccharides and disaccharides, leading to a
delay in the production of glucose. The action of fucoidan on the cited enzymes, when fully understood, can

play a major role in the treatment of diabetes mellitus type | and II.

Table I-1.Summary of relevant biological activities associated with fucoidan and its potential biomedical applications.

Possible biomedical

Biological activities Brown algae o Reference
applications
£ cava Prevention of antioxidant
F. evanescens activity, great potential for
preventing free radical-
Antioxidant P. gymnospora mediated diseases (i.e. (6]
A nodosum diabetes mellitus)

S. fulvellum

U. pinnatifida

E. cava
Antitumor F. evanescens Agent for |nh|b|.t on (.)f cancer [4,6]
cells proliferation
L. guryanovae
L. japonica hi ;
Anti-Inflammatory |I’lh.lblted. Ieucocytg recruitment 6,11,14]
£ cava in an inflammation model
£ cava Potent anticoagulant activity,
Anticoagulant mediated by antithrombin [4,6,12]
F. evanescens and/or heparin cofactor Il
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H. fusiforme

L. Japonica
A, utricularis Inhibit viral sortation so as to
Anti~viral inhibit viral induced syncytium [6,13]
U. pinnatifida formation
Stochoplimum
L. japonica

E. stolonifera
Reducing blood lipids S. robusta Reduction of cholesterol serum [99,100]
F. vesiculosus

E. cottonii

E. stolonifera
Anti-hyperglycemic P. bagingtoni Help in type Il diabetes mellitus [101,102]

A. nodosum

D. humifusa

A- orentalls Inhibitory and bactericidal
G. acerosa effect against some bacterial/

fungal pathogens

Antimicrobial (bacterial

and fungal) [45]

H. species

S. robusta

I-6. COMPLEXES, COMPOSITES, AND BLENDS OF FUCOIDAN

As remarked before, the high water solubility of fucoidan hinders its processability into pure fucoidan systems
[48,70,103]. In a recent study, we have demonstrated that it was possible to obtain structures of fucoidan
alone using methacrylation reaction to modify the fucoidan backbone and further obtain structures using
photocrosslinking technique with visible light. The study demonstrated that photocrosslinked fucoidan
structures were stable in Dulbecco s Phosphate - Buffered Saline (DPBS) until 28 days, and they were not
cytotoxic for fibroblast-like cells (L929). The direct contact with L929 cells demonstrated that cells had a
spindle-like shape and tended to migrate into particle core [70] (Figure | - 5).
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Nevertheless, in most approaches, fucoidan was combined with natural/synthetic polymers and inorganic
materials, such as chitosan, polycaprolactone (PCL) or even ceramics to produce blended films [104],
hydrogels [105], microparticles [70] in gels [106], microspheres [70], fibers [107], polyelectrolytes
complexes, and 3D porous structures (Figure | - 4). For instance, chitosan/fucoidan-based structures have
been reported for use as a wound dressing and second degree-dermal burn treatments. Sezer et a/ [106]
prepared a blend of fucoidan and chitosan in acidic medium yielding a hydrogel to be applied as burn injuries
healing accelerator, with interesting performance demonstrated on rabbits. These researchers also studied
the coating of chitosan films with fucoidan for wound dressing for dermal burn healing. The fucoidan-chitosan
films caused major contraction of wounds and accelerated the closure and healing process of wounds.
Nanoparticles of chitosan/fucoidan with a pH-sensitive feature to protect the drug from deterioration were
investigated by Huang et a/[108]. The authors verified that it was possible to obtain particles with a diameter
of 200-300 nm at a pH 1.2, from which they proposed that it would be possible to overcome the major
barriers in oral delivery, such as the low pH of the gastric medium in the stomach [105,108].

In addition to chitosan, other natural materials, namely silk fibroin, collagen, gelatin, and hyaluronic acid,
have been blended with fucoidan for the production of different structures such as films and hydrogels for
biomedical applications [109-111]. Zhen Gao et al reported a study of the incorporation of fucoidan to silk
fibroin films to be used as blood-contacting biomaterials. Fucoidan incorporation increased the roughness,
hydrophilicity and did not prevent the formation of beta-sheet conformation in silk. The incorporation of this
sulfated polysaccharide brought excellent anticoagulant activity for silk films. These films hold the potential
to be used as blood-contacting biomaterial [111]. Another natural polymer blended with fucoidan was
collagen, as reported by Ramesh Perumal ef a/. The authors showed that fucoidan protected collagen against
enzymatic degradation, increased the structural stability of collagen, and facilitated the proliferation of cells.
The collagen-fucoidan blend films would thus allow their safe and more efficient use for various tissue
regenerative applications [110]. A blend of fucoidan hyaluronic acid and gelatin was studied by H-Tsung Lu
et alto be used as injectable hybrid hydrogels for intra-articular delivery of platelet-rich plasma. This blend
shows that the addition of fucoidan and hyaluronic acid to gelatin enabled high strength, high solubility, and
strong adhesive ability to the final structure. These hydrogels are also a promising biomaterial to be used in

the treatment of cartilage injury [109].
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In the literature, is also described the combination of fucoidan with synthetic polymers such as PCL and
polyethylene oxide (PEQ). PCL was blended with fucoidan using the rapid-prototyping methodology in order
to provide a system with an appropriate pore structure for bone tissue regeneration. Fucoidan was used to
induce not only cell proliferation but additionally influence osteoconductive properties, including alkaline
phosphatase activity, collagen type | expression, and mineral deposition [112]. Instead, micro/ nanofibrous
scaffolds of PCL and fucoidan have been produced by using an electrospinning process, aimed for application
in bone regenerative medicine [103]. Biocomposite formed by a layer of PCL/PEO nanofibers and fucoidan
for vascular grafts was also reported. This study demonstrated the nanofibers with fucoidan had a decrease
in proinflammatory cytokine and chemokine production as well as inhibition of proliferation [113,114]. The
physical/biological results of these studies demonstrate that the incorporation of fucoidan increased the
hemocompatibility and the potential for bone regeneration [112,115,116].

A blend of fucoidan and ceramics (nano-hydroxyapatite) for bone regeneration was investigated by Jeong et
al [105]. Hydroxyapatite-fucoidan nanocomposite was prepared by using /7 sifu chemical method. The
authors analyzing the bioactivity, chemical, and biological properties and concluded that nanocomposites,
with fucoidan, promoted two times higher mineralization than scaffolds only with nano-hydroxyapatite, which
could be promising biomaterials for bone tissue engineering.

These systems presented interesting results regarding their effectiveness in different diseases and
pathological situations. As a result, different polymeric matrices such as nanoparticles/microparticles,
membranes, and hydrogels have been produced for use as drug delivery devices or tissue engineering

scaffolds (Table I - 2) [7,48,106,108,110,112,115,117-121].
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Fucoidan

Polymeric systems

) (D)
Nano/microparticles

Films and membranes

(A)
3D Porous Structures

Figure 1-4. Schematic illustration of fucoidan-based biomaterials : A) 3D porous structures [105,106,121-123], B) Films
[108,111,115], C) Nanofibers [103] D) Nano/microparticles [70,124-127] and E) Hydrogels [70,106,109,128].

18



Chapter | - Fucoidan. a seaweed sulfated polysaccharide on current and future strategies for
biomedical applications

Surface of Fucoidan particle Cross section of Fucoidan particle

L \

\
\

Mouse fibroblaster like cell
line (L929), that migrate into
particle core.

Mouse fibroblaster like cell
line (L929), in surface of
fucoidan particle

Figure I-6. Scheme of photo-crosslinked methacrylated fucoidan particles with mouse fibroblast-like cells (L929).
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Table I-2.Fucoidan-based structures produced by combination with other polymers or ceramics and respective potential application in biomedicine.

Composition Matrix type Cell type (source/line) Potential application Reference
ALG/CH/CHT/Fu Hydrogel sheet Human dermal fibroblast cells (DFCs)
Wound healing [123,129]
ALG/CHT and Fu Sponges Primary human gingival fibroblast (hGFs)

Pharmaceutical and
CM - curdlan and FU Nanoparticles biomedical [127]

applications

Oral drug delivery

[108,130]
system

Human umbilical vein endothelial (EA, Nanosystems for drug

Nanoparticles [124]
Hy926) delivery and
Fu/CHT _ N

Breast cancer (MDA-MB-231) regenerative medicine

Human prostate cancer cells [131]
Anticancer therapy
Human dermal fibroblast cells (hDFB)

Hydrogel Fibroblast Dermal wounds [106]
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HApFu

PCL/Fu

Fu/PET

Fu/PHEMA

Porous Fibers

Microspheres

Composites

Micro/nanofibrous

scaffolds

3D porous structure

Surface functionalization

(Immobilization of
fucoidan on surface of

PET)

Hydrogel
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Fibroblast Wound Dressing

Drug release

Fibroblast Dermal burns
Osteoblast cells (MG63) Bone tissue
regeneration

Osteoblast cells (MG63) Bone tissue
regeneration

Bone tissue

Osteoblast cells (MG63)
regeneration

Vascular implants
with improved

adhesion

To avoid blood clot
Human blood plasma
formation

Optical biofilm

[132,133]

[107]

[134]

[135]

[136]

[112]

[115]

[116]

[128,137]
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Fu/MAA

Fu/SF

Fu-Gelpeptide

PVA/CHT/Fu

Fu/HA/Gel

Films

Scaffold

Bioartificial polymeric
materials (BAPMs):
Hydrogels, Films and

scaffolds

Hydrogels
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Human umbilical vein endothelial cells

(HUVEC)
Human endothelial cells

(ECV-304)

Mouse pre-osteoblasts

(MC3T-E1)

Primary mouse embryonic fibroblast cells

(NIH/3T3)

Human chondrocyte primary cells

Blood-contacting

Bone Tissue

Engineering

Cell regeneration

Cartilage Injury:
hybrid hydrogel for
intra articular delivery

of platelet rich plasma

[111]

[138]

[121]

[109]
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Tissue regenerative [110]
Col/Fu films Fibroblast cell line (NiH3T3)
applications

Abbreviations: Fu (Fucoidan); CHT (chitosan); Alg (alginate), CH (chitin); CM (Carboxymethylated); SF (Silk fibroin); HA (hyaluronic acid); PET
(Polyethylene terephalate); Gel (gelatin); PCL (polycaprolactone); PHEMA (Poly(2-hydroxyethyl methacrylated); PVA (Poly (vinyl alcohol)); HAp
(Hydroxyapatite); Col (Collagen).
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I-7. FUCOIDAN APPLICATIONS

Investigation on fucoidan has been carried out more intensively in Japan, Australia, China, and United
States of America, inspired by the very significant consumption of brown algae patterns in East Asia and
North America for thousands of years in different areas of application [139]. Fucoidan from different species
has been used in various applications, namely on the food industry (dietetic fibers, cholesterol reducer and
sports beverage), cosmetic industry (skin exfoliation, acne treatment, hair hydration, and toothpaste),
agriculture (fertilizer for plants), water treatment (removal of metal ions), biofuel (using in some fuels) and
biopharmaceutical (immunologic, antiviral and anticoagulant), oral health care, and animal/human
biomedicine [22,93,140]. The use of fucoidan in nutraceutical and food supplements has been known since
long data without known adverse effects [141]. Moreover, new formulations for health care, food
supplements, and medical devices based on fucoidan have also been developed, with attention being
attributed to its good biological properties and applicability in different areas. Figure | - 6 depicts the
percentages of different applications of fucoidan being proposed in the literature (according to Scopus in early

2020).
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Agriculture
6% \

Others
4%

Tissue
Engineering

Food area Biomedicine

50% 35% 15%

Medicine

8%

Pharmaceutical
5%

Figure I-6. Analysis of the distribution of the fucoidan in different application areas based on a literature survey (engine Scopus in
early 2020). Some of the keywords used in search fucoidan: in the biomedical area, for agriculture, pharmaceutical area,

and medicine/tissue engineering.

I-7.1. Biomedical/Pharmaceutical applications

The use of fucoidan in medicine as support material present advantages due to its biological and
structural properties (i.e., with support role), in areas as demanding as tissue engineering and regenerative
medicine [24]. In this sense, its anti-coagulant [122], anti-inflammatory [69], anti-oxidant [93,142] and
antitumoral [78,93] effects, as well as potential against bacterial infections [6], has been investigated.
Additionally, fucoidan has recently been shown to reduce cholesterol [100,143] and reducing blood glucose
[76,144] by inhibiting a-amylase and o-glycosidase [98,145]. Thus, focus on fucoidan bioactive properties
in the literature is highlighting its benefits in the treatment of some human diseases, namely: Parkinson’s
disease [146], tumor [124,147,148]; renal diseases [149], bone/cartilage defects [150], inflammatory
pathologies [93,151] and diabetes [152,153]. Herein, the action of fucoidan over diabetes, cancer treatment,
and medical devices will be discussed.
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o Diabetes treatment

Recently, some studies focus on the use of fucoidan for the treatment of diabetes mellitus. The
mechanism of fucoidan action in the treatment of diabetes disease is not well known. In the literature is
reported that some chemical characteristics such as sulfate groups, the molecular weight of fucoidan, and
few bioactive properties namely the antioxidant property, anti-obesity effects and inhibition of a-amylase and
a-glycosidase enzymes could be the responsible for the possible use of fucoidan in diabetes treatment
[6,145,153-158]. Aim et al demonstrated that fucoidan prevents hyperglycemia in diabetic rats, noting that
glucose reduction depended on the molecular weight (Mw) of fucoidan [76]. Sung Sim et al. studied the
hypothesis that fucoidan (from Undaria pinnatifida) could exert and anti-diabetic function by stimulating
glucose uptake and decreasing basal lipolysis in adipocytes without inducing obesity [77]. The authors
associated these results with the high molecular weight of fucoidan. In addition, it has also been proposed
that the reduction of blood glucose is related to inhibition of enzymes a-amylase and a-glycosidase during
carbohydrate digestion [98]. The action of fucoidan as an inhibitor of the mentioned enzymes can play an
important role in the treatment of type | and Il diabetes. In the literature, it is also published that fucoidan
can help in diabetic retinopathy, a relatively common complication of diabetes [154,159]. The authors studied
the effects of fucoidan in the protection of retina cells (ARPE-19 cells) damage by hyperglycemia. They
concluding that fucoidan protects ARPE-19 cells against high-glucose induce oxidative damage via
normalization of ROS through the Ca> - dependent ERK signaling pathway, which is associated with the
antioxidant property of fucoidan [154].

e (Cancer treatment

Over the past few years, fucoidan s antitumoral properties have gained considerable interest. They have
been tested on different cancers, such as the ability to suppress the growth of Ehrlich ascites carcinoma
[160], Lewis lung adenocarcinoma [147,161,162], mammary adenocarcinoma [124,147,148] in human
lymphoma [92,163], human colon cancer cells [147,164-167] and breast cancer [147,168-170].

Fucoidan"s mechanism of action in tumor therapies is still not well known. Some authors reported that
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oversulfation and sulfate groups present in fucoidan could be responsible for this property [83,85,91]. In
literature, it is also reported that molecular weight of fucoidan is relevant in anticancer effects, a high
molecular weight is often more effective than low molecular weight [171]. However, a recent study from our
group has shown the relevance of the other factors, as polymer branching and sulfation pattern [78].
According to the literature, the antitumoral potential of fucoidan revealed this inhibits tumor growth and the
antimetastatic process by enhancing the immune response [172,173]. It has thus been identified antitumoral
potential on fucoidan in different perspectives: inhibiting proliferation of tumor cells, stimulating the apoptosis
of tumor cells, blocking tumor cells metastasis, and prevention angiogenesis, which cuts off the nutrient
supply to the tumor cells [36]. In all these cases, fucoidan is being regarded as a bioactive compound or

drug.

o  Medical devices and advanced therapies

Fucoidan can also play a pivotal role in medical devices and advanced therapy medicinal products
(ATMPs). In this regard, fucoidan-based structures, namely: 3D porous systems, fibers, and films based on
fucoidan have been developed for cell support [103,106,112,123]. The mentioned structures can be
obtained using a wide range of methodologies, such as electrospinning, rapid prototyping, and solvent casting
[103,112,118]. These matrixes can be applied in bone regeneration and drug delivery [103,112]. An overview
of these structures with possible applications, including drug delivery wound dressing or bone regeneration
is present in Table | - 2. From those, we can highlight the work developed by Jin ef a/where they studied 3D
porous structures of PCL/fucoidan produced using rapid prototyping technique for bone regeneration. The
authors concluded that PCL/fucoidan composite scaffolds were a potential biomaterial for bone regeneration
because fucoidan increased the mechanical properties and mineralization as compared with pure PCL [112].
Other authors developed 3D micro/nanofibrous structure of PCL/fucoidan or PEO/PCL fucoidan using the
electrospinning process [112,114,136]. PCL/fucoidan study reported that the electrospinability can vary with
the molecular weight (Mw) fraction of fucoidan. At the same time, better mechanical properties and cellular
behavior of electrospun biocomposites was observed when low molecular weight fucoidan fraction was used

[103]. A study of a vascular graft where fucoidan was loaded as an intermediate layer, like a sandwich
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between two layers of PEQ/PCL nanofibers meshes, was reported by S. U. Aumar et a/[113,114]. Fucoidan
was used as a prospective drug to overcome intimal hyperplasia /n7 vifro and in vivo, with its use being related
to stronger antithrombotic activity. The authors concluded that these grafts could be a potential solution for
long term patency of small-diameter vascular graft (SDVG) with controlled and extended drug delivery. The
immobilization of fucoidan in the surface of different synthetic polymers has also been proposed for different
biomedical applications [113,114]. Ozaltin et a/ [116], reported the immobilization of fucoidan in PET
substracts to avoid blood clot formation. The authors concluded that fucoidan was successfully immobilized
and all samples presented anticoagulant activity. The interest in fucoidan has also been extended in areas
such as nanomedicine [108,127] and tissue engineering [150] by combination with other polymers, as
already mentioned, but also taking advantage of their biological properties, the sulfate content and the anionic

character.

I-7.2. Other applications

Although biomedical applications have been elected as the focus of this review, we find appropriate to
include also other applications associated with human health and well-being, ranging from food to
cosmeceutical. Fucoidan is applied in the food industry due to their bioactive properties, namely: anti-obesity
[174,175], anti-allergy [14], antioxidant [6,36] and anti-inflammatory [176], being thus an attractive food
additive or supplement. This sulfated polysaccharide present in brown algae is widely used in Asian cuisine,
is also approved by the European Medicines Agency (EMA) and the United States of America Food and Drug
Administration (FDA) [177,178]. Fucoidan based products are rich in calcium, iodine, zinc, iron, selenium,
and vitamin A, and these nutrients are essential for the functional properties of some systems, namely:
immune, circulatory, and neurological. Some research is advancing into using fucoidan for the production of
functional foods for disease prevention and health promotion, such as health beverages and processed meat
products. Examples of commercial food include Limu Seaweed blend an energetic drink [179]; Seaherb a

snack health food [179], and Mekabu Wakame, a sea vegetable [180].

In the cosmeceutical area, fucoidan is used as a natural ingredient in the development of novel cosmetic
formulations as emollients and skin conditioning agents attracting increasing attention because of its reported
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beneficial effects on human health [181,182]. Furthermore, some crude extracts of fucoidan also contain
proteins, vitamins, and other carbohydrates. Among others, these components can regulate sebaceous gland
activity, anti-inflammatory, and cicatrization properties [182,183]. Epidemiological and experimental studies
have suggested that fucoidan has some important bioactive properties on skin protection, namely anti-
oxidation and anti-aging, that can be applied in the cosmeceutical industry [182]. On the market, fucoidan
has been used namely in some soap (7irzah, a Korean fucoidan soap; Seaza Sun Clear E£ssence, a facial
cleansing soap containing fucoidan) and shampoo (AaAuten, non-silicone fucoidan shampoo, and
conditioner; Haetobi Shampoo), where fucoidan increases physiological activation and strengthens hair roots

and preventing alopecia.

I-8. INDUSTRIAL PROPERTY

There is an increasing number of patents focused on the different possibilities of use of fucoidan in
medical, pharmaceutical, cosmetics, food, and agricultural context, as demonstrated in Table | - 3. The table
Table | — 3 presents an overview of the rapidly expanding areas of fucoidan research/patents including 1)
extraction, identification of sugars, purification/degradation methods; 2) used as part of the composition or
food supplement in the food field, and 3) absorption and bioavailability, as well as the potential of fucoidan
for treatment of some diseases. Examples of successful companies which explore the potential of fucoidan
include Marinova in Australia (development and production of seaweed extracts), Haerim Fucoidan in Korea
(production and sales of fucoidan and other supplement materials), BioTechMarine in France (development
of products for use in cosmetic and haircare with seaweed) and Irish Seaweed in Ireland (development and
production of seaweed), among others.

In the coming years, is expected an increase in the number of companies and industrial property due

to the large increase in the scientific activity of this polymer, fucoidan, particularly in the biomedical area.
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Table I - 1.Summary of patents and patent applications related to fucoidan and its uses.

Product based
Area Application
on/including

Sulfated saccharides

Degradation of brown algae-derived fucoidan

Methods for extracting fucoidan

Methods

Fucoidan

Methods for fucoidan purification

Skin care
Cosmeceutical
Hair growth/restoring agent

30

Year

2003

2009

2012

2010

2010

2012

2014

2018

2006

2000

Patent/patent application

number

Us20030176395

US20090270607A1

US20100056473A1

US20100144667A1

EP253268A1

US20140328827A1

US8748595B2

EP3409694A1

US20060210524A1

EP1234568B1

Ref.

[183]

[184]

(38]

[185]

[186]

[185]

[187]

[188]

[189]
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Pharmaceutical

Medicine

Skin aging antipruritic agent and hair-care product

Agent for the treatment, prevention, inhibition of inflammatory

diseases.

Drug for preventing and/or treating diabetic cardiomyopathy

Anti-aging formulations

Anti-tumor activity

Preventing and treating retinopathy.

Method and application of antidiabetic alpha-glycosidase inhibitor

Method for treating Thrombotic disorders.

Preparation of medicament for the treatment of cardiovascular and

cerebrovascular diseases

Multi-particulate drug carrier systems

Enhance stem cell mobilization

31

2019

2006

2011

2013

2012

2013

2007

2005

2013

EP343173A1

US20060093566A1

CN10329472A

CN103288978A

US20130115195A1

US20120065158A1

CN103239472A

CN103288978A

wo2008028410A1

wo2006091180A2

US20130108587A1

[190]

[191]

[192]

[193]

[194]

[195]

[192]

[193]

[196]

[132]
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Food

Nanostructures for improving cell adhesion ability

Sport drinks

Baby food composition for prepared food or drink
Hydrolyzed fucoidan

Dietary and nutritional supplements in the form of beverages,

tablets, capsules and powders

32

2018

2019

2006

2010

US10159705B2

US20190270883A1

US20060210688A1

US2006210692A1

US20100330211A1

[197]

[198]

[199]

[200]

[201]
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I9. FINAL REMARKS

Fucoidan is a relatively new marine-derived polysaccharide in the context of biomedicine, mainly when
compared with agar, chitosan, or even carrageenan. However, its wide range of biological activities
together with chemical features make it highly promising. The source of fucoidan can be easily obtained,
identified, and advantageously comparing with other molecules. However, this polysaccharide has some
particular shortcomings regarding its chemical structure, purification, and biological activities. In this
perspective, the time and place to collect and process brown algae and design of a novel extraction of
fucoidan focused on target applications become crucial. For instance, the use of algae from aquaculture,
with controlled production conditions, may reduce the batch-to-batch variability, commonly hindering the
industrial exploitation of natural origin compounds. This certainly opens the way to the possibility of
different areas of application, but it is also known that aquaculture conditions may result in less
biologically active biomaterials. In this review, the applicability of fucoidan was discussed, bearing in mind
that fucoidan demonstrates interesting properties that may justify additional research and technological
developments, opening the door for future applications, particularly those related to human health.
Literature is rich in reports that highlight the nature and bioactive properties of fucoidan. However, since
most of the studies reported the use of fucoidan extracts, it is quite challenging to determine the
relationships between structure and activity. Future studies based on the clarification of fucoidan structure
should help establish a better understanding of the relation in chemical characteristics and its bioactive
properties. In addition, there is relatively little information about the absorption, distribution excretion, and
available regarding the chemical/biological reaction mechanisms of fucoidan. Further studies are needed
to take advantage of the good properties of fucoidan for the treatment of some diseases and pathologies.
Despite numerous studies on fucoidan so far, there a still few /7 vivo or trials planned or completed.
However, further in-depth research is needed to understand the action mechanism for a specific type of

fucoidan.

Nevertheless, the practical understanding of fucoidan is still an open field of research. if we consider
fucoidan in the biomedical area, research strategies may be focused on fucoidan modified for obtaining
structures of fucoidan alone, processing and material design, and cell interactions with the material to
achieve successful development. It is expected a growing interest in the development of fucoidan-based

structures that target the biomedical field. The positive results obtained within the academic activity with
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the proposed strategies to enhance the performance of the fucoidan-structures will contribute sustaining

these developments towards the establishment of new functional biomaterials.
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Biomaterials-based therapies against diabetes

ABSTRACT

Worldwide, chronic diseases such as diabetes mellitus have become a major public health problem.
Diabetes mellitus (DM) is a metabolic disorder caused by inherited and/or acquired deficiency in the
production of insulin by the pancreas. There are mainly two types: Type | - insulin-dependent, in which
pancreatic insulin-producing 3-cells are destroyed by an autoimmune reaction, and Type Il - non-insulin-
dependent, in which although the patients have a functional pancreas capable of producing insulin, their
cells are resistant to this hormone. Different therapeutic strategies have been designed, from insulin
injection,B-cells replacement therapies, including whole pancreas transplantation and islet cell
transplantation, delivery systems (polymeric, lipid and porous based), including their clinically for such
patients. Biomaterials can give a valuable contribute to the research, aiming to develop new therapeutic
strategies and models to drive developments in drug discovery and to diminish reliance on cadaveric
islets. Herein, a panoply of materials and current strategies that have been used in diabetes mellitus

treatment are overviewed.

Keywords: Diabetes mellitus, type | diabetes, type Il diabetes, islet of Langerhans, islet

transplantation, insulin, micro/macro complications, biomaterials.
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GENERAL INTRODUCTION

II-1. DIABETES MELLITUS

Diabetes mellitus (DM) is a chronic disease with a dramatic consequence in patients’ life, being the
sixth most common cause of death worldwide and one of the most critical healthcare emergencies of the
21» century. The number of people affected by diabetes went from 108 million in 1980 to 422 million
adults in 2014 and may reach 642 million in 2040 [1,2], with approximately 5% accounting for type 1
diabetes, and 95% for type 2 diabetes [3,4]. The problem is also increased by the progressive aging of
the worldwide population, which will be responsible for a further increase in the diabetes prevalence in

the coming years.

The term diabetes mellitus (DM) is derived from the Greek word diabefes, meaning ‘to pass through
a siphon’ and the Latin word Mellitus, meaning ‘honeyed’ or ‘sweet’, referring to the abnormally high
levels of glucose in the blood and urine of diabetes patients. DM is a metabolic disorder characterized by
high levels of glucose in the blood caused by insufficient production of or resistance to, insulin which is
produced by beta cells (3 cells) within the pancreatic islets (Figure Il-1) [5-7]. Patients who suffer from
DM have symptoms like excessive thirst, frequent urination, malnourishment, weight loss, and fatigue
[8,9]. Aetiologically, diabetes can be subdivided into different types: type |, type Il, and gestational
diabetes [10,11]. Type | DM (T1D) is characterized by an absolute deficiency in the production of insulin
by the pancreas, which is the result of autoimmune destruction of the insulin-producing cells ( cells) in
most cases. As insulin is the hormone promoting the uptake of glucose by cells, when the [-cells are
destroyed, the blood glucose levels cannot be lowered, resulting in hyperglycemia. This condition can
become very dangerous when glucose accumulates and damages small vessels like capillaries in the
eyes, nerves, and kidneys. It could also lead to strokes and heart attacks, making T1D a deadly disease
if not treated properly [4,12]. People who suffer from this autoimmunity are genetically predisposed to
the disease, which may be caused by environmental factors (i.e., microbial, chemical, dietary). Without
insulin treatment, T1D patients are exposed to the risk of death from acute ketoacidosis [8]. Type Il DM
(T2D) is characterized by the ineffectiveness of the insulin produced or insulin resistance, which is caused
by several factors. The risk for the development of T2D is strongly familial, but the pathogenesis is mainly
associated with increasing age, unhealthy diets, obesity, and a sedentary lifestyle, which explains why the
mainstay of both treatment and prevention of T2D is dieting and physical activity. T1D is much less

abundant than T2D, and accounts for approximately 5% of all diabetes cases worldwide. The higher
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morbidity, the severity of the symptoms, and the drastic impact on the life quality of the patients are the
main reasons for the research increases on diabetes type | (T1D) instead of diabetes type Il (T2D).
Besides, there is also gestational diabetes, characterized by an elevated blood glucose level during
pregnancy, with onset between the 24+ and 28" weeks of pregnancy [10,13]. A woman affected by
gestational diabetes have a higher risk of high blood pressure and fetal macrosomia, moreover babies
born to mother with gestational diabetes show a higher risk to be affected by T2D in their adulthood
[10,13]. Diabetes poses a higher risk for affected people to develop a variety of systemic, health-

threatening complications, mainly caused by a sustained high blood glucose level.

KB) Diabetes Type | \

Less Glucose stored and/or
used in organs

/A) Healthy \

Glucose stored and/or used in
organs
P
\0o P, o —

20 0
Organs resistant to insulin
store and/or used less glucose

& Insulin .0 .;.
\ Increased level of glucose in the blood /

Figure II-1. Representative scheme of the insulin and glucose function mechanism in A) healthy person, B) diabetes type |,

and C) diabetes type II.

1I-2. COMPLICATIONS OF DIABETES

Diabetes-related complications, including cardiovascular disease, kidney disease, neuropathy,
blindness, chronic wounds and ulcers and ultimately lower extremity amputation, are the causes of

increased morbidity and mortality among people with diabetes. These complications are broadly divided
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into microvascular,

including neuropathy,

nephropathy,

and

retinopathy; and macrovascular

complications as e.g., cardiovascular disease, stroke, and peripheral artery disease (PAD) [14] (see Figure

I-2).

Figure 1I-2. Micro/macro vascular complications of diabetes mellitus.

I-2.1.
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Diabetic nephropathy: manifest as progressive albuminuria, increased blood pressure, and even end-

stage renal disease. T2D leads to renal failure in 20-30% of patients, especially in patients with longer

duration since diagnosis (usually = 10 years) [15].

Diabetic neuropathy: Diabetes affects the small vessels that supply the nerves, which leads to

neuronal dysfunction, especially in the peripheral nerves and the autonomic nervous system. Adverse

effects of diabetic neuropathy include diabetic ulceration of the foot and lower - limb amputation,

diabetic gastropathy, and erectile dysfunction in men. It may also mask the signs of ischemic heart

disease, resulting in the clinically ambiguous silent angina.

Diabetic eye disease: A series of eye problems may occur as a complication of diabetes including

diabetic retinopathy, which damages the small vessels in the retina and leads to poor vision or even

blindness.
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II-2.2.  Macrovascular complications:

e (ardiovascular diseases are the most common cause of mortality in diabetic patients [15,16].

Associated with these diseases we have arteriosclerosis, which may lead to fatal myocardial
infarction or cerebral stroke. One of the major causes is chronic hyperglycemia and dyslipidemia

affecting the blood vessels; in people with diabetes the risk of having arteriosclerosis increases.

e Peripheral Arterial Disease: also referred to as peripheral vascular disease (PVD), is caused by the

narrowing of blood vessels that carry blood to the arms, legs, stomach, and kidneys. In people with

diabetes, the risk for PAD is increased by age, duration of diabetes, and the presence of neuropathy.

II-3. CURRENT TREATMENTS

The higher morbidity, the severity of the symptoms, and the drastic impact on the life quality of the
patients are the main reasons for the research increases on diabetes type | (T1D) instead of diabetes
type Il (T2D). There is currently no definite and optimal cure available to treat DM patients and eradicate
the condition. The most important breakthrough in diabetes research occurred in 1921 when insulin was
discovered by Frederick G. Banting [4,12]. Since then, the most common method to control blood glucose
levels in T1D patients is multiple daily administrations of exogenous insulin accompanied with regular
blood glucose checks. However, insulin injections or using a pump only have a mitigation effect and do
not provide an optimal long-term cure. Besides, these treatments have long term complications such as

blindness, vascular damage, and kidney failure since the kidneys have to work harder to purify the urine.

Insulin pumps deliver insulin more efficiently than injections by providing constant, low-dose, insulin
24 hours a day [4,18]. Nevertheless, the pump itself is still directly connected to the skin, which can be
bothersome for the patient and more expensive than injections of insulin. There is also a range of severe
drawbacks for both insulin injections and insulin pumps, as e.g. hypoglycemia, which is the most common
and serious side effect of insulin therapy, with an average of 1.9 episodes per patient per year [4,19].
Therefore, new treatments among patients with T1D without exogenous insulin injections are urgently

needed.

Pancreatic transplantation is also used as a treatment for T1D. During this operation, the entire
pancreas and a small part of the intestine are removed from a donor, usually deceased. The donor's

intestine is then attached to either the recipient's small intestine or bladder, and the donor pancreas will
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be connected through blood vessels. The recipient pancreas is usually not removed to avoid further
digestion problems [4,20]. In more than 80 percent of patients, this therapy has shown promising but
short-term results in terms of insulin control. The main advantage of this treatment is that patients become
insulin-independent directly during surgery [4,21]. Nevertheless, it is a very complicated and invasive
procedure with significant peri and post - operative morbidity and mortality [4,22]. Moreover, the
availability of donor pancreas is very low, and only a small percentage of T1D patients are eligible for the
operation. This is because this surgery is usually performed after 20 years of established diabetes, and

only on patients with end-stage diabetes that also require a kidney transplant [4,23].

Another alternative to the administration of exogenous insulin is the transplantation of allogeneic
islets, isolated from cadaveric sources. However, in this scenario, the number of islets recovered from a
single donor is often insufficient for a full transplantation treatment [7,24]. During this procedure, only
the functional units of the pancreas, known as islets of Langerhans (with five different types of cells, the
most important being alpha and beta cells), are collected from a donor pancreas and transplanted to a
recipient patient affected by T1D. Figure Il - 3 provides a visual representation of this process, in which
pancreatic Islets are isolated from the donor, usually deceased, and then inserted with a tiny catheter
into the recipient "s hepatic portal vein [4,25]. This method has shown promising results following the
implementation of the "Edmonton Protocol," a procedure involving glucocorticoid-free
immunosuppression combined with the optimal islet with more than 1,500 procedures performed
worldwide. This procedure has shown promising results such as insulin independence in up to 80% of
patients, with 50% insulin independence 5 years after receiving the islets transplant. These levels of

glycemic stabilization have never been observed with exogenous insulin or glucose monitoring techniques.

However, major obstacles for the successful long-term efficacy of islet transplantation are the lack
of vascularization and the patient’s immune response. Pancreatic islets are highly metabolic cells that
need to quickly produce insulin in response to rising levels of blood glucose, and this is why blood vessels
within the pancreas are of a greater density than in many other tissues. Once removed from the donor
pancreas, the connection to the blood vessels is lost, and compared to organ transplantation where
perfusions are rapidly restored, the blood vessels of islets take several days and many angiogenic factors
to be fully functional again, leaving the islets in extremely hypoxic conditions [22,26]. Clinical Islet
transplantation has overall low morbidity and comparable results in terms of glucose homeostasis when
compared to pancreatic transplantation. Nonetheless, only a limited number of patients are considered
suitable for islet transplantation, including those affected by dysfunctional T1D, dispute of hypoglycemia,

and severe hypoglycemic events that cannot be adequately controlled with exogenous insulin therapies
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[4,26]. Moreover, to improve clinical islet transplantation, there are two current strategies, namely using
a close immunoprotected device, and restoring the revascularization as fast as possible to ensure optimal

islet survival.

For T2D, a variety of anti-diabetic drugs such as insulin sensitisers ( e.g. thiazolidinediones; TZDs),
insulin secretagogues (e.g. sulphonyreas (SUs) and meglitinides) and external insulin delivery (insulin
analogues) are prescribed aiming to preserve or rejuvenate the 3 cells [7,27,28]. The biggest challenges

in pancreas bioengineering is the delivery of oxygen and nutrients to 3 cells inside delivery devices.

Ill) Diabetic Recipient

1) Cadaveric Donor (s)

Figure 1I-3. Schematic illustration of clinical islet transplantation |: Cadaveric donor: pancreatic islets are isolated from donor,
II: Ricordi chamber: the islets are isolated and lll: Diabetic recipient; the islets are infused by gravity into the portal

vein of liver ( adapted from [29]).

114, BIOMATERIALS BASED MATRIX ARCHITECTURES FOR DIABETES TREATMENT

Biomaterials and regenerative medicine have been playing an increasing role in diabetes treatment,
namely islet transplantation (T1D) and drug/hormone therapy (T2D). Several strategies are being
developed based on delivery systems like polymeric based [30-32], lipid-based [33-36], and porous-
based particulate delivery systems [37,38] for oral administration of incretins (hormones developed by
intestinal cells). In this context, new tools for drug delivery systems have been obtained using biomaterials,

nanomedicine, and specific surface functionalization strategies [39]. Besides, some of the more recent
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and common examples of biomaterials and techniques used in the treatment of type | diabetes (T1D) will

be discussed in this point.

For the treatment of T1D, there are two emerging methods that can be used to enhance the
efficiency on transplantation of clinical islets: immunoprotective device and revascularization. During
transplantation of the islets, some of them are destroyed because of several factors, such as the lack of
vasculature resulting in reduced nutrient, oxygen supply, and subject to oxidative stress after
transplantation. By placing the islets in a polymer-based device, graft survival could be greatly improved
by allowing placement of the islets at some other site in the body, as well as providing a better base for
revascularization. In that way, different strategies and a variety of natural (chitosan, alginate, hyaluronic
acid, and gelatin), synthetic (poly (lactic-co-glycolic acid) (PLGA), poly (e-caprolactone) (PCL) and poly
(vinyl alcohol)) polymers and their combinations have been investigated for immunoprotective or no-
immunoprotective strategies [40]. Tables Il — 1 and 2 shows some examples of these polymers or
combinations used in diabetes treatment. Figure Il - 4 shows some extrahepatic beta-cell delivery
strategies. These strategies can be divided into immunoprotective strategies (micro and
nanoencapsulation) and non-immunoprotective strategies (macroencapsulation and deviceless). The
encapsulation strategies used for non and immunoprotective approaches can be classified as

microencapsulation, wherein single islet is enveloped in a micron-scale immunoisolating membrane, or

macroencapsulation, wherein groups of cells are encased in a suitable membrane that could further be

housed in a device. In the next sections, we describe the different materials used in microencapsulation

or macroencapsulation systems, and their clinical status in diabetes treatment [41].

Il - 4.1. Microencapsulation

Microencapsulation can be defined as single islet encapsulation or a small group of islets inside the
semipermeable immunoprotective capsule of polymer gel coating. This technique can be achieved by
polymerizing a precursor solution around islet surfaces, forming a gel shell around the islet [42-44]. The
most commonly used form of microcapsules is the spherical shape; these microcapsules led to a higher
surface-to-volume ratio than did the microcapsule tube or disk geometry, resulting in a higher diffusion
rate [45,46]. In addition, microcapsules can be delivered in large quantities, are durable, and they are
difficult to destroy mechanically [46-48]. Nevertheless, the biocompatibility of the encapsulation material
is challenge that affects the clinical applicability of the microencapsulation technology for transplantation

of pancreatic islets [49,50]. A large number of natural/synthetic biocompatible polymers have been used
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in microencapsulation applications such as: agarose [40,52,53], collagen [52,54,55], cellulose [56,57],
chitosan [40,58-60], polylactic-co-glycolide (PLGA) [61], 2-hydroxyethylmethacrylate [59,62] and
polyethylene glycol (PEG)[40,63,64] [49,52,59] (see examples in Table Il -1). Among them, alginate is
the most widely used biomaterial, as it displays high biocompatibility for both the implantation site cells
in the microenvironment and the islets inside [65]. In the microencapsulation, there are two types of
techniques, namely, the droplet generator if a random islet distribution is desired, and the microfluidics
for a controlled islet distribution [39]. Microencapsulation has some advantages such as the reduced
diameter and the large surface area to volume ratio of microcapsules, which improves diffusion, makes
this encapsulation system preferable over the others, such as macroencapsulation, where longer
distances may compromise oxygen and nutrients diffusion [49,59]. Higher diffusion distances induce a
gradient of nutrients and oxygen from the cell encapsulation system surface to the center of the cells,
which may affect cell function and survival [49,66]. This fact also has a direct impact on glucose changes
in the bloodstream, which is faster and more effective with microencapsulation than with
macroencapsulation systems [49]. Another advantage is the survival of islets that is potentially higher
than with the macroencapsulation. In that way, when one microcapsule breaks or is attacked by the
immune system, only the islet encapsulated in that particular microcapsule will be affected while the rest
islets will remain viable [49,59]. Despite the described advantages, the lack of a large-scale system for
microcapsules production is the major limitation to translate the microencapsulated islet to the clinics. In
fact, the existing methodologies cannot encapsulate large numbers of islets in a reasonable amount of
time, which can contribute to hypoxic stress causing the loss of islets function and reduce the viability
[49,67]. Another drawback of microencapsulation is related to the large therapeutic graft volume that
needs to be used, which enhances the host immune reaction after implantation. This disadvantage can
be related with two factors: the very small volume of islets compared with a large volume of
macroencapsulation, and the too elevated number of empty microcapsules without islets that are
produced during the process [49,68,69]. Generally, the excessive volume of the graft and the large
diameter of the microcapsules prevents the transplantation of microencapsulated islets into the liver, as
this would presume a high risk of thrombosis. Alternatively, in most clinical trials, microcapsules
containing islets were transplanted into the peritoneal cavity where large volumes of microcapsules can
be transplanted without the obstruction of the vascular system [49,70-72]. Nevertheless, the indirect
access to blood within the peritoneum, however, leads to lower nutritional and oxygen availability, which

can threaten the survival of the islet and thus reduce the chance of success [49,73]
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Table II-1. Microencapsulation systems based on natural/synthetic polymers or a combination thereof used in diabetes treatment.

Material

Alginate

PEG

ECM

PLO-Alginate

PLL - alginate

Alginate-AEMA

Organic polymers

PFD-alginate

Cell type and /7 vivo model

Porcine islet cell graft

Rat/Mice

Mice/Mice

hESC/Mice

Human islet cells

Xeno-allo pancreatic islets

Mice/rat

Xeno-allo pancreatic islets

Mice/Mice

57

Graft site

Peritoneal cavity

Peritoneal cavity

Kidney

Subcutaneous

Peritoneal cavity

Epididymal fat pad

Omentum

Peritoneal cavity

Peritoneal cavity

Description

Alginate-based radiopaque microcapsule

Core-shell capsule, co-axial nozzle for a stable formation

of uniform core-shell

Capsule, conformal coating of islets through microfluidics

ECM composed of polysaccharides and proteins, mainly

collagen and elastin

Microcapsules produced microdroplet generator

Pilot clinical trial

Alginate microcapsules with a coating of PLL

electrostatic droplet generator

Alginate with 2-aminoethyl methacrylate hydrochloride,
photocrosslinking

Encapsulife: develops technologies in biomedical field on

proving a living cell/function cure for diabetes.

Suspension of islets in polymer solution, coaxial bead
generator

Refs

[41,53,74]

[75,76]

[76,77]

[76,78]

[49,71]

[41,79]

[76,80]

[41,81,82]

[76,83]
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Alginate capsules suspended in chitosan solution, air- [76,84]

CHT - coated alginate Pig, dog/mice, dog Intraperitoneal ;
driven droplet generator

Abbreviation: PEG - polyethylene glycol; ECM - extracellular matrix; PLO — poly-L-ornithine; PLL - poly-L-lysine; AEMA - 2-aminoethyl methacrylate hydrochloride; EFP - epididymal fat pad;
PFD - perfluorodecalin; CHT- chitosan; hESC - human embryonic stem cell.
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II-4.1.  Macroencapsulation

Macroencapsulation can be defined as encapsulation of a large number of pancreatic islets
or insulin-producing cells, thereby allowing the delivery of curative -cell dose within only one or
very few devices [49]. These systems are macroscopic encapsulation devices (> 1mm), and the
shape of the devices can be a hollow fiber, planar membranes or macroparticles. In recent years,
some developments in macroencapsulation have been made, such as the use of 3D printing and
microfabrication technologies [76,85]. Some technologies such as particle leaching, phase
separation and electrospinning have been used for random islet distribution, while thermoforming,
pillar wafer, and 3D printing have been used for a control islet distribution [39]. The
macroencapsulation provides immune isolation of islets within semi-permeable membranes
[42,76,86]. One of the major focus on the research of macroencapsulation systems is the
development of strategies and device configurations that can provide sufficient oxygen and
nutrients to transplanted islets of insulin-producing cells. Macroencapsulation systems that use
hydrogels are predominantly spheric or planar devices consisting of islets embedded in semi-
permeable chamber hydrogels. This encapsulation system is designed to avoid the aggregation
and clustering of the therapeutic cells inside the unit while preserving the cells after implantation
from mechanical stress [76,87]. The company Islet Sheet Medical had designed a planar flat sheet
device which involved a multilayered construct of alginate composed of a central alginate layer
containing islets, and two external acellular alginate layers covering the central layer for
immunoprotection. This device has been demonstrated to provide excellent graft survival in diabetic
dogs, achieving normoglycemia for 12 weeks [76,88]. In 2010, Dufrane et al developed a planar
flat sheet device, consisting in a monolayer of collagen matrix where pig islets are embedded, and
two alginate layers covering both sides of the collagen matrix; this system was called a monolayer
cellular device. This device was implanted in diabetic monkeys without immunosuppression and
demonstrated to correct hyperglycemia for up to 6 months. Although a strong immune response
was detected after transplantation, a total impermeability of alginate layers to IgG was
demonstrated up to 20 weeks [54,76]. Table Il - 2 shows some macroencapsulation devices that
have been commercialized, such as [-Air device, Encaptra [89], Nanogland [90], and Theracyte
[76,91,92]. BetaO. Technologies have developed the B-Air device, which consists of three major
compartments: (i) an islet compartment with islets embedded in a 500-600 um thick alginate

slab; (ii) a gas chamber pO. with inlet and outlet ports; and (iii) a 25 mm polytetrafluoroethylene
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(PTFE) membrane separating the islet module from the host tissue. Newly active and successful
xenotransplantation of porcine islets without immunosuppression in a diabetic NHP( non-human
primate) has been achieved with favorable results [76,93]. Evron ef a/have recently determined a
supraphysiological level of the gas chamber pQ. to substantially increase islet surface density
[76,94]. Viacyte company has developed the Encaptra, a planar macroencapsulation device
containing a semipermeable barrier that can be engineered properly and loaded with hESCs
[76,89]. Thomas Robert et a/ have published a new study that determines the biologic
characteristics at which this combination product (VC-01™) establishes metabolic control in mouse
models [76,95]. Omaima M. Sabek ef a/ developed a macroencapsulation device for the
autotransplantation of human islets called silicon Nanogland. This consists of a micro-fabricated
membrane with parallel nanochannels for immunoprotection and perpendicular microchannels
that facilitate neovascularization. Silicon Nanoglan enograft of human islets was subcutaneously
implanted in mice and lasted for >120 days [76,90]. Theracyte device is another
macroencapsulation system in the market, is a thin biocompatible membrane-bound polymeric
chamber that has been tested in a large number of animal studies preventing hyperglycemia and
allograft rejection [76,91,92].

This technology has some advantages over microencapsulation is the easy implantation of the
islets in the precise location of the body in one single device and the possibility to simply retrieve
the device in case of graft failure or some complications after transplantation [49,96,97]. Another
benefit of macroencapsulation devices is when the islets are embedded in hydrogels, as this
provides physical separation of islets that prevent aggregation, maintains a rounded morphology
of the islet, improves the supply of oxygen and nutrients to all encapsulated islets, thereby
improving their viability and survival [49,76,98]. Some limitations of this technology are, in most
cases, islets are freely floating inside the encapsulation device, resulting in aggregation of islets
that negatively affects the structure, limits the nutrients and oxygen diffusion, and leads to loss of
islet function, apoptosis and death [49,73]. Another issues are the reduction of oxygen supply due
to larger diffusional distances between the encapsulated islets and the outside of the device
[46,49], and the other is the place where the device is implanted, which presents low
vascularization that affects the islet viability and subsequently the glycemic control [49,99].
Additional problems limit the effectiveness of macroencapsulation devices such as cell adhesion
and fibrotic reaction to the outer surface devices. In this regard, the success of the graft is

determined by the way an implantable device interacts with the host s biological environment and
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immune system at the implantation site [49,100]. This fact depends on the size, geometry, and
configuration of the device and, most importantly, depends on the physicochemical properties of
the device's surface, such as chemical composition, degree of hydrophilicity, roughness,
morphology, and pore size. But how they affect the inflammatory and fibrotic response is still not
well known [49,101]. To achieve a successful and functional graft during the short and long term
after implantation, it is essential to explore macro device designs and surface properties in that

sense
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Extrahepatic beta cell delivery strategies

Immunoprotective Non-immunoprotective
Micro to nano encapsulation Macroencapsulation

Intermediate

hydrogel ——
nanoporous coating
islet

Closed devices Open scaffolds

EVOLUTION OF PANCREATIC ISLET ENCAPSULATION

MACROPHAGES

o

v
ANTIBODIES

OXYGEN&

/ \
PANCREATIC ISLET \
IN PLASMA + OMENTUM
THROMBIN GEL

NUTRIENTS

Figure II-4. Extrahepatic beta-cell delivery strategies , divided in |: Immunoprotective, through micro and macroencapsulation, and Il: Non immunoprotective through macroencapsulation or

without using encapsulation devices (adapted from [41,102] ).
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Table II-2. Macroencapsulation systems based on natural/synthetic polymers or combination thereof used in diabetes treatment

Material

PEG

PLA

Alginate/gelatin

Collagen/Alginate

PTFE-membrane

(Theracyte)

PTFE-membrane

(Viacyte)

Cell type and /in vivo model Graft site Description Refs

. Combines Encapsulation with biography techniques to generate PDMS
Mice/mice EFP- epididymal fat pad P grapny g g [76,115]

molds 600mm thickness

hESC/mice Subcutaneous 3D printed PLA scaffold microporous PLA with fibrin gel [76,85]

Rat Subcutaneous 3D-printed alginate scaffold [76,108]

In situ islet spheroid formation and encapsulation on a single platform.
Islets [49,112]
Minimizing damage to spheroids during encapsulation

Islet ESC - derived
Encapsulation of cells in bilaminar device.
Islets from Lewis rats Subcutaneous [41,76,92,103,104]
Thin bound polymeric chamber composed of 2 membranes

hESC/mice
Human Embrionic stem Nanofluidic membrane technology capable to achieving active and
Subcutaneous o i [41,105-107]
cells tunable control of molecular transport thought nanofluidic devices
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An oxygenated chamber system composed of immune isolating

alginate and polymembrane covers that allows survival and function of

Pig Islets Subcutaneous islets without immosupression. The chamber is composed of 68mm in
[41,76,93]

Teflon-Alginate Human pancreatic Islets diameter and 18mm in thickness, composed of 600um thick

immobilized islets module attached to an oxygen module by a gas-
permeable silicon- rubber membrane
Thrombin/patients own plasma
biological scaffolds Human Islets In situ generated adherent, resorbable plasma thrombin biological
Omentum , ] [41,46,49,109]
(BioHub) Allogeneic scaffolds evaluated in rat and nonhuman primate models
Human pancreatic Silicon device, the Nanogland for long-term islet viability and
[90,110]
islet/beta cells revascularization.
Medical-grade polymers Subcutaneous

Planar immune barrier membrane diffusion devices were used for
Insulin secreting cell [41,111]
syngeneic islet transplantation

VEGF-PEG-MAL Mice/mice Peritoneal cavity Polymer and islets mixed and then crosslinked [76,113]
Pec-01 cell population differentiated form hESC, contains pancreatic
Encaptra hRSC/mice Subcutaneous , [76,89]
progenitors

hESC - derived pancreatic endodum, engineered Encaptra drug

Device- encapsulated hESC - PE hESC/mice Subcutaneous ) [76,95]
delivery system
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Ca2+— releasing nanoporous polymer thread that promoted uniform in
Traffic Alginate Rat/human mice Peritoneal cavity situ crosslinking and strong adhesion of a thin layer of alginate hydrogel [76,97]

around the thread

Biostable macroporous scaffold fabricated using solvent casting and

PDMS scaffold Rodent, NHP, Human/rat Omentum . . ) [76,114]
particle leaching technique

Biological scaffold Rat, NHP, Human/Rat, Intraomental Plasma and recombinant human thrombin [76,109]
PDLLCL scaffold Rat/rat Subcutaneous Scaffold transplantation to initiate vascularization [76,116]
SNM-based IBAP Mice/Pig Intravascular Intravascular BAP with V10 and = 40mm pore size membranes [76,117]

Abbreviation: PEG, polyethylene glycol; PLA, polylactic acid; PTFE politetrafluoretileno; hESC-PE, human embryonic stem cell-derived pancreatic endoderm; pancreas device; NHP, non-

human primate; PDLLCL, poly(D,L-lactide-co-e-caprolactone); EFP, epididymal fat pad; PDMS, poly(dimethylsilox); SNM, silicon nanopore membranes; IBAP, intravascular bioartificial
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II-5. FUTURE PERSPECTIVES

Worldwide the number of patients with diabetes is steadily increasing. The social burden of diabetes
is, therefore, massive and needs urgent countermeasures. Diabetes is a condition that affects blood sugar
levels and causes many serious health problems if left uncontrolled or untreated. There is no cure for any
type of diabetes, but it can go into remission. It may be managed by people with changes in medication
and lifestyle. Advancements in the development of biomaterials for diabetes treatment have been
demonstrated as extraordinary opportunities for current and future clinical therapies. Future strategies
include incorporating different types of biomaterials creating an unlimited supply of insulin-producing 3
cells to replace primary islet transplants and promoting revascularization with immune and inflammatory
response alerts. One of the biggest challenges in bioengineering the pancreas for type | diabetes is the
delivery of oxygen and nutrients in supply systems to [ cells inside. For type Il diabetes, the biggest hits
are glucagon-like peptide (GLP)-1 receptor agonist, which stimulates insulin production in [-pancreatic

cells while suppressing glucagon secretion, a hormone with the opposite effect of insulin.

There is now tremendous demand for new approaches (fabrication technologies, safer implantation
strategies and angiogenesis inducement) and more suitable biomaterials to be used as drug delivery or
bioartificial pancreas. Clearly, there is still a long way to go before this becomes a reality, but we believe

this is the right path to take in the search for new and more successful diabetes therapies.
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Materials and Methods

OVERVIEW

Under the scope of this thesis, several methodologies were used to understand the
mechanism behind the proposed system. This chapter aims to contextualize in more detail the
information about the materials and techniques used under the scope of this thesis. Although the
experimental procedure is described in the experimental section of each corresponding chapter,
herein the objective is to give some general theoretical concepts and complement with more
detailed information, as well as to justify the selection of the materials and methods employed to
develop the systems proposed. Figure Il -1 presents an overview of the materials studied as well
as the respective processing and characterization methodologies. It is important to highlight that
information related to reagents suppliers and specifications of general equipment are described in

each chapter of Section 3 and will also be described here.
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Materials under study [ Fucoidan (Fu) ] Alginate (Alg)
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Figure llI-1. Schematics overview of the materials studied and respective processing and characterization techniques.
(Legend in alphabetic order: DMA - Dynamic mechanical analysis; Diffusion; DM- Methacrylation degree; EDS
- Energy dispersive X-ray spectroscopy; FTIR - Fourier transform infrared spectroscopy; GSIS — Glucose-induced
insulin secretion; :H-NMR - Proton nuclear magnetic resonance; 1.1B4HP — Human pancreatic cells; HPMEC-
ST1.6R - Human pulmonary microvascular endothelial cells; INS1E - Rat insulinome cells; L929 - Mouse lung
fibroblast cell line; PCL - Poly (¢ - Caprolactone); SEM - Scanning electronic microscopy; TEAC - Total
antioxidant activity; WCA - Water contact angle; XPS - X-ray photoelectron spectroscopy).
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lll-1. MATERIALS

Il-1.1.  Fucus vesiculosus and Ascophyllum nodosum

Algae are autotrophic, aerobic species that, like vascular plants, contain chlorophyll, being
thus photosynthetic organisms. They grow in water or on shorelines and “seaweed” is a common
name for marine algae [1]. Owing to adaptation to the extreme conditions in which they grow,
marine algae contain unusual components as compared to plants. Marine algae can be grouped
into three major classes based on the photosynthetic pigments displayed: red, brown and green.
Botanists refer to these groups as Rhodophyceae, Phaeophyceae and Chlorophyceae, respectively
[2,3]. The second most common type of algae, Brown Algae (Phaeophyte), contains a variety of
active components. The structure of their cell walls is made up of an amorphous matrix of acid
polysaccharides, bound by proteins. These acid polysaccharides are mainly composed of fucoidan
and alginic acid, which confer structural toughness and flexibility to seaweed (Figure Ill - 2) [4].
Fucoidan usually constitutes about 5%—10 % of dry algal biomass, depending on the species, the
part of the thallus being used and the harvesting period [2,3,5]. The sulfated polysaccharide,
fucoidan, can be isolated from different species of brown algae such as Fucus vesiculosus [6],
Undaria pinnatifida (7], Ascophyllum nodosum [6], Bifurcaria bifurcata [6,8], Sargassum [9] and
Kelp [10]. Fucoidan isolated from Fucus vesiculosus and Ascophyllum nodosum were selected

based on their bioactive properties namely anti-diabetic.
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Figure 11I-2.Schematic representation of brown algae as well as the cell wall where fucoidan is present.

lll-1.2. Fucoidan

Fucoidan is a sulfated polysaccharide present in the cell wall of brown seaweeds and some
marine invertebrates, such as sea urchins and sea cucumbers (Figure Il - 3) [11-13]. As
mentioned before, fucoidan usually constitutes about 5-10 % of dry algae biomass [2]. The principal
components of fucoidan are L-fucose and sulfated groups, together with varying amounts of other
sugar residues, as glucuronic acid and xylose, with the composition varying with algae species
[14,15]. Because of the presence of uronic acid in its structure, fucoidan has been compared with
mammalian glycosaminoglycans (GAGs) that are composed of repeating disaccharide units of
amino sugars and uronic acid [14]. The chemical structure of fucoidan is a polymer chain of

(1—3)-linked a--fucopyranosyl residues, although it is possible to find alternating (1—3) and
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(1—4)-linked a-I-fucopyranosyl residues [16]. In the Figure lll - 3 we can observe different chemical
structures of fucoidan. However, some factors can be influencing the chemical composition of the
polysaccharide, such as the season, geographic location, species, the maturity of the plant and
also the process of extraction [3,16-19]. Fucoidan can be extracted using different methods such
as ultrasonic or microwave-assisted extraction [20], ethanol/water [21,22], and acidic solutions
(classic chemical extraction) [23] and through enzymatic processes [9]. Although the different
extraction methods have different methodologies, the initial part of the procedure is similar, since
the granulated algae need a pre-treatment with ethanol to remove mannitol, lipids, salts, and color
pigments [24]. The color of fucoidan is related to the amount of fucoidan present in the powder,
from white or creamy (small amounts) to dark brown color (highest amounts). In the last decades,
fucoidan has been extensively studied and isolated from different species of brown algae such as
Fucus vesiculosus, Ecklonia cava, Undaria pinnatifida, and Ascophy/lum nodosum [3,11]. Fucoidan
exhibits a wide variety of biological properties. Among them are anticoagulant, antioxidant, antiviral,
antithrombic, reducing blood sugar and anticancer activities [3,11]. In this work it was used
fucoidan from two different species: from Fucus vesiculosus (Maritech® Fucoidan, Marinova,
Australia, batch # FVF2011527) and Ascophyllum nodosum (Ascophycient, Algues & Mer, France,
batch # ASPHY16241), herein known as FF and FA. Fucoidan from two different species were used
to study the influence of chemical features, as molecular weight (FA < FF) and sulfation degree (FA

< FF) on the performance of the derived biocomposites.
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Figure 11l-3. Chemical structure of Fucoidan from species Fucus vesiculosus and Ascophyllum nodosum.

lll-1.3. Purification of fucoidan

Due to their natural origin and non-standardized methods of purification, fucoidans form a
complex family of polysaccharides varying in molecular weight, structure and composition. In order
to minimize this natural heterogeneity, a purification method was used in fucoidan. Prior to any
use, commercial fucoidan from Fucus vesiculosus (Maritech® Fucoidan, Marinova, Australia, Cat
N FVF2011527) and Ascophyllum nodosum (Ascophycient, Algues & Mer, France, batch #
ASPHY16241) were purified, based on the calcium ions methodology [25]. The purification with
calcium ions was performed to remove the alginates contained in crude fucoidan. These alginates
residues from complexes with calcium ions and precipitate [25]. The purification of fucoidan (PFu)
was achieved after dissolution (160 mg/mL) of fucoidan (Fu) with calcium acetate aqueous solution
(20 mM) (Sigma, USA, Cat N C1000) during 4 hours at 50 °C under magnetic stirring and the pH
was constantly adjusted continuously between 6.6 and 7.5, to avoid acid hydrolysis of fucoidan.
The solution was left at 4 °C overnight and then centrifuged 15 min at 8000 rpm (Allegra X-15R

centrifuge, Beckman-Coulter France, Villepinte, France). The supernatant was dialyzed against
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water using 12-14 kDa cutoff dialysis membranes (Sigma, USA, Cat N D9652) for 3 days at room
temperature, frozen at -80 °C (Thermo scientific, Model VXE380, serial n°® 50611005) and then
lyophilized (Telstar, Model CryoDos-80, serial n° 1414) [25].

Il-1.4. Methacrylated fucoidan (MFu)

Methacrylation reaction of fucoidan is described in this thesis (Chapter V), where ester bonds
were introduced in the Fu backbone, enabling the formation of chemically crosslinked hydrogels
upon exposure to visible light (VIS) [14]. The reaction of fucoidan methacrylation (MFu), with
various degrees of methacrylation (DM), was synthesized by substituting the hydroxyl (-OH) groups
of fucoidan (Fu) with methacrylic groups (Figure Ill - 4). Briefly, Fu was dissolved in distilled water
(DH20) at a final concentration of 4 % (wt/v) at 50 °C until the polymer was fully dissolved.
Methacrylic anhydride (MA, Sigma, Germany, Cat N 276685) was added, at once, to the Fu at
concentrations of 8 and 12 % (v/v) and allowed to react for 6 hours, under continuous stirring, at
50 °C. The pH of the reaction was periodically adjusted to pH 8.0 with 5.0 M sodium hydroxide
solution (NaOH) (Panreac, Spain, Cat 131687). The modified fucoidan solutions were dialyzed
against water using 12-14 kDa cutoff dialysis membranes (Sigma, USA, Cat N D9652) for 3 days
at 4 °C to remove the excess of unreacted MA. MFu solutions were frozen at —80 °C (Thermo
scientific, Model VXE380, serial n° 50611005) and then lyophilized (Telstar, Model CryoDos-80,
serial n° 1414). MFu was further purified with acetone and lyophilized for 4 days. The obtained

powder was stored at 4 °C, protecting from light until further use [14].
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Figure lll-4. Scheme-of the possible reaction mechanism of fucoidan and methacrylated anhydride and further
crosslinking mediated by visible radiation (fucoidan (Fu), Methacrylated Anhydride (MA), and photoinitiators
(Eosin Y (EY); Triethanol amine (TEOA); N-vinyl pyrrolidone).Reaction scheme adapted from [9,22,23].

Il-1.5. Agarose

Agarose is a natural linear based polysaccharide extracted from red algae (Rhodophyceae),
and it is the major component of agar, with the other component being agaropectin [28,29].
Agarose has a neutral charge and lower degree of chemical complexity when compared to
agaropectin, which makes it less likely to interact with biomolecules, such as proteins [30]. This
polysaccharide is a linear polymer consisting of alternating D-galactose, and 3,6-anhydro-L-
galactose units (chemical structure schematized in Figure lll = 5). Agarose is heated to 90 °C to
form a polymeric solution by solving agarose powder with water or phosphate saline buffer. When
the temperature is lowered to close to room temperature (fluctuations may take place considering
the several commercially available agarose products), gelation occurs. Gels produced from agarose
has been used in biomedical field, namely on cartilage, nervous system, cardiac, bone, corneal
regeneration and diabetes treatment [31,32]. Despite the slow degradation profile, the soft and
flexible structure provided by these gels recreates a 3D environment [33]. In this thesis, agarose
hydrogels (3 and 5 %, Agarose of low temperature of gellification of analytic grade (Sigma-Aldrich,
USA)) were used as encapsulating systems of 1.1B4 pancreatic Cell lines, as described in Chapter
VI, by dissolving a 3 or 5 % of agarose solution in fucoidan solutions and transfer into molds to cool

down at room temperature and form the hydrogels.
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Figure 11I-6.Chemical structure of agarose.

Il-1.6. Alginate

Alginate (ALG) is one of the most studied polysaccharides in tissue engineering (TE), being
quite abundant in nature. It is found in the cell walls of brown algae or as a capsular polysaccharide
in some soil bacteria [34-36]. Alginate is a linear unbranched copolymer that consists of residues
of B-D-mannuronic acid (M) and a-L-guluronic acid (G) linked by 1,4-glycosidic bonds. Both
residues are covalently linked in different sequences, namely, rearranged in homopolymer (GG
blocks and MM blocks) or heteropolymer block structures (GM blocks) [37,38] (Figure lll - 6). The
length and distribution of the M and G-blocks along the polymer chain varies depending on the
source of the ALG. Additionally, the carboxyl groups from both blocks can be deprotonated above
the pH values of 3.2 and 4, respectively, for G and M-blocks [36,39,40]. Thus, the stimuli-
responsiveness toward pH makes ALG behaves as a polyanion in such media, being a polyacid
(pKa = 3.4 or 3.65 for glucuronic and mannuronic acid units, respectively). The sol transition of
ALG is ionotropic, requiring the presence of ions for gelation [41-44]. The stability of the ionic
cross-linking is highly dependent on the type of ions used, being stronger in the presence of divalent

cations (such as calcium (Ca>), barium (Ba*) and magnesium (Mg#)) than with monovalent ones

(such as sodium (Na?) and potassium (K%*)). Thus, in the presence of divalent cations, ionic
interactions are established with blocks of glucuronic acid residues, resulting in the formation of a

three-dimensional (3D) network that is usually described by the “egg-box” model [36,39,40,42,43].
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According to this model glucuronic chains in ALG form electronegative cavities to host divalent
cations [36]. This polymer has been widely used, for example, for drug delivery, cell encapsulation
and in the food industry, usually for gels preparation by ionotropic gelation with calcium ions. ALG
are known to lack mammalian cell-adhesive ligands, which are important to promote and regulate
cellular interactions, and support low protein adsorption being frequently combined with other
materials or modified [45-48]. In the Chapter VIII, alginate microcapsules containing rat insulin
cells (INS1E cells) or rat/pig islets were used as controls to evaluate the efficiency of the strategy

used to encapsulate cells in Alginate/fucoidan microcapsules.
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Figure 11I-6. Chemical structure of alginate (M-(1-4)--D-mannuronic acid and G-o-(1-4)-L-guluronic acid residues).

Il-1.7.  Poly (&- caprolactone) PCL

Poly (e-caprolactone) (PCL) is a synthetic biodegradable polyester obtained by ring-opening
polymerization of e-caprolactone, whose chemical structure is shown in Figure lll - 7. It is a
hydrophobic and semi-crystalline polymer whose crystallinity increases with increasing molecular
weight, with a melting point around 60 °C and a glass transition temperature around -60 °C [49].
It has good solubility at room temperature in several organic solvents, which makes it suitable for
both melt and solvent-based approaches in tissue engineering [50]. PCL is a Food and Drug

Administration (FDA) approved material to be used in the human body like a drug delivery device,
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suture, or adhesion preventing barrier [51,52]. In physiological conditions such as in the human
body, PCL is degraded by hydrolysis of its ester bonds [53,54]. However, the degradation is slow,
and its properties remain almost unchanged for at least 6 months, and its shape may not change
over a few years [55,56]. Nevertheless, its degradation products do not accumulate in the body
and are completely excreted and do not show adverse host tissue reactions but instead good
biocompatibility [55,56]. The slow hydrolytic degradation of PCL is dependent on its crystallinity,
molecular weight, hydrophobicity, and on the scaffold porosity and surface-to-volume ratio [57].
Additionally, the degradation rate may also be tuned by preparing blends with materials with higher
degradation ratios, such as some calcium phosphates and starch. PCL (Mw 70,000 - 90,000 by
GPC) purchase to Sigma was selected for the preparation of the 2D and 3D supports by airbrushing
technique since it is a simple material to process, to modify and with promising good compatibility.
PCL was used to prepare airbrush nanofibrous with and without fucoidan in the work reported in

Chapter ViII.

Figure lll-7. Chemical structure of poly (&- caprolactone) (PCL).

2. METHODOLOGIES FOR PROCESSING OF BIOMATERIALS

Il-2.1.  Superhydrophobic surfaces

The superhydrophobic methodology was used as a platform to produce hydrogel particles.

This methodology was inspired in the water repellent properties of the lotus leaves, demonstrating
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that the water droplets acquire an almost spherical shape when they are on the top of those natural
surfaces due to the combination of micro/nano topographical features and low surface energy
[37,58,59]. Superhydrophobic surfaces have been proposed for the preparation of polymeric
spherical particles, under mild conditions and with 100% drug encapsulation efficiency [14,60-
62]. This technology allows one to obtain barely spherical particles with controlled sizes, highly
dependent on the volume of the liquid droplets deposited onto the superhydrophobic surfaces

[14,63].

Microscope glass slide (Mgs) superhydrophobic surfaces were used in Chapter IV and were
obtained by promoting a coating with candle soot, which is a simple, fast, and inexpensive method
(Figure IlI - 8) [64]. Briefly, a microscope glass slide (Fisher scientific, USA, Cat n°® 10149870) was
held above the flame of a paraffin candle to form a thin carbon layer (soot). Afterward, the soot-
coated substrates were further modified with a silica layer using chemical vapor deposition, by
exposing it to vapors from 4 mL of tetraethyl orthosilicate (TEOS) (VWR, USA, Cat n°
8.00658.1000) and 4 mL of agueous ammonium solution (Laborspirit, Portugal, cat n°® 05002)
(30-33 %) during 24 hours. The modified microscope glass slides were then heated at 600 °C for
2 h (EBA1350°C Ceramica, Fornoceramica, Portugal), to promote the calcination of hybrid
carbon/silica coating. Further, the material was exposed (without immersion) to 1H, 1H, 2H,2 H-
perfluorodecyl-trichlorosilane (PFDTS) (Sigma, USA, Cat n° 658758) for 3 days to form the desired
superhydrophobic surfaces [14].

B) C)

Mgs with carbon layer

A

[) Carbon layer \TEOS solution
v
24 hours D) z

Candle

Microscope glass (Mgs) / :Ins: svlvlllt:la carbon layer :

E)

‘Q%uuu/

Superamphiphobic surface with
particles

Figure 1I-8. Scheme representative of glass superhydrophobic surface (G-SHS). A) formation of carbon layer (soot) in

microscope glass slide with flame of paraffin candle, B) modification of soot-coated substrates with silica layer,
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C) calcination of hybrid carbon/silica coating, D) formation of desired superhydrophobic surfaces by exposed

the materials with PFDTS and E) Superhydrophobic surface with particles.

IlI-2.2. Fucoidan-based particles

Some studies highlighted the benefits of photo-cross-linking with visible radiation over UV
radiation [14,65], enlarging the applications in the biomedical area (e.g., light-sensitive organs).
The exploitation of visible light instead of at UV light through the combined used of eosin-y and
triethanolamine, although not new, represents a promising method to obtain biocompatible
hydrogels since it significantly reduces the cytotoxic effects of UV light [14,66-69]. Fucoidan-based
particles (MFu particles) were formed by photocrosslinking with visible light (Figure Il = 9). Briefly,
freeze-dried MFu (5 % m/v) with different DM was added to a photoinitiator (PI) solution consisting
of 0.3 % (m/v) eosin Y (Sigma, USA, Cat n° E4009) (photoinitiator) in N-vinylpyrrolidone (JMGS,
Portugal, cat n°140925000) (comonomer) and 5 M triethanolamine (TEOA) (Sigma, USA, cat n°
T58300) (co-initiator) in water, at room temperature until complete dissolution [14,67,70]. Drops
of 1-5 pL of MFu and photoinitiators solution were dispensed onto the superhydrophobic surface,
forming spherical particles with different sizes in a single step, benefiting from the high repellency
of the surfaces that hinders the solution to spread, thus keeping the integrity of the spheroidal
liquid particles. The drop-loaded surfaces were left below visible light (visible light, T5-8W-220-240
V/50-60 Hz) for 15 min to promote photo-cross-linking. Finally, the particles were removed and
washed with Dulbecco’s phosphate-buffered saline (DPBS) (Alfagene, Portugal, Cat n° 21600-044)
and water to remove all residues of non-photo-cross-linked polymer and photoinitiators. Particles
(wet state) with diameters ranging from 0.2 to 2 mm could be obtained, illustrating the versatility
of this processing technology. Nevertheless, particles produced using 1 pL drops were used in

further studies [14].
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Modified Fucoidan (MFu) Triethanolamine (TEOA)

Figure IlI99. Scheme depicting the methodology for the production of modified fucoidan particles (MFu). A) Pipetting
volumes between 1 to 5 L of the solution of methacrylated fucoidan with photoinitiators, B) Crosslinking of
fucoidan-based particles with visible light, and C) Stable fucoidan hydrogel particles with or without
encapsulated cells. Adapted from [14].

I1-2.3.  Agarose/fucoidan hydrogels (Aga and AgaFu hydrogels)

Hydrogels of agarose have been proved to be biologically compatible, and thus they have been
widely used for cell encapsulation in numerous /7 vifro and /n vivo studies, envisioning biomedical
applications [71,72]. For this reason, agarose was selected to be used in Chapter VI as a gelling
material. Agarose hydrogels (Aga hydrogels) were produced by dissolving 3 or 5 % (w/v) of agarose
(low temperature of gellification) in powder (Sigma-Aldrich, USA) prepared in distilled water and
heated to 75-80 °C for 15 min until complete homogenization was observed. The solution was
then allowed to cool at room temperature in appropriated mold, thereby decreasing the
temperature and promoting gelation; afterwards the hydrogels were removed from molds and used

for different characterization tests (Figure Ill - 10).

Agarose/fucoidan hydrogels (AgaFu) were formed by thermo gelation reaction, through the
sol-gel transition of mixtures of agarose and fucoidan [73,74]. Purified fucoidan (Fu) was dissolved
in distilled water at a concentration of 3 or 5 %(w/v) under stirring and at 75 °C, and then Agarose
(Aga) powder was then added to the Fu solutions. The AgaFu hydrogels were prepared at different
Aga/Fu proportions (4:10; 5:10 and 7:10 wt) and represented as AgaFu 3X or AgaFu 5X (where

different letters in X represent different formulation), throughout the thesis. The obtained solution
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was then transferred into appropriated molds, and the hydrogels were progressively formed until
room temperature was reached. The hydrogels were removed from molds and replenished with

DPBS to enable the complete gel formation (Figure IlI - 10).

rose

A (W/V)%) Aga (3 and 5(w/v)%) B) C)
\/
- & ayr
Agafu solution at 75°C Agafu sol-gel solution at 37°C Agafu gel formation
D)

Agarose/fucoidan hydrogels
(AgaFu)

Figure llI-10. Schematic representation for the production of agarose-fucoidan hydrogels (AgaFu). A) reparation of
agarose (Aga) or agarose/fucoidan (AgaFu) solutions, B) transferring of Aga or AgaFu solutions to molds, C)
Aga or AgaFu gel formation by cooling the solution at room temperature and D) AgaFu hydrogels.

IlI-2.4. Alginate/fucoidan beads produced by a droplet generator

Several methods, such as extrusion or emulsification, were used for the production of
microcapsules with applicability in different contexts [75], including for cells encapsulation, as is
the case of pancreatic islets. The extrusion method is the most popular method, where the islets
mixed within a polymer solution are forced through a nozzle, and the microcapsules are formed
under the influence of gravity, coaxial airflow or electrostatic potential [76]. Microcapsules are
mechanically stable and are generally very simple to construct, encapsulating one or a few islets.
These can be obtained in many different forms, sizes, compositions, and with different permeability
[77]. An advantage over macrocapsules is that they have an optimal volume-to-surface ratio, which

implies a faster exchange of glucose, insulin, and nutrients [78-81]. Nevertheless, the difficulty
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associated with retrieving microcapsules from the recipient is a major disadvantage, particularly

when there is pericapsular fibrotic overgrowth [76,82-84].

Microcapsules of alginate (ALG) and alginate/fucoidan (Fucocaps) were produced in the work
developed in the context of this thesis for encapsulation of pancreatic cells and islets, by using an
air-driven droplet generator (Nisco D-0038, Zurich, Switzeland, Nozzle from Biored, California,
USA), as schematically represented in Figure Il - 11. For that, alginate (ALG) and fucoidan (Fu)
were dissolved overnight in an aqueous solution to obtain sodium alginate solution (2.2 % wt) and
sodium alginate and fucoidan solutions (2.2 % and 0.5 % wt) (Fucogel). After complete dissolution
and filtration, the prepared solutions were extruded using a droplet generator connected to a
syringe pump (at rate 16 mL/min), with an air flow of 4 L/min. The ALG or Fucocaps
droplets/beads were collected in a 145 mm petri dish, containing 50 mL of 20mM barium chloride
(BaCl) as gelling solution, placed 16.5 cm from the tip of the nozzle of the generator. The ALG or
Fucocaps microcapsules were incubated in this solution for 2 min and then washed three times
with 0.9 % sodium chloride (NaCl) solution or with Dulbeco’s phosphate buffered saline (DPBS) to
remove excess BaCl: . The microcapsules were allowed to settle between washings, and the
supernatant discarded. Microcapsules were then placed in DPBS and maintained at 37 °C in air

with 5 % CO2 until further use [38]. BaCl. was selected to be used as gelling solution instead of

the common calcium chloride (CaCl.) solutions, as microcapsules gelation with Baions has better

strength and stability, according to the studies developed by Morch et al [85].
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Figure lll-11. Schematic representation of the methodology used for the production of alginate/fucoidan microcapsules
(ALG or Fucocaps). a) Syringe pump, b) polymer solution (alginate or alginate/fucoidan (fucogel)), c) air

compressor, d) precipitation bath, e) nozzle, f) flow meter, and g) microcapsules.

I1-2.5.  Production of PCL nanofibrous by airbrushing

I1I-2.5.1.  Airbrushing

Nanofiber mats and scaffolds have been widely investigated for biomedical applications since
they mimic the fibrous nanostructure of a native extra-cellular matrix (ECM) [86-88]. These mats
can be used in different applications such as drug delivery, wound dressings [87], tissue
engineering [88], and enzyme immobilization [89-91]. Electrospinning is the most common
method for making nanofibrous for tissue engineering scaffolds [92,93], but compressed gas can
also be used to blow polymer solutions as fibers into a collector, in a process that is called solution

spraying, solution blow spinning (SBS) or airbrushing [91]. Airbrushing is a low cost technique that
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can be used in a variety of applications, with biomedical engineering being highlighted, showing
enhanced cell infiltration and proliferation [90]. Airbrushing is a fiber manufacturing process
requiring two parallel concentrate fluid streams: a polymer dissolved in a volatile solvent and a
pressurized gas flowing around the polymer solution, creating fibers that are deposited in the
direction of gas flow (Figure Ill - 12). Generally, an airbrush setup consists of a compressed gas
source for delivering the carrier gas and a commercially available airbrush (Figure Ill - 12). Airbrush
also has the ability to deposit conformal fibers with a deposition rate approximately 10 times faster
than traditional electrospinning on both planar and nonplanar substrates [94-96]. The unique
attributes of airbrush provide a means to explore the utility of nonwoven fibrous materials in new
fields. New opportunities for applications include rapid biological scaffold generation and custom
/n sifumaterials fabrication. Airbrush does not require an electric field and uses a simple apparatus.
The method is, therefore, easily implemented using inexpensive, transportable, and hand-held
equipment [94]. When deployed as a technique to deposit materials /r7 sifu, airbrush is capable of
additive deposition of microfibers or nanofibrous in custom conformal geometries. Because the
process is contained inside the spinning system, and the solvent usually evaporates within the
working distance (typically 10-20 cm, but varies based on solvent volatility), polymers fibers are
deposited without any further drying, cooling, or washing. The production of airbrush fiber depends
on the molecular weight of the polymer, its concentration, viscosity, and process variables such as
gas pressure and the flow rate of the polymer solution [90]. Airbrush has been used to easily create
fibers conferred with unique morphologies, various microstructural features, and diverse
mechanical properties. Fibers with diameters ranging from ~ 100 nm to greater than 1 um can be
fabricated by the airbrush technique [90]. The airbrush apparatus used in this PhD work comprises
a commercially available airbrush designed for painting (Airbrush, DEXTER, Model DX-1839, Spain
0.3 mm. nozzle diameter), (Figure lll - 12). The airbrush was connected to compressed air (Wuto,
model: TC-20 series, Spain) and different distances from the nozzle to the target where tested until
establishing the best condition. Different types of substrates (plastic, metal, aluminum foil and

vegetable paper) were tested as a target.
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[11-2.5.2. Airbrushing nanofibrous meshes of PCL and PCL/fucoidan (PCLFu)

To produce polycaprolactone (PCL) airbrushed nanofibrous mesh, a PCL solution of 4 % (w/v)
PCL solution in chloroform (Sigma Aldrich, Germany) was prepared and placed in the airbrush
connected to compressed air. The distance from the nozzle to the target was held constant at 50
cm for all experiments, collecting the random nanofiber mesh on a plastic surface or the patterned
nanofiber mesh on a metallic wire net. These were the optimized processing conditions of PCL
nanofiber meshes, resulting from an optimization procedure where three variables/parameters
were systematically studied: the distance to the target, polymer concentration, and air pressure.
After being produced, the PCL airbrushed nanofibrous meshes were dried in a desiccator at room
temperature for 1 day allowing for complete evaporation of the solvent. To produce PCL/fucoidan
(PCLFu) airbrush nanofiber meshes, different quantities of fucoidan (FA and FF) dissolved in acetic
acid were added to the PCL solution previously prepared and let to stir until homogenization (~ 3
hours) [97]. The airbrushing procedure was similar to the one just described but using an alternate
layer by layer process: firstly, only PCL, then PCLFu, repeated until having deposited 6 layers of

each and having PCLFu as the external layer. Then, PCLFu airbrushed nanofibrous meshes were

dried for 3 days in a desiccator to evaporate the solvent and cut into samples of 1x1 cm? for further

assays.
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A) Preparation of the solutions

Control solution PCL/fucoidan solution

B) Fabrication of airbrush nanofibers mesh
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Figure llI-12. Schematic overview of the experimental steps required to fabricate airbrushed nanofibrous of PCL and
PCLFu. A- Preparation of PCL or PCLFu solutions and B - Fabrication of airbrushed nanofibrous mesh,

evidencing the airbrushing equipment and the resulting nanofibrous mesh.
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IlI-3.  TECHNIQUES USED FOR CHARACTERIZING THE DEVELOPED MATERIALS/STRUCTURES

I1-3.1.  Morphological characterization: Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is a commonly used technique to analyze the topography
of the solid materials and structures that gives high-resolution 2D images of a sample [98]. This
procedure consists of the use of a focused beam of high-energy electrons capable of generating
signals at the surface of the solid sample. By scanning sample’s surface with a focused beam of
electrons that interact with the atoms of the sample at various depths, scattered electrons produce
a diverse type of signals which are detectable by the SEM equipment and transformed into a 2D
image. Samples can be scanned at low to a high vacuum, cryogenic to elevated temperatures, as
well as moisture conditions. SEM provides qualitative information regarding the sample’s surface
morphology, including microstructure, lumen and wall thickness, topography, and composition. In
this thesis, SEM was employed in Chapters lll, IV, and VI for the assessment of the surface of the
particles as well as surface morphology of airbrushing nanofibrous. The morphology of produced
materials was analyzed on a scanning electron microscope (SEM) (Jeol, JSM-6010LV, Japan). Prior
to analysis, all the samples were coated with a conductive material (gold) by sputtering using a
sputter coater (Cressington, model 108A, United Kingdom), with the aim to increase the degree of

magnification, avoiding the damage of the samples by the high-energy electron beam.

lll-3.2. Chemical characterization

I1-3.2.1.  Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is an analytical method used to obtain
information about the sample’s chemical structure and chemical bonding. FTIR spectrum is
obtained through the determination of absorbed incident radiation at given energy and corresponds
to the frequencies of vibrations between the bonds of the atoms present within the molecule

[99,100]. Thus, one can identify the presence of chemical groups on the sample through the FTIR
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spectrum. The attenuated total reflection (ATR) sampling mode can be used to increase the
intensity of the surface signal because it analyses the region near the surface. However, FTIR-ATR
is not truly surface sensitive, due to the high penetration depth of the IR beam (1-5 um) [101],
thus care should be taken while preparing the sample. Nevertheless, the rich structural information
that the IR spectra provide makes the FITR-ATR a valuable technique to evaluate chemical changes,
such as the grafting of polymers with functional groups. In the initial stage of the work presented
in this thesis, FTIR analyses were applied to the study of fucoidan and modified fucoidan
composition. The analyses were performed with a FTIR spectrophotometer (Shimadzu IRPrestige
21 A21004200704). The samples were prepared by pressing the powder with potassium bromide
(KBr) into a small disc. The FTIR spectra were recorded from 400 to 4400 cmwith a resolution of
4 cm. FTIR-ATR analysis was also used to study the composition of the airbrushing nanofibrous,

but recording at least 100 scans with a resolution of 2 cm®.

I1-3.2.2.  Proton nuclear magnetic resonance (H-NMR)

Proton-Nuclear Magnetic Resonance (‘H-NMR) spectroscopy is a fundamental tool when
studying the chemistry of polysaccharides as it allows identification and the study of their structure.
This technique measures the magnetic resonance of protons, when materials are submitted to a
significant magnetic field. Distribution of electrons in molecules, and hence their resonance
frequencies, is distinct in different chemical groups but have proximal resonances in identical
chemical groups, enabling the identification of the chemical groups of the polymer. The addition
or alteration of a proton in a chemical group of a polymer, through chemical modification of the
polymer, results in the alteration of the magnetic resonance of the polymer, and hence a chemical
shift or a new peak is created in the *H-NMR spectrum [102-104]. Since *H NMR spectra are
recorded in solution, protons from the solvent should not interfere in the analysis, thus, samples
must be dissolved in a proton-free solvent, as deuterated solvents (e.g. deuterium oxide D.0). The
chemical groups of fucoidans (FA and FF) and methacrylated fucoidan (MFu) were assessed by 'H
NMR spectroscopy (Chapters IV and VIll), by collecting the respective spectra in deuterated water

(D20), at 5 mg/mL and 50 °C, being recorded on Bruker Avance Il with the following spectral
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conditions: 300 Hz spectra with 90° impulses, 4 s acquisition time. The methacrylation degree
(DM, a fraction of modified hydroxyl groups per repeating unit) was determined by the relative
integration of the methylene proton peak (lmese, iii) in Figure lll - 13) of methacrylate groups to
methyl protons of the initial standard (les, i) in Figure Il -13), according to Equation IIl -1, as
described elsewhere [14,105,106]. The Nmenee and news Standard correspond to the number of
protons in the CH: from the methacrylic group and in methyl groups of fucose, respectively. The
nes monomer corresponds to the number of reactive —OH sites per sugar residue in the Fu structure

[14,105].
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Figure 1lI-13. Scheme of repeating units A) fucoidan, B) methacrylated fucoidan. i) methyl group of fucoidan, ii) methyl

group of methacrylates, and iii) methylene groups from methacrylate.

Equation Ill-1- Methacrylation degree

Imethylene/nHmethylene

| n
DM = CH3 standard/ CH3 standard 100

NoH monomer

lIIl3.2.3.  Electrophoresis and Laser Doppler velocimetry: The Zeta (C)- potential

The Malvern Zetasizer device used the combination of electrophoresis and laser Doppler

velocimetry techniques for the quantification of the electrical charge of particles, polymers or
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proteins, associated to the zeta(()-potential [107,108]. A relation is established between the speed
of a particle moving in a liquid and the applied electrical field. These properties will be related to
two other known constants of the samples, the viscosity and dielectric constant, to determine the
final C-potential of the particles. The C-potential is calculated according to Equation Ill - 2, where
UE-electrophoretic mobility, C - C-potential, € - dielectric constant, 1 - viscosity and f(ka)= Henry's
function. The units of k, termed the Debye length, are the reciprocal length. The parameter ‘a’
refers to the radius of the particle, and therefore ka measures the ratio of the particle radius to the
electrical double layer thickness [107,108]. {-potential can be used as an indicator of the tendency
of aggregation between similarly charged particles. A value of 30 mV (rather positive or negative)
indicates particle stability. A C-potential value lower than 30 mV indicates that the attraction forces
are stronger than the repulsion ones, leading to the formation of aggregates [109-111]. In this
thesis, (-potential of fucoidan was determined by dispersing 3 mg of a sample in 5 mL of filtered
ultrapure water, pouring the resulting dispersion into a capillary cell with electrodes at either end
to which potential was applied. Then, a laser provided a light source that illuminates the particles
within the sample. This light source was splatted to provide an incident and reference beam. The
incident laser beam passed through the center of the sample cell, and the scattered light was
detected. When an electric field was applied to the cell, the particles moved towards the electrodes
passing through the laser measurement volume and fluctuated the intensity of light with a
frequency proportional to the particle speed. This information is passed to a digital signal processor
and then to a computer that produces a frequency spectrum from which the electrophoretic

mobility is calculated [108].

Equation IlI-2- Henry equation

_ 2etf(Ky)
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I1-3.2.4. X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS), also called ESCA (from Electron Spectroscopy for
Chemical Analysis), is a technique for studying the chemical composition of a material’s surface,
by analysing the energy distribution of electrons ejected from such material when irradiated with a
source of ionized radiation such as X-rays [112,113]. A focused beam of X-rays induces the
emission of core-level electrons from the material surface (10-250 A) with a certain kinetic energy,
enabling the determination of bond energy of those electrons, characteristic of a specific chemical
element within a specific chemical entity. A survey spectrum provides the elemental composition
of the material and high-resolution spectrum of each of the detected elements gives information
about their chemical and electronic state [114,115]. XPS was performed for further chemically
characterization of agarose/fucoidan hydrogels (Chapter V), fucoidan (FA and FF) in powder and
airbrushed nanofibrous meshes of PCL and PCLFu (Chapter VII). The chemical analysis of the
surfaces was performed by XPS analysis in regard to the carbon, oxygen, and sulfur content.
Analyses were performed using a Kratos Axis-Supra instrument equipped with Al-Ka
monochromatized radiation at 1486.6 eV X-ray source, using ESCApe software. Due to the no
conducting nature of the samples, it was necessary to use a co-axial electron neutralizer to
minimize surface charging, which performed the neutralization by itself. Photoelectrons were
collected from a take-off angle of 90° relative to the sample surface. The measurement was done
in a Constant Analyser Energy mode (CAE) with a 160 eV pass energy for survey spectra and 20
eV pass energy for high resolution spectra of the hydrogels and 20ev or 40 eV pass energy for the
polymer powder and airbrushed nanofibrous meshes. Charge referencing was done by setting the

lower binding energy of the C1s hydrocarbon peak at 285.0 eV.

I1-3.2.5. Energy Dispersive X-ray spectrometry (EDS)

Energy-dispersive X-ray Spectroscopy (EDS) is an analytical technique used for the elemental
analysis or chemical characterization of samples [116,117]. Basically, EDS consists of detecting

the characteristic X-rays produced by each element after bombarding a sample with a high energy
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beam of charged particles in an electron microscope. The number of X-rays emitted by each
element present in a sample bears a direct relationship with the concentration of that element
(mass or atomic fraction). This information allows converting the X-ray measurements into a final
X-ray spectrum, assessing the concentrations of the various chemicals present in the sample [118].
EDS technique was applied in Chapter VII, to confirm the presence of fucoidan coating on the
surface of airbrushing nanofibrous by tracing nitrogen (present in surface coating, but not in PCL)
and sulfur element characteristic of fucoidan. Elemental analysis was carried out with an energy
dispersive spectrometer (EDS/EDX; Incax-Act, PentaFet Precision, Oxford-Instruments), attached
to the abovementioned SEM equipment. Therefore, the samples were analyzed as prepared for
SEM. All observations/image acquisitions and measurements were made at an acceleration

voltage of 15 kV.

I1-3.2.6.  Sugars content on fucoidan

Fucoidan represents a range of polymers characterized by a polymeric chain of fucose, often
sulfated, with other sugars being also present, namely as substituents. Thus, to better characterize
the used samples, it is important to assess molecular weight, sugars contents and sulfation degree.
Monosaccharides present on fucoidan samples were determined as alditol acetates as described
elsewhere [17,119-121]. Briefly, the pre-hydrolysis of fucoidans (FA, FF) was performed, with 72
% sulfuric acid for 3 h at room temperature. Afterward, the FA and FF extracts were submitted to
hydrolysis with sulfuric acid 1 M at 100 °C for 2.5 h. 2-Deoxyglucose was used as an internal
standard. Monosaccharides were reduced with sodium borohydride and acetylated by acetic
anhydride using methylimidazole as a catalyst. The formed alditol acetate derivatives were analyzed
by gas chromatography (GC) with a 30 m column DB-225 (J&W Scientific, Folsom, CA, USA), with
internal diameter and film thickness of 0.25 and 0.15 mm, respectively, and using a flame
ionization detector (Perkin Elmer, Clarus 400). The hydrolysis of all samples was performed in
duplicate, and each one was injected twice. A third analysis was done for the few samples with

higher variability. Uronic acids were quantified by a modification of the 3-phenylphenol colorimetric
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method [17,119-121]. A calibration curve was made with d-galacturonic acid. The hydrolysis and

analysis of the samples were done in triplicate.

I1-3.2.7. Sulphate content

The quantification of sulfates in fucoidan was performed based on barium sulfate
determination (BaS0.) by turbidimetry following interaction with barium chloride (BaCl.) [17].
Briefly, the conditioning reagent was prepared by mixing 10 mL glycerol, 6 mL concentrated
hydrochloric acid (HCI), 60 mL deionized water, and 20 mL isopropyl alcohol, and sodium chloride,
with stirring at room temperature overnight. Four replicate samples were prepared by weighing 10
mg/mL of dried fucoidan into separate closed test tubes containing 2 mL of 4 M hydrochloric acid
(HCI), thus subjecting samples to acid hydrolysis for 2 hours at 100 °C. Barium chloride (BaCl.)
(0.3 g/mL) was added, stirred for exactly 1min, and then left standing for 4 - 6 minutes to allow
the barium sulfate (BaSQ.) precipitate to form. Potassium sulfate standard solutions with
concentrations ranging from 200 - 1000 pg/mL were prepared. Absorbance was measured at 420

nm using a microplate reader (SynergyHT, Biotek Instruments, microplate reader-Gen52.01).

I11-3.2.8. Fucoidan quantification by toluidine blue assay

Toluidine blue (also known as tolonium chloride) (TBO) is a metachromatic acidophilic dye
that selectively stains components of acidic tissue (sulfates, carboxylates, and radicals of
phosphate) [122-124]. TBO stains tissues based on the principle of metachromasia, attributed to
the stacking of dye cations at the sites of the high density of anionic groups in the tissue [122-
124]. The dye interacts with scaffolds to create a different color from the original color; TBO “s

color change is usually from blue to violet, which means that the color absorption shifts to shorter
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wavelengths. It is expected to reflect the dye s polymerization. Metachromasia is higher, the

greater the degree of polymerization.

In Chapter VIl and VIII, fucoidan in PCL and PCL/fucoidan airbrushed nanofibrous meshes,
as well as alginate microcapsules and Fucocaps was quantified based on Toluidine blue assay.
Briefly, 0.04 wt.% TBO solution was prepared by dissolving the TBO powder in aqueous 0.01 M
HCI/0.2 wt.% NaCl, and then the samples were incubated in 5 mL TBO solution under static
conditions at 37 °C for 4 hours and rinsed three times with distilled water. Subsequently, the
fucoidan-TBO complex that formed on sample surface was eluted and dissolved in 5 mL of 80 %
ethanol/0.1 M NaOH mixture (4/1 v/v) solution. Ultimately 150 uL of the supernatant was
transferred to a 96-well plate, and the absorbance was measured at 530 nm by a microplate reader
(Biotek, Synergy HT, USA) and the Fu density on the sample surface was evaluated using a
calibration standard curve. There were six parallel samples in each group, and DPBS was set as
blank control. For standard curve preparation, 2 mL 0.04 wt.% TBO has first added to 2 mL of a
known concentration Fu solution and incubated at 37 °C with gentle shaking for 4 h, the Fucoidan-
TBO complex spontaneously formed and precipitated in the mixture. Then the mixture was
centrifuged at 3500 rpm for 10 min, the supernatant was removed, and the precipitate was
carefully rinsed twice with 0.01M HCI/0.2 wt.% NaCl solution. Finally, 5 mL 80 % ethanol/0.1 M
NaOH mixture (4/1 v/v) solution was added to dissolve the precipitate, and the absorbance was
measured at 530 nm. For the quantitative characterization of the Fu release, the samples were
immersed in DPBS at 37 °C and shaken (60 rpm) for 1, 7, 14, 21, and 28 days in an airtight
centrifuge tube. The release medium at each time point was collected, and the amount of Fu
released was measured by using the same procedure based on a standard curve preparation

[125,126].

11-l3.2.9. Antioxidant properties of fucoidans

Oxidants, such as reactive oxygen species (ROS) and reactive nitrogen species (RNS), can
produce free radicals which can cause severe oxidative damage to cellular lipids, membranes,

proteins, and DNA [127-129]. Antioxidants can scavenge these free radicals by enzymatic and
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non-enzymatic mechanisms, thereby preventing cellular oxidative stress. Catalase and peroxidase
include enzyme systems which act as antioxidants. Beta-carotene, tocopherols, carotenoids,
vitamin A, lycopene, ubiquinols, and sulfated polysaccharides serve as lipid-soluble antioxidants;
whereas, glutathione and ascorbate are among the water-soluble antioxidants [127,130]. In recent
years, antioxidant activity has been demonstrated by marine sulfated polysaccharides such as
fucoidan, ulvan and carragenan [131]. Seaweeds that emerge in shallow waters are constantly
exposed to ultraviolet light and air, resulting in the formation of free radicals and other reactive
oxygen species (ROS). Even though chronic exposure to ROS, healthy seaweeds are resilient to
oxidative damage demonstrating the existence of potent antioxidant defense mechanisms within

their cells, which is attributed to these sulfated polysaccharides [132].

Il - 3.2.9.1. Antioxidant activity: Trolox equivalent antioxidant activity (TEAC)

The total non-enzymatic antioxidant capacity (TAC) of biological samples is indicative of their
ability to counteract oxidative stress-induced damage in cells. TAC is used to provide insight into
the development and treatment of disorders linked to oxidative stress [127]. Either the
concentration of the combination of both small molecule and protein antioxidants, or the
concentration of only small molecule antioxidants can be determined in this assay. Cupric ion (Cuz)
ion is converted to cuprous ion (Cu) by both small molecules and proteins. Nevertheless, the use
of the Protein Mask prevents Cu> reduction by protein, enabling the analysis of only the small
molecule antioxidants. The reduced Cu+ ion chelates with a colorimetric probe, giving a broad
absorbance peak at ~570 nm, which is proportional to the total antioxidant capacity (Figure Il -
14). In Chapter VIII, the Total Equivalent Antioxidant Activity (TEAC) of the purified fucoidans and
solutions of 2.2 % sodium alginate and 2.2 % sodium alginate with 0.5 % fucoidan was measured
based on the method of Prieto efal. [133,134]. The TEAC was determined using a Total Antioxidant
Capacity Assay kit (Sigma, USA) according to the manufacturer’s instructions [135]. Briefly, 100
uL of sample or standards were added to the well of a 96-well white polystyrene plate, mixed with
100 pL of Cu > working solution and incubated for 90 min at RT, and the plate protected from the
light. Absorbance was read at 570 nm in the microplate reader (SynergyHT, Biotek Instruments,

microplate reader-Gen52.01). After confirming linearity in the graph of inhibition percentage versus
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concentration (1-20 mg/mL), the antioxidant activity was calculated as a concentration of Trolox
equivalent value (mg Trolox/g fucoidan) using the Equation Ill - 3, where Sa is Trolox equivalent of
an unknown sample from a standard curve, Sv is sample volume, and C is the concentration of

antioxidant in the sample.

Equation III-3 - Antioxidant activity

Reduction by Antioxidants

CU*)

l > Chromogen

Color 480 ~ 490nm

Figure 1ll-14. Representative scheme of the principle of total antioxidant capacity. Reduction of cupric ion (Cuz to Cu-).
Cuz+ are reduced by antioxidants to form Cu-. Reduced Cu- react with chromatic solution and can be detected

by absorbance at wavelength 480 to 490nm.

Ill - 3.2.9.2. Free radical scavenging assay

DPPH assay is used to determine the free radical scavenging ability of an antioxidant molecule.
It is considered one of the normal and simple colorimetric methods for evaluating the antioxidant
properties of pure compounds. This test measures the potential of an antioxidant (AH, generally

phenolic compounds) to reduce the radical chemical DPPH (2,2-diphenyl-1-picrylhydrazyl) through
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a hydrogen transfer resulting into reduction of DPPH to DPPH2. The DPPH®, which is initially violet,
becomes DPPH-H, now pale yellow. The color change is monitored by spectrophotometry at 515
nm (Amax DPPH®) and used for the determination of parameters for antioxidant properties (Figure
Il -15) [136]. The reaction speed depends on the nature of the antioxidant, and the amount of

DPPH-H formed depends on the concentration of the antioxidant [137].

The scavenging activity of FF and FA fucoidans against free radicals was measured using the
DPPH (2, 2-diphenyl-1-picrylhydrazyl) assay. Briefly, Ascorbic acid, FF, and FA fucoidans were
dissolved in water (1 mg/mL), and 200 uL of the above solution was added to each well of a 96-
well plate. The samples were then serially diluted in water for varying concentrations ranging from
1000 pg/mL to 1.56 ug/mL. Freshly prepared DPPH solution (0.2 mM) in methanol was prepared,
and 100 pL of the resulting solution was mixed thoroughly with 100 uL of FF and FA fucoidans of
varied concentrations. The plate was then covered with aluminum foil (to protect DPPH radical
degradation by light), and the reaction mixture was incubated for 1 h at room temperature.
Absorbance was then measured at 515 nm using microplate reader (Clariostar). Ascorbic acid
dissolved in water (1 mg/mL) was used as a standard, and solvent alone (methanol: water; 1:1)
was used as a blank. DPPH solution alone (100 ulL) mixed with water (100 uL) served as control.

The percentage of radical scavenging was obtained using the equation:

Equation Ill-4 - Percentage of radical scavenging activity

% DPPHscavenging = [(Abssample + DPPH) - (AbSSample blank)]/[(AbSDPPH) - (Abssolvent)] X100

and the IC50 values calculated using the Graph Prism software. Ascorbic acid was used a

positive control in this study.
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Figure llIF15. Schematic representation of the principal of DPPH radical scavenging capacity assay. Reaction

mechanism of DPPH with antioxidant. R:H= antioxidant radical scavenger, R= antioxidant radical.

I1I-3.3.  Physical characterization

I1-3.3.1. Contact angle

The wettability of a surface can be quantified by the measurement of contact angle (CA) of
liquid drops deposited onto that surface, i.e., the angle at which a liquid/vapor interface meets a
solid surface. The contact angle mainly depends on the balance of pressures between the drop “s
liquid/vapor surface tension and the interfacial tension between the solid and the drop [36,138].
This methodology allows quantifying the wettability of a solid surface by a liquid via the Young
equation. A hydrophobic surface repels water and forms a small surface with the water droplet
giving a high-water contact angle. On the opposite, the solid surface was considered hydrophilic

when the water droplet spread, giving a small water contact angle (Figure Ill -16).

In Chapter VIl water contact angles (WCA) were measured for airbrushed nanofibrous meshes
made of PCL and PCLFu, to evaluate the influence of the addition of fucoidan in their hydrophilicity.

Static CA measurements were carried out by the sessile drop method, under ambient conditions
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at RT. Adrop (6 uL) of Milli-Q-water was added by a motor-driven syringe, and the CA was measured
after the contact between the drop and the membrane’s surface. Three different samples of each

material were used, and at least five measurements were carried out for each sample.

A) B)

Surface tension

a) b)

<)
\ o :
Surface free energy 5 .| Contact Angle a ‘ “

Hydrophilic ~ Hydrophobic  Superhydrophobic
Contact angel <90°  Contact angel > 90°  Contact angel > 150°

Figure lll-16. Varying a water contact angle. Adapted from [139].

I1-3.3.2. Mechanical Analysis

Biomaterials are subjected to different loads once implanted. The type and strength of those
loads depend on the tissue they are being inserted into. Mechanical properties of different
polymeric structures can be characterized by their deformation behavior, resulting in a stress-strain
response. These properties are associated with the molecular arrangements of the processed
materials (namely, polymers) and are crucial in evaluating the effectiveness of the processed

structures to be selected for a particular biomedical application [104,140].

Il - 3.3.2.1. Compression test

Compression tests are a destructive technique that measures the mechanical behavior of a

material under compression loads [141,142]. This technique involves the use of a compressive
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machine with two plates and material (with a defined morphology) set between the plates, in which
a compressive force (stress) is applied to the material, and the deformation (strain) at different
loads is recorded (Figure Il -17). In the present thesis, the mechanical behavior of hydrogels was
tested by the compression test. Compressive studies were performed with a Malvern Kinexus
Rotational Rheometer, UK, using a parallel plate geometry of 8 mm diameter, with radial grooves
to avoid hydrogel leakage. The Aga and AgaFu hydrogels were prepared in distilled water, as
described in Chapter VI, and maintained in DPBS. The hydrogels were compressed in the direction
normal to the circular face of the cylindrical samples at a rate of 1 mm per minute for a maximum
strain of 85 % and at room temperature. The Young's modulus, defined as the initial slope of the
linear region of the stress-strain curve, was determined using the tangent method. Each experiment

was performed in quintupled.

l

: # —~ Densification

™~ Plateau

Compressive load (or stress)

™~ Elastic region

Strain (%)

Figure 1ll-17. Schematic representation of a compression-stress-strain curve for a polymer.

I1-3.3.3. Dynamic mechanical analysis (DMA)

For proper physiological integration, a biomaterial needs to withstand cyclical thermal loads

and be able to dissipate energy to be consistent with the mechanical properties of the biological
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tissues [108,143]. Mechanical characterization of biomaterials is essential to understand their
potential role in mechanosensing, which may drive cellular response [108,144-146]. Therefore,
the combined study of the stiffness and damping properties of materials is valuable for the full
characterization of the performance of biomaterials. Along with the thesis, the mechanical
properties of developed constructs were evaluated with two major technigues: dynamic mechanical
analysis (DMA) and universal mechanical testing. The main difference between the DMA and the
universal mechanical test is that the load is applied cyclically in DMA [36,147], while a static load
is applied in the universal mechanical test [36,148]. In DMA equipment, an oscillating force
(stress) is applied, and an oscillating sample response is recorded. So, the modulus is calculated
from the elastic response, i.e., sample response “in phase” with applied oscillatory stress. On the
other side, the damping is calculated from the viscous response, e.g., sample response “out of
phase” with applied oscillatory stress. DMA allows one to obtain the frequency dependence of the
complex modulus Equation Il - 5. The storage (elastic) modulus, E’, is the real component of the
complex modulus, being a measure of the sample’s stiffness. The loss modulus, E”, is the
imaginary component, being a measure of the energy loss in viscous mechanisms [36,147,149].
The loss factor (tan &) gives the ratio between the amount of mechanical energy lost and stored
during a cycle (Equation lll = 6), measuring the damping capability of the sample [36,149,150].
The main advantage of this technique is the possibility to measure the mechanical properties in
physiological-like environments, which have been reported to affect the mechanical behavior of
materials that easily swell when exposed to aqueous solutions [36,151,152]. In Chapter VII, the
mechanical properties were evaluated using a dynamic mechanical analyzer (DMA) (Tritec 2000B
equipment, Triton Technology, UK). Airbrushed nanofibrous meshes (PCL, PCLFA, and PCLFF)
previously soaked in a PBS solution were cut in regular stripes and clamped in the DMA apparatus
with total immersion of the sample in a reservoir containing PBS solution at 37 °C. DMA spectra
were obtained using a stress mode cycle of increasing frequency from 0.01 Hz to 20 Hz (5 points
per decade), in order to simulate the physiological loading frequencies. Five samples for each

condition have been tested, at least.
Equation IlI-5 - Frequency dependence of the complex modulus

E*=E +4iE’
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Equation I1I-6 - Loss factor

tané = E”/E,

Il - 3.3.3.3. Rheology

Rheology studies the relationship between deformation and flow in materials. This technique
gives the elasticity, viscosity, and plasticity information of materials under changes of shear, strain,
frequency, temperature or time [153]. It is also sensitive to any chemical reactions in the flows,
such as gelation and polymerization. Measurement of rheological properties extends to all materials
from fluids, such as dilute solutions of polymers and surfactants, to concentrated protein forms,
such as semi-solids, pastes, and creams, to molten or solid polymers as well as asphalt [154,155].
Rheological or viscoelastic evaluation is done through flow measurements and dynamical
mechanical tests. The first one investigates the flow viscosity, whereas the latter evaluates small
periodic deformations that determine molecular-level mobility or rearrangement of structure. For
example, the time sweep test provides a means of monitoring the time-dependent behavior of a
material. It measures the storage modulus, G', which is an indicator of elastic behavior and reveals
the ability of the polymer system to store elastic energy while the loss modulus, G", is @ measure
of the dynamic viscous behavior. Additionally, loss tangent (tan ) is a parameter that represents
the ratio between the viscous and elastic components of the modulus of the polymer, being a good
indicator of the overall viscoelastic nature of the samples and is dimensionless. The relationship

between G, G and tan & is calculated following Equation Il - 7 [153].

Equation Ill-7- Loss tangent

tand = G”/G,

In Chapter V, the rheological experiment was performed to characterize the Aga and AgaFu

hydrogels using a Kinexus pro* rheometer (Malvern Instruments, UK), equipped with the
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acquisition software rSpace. All the oscillatory measurements were performed by using stainless
steel parallel-plate geometry with a diameter of 20 mm, while for the rotational experiments a conic
plate holder of 40 mm and 1 mm gap was used. The rheological tests were performed in the
solutions used for the preparation of hydrogels and in the Aga and AgaFu hydrogels. In the
rotational experiments, two different plots were obtained: a) the traditional shear viscosity (Pa.s)
throughout shear rate (1/s) and b) the shear stress (Pa) as a function of shear rate (1/s). From
these curves, it was possible to obtain information about the flow behavior of the samples. From
the oscillatory experiments, those were preceded by strain sweep curves to determine the linear
viscoelastic region (LVER) of the samples. Strain amplitude was thus performed in the shear rate
range changing from 0.1 to 100 Hz in a 10/decade rate, a range of temperature between 80 °C
and 37 °C and a constant 1 % strain. After this, the mechanical spectra of each sample were
obtained, and the elastic modulus (G ") and viscous modulus (G"') were recorded over a frequencies
sweep ranging from 0.1 Hz to 100 Hz at a constant temperature of 37 °C. The strain dependency
measurements were performed using 1 mL of solution or one hydrogel (Aga and AgaFu hydrogels).

All plots are the average of at least 3 samples.

In Chapter VIII the rheology experiments were performed with a Discovery HR-2 hybrid
rheometer with conic geometry (20 mm diameter, 0.3 mm gap). Hydrogel precursor solution and
20 mM barium chloride solution BaCl. were mixed in a 1:2 ratio and directly loaded in the
rheometer, making sure hydrogel crosslinking occurred in between the two rheometer plates. A
solvent trap was placed around the sample and filled with distilled water to prevent solvent
evaporation from the gel. Hydrogels were preconditioned with a flow peak hold with a shear rate of
1/s before each of the following steps. Initially, hydrogels were subjected to a strain sweep with
strains ranging between 0.01-10 % and an arbitrary angular frequency to determine the linear
viscoelastic region of the hydrogels. Secondly, hydrogels were exposed to a frequency sweep with
a strain within the linear viscoelastic region and angular frequency ranging between 1-500 rad/s.
Lastly, storage modulus G’ was monitored during a strain sweep in which hydrogels were subjected
to a strain sweep with strains ranging between 0.01-10 % and an angular frequency of 10 rad/s.
Hydrogel mesh size (D) was then calculated based on Equation Il -8, and the measured storage
modulus G'. The classical theory of rubber elasticity relates the shear modulus (G') to the mesh
size I« (Equation lll -8), where R is the gas constant, T the absolute temperature and N.. is

Avogadro’'s number. This allows estimation of the mesh size of a hydrogel-based on its shear
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modulus [156,157]. The mesh size (D) represents the diameter of a hard sphere that fills the

void in between hydrogel network strands.

Equation 11I-8 - Mesh size of hydrogels

1
6 RT )3

N
av

Equation Ill - 8 is based on the “equivalent network model” as proposed by Schurz et a/. and
the affine network model proposed by Rubinstein ef a/ [158,159]. These models cannot
comprehend the complexity of actual hydrogel networks, and instead, make use of an idealized
infinite network. The main assumption for the affine network model is that of affine deformation:
the relative deformation of each network strand is the same as the macroscopic relative
deformation imposed of the whole network. Within this model, stress and deformation are related

due to the shear modulus G’ (Equation Il - 9), where the number of network strands per unit

volume (number density of strands) is v = 3 p is the network density (mass per unit volume), M.

is the number-average molar mass of a network strand and k the Boltzmann constant.

Equation I1I-9- Shear modulus G’

The Boltzmann constant can be rewritten into k = NL , resulting in:

av

R
G=v T
av
or, if making v the subject of the equation:
_ Nay &/
~  RT
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Given that a hydrogel network is represented by a molecule junction diameter (D) and the
average mesh width (M) (Figure Ill -18), and the assumption that D=M, the free volume in between

3
mesh

the network is represented by V' = ”D6 . [160]. When evaluating a single network strand (n=1),

n . . 6 S
v or - can be rewritten into ——, resulting in:

mesh

6 N,, G
mD3 . RT

which results in Equation Ill - 8 when D-...is made the subject of the formula.

Figure 1ll-18. Schematic representation of a hydrogel network with molecule junction diameter (D), average mesh

width (M), and hydrogel mesh size (Dwes) [160].

l1I-3.3.4. Swelling study

In the context of TE, it is important to expose the polymeric networks to conditions that mimic
as much as possible the /7 vivo environment. A proper evaluation of their behavior within this setup
will help to predict there /n vivo performance [161,162]. Weight loss and water uptake and are
important parameters in the evaluation of biodegradable materials. They translate the degradation

behavior and the ability of the biomaterial to absorb water in their matrix (swelling), respectively.
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The rate at which a fluid penetrates into material depends, mainly, on its surface area, the
hydrophilic/hydrophobic character, and in some cases, its porosity [153,163,164]. Moreover, the
swelling of polymeric networks is significantly influenced by water- material interactions. These
affect the mass transport characteristics, determinant for nutrient and oxygen diffusion to
encapsulated cells and their metabolic waste disposal, but also the mechanical properties as well
as morphological features, such as shape and size, of a given hydrogel geometry or pattern. To
study the swelling kinetics of the developed hydrogels (Chapter VI and VII), three solutions with
different ionic content were used: distilled water (no ions); phosphate buffered saline (DPBS, Gibco,
with monovalent ions); and media (Dulbecco’s Modified Eagle’s medium, DMEM, Gibco, with mono
and divalent ions). For the determination of the water uptake and weight loss profiles, samples
were weighted and immersed in a phosphate buffer saline solution at physiological pH (pH 7.4)
and placed into a water bath at 37 °C [153,165]. Sodium azide (0.02 % w/v) was added to the
buffer to prevent bacterial growth. After pre-determined time periods, the samples were removed
from the vials, washed with distilled water, removed excess of solution using a filter paper and then
weighted. Water uptake was determined using Equation Ill - 10 where W¢(t) and W; represent the
weight of the samples at time t and O, respectively. Each experiment was repeated three times and
the average value was considered as the water uptake value. After that, the samples were dried in
anoven (60° C/24 h). The percentage weight loss of the materials was then calculated by Equation
Il - 11 where W; is the initial dry weight of the sample and Ws (t) denotes the dry weight of the
sample after a certain time t of incubation. Each experiment was repeated three times. In the case
of particles, water uptake assays were performed through immersion of the materials in buffer
solutions at pH 3, 7.4 and 9 instead of PBS, and incubated at 37 °C under static conditions. The
samples were left for 24 hours in each buffer solution prior to weight determination. The swelling

ratio was determined using Equation Il - 10.

Equation IlI-10- Water uptake

Water uptake(%) = [(WS ® - Wi)/Wi] * 100
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Equation Ill-11 - Weight loss

Weight loss (t) = (Wi — Wf(t))/w_ * 100
1

I1-3.3.5. Stability tests

Stability is an important parameter for assessing the suitability of materials for a proposed
biomedical application. Biodegradable materials should be designed to degrade overtime at the
same rate as neo-tissue is formed. The products of the degradation should be non-toxic and be
able to be removed from the organism. The biodegradation of materials requires the hydrolytic or
enzymatic cleavage of polymeric bonds sensitive to those mechanisms. Biomaterials are known to
be susceptible to these degradation mechanisms can be tuned in vitro, in an attempt to predict
their behavior in vivo. The stability tests were carried out by immersion of the hydrogels (@ 7 +0.01
x 10+0.02 mm height, n=3) in either PBS, pH 7.4 or culturing medium (RPMI) supplemented with
fetal bovine serum, FBS, Gibco, pH 7.4) at 37°C. The hydrogels were lyophilized and weighed
(initial weight) before being transferred to 15 mL Falcon tubes and soaked in 10 mL PBS or RPMI
medium under constant agitation (60 rpm). The degradation solutions were changed every 7 days
to restore the original level of ions activity. After each selected degradation time point, namely 1,
7,14, 21, and 28 days, the samples were washed thoroughly with PBS to remove traces of soluble
degradation products, salts, or other impurities and then dried until a constant weight was
achieved; the dried samples were weighed (final weight) for determination of weight loss. The extent
of degradation is commonly determined by calculating the percentage of weight loss (Equation Il -

12).

Equation I1l-12 - Weight loss

Weight loss (%) = [(mi B mf)/mi] * 100

Where mi is dry weight and mf the final weight.
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I1-3.3.6. Diffusion and Permeability tests

I1-3.3.6.1. Diffusion of methylene blue

Diffusion of chemical compounds through Agarose (Aga) and Agarose/fucoidan (AgaFu)
hydrogels was evaluated by using an assay based on Kirby Bauer method [166]. Briefly, purified
fucoidan (Fu) was dissolved in distilled water at a concentration of 3 or 5% (w/v) under stirring and
at 75°C, and then Agarose (Aga) powder was added to the Fu solutions. The AgaFu solutions were
prepared at different Aga/Fu proportions (4:10; 5:10 and 7:10 wt). These solutions were disposed
in petri dishes and gelation was enabled by cooling down to room temperature for 15-20 min.
Afterwards, some holes (d=6 mm) were done in gel solution and a 100 mM methylene solution
was dropped in holes. The diffusion of methylene blue is calculated considering the starting position

of the dye and the diameter of dye spot at different time points.

I1I-3.3.6.2- Insulin release

To quantify the release of a drug from the produced structures (modified fucoidan particles
(MFu)), a simple methodology was employed. We incubated these drug-charged particles in PBS;
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). The SGF solution was prepared in
aqueous solution, for 1liter of SGF we use 2g of sodium chloride (NaCl), 3.2g of pepsin derived
from stomach mucosa and 7mL of concentrated hydrochloric acid (HCI), while SIF was prepared
in aqueous solution, for 1liter of this buffer we use 6.8g of monobasic potassium phosphate, 77mL
of 0.2N sodium hydroxide (NaOH) and 1g of pancreatin. MFu microparticles loaded with insulin
were produced in the same way, but using MFu solutions with 5mg/mL of insulin. Ten MFu
microparticles loaded with insulin were placed in 20mL of release PBS and incubated at 37°C
under stirring. Ten MFu particles were incubated in SGF and SIF not in sequence, at 37°C under
stirring. At appropriate time intervals (0.5 to 6h), 1mL of the solution was removed for analysis and
replaced by fresh solution. The samples were analysed by UV- Vis spectrophotometry at 272 nm

(Shimadzu, UV 1601, Japan). The insulin concentration of each sample was calculated using a
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standard curve (concentrations ranging from 0 to 6 mg/mL), relating the quantity of insulin with
the absorbance intensity. The results presented are an average of three measurements.
Calculations of the amount of drug released took into account the replacement of aliquots with a
fresh medium. Control modified fucoidan particles without insulin was considered as blanks in the

performed quantification [113].

[1-3.3.6.3 - Permeability to glucose

In Chapter VI, permeability studies on Aga and AgaFu hydrogels was evaluated using one
model molecule: the glucose. The glucose permeability measurements were conducted using a
glass Franz-type diffusion cell with 8 mL reactor compartment (effective mass transfer area of 1
cm?) (Figure lll - 19). For this experiment, Aga and AgaFu hydrogel membranes were prepared
(with same methodology used in the preparation of hydrogels but using a different mold) and
previously equilibrated in a DPBS solution (overnight), then placed between the two compartments
and held with a stainless-steel clamp. The receptor compartment was immediately filled with DPBS
solution, and the air bubbles were removed. Finally, the donor compartment was filled with 16 mM
of glucose (DPBS, pH 7.4). Aliquots of 1000 pL were withdrawn from the receptor compartment
at predetermined time periods and replenished by fresh DPBS. The experiments were performed
at 37 °C, and the receptor compartment was stirred to eliminate the boundary layer effect. The
concentration of glucose in the aliquots removed from the receptor chamber in pre-determined
periods of time was evaluated using the dinitrosalicylic acid (DNS) method. The DNS reacts with
reducing sugars, and other reducing molecules, forming 3-amino-5-nitrosalicylic acid, an aromatic
compound that strongly absorbs light at 540 nm, thus enabling the measurement of the amount
of reducing sugars present in the solutions [36,167]. The amount of glucose was measured by
absorbance at a wavelength of 540 nm using a microplate reader (Synergy HT, Bio-TEK, USA). The
permeability (P) of glucose was calculated by the Equation Il - 13.
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Equation Ill-13 - Permeability (P) of glucose

1 (1 th) 2A .
— ——)=—XPX
"\T, ) T

where C: is the concentration in receptor compartment at time t, C. is the initial concentration
in the donor compartment, V is the solution volume in the two compartments, and A is the effective

area of permeation.

The permeability can be calculated from the slope of the curve obtained by the following

relation:

Y/ 4)-n (1 B ZCt/CO) versus t

The diffusion coefficient (D) of glucose across the membrane was calculated according to

Fick’s law of diffusion, as follows (Equation I - 14)

Equation Ill-14- Determination of the diffusion coefficient

V; V.
D=1
vV, +V,

Ce— Ci)

h 11<
X— X—
A"t "o —c

where D is the diffusion coefficient (cm?/s); Cj and Cs are the initial and final concentrations,
respectively, and Ct is the concentration at time t of solute in the receptor side (mol/L); V1 and V2

correspond to the volume of the liquid in the donor and receptor compartments (cm?), respectively;
h is the thickness of the membrane (cm); and A is the effective diffusion area of the membrane

(cm2). The partition coefficient (Kq) is defined as a measure of the solubility of glucose in the

hydrogel and was calculated from Equation Ill = 15
Equation Ill-15 - Determination of partition coefficient

Pxh
Kd: D
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where P is the permeability, h is the thickness of the membrane, and D is the diffusion

coefficient.
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Figure 1lI-19. Schematic representation of the experimental glucose diffusion systems used during the assay A)
Preparation of agarose (Aga) or agarose/fucoidan (AgaFu) solutions, B) transferring of Aga or AgaFu solutions
to molds, C) Aga or AgaFu membrane formation by cooling the solution at room temperature and D) Franz

cell: a) glucose solution, b) cell clamp, c) and h) Aga or AgaFu membrane, d) water bath, e) Franz diffusion

cell, f) PBS solution and g) sample port. (adapted from [168,169]).

4.  BIOLOGICAL EVALUATION OF THE DEVELOPED MATERIALS/STRUCTURES

To evaluate the potential use of the developed structures as biomaterials in tissue engineering
context, biological assays need to be performed. /n vifro tests enable an initial screening of the
biological performance of the structures. Regarding the chosen cell type used in the different
chapters were based on the objective of the work namely study the biocompatibility of materials,
treatment of diabetes and vascularization. Either cell line (mouse fibroblast-like 1929 cell line,
1.1B4 human pancreatic cell line, insulinoma INS1E cell line, INS1E report oxidative cells and

human pulmonary microvascular endothelial cells HPMEC-ST1.6R cell line) or primary cultures
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(sheep islets and human islets) were used to these analyses. After seeding on developed polymeric
structures, cell viability, proliferation, morphology and distribution were evaluated through a series
of different methodologies. With the outcomes from these studies, different materials were selected
or optimized for further biological evaluation. In the following section, it is described the cell
sources, the seeding methodologies, and techniques used for the biological evaluation of the

extracts and structures developed in the scope of this thesis [30].

l-4.1.  Cell source

I1-4.1.1. Mouse fibroblast-like cell line (L929 cells)

For the cytotoxicity assessment of the materials and for encapsulation into modified fucoidan
particles and agarose/fucoidan hydrogels described in Chapter IV, V and VII, a mouse fibroblast-
like cell line, L929 (ECACC- European Collection of Cell Cultures, UK), was used. L929 cell line is
the usual choice in many standard tests such as material biocompatibility testing, drug cytotoxicity
testing and cell biology studies. Cells were cultured with Dulbecco's modified Eagle's medium
(DMEM, D5523, Sigma, USA), supplemented with 10 % fetal bovine serum (FBS, 10270-106,
Invitrogen, USA) and 1 % antibiotic/antimycotic (A/B, 15240-062, Invitrogen, USA) solution. The

cells were incubated at 37 °C in a humidified air atmosphere of 5 % CO2 in 75 cm2 flasks. At

approximately 90 % of confluence, the cells were washed with PBS, and collected by adding 0.05
% trypsin-EDTA for 5 min at 37 °C. Trypsin-EDTA is a mixture of proteases derived from a porcine
pancreas, and, due to its digestive strength, it is widely used for cell dissociation, routine cell culture
passaging, and primary tissue dissociation. After the detachment of the cells, the trypsin was
inactivated by adding fresh cell culture medium. The cell suspension obtained was then centrifuged

at 300 g at 25 °C. The cell density of L929 cells used for the cytotoxicity tests was 2 x 10¢

cells/mL, which were seeded in 96-well cell culture plates (4x103 cells/well, 200 pl/well), in order
to reach 70 % confluence for 24 hours of incubation at 37 °C, in a humidified atmosphere with 5

% CO2 [55]. The supernatant was discarded, and the cell pellet was suspended in a modified

fucoidan (Chapter IV, V) or fucoidan solutions (Chapter VII) in order to be encapsulated.
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I-4.1.2. 1.1B4 Human pancreatic cells

One of the commonly used cell lines used in treatment of diabetes is 1.1 B4 human pancreatic
cells.1.1B4 human pancreatic cells (Sigma, USA) were used in cytotoxicity test, encapsulated into
hydrogels and used in the surface of microcapsules, as described in Chapter V and VI. These cells
were cultured in RMPI 1640 (Gibco, USA) supplemented with 5 % (v/v) fetal bovine serum (FBS,
Lonza, Switzerland), 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco, USA) and
incubated at 37 T and in a humidified air atmosphere of 5 % C0O2. At approximately 90 % of

confluence, the cells were washed with PBS, and collected by adding 0.05 % trypsin-EDTA for 5
min at 37 °C. After the detachment of the cells, the trypsin was inactivated by adding fresh cell
culture medium. The cell density of 1.1B4HP cells used for the cytotoxicity tests was 10.000
cells/cm?, which was seeded in 48-well cell culture plates, in order to reach 70 % confluence for
24 h of incubation at 37 °C, in a humidified atmosphere with 5 % CO2. For encapsulation, the
supernatant of cell suspension was discarded, and the cell pellet was suspended in a neutralized

agarose or agarose/fucoidan (Chapter VI) solution in order to be encapsulated.

I1-4.1.3. Rat insulinome cells (INS1E cells)

In Chapter VIII, INS1E cells were used in cytotoxicity assessment and were encapsulated into
the developed microcapsules. Rat insulinoma beta cells are one of the most common used diabetes
treatment cell line. INS1E rat insulinoma cells (AddexBio, USA) were cultured in RMPI 1640
medium (Gibco, USA) supplemented with 5 % (v/v) fetal bovine serum (FBS, Lonza, Switzerland),
100 U/mL penicillin and 100 mg/mL streptomycin (Gibco, USA), 10 mM HEPES, 1 mM sodium
pyruvate, and 50 uM freshly added beta-mercaptoethanol (Gibco, USA) and incubated at 37 T and

in a humidified air atmosphere of 5 % CO2. At approximately 90 % of confluence the cells were

washed with PBS, and collected by adding 0.05 % trypsin-EDTA for 5 min at 37 °C. After the

detachment of the cells, the trypsin was inactivated by adding fresh cell culture medium. The cell
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suspension obtained was then centrifuged at 300 g at 25 °C. The cell density of INS1E cells used
for the cytotoxicity tests were 2x104 cells/mL, which were seeded in 96-well cell culture plates

(4x103 cells/well, 200 pl/well), in order to reach 70 % confluence for 24 h of incubation at 37 °C,

in a humidified atmosphere with 5 % CO2. For encapsulation, the supernatant of cell suspension

was discarded, and the cell pellet was suspended in a neutralized alginate or alginate/fucoidan

(Chapter VIII) solution in order to be encapsulated.

lI-4.1.4. Islets Isolation

lll - 4.1.4.1. Rat islets isolation

Rat islets of Langerhans from male Lewis rats (>10 weeks) were isolated in MERLN laboratory
(Maastricht, Netherlands). Animal usage and all experimental procedures were approved by the
Institutional Animal Care and Ethics Committee of Maastricht University. The next points are the

protocol used for rat islets isolation [129].

- Animals

Lewis rats (> 10 weeks), male, body mass 2507300 g was bought by MERLN Institute at
Maastricht University in the Netherlands. All animal experimental procedures were approved by the
Dutch ethical committee on animal experimentation (CCD) and the institute’s Animal Care and

Ethics Committee at Maastricht University (IVD).

- Preparation solutions before islets isolation

e Krebs-Ringer bicarbonate (KRB) solution: It was as a base for quench and lysis buffer.

For 1liter of KRB solution it was used 500 ml of KRB, 2 ml of glucose 1 M, 10 ml of
100 U/ml penicillin and 100 mg/ml streptomycin, 1 ml of calcium chloride (CaCl.)
aqueous solution 1 M and 10 ml of HEPES 1 M. Bubble with air 1X KRB 15 min and
pH 7.4.
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e Make perfusion solution (liberase): for perfuse one pancreas it was used ~ 2.5 - 3

ml of liberase. It was taken out 15 ml of the 1 x KRB and filtered (0.2 um) this into a
separate falcon tube. It was added to this 150 pl of liberase (T-flex from Roche) (100
X, 25 mg/ml) and 150 pl of thermolysis (100 x, 0.75 mg/ml). Kept on ice.

e Make quench buffer: to the remaining 1x KRB was added heat inactivated neonatal

calf serum (NCS) (to give 10 % NCS). This was the quench buffer. The quench buffer

was filtered and stored at 4 °C until required.

- Pancreas removal

Rats were euthanasia with anaesthetize and neck break. Pancreas and common bile ducts
were fully exposed. Then, common bile duct was intubated with a self-made catheter and ligation
fixed (Figure Ill —=20). Two and half ml of perfusion solution was sucked into a 5 ml syringe and the
syringe was attached to the end of cannula. A small amount of perfusion solution was injected to
the common bile duct to move the bile into the intestine and ligate the distal common bile duct.
Then the pancreas was removed rapidly and completely. After removing the fat and connective
tissue from, tweezers were used and carefully torn the pancreas up on ice, 5ml of pre-warmed

collagenase solution was transfered into 50 ml conical flask.

- Islet isolation:

Once incubation was completed it was added 15 ml quench buffer to each falcon tube and
shaken vigorously for 15-17 seconds. Then it was poured through net well filter into the new tube.
More quench buffered was added, the falcon was shaken, and that material passed through net
well. All procedure was performed in ice. The solution was transferred to a centrifuge tube and
homogenized by pipetting, before centrifuged at 1000 rpm for 1.5 min at 4 °C. Centrifugation was
performed 3 times, pouring off the supernatant and gently resuspending in 20 ml quench between

centrifugations.
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- Islets purification:

The supernatant was discarded, and the pellet was purified by the discontinuous Ficoll density
gradient centrifugation. First, the pellet was suspended in 15 ml Ficoll solution and added 10 ml
of quench buffer carefully on top of Ficoll. Then the tubes were centrifuged at 1360 g for 22 min
at 10 °C. After the centrifugation the islets were carefully pipette (from the interface) all of Ficoll
and quench, and then trapped on top of the filter. The islets were washed 3 times with quench
buffered and then completed with RPMI 1640 medium. Islets were incubated for 48 hours in RPMI
1640 medium (Life Technologies, The Netherlands), supplemented with penicillin and
streptomycin and 10 % fetal bovine serum (FBS) in an incubator at 37 °C supplied with 5 % CO. in
air before being encapsulated. The purity of the islets was assessed by dithizone (Sigma, St Luois,

MO) staining and found to be > 95 %.

A

Figure 11I-20. Schematic representation of rat islet isolation. A) Lewis rats (> 10 weeks); B) pancreas removal; C)
perfused pancreas D) Islet isolation by shaking the pancreas in falcons and pass the material through net well

and E) Islets isolated from rats.
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[l - 4.1.4.2. Neonatal pig islet isolation

All experiments were conducted in accordance with the local ethical committee and with EU
Directive 2010/63/EU for animal experiments. Piglets (Belgian landrace; 3-8 kg) were directly
delivered to the islet isolation facility in Brussels. Neonatal pancreatic islet isolation was carried out
as previously described [164]. Briefly, the harvested neonatal pig pancreas was cut into small
pieces and transferred to a 50 ml tube. The pancreas was then washed twice with 30 ml of ice-
cold supplemented HBSS (10 mM Hepes, 100 U/mL Penicillin-streptomycin, 10 mM Glucose,
0.075 % Amphotericin B, 0.25 % BSA) with each time allowing the pancreatic tissue to sediment
and removing the supernatant with debris and fatty tissues. After washing, collagenase V (Sigma)
(10 mg dissolved in 5 ml HBSS) was added and the pancreas digested by manual shaking for 20
min at 37 °C followed by addition of 40 ml of cold HBSS to stop the digestion process. The
pancreas was washed 3 times by filtering the preparation on a sterile 500 uM mesh and the filtered
pancreas was suspended in supplemented HAM F10 medium. Neonatal pig islets (NPI) were
cultured in HAM-F10 culture medium supplemented with 0.5% BSA, 50 umol/L IBMX (3-isobutyl-
1-methylxanthine), 10 mmol/L glucose, 2 mmol/L glutamine, 10 mmol/L nicotinamide, 1 %
penicillin, and 1 % streptomycin during a period of 8 days to allow maturation of islet cells and

removal of exocrine tissue as previously described before encapsulation [164].
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Figure IlII-21. Scheme representative of protocol for the isolation of neonatal porcine islets and islet progenitor cells.
Pancreas are surgically removed from 1-3 days old pigs, minced, enzymatically dissociated (collagenase), and
filtered before culture. After nine days of culture of this digest in serum-free media results in exocrine cell death

and the derivation of a primarily ductal/endocrine population. Adapted from /171].

I1-4.1.5. Human pulmonary microvascular endothelial cells (HPMEC-ST1.6R)

Human pulmonary microvascular endothelial cells (HPMEC-ST1.6R cell line) was used to
study the angiogenic potential of airbrush nanofibrous are described in Chapter VII. This cell line
is commonly used to study the angiogenic process /17 vitro [166]. These cells were cultured in
M199 medium (Sigma Aldrich, USA), supplemented with 20 % fetal bovine serum (FBS) (Gibco,
USA), 2 mM Glutamax (Alfagene, Portugal), 100 U/mL penicillin, and 100 mg/mL streptomycin

(Pen/Strep 100 U/100 g mL_l) (Alfagene, Portugal), endothelial cell growth supplement (ECGS)
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(25 pg mL 1) (VWR, Batch 8135001, USA). Cells were used at passages 38-40 and incubated at
37T and in a humidified air atmosphere of 5 % CO2. At approximately 90 % of confluence the cells

were washed with PBS, and collected by adding 0.05 % trypsin-EDTA for 5 min at 37 °C. After the
detachment of the cells, the trypsin was inactivated by adding fresh cell culture medium. The cells
were seeded in 50000 cells/sample using the drop method. After 4 hours of adherence, 450 um
of the medium with ECGS supplement (1 ul/ml) was added at each sample. Tissue culture
polystyrene (TCP) was used as a control for all the assays. Each experimental condition was tested

in triplicate, and three independent assays were performed.

Ill-4.2.  Cell culture

I1-4.2.1. Assessment of cytotoxicity of extracts of fucoidan

Materials in contact with human tissues should not release any toxic agent or adverse effect
to the host [147]. To establish the possible toxic effects of leachable eventually released from the
material or scaffolds developed, indirect cytotoxicity tests were performed. The cytotoxicity
procedure described in this thesis follows the ISO International Standards Organization (ISO/EN
10993) guidelines [147,167] for testing biomedical materials [147]. Cytotoxicity assays were
carried out using latex rubber and standard culture medium as positive and negative controls,
respectively. Latex rubber is commonly used as a positive control for standard toxicological assays,
as it is known to have a cytotoxic effect inducing cell death and lysis [98,168]. Possible toxic
leachable might be released when scaffolds or material (concentrations between 0 and 30 mg/ml)
are incubated in a culture medium diluted to the final test concentrations [98]. Thus, incubate at
37 °C for a period of 24 hours, leachable is filtered and placed in contact with cells. This method
allows to quantify the effect of material over the viability of cell culture and thus deduces about the
cytotoxic behavior (or lack of) in contact to a material. In the studies, mouse fibroblast-like cells
(L929) and rat insulinoma cells (INS1E) were used to perform the cytotoxicity tests on leachable
products of fucoidan powder and modified fucoidan particles (Chapter IV and VIII) respectively.
929 cells were cultured and expanded in basic medium: Dulbecco’s Modified Eagle’s Medium
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(DMEM, Sigma-Aldrich, USA) with phenol red and supplemented with 10 % fetal bovine serum,
(FBS, Gibco, UK) and 1 % antibiotic/antimycotic (A/B, Gibco, UK) solution. L929 cells were

incubated at 37 °C in an atmosphere containing 5 % of CO2 until achieving 90 % of confluence.

INS1E cells were culture RMPI 1640 medium (Gibco, USA) supplemented with 5 % (v/v) fetal
bovine serum (FBS, Lonza, Switzerland), 100 U/mL penicillin and 100 mg/mL streptomycin
(Gibco, USA), 10 mM HEPES, 1 mM sodium pyruvate, and 50 puM freshly added beta-
mercaptoethanol (Gibco, USA) and incubated at 37 T and in a humidified air atmosphere of 5 %
CO2 [169]. Then, L929 cells and INSIE were seeded onto adherent 24 well plates at a
concentration of 2x10° cells/well. After 24hours leachable (fucoidan in powder and MFu
microparticles dissolved on DMEM medium for 24hours) were placed in contact with cells and a
MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium)) assay and Cell-Titer Glo assay were performed to screen the cellular viability after 24,

48 and 72 hours [147].

I1-4.2.2. Seeding L929 cells in surface of the particles

To evaluate the biological performance of the modified fucoidan particles, an /n vitro cell
adhesion test was performed using L929 fibroblast-like cells (Chapter IV and V). For these
experiments, 1L929 cells were cultured in Dulbecco’s modified Eagle’'s medium (DMEM)
supplemented by 10 % (v/v) fetal bovine serum (FBS) and 1 % (v/v) antibiotic- antimycotic [9,170-
172]. L929 were seeded on the surface of the materials (10 particles/well) and TCPS at a density

0f3.5x 10° cells/mL (500 pL/well) and cultured for 1, 7 and 14 days (Figure lll - 22). Triplicates
were made for each sample formulation. The samples were incubated at 37 °C in a humidified 95
% air/5 % CO2 atmosphere. Culture medium was replaced twice a week. After each culture time,
the medium was removed, and the samples were washed with a PBS solution. After each time
point, the cell viability, proliferation, total protein quantification and morphology of the samples was

evaluated, as described below.
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Figure 1lI-22. Scheme depicting of modified fucoidan particles (MFu) and direct contact with cells (L929 and 1.1B4
cells). A) Pipetting the solution of methacrylated fucoidan (MFu) with photoinitiators and crosslinking of
fucoidan-based particles with visible light and B) Seeding of cells (L929 and 1.1B4 cells) in the surface of

fucoidan-based microparticles.

11I-4.2.3. Encapsulation 1.1B4 in Hydrogels

The effect of methacrylation and photocrosslinking on cell viability, adhesion and proliferation
was assessed by direct contact of 1.1B4 human pancreatic cells in MFu microparticles (Figure llI
- 22) (Chapter V). These cells were also encapsulated within the Agarose/Fucoidan (AgaFu)
hydrogels in Chapter VI to demonstrate the ability of the system to support the encapsulation of
viable cells. A cell suspension of 1.1B4HP cells (1.5 x 10scells/mL) was prepared by trypsinization

(trypsin/EDTA solution, Gibco) and mixed with the Aga and AgaFu polymer solution at 37 °C. The
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protocol for generating hydrogels laden with 1.1B4 HP cells was similar to that described for

obtaining the simple Aga and AgaFu hydrogels (Figure Il - 23). The viability of the encapsulated

cells in the hydrogels was assessed by using the live/dead assay, was performed for 1, 3, and 7

days. After each culture time, the medium was removed, and the samples were washed with a

PBS solution for a posterior characterization.
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N\ >,

o

A B)

AgaFu solution at 75°C AgaFu
solution at 37°C

v

C)

@% 1.1B4 HP cells
o‘.

o~

AgaFu sol-gel solution at
37°C with cells

AgaFu gel formation

Figure 11I-23. Schematic representation for production of agarose-fucoidan hydrogels (AgaFu). A) Preparation of

agarose (Aga) or agarose/fucoidan (AgaFu) solutions, B) Preparation of the pellet of 1.1B4HP cells and adding

to Aga or AgaFu solutions, C) transferring of Aga or AgaFu solutions with cells to molds D) formation of Aga

and AgaFu gel with encapsulated cells by cooling the solution at room temperature and E) AgaFu hydrogels

with cells.

I-4.2.4. Formation of aggregates of single cells islets

Aiming to mimic a pancreatic islet, cell aggregates can be made from single beta cells in

agarose chips. Non-adherent agarose microwell chips were aseptically fabricated by replica

molding as described previously [173-175]. Briefly, negative replicates of patterned poly-
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dimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, USA) stamps, each containing 1585
microwells with a diameter of 400 um, were prepared using 3 % agarose solution (Ultra-pure

agarose, Invitrogen, Bleiswijk, The Netherlands) [175]. After agarose solidification, the molds were
removed, covered with PBS, and stored at 4 °C until usage (Figure Il - 24A). Before cell seeding,

the agarose chips were pre-incubated in culture medium overnight at 37 °C. For cell aggregate
formation, single cells were resuspended in fresh medium and 800’000 INS1E cells were seeded
per agarose chip (Figure lll -24B). Immediately after seeding, agarose chips were briefly centrifuged
at 200 g during 1 min to allow the cells to settle down in the microwells. Medium was refreshed
every 1-2 days (Figure Ill -24 B-C). Cell aggregates were cultured up to 4 days after which they
were removed from the chips by upside down for further use. To measure the average aggregate
diameter, microscopic images were taken, and the aggregate diameter was quantified using Image

J[176].
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Figure 11l-24. Schematic representation of agarose microwell fabrication and cell aggregation. A) Agarose microwell

fabrication 1) PDMS stamp that contains positive microwells. By pouring a 3% agarose solution on top of

negative microwells. 2) Removing PDMS stamps and production of agarose microwells 3) Cut the agarose
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hydrogel and placed in a new 12 well plate. B) Cell Aggregation a) Seed single cells in solidified agarose

microwells and b) aggregation of the cells over the time. C) Microwells with cells over the time.

I1-4.2.5. Encapsulation of INS1E aggregates and rat/pig islets in microcapsules

In Chapter VII INS1E aggregates were used in the encapsulation into microcapsules. The
encapsulation into microcapsules was carried out using the air-driven droplet generator (Nisco D-
0038, Zurich, Switzeland, Nozzle from Biored, California, USA). Before the encapsulation
procedure, INS1E aggregates or rat/pig islet cells were removed from agarose chips and pooled
together in 50 ml falcon tube. The INS1E aggregates were divided by the volume for each solution.
Normally, 800 ul of alginate (2.2 %) or alginate/fucoidan (2.5 %) solutions were added to 100 pl
of INS1E aggregates suspension (1:8). Around 0.8 ml of alginate or alginate/fucoidan cell
suspension was drawn into 1 ml syringe and loaded onto the encapsulation machine. The principle
of microencapsulation using air-driven droplet is shown in Figure lll - 26. The syringe containing
the alginate or alginate/fucoidan (Fucogel) cell suspension was fixed securely onto the
encapsulation device, using velocity 16 ml/min and the airflow set at 4 L/min. Once the syringe
driver was turned on, the plunger in the driver pushes the syringe downwards, thereby forcing the
alginate or alginate/fucoidan cell suspension through the encapsulation device to produce alginate
beads (called microcapsules). The beads that formed were collected in a sterile 145 mm petri dish
containing 30 ml of BaCl. coagulation bath (for 1 liter of coagulation bath: 4.89 g barium chloride
(BaCl.) solution; 2.093 g MOPS [(3-N-Mopholino)-propanesulfonic acid] (10 mM); 6.43 g sodium
chloride (1109 mM) dissolved in 1 L of milliQ water; after dissolution, it was filtered and sterilized)
placed at a distance of 16.5 cm from tip of the nozzle of the encapsulation device. Subsequently,
the cell-laden alginate or alginate/fucoidan beads were incubated in a 20 mM BaCl. solution for 2
min, and then washed five times with phosphate buffer solution (PBS) to remove excess BaCl.. The
microcapsules were allowed to settle after repeated washings, and the supernatant was discarded.
The microencapsulated INS1E aggregates were then incubated in supplemented RPMI 1640

medium at 37 °C, 5 % CO2 until used for /n vitro studies.
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To explore the potential of fucoidan to alleviate oxidative stress post-encapsulation, we
encapsulated genetically encoded redox probe mtroGFP2-Orpl transduced INS1E beta cells
(INS1E report cells) were used. The probe is a fusion protein consisting of redox-active green
fluorescent protein 2 (roGFP2) genetically fused to the redox enzyme Orp1 that is oxidized by H:0.
[177]. A major advantage of roGFPs over other fluorescent probes is their ratiometric fluorescence
excitation behavior. When measuring fluorescence emission at 510 nm, roGFP2 exhibits excitation
maxima at both 400 and 490 nm; oxidation increases the intensity of the 400 nm peak while
decreasing the intensity of the 490 nm peak and vice versa for reduction (Figures Ill- 25). The
procedure used for encapsulation of INS1Es report cells was the same used for the encapsulation
of INS1Es aggregates. Briefly, we used a genetically encoded redox probe mt-roGFP2-Orpl
transduced INS1E beta cells (passage 93). Stably expressing mito-roGFP2-Orpl INS1E cells were
obtained from Leticia Prates Roma (Saarland University). INS1E cells were retrovirally transduced
with pLPCX mito roGFP2-Orpl as previously described for H1975 cells [178,179]. The stably
transduced mito-roGFP2-Orpl INS1E cells were cultured in RPMI (Gibco 61870) supplemented
with 5% (v/v) fetal bovine serum, 10 mM HEPES, 1 mM sodium pyruvate, 100 U/ mL penicillin,
100 mg/mL streptomycin and 0.05 mM 2-mercaptoethanol at 5% CO. at 37°C. For these
experiments INS1Es report cells were cultured as previously described. Report INS1Es cells were
encapsulated in ALG and fucocaps at a density of 1 x 10¢ cells/ml described before for 24hours.
In the following day the encapsulated cells were washed with PBS and exposed to H.0. (1 mM) for
1 hr to induce oxidative stress. To induce reduction and oxidation, DTT (5 mM) and Diamide (0.5
mM) were added respectively as controls and the OxDmtroGFP2 was calculated as previously

described [180].
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Oxidized

Reduced

Figure 11l-25. Schematic illustration of the mitochondrial ROS sensor mt-roGFP2-Orp1
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Figure 11I-26. Schematic representation of cell encapsulation in ALG or ALGFu. A) Preparation the solutions of alginate
or alginate/fucoidan (FA or FF) and pellet of islet aggregates, B) Added the islet aggregates and transfer for a

syringe and C) Production of microcapsules with islets encapsulated using droplet generator.

135



Chapter Ill - Materials and Methods

IlI-i4.3. Evaluation of cell culture

/n vitro cell culture studies performed under the scope of this thesis include
experiments/assays designed to evaluate the /n wvifro viability of the cells in both 2D and 3D
cultures. In this section it is described the experimental procedure, namely reagent volumes,
concentrations, incubation times and temperatures, while other measurement details are
extensively described in each respective chapter of Section 3. These details varied slightly

according to the brand of the kit used and they were always adapted and optimized for each system.

I1-4.3.1. Metabolic activity and cell viability examination

ll-4.3.1.1. MTS assay

MTS is commonly used for the analysis of cell metabolic activity and provides an indication of
cell viability. This particular assay determines if cells exposed to the different polymers are
metabolically active. It is based on reduction of the substrate 3-(4,5-dimethylthiazol-2-yl)-5(3-
carboxymethoxyphenyl)-2 (4-sulfofenyl)-2H-tetrazolium, MTS, in a mitochondria-dependent reaction
to yield a brown formazan product. This conversion is accomplished via NADPH or NADH produced
by mitochondrial dehydrogenase enzymes in metabolically active cells. In this sense, only viable
cells, undamaged by a foreign agent, can express this enzymatic activity [98,181]. The different
systems studied, namely (i) fucoidan in powder and microparticles assessed by direct contact with
L929 fibroblast-like cells and 1.1B4 HP cells (Chapter IV and VI), (ii) hydrogels encapsulating
1.1B4HP cells (Chapters VI), and (iiij microcapsules encapsulating INS1E and rat/pig islets
(Chapter VIII) were placed in cell culture plate and incubated at 37 °C and 5 % CO». At different

pre-determined periods (1, 7, 14, 21 and 28 days), MTS assay was performed protected from light.
Briefly, culture medium was removed and 1 mL of culture medium without FBS and without phenol

red was mixed with MTS reagent at ratio of 1:5 and added to each well (samples/cells constructs).
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Samples were then incubated in the dark at 37 °C and 5 % CO». After 3 hours, 100 pL of each

well (in triplicate) was transferred to a 96- well plate. The amount of formazan product was
measured by absorbance at a wavelength of 490 nm using a multiwell spectrophotometer (Biotek,

Synergy HT, USA).

[l - 4.3.1.2. ATP bioluminescence assay

ATP bioluminescence is a homogeneous and reproducible method for the determination of
cell viability based on the quantification of the existing Adenosine Triphospate (ATP), which directly
quantifies the metabolic activity of cells. This assay was designed for direct use in multi-well culture
plates, making it ideal for an automated screening of cells cytotoxicity, and highly reproducible.
This assay involves adding a single reagent (CellTiter-Glo® Reagent) directly to the cultured
cells/hydrogels, prepared in the corresponding serum-free culture medium. The contact with this
reagent induces cell lysis and generation of a luminescent signal proportional to the amount of the

present ATP. The amount of ATP is directly proportional to the number of cells in culture [182].

In Chapter VIII, to quantify the metabolic activity of the cells seeded inside the microcapsules,
a Cell-Titer Glo assay was performed. CellTiter-Glo 3D reagent was added to the cell culture media
with a 1:1 ratio. The Petri dish was then closed with Parafilm and mixed vigorously for 5 minutes
on a plate shaker in order to induce cell lysis, next the plate was left 25 minutes at room
temperature to equilibrate the signal. After this, the luminescent signal was recorder with a

CLARIOstar microplate reader.

Il - 4.3.1.3. Live/dead staining assay for cell viability

Live/Dead assay was used to evaluate the viability of cells cultured on the processed materials
(Chapter V, VI and VIII). This test provides a two colors fluorescence simultaneous visualization of
the live and dead cells. The live cells were identified using Calcein AM. Despite not being
fluorescent, this hydrophobic molecule easily permeates intact live cells. Upon hydrolysis by
intracellular esterases, the Calcein AM is converted into Calcein, which is a hydrophilic fluorescent
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dye. The Calcein retained in the cell cytoplasm allowed the visualization of the live cells through
adequate methods (fluorescent/confocal microscopy, excitation ® 495 nm, and emission = 515
nm), as cells will appear bright green and recorded as live cells. The dead cells were labeled by
propidium iodide (PI1), which binds to nuclear DNA by intercalating between the bases, with little or
no sequence preference, after crossing the damaged cell membrane of dead cells (that is not
permeant in live cells). Thus, by using a rhodamine filter (fluorescence excitation of 535 nm and

emission of 617 nm), cells will appear bright red and recorded as dead cells [31].

Cell viability was assessed after each time point using live/dead assay (n= 3 samples per well,
in triplicate). Briefly, the samples (hydrogels) were incubated for 10 min with 2 uL calcein-AM (1
mg mL-1) and 1 pL PI (1 mg mL-1) in 1 mL of PBS protected from light. Afterward, the samples
were washed with PBS to remove residual fluorescent and visualized by optical or confocal

microscope.

In Chapter VIII, this staining was performed in order to determine the viability of cells inside a
closed device. The first step of this staining is to prepare a calcein-AM (2.5 uM)/ethidium
homodimer-1 (4 uM) solution in PBS. This was obtained by mixing 2.5 uL calcein-AM (1 vial) and
5 WL ethidium bromide in 4 mL of PBS. The sealed device containing cells was washed with 5 mL
of PBS, and then 2.5 mL of LIVE/DEAD® assay reagent was added to the sample. The cells were
left to incubate for 45 minutes at room temperature, after which they were ready to be observed

under a fluorescent microscope.

IlI-4.3.2. DNA content

DNA assay is one of the most used measurements to evaluate cell proliferation by quantifying
the double strand DNA (dsDNA) content of cells cultured on the developed devices. Double
stranded DNA quantification is based on fluorescence enhancement of a dye, PicoGreen, upon
binding to dsDNA. The relative fluorescence units measured correlate with the total number of cells
[98,183]. In this sense, measurements of DNA are frequently taken to be representative and

indicative of cell proliferation [98,184]. The DNA content for different systems, namely (i)
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microparticles in direct contact with L929 cells (Chapter IV) and (ii) hydrogels in direct contact with,
or encapsulating, 1.1B4 cells (Chapters V and VI) were analysed for different time points. At
different pre-determined periods, each well was washed with PBS and 1 mL of ultrapure sterile
water was added. Upon mixing, contents were transferred to eppendorf tubes, which were then
placed in a shaking water bath at 37 °C for 1 h. Ultimately, the tubes were immediately stored at
-80°C until use [185]. Prior to DNA quantification, samples were defrosted at room temperature
and sonicated for 15 min. Samples and controls were vortexed and 28.7 pL of each, plus 71.3 pL
of PicoGreen solution and 100 pL of TE (200 mM Tris-HCI and 20 mM EDTA) solution were
transferred into an opaque 96-well plate. Triplicates were made for each sample or standard. The
plate was incubated for 10 min in the dark and the fluorescence was measured, using an excitation
of 485 nm (excitation of the dye) and an emission wavelength of 528 nm (when the dye is bounded

to the dsDNA). A standard curve was created (concentration of DNA ranging between 0 and 2 g

mL'l) and the DNA values of the samples were read off from the standard graph [30].

In Chapter VIII, this assay was used to detect and quantify the amount of DNA present in the
samples. It's important to perform this experiment after the cells of the sample have been lysed,
so either after the CellTiter Glo assay or a separate buffer. 10 L of the lysed CellTiter-Glo samples
were taken and 90 uL of PicoGreen solution was added. The plate is left to incubate for 2-5 minute
at room temperature covered with aluminium foil. Fluorescent can then be read with a Plate
Reader. The values of the samples were compared to the standard curve to calculate the amount

of DNA.

I1-4.3.3. Cell morphology and distribution study

Confocal laser scanning microscopy (CLSM) is an optical imaging technique used to increase
contrast and optical resolution, overcoming the limitations of conventional widefield microscopy.
Simultaneously, CLSM facilitates the generation of high-resolution 3D images from a relatively thick
sample [135,186,187]. In some cases, the 3D reconstruction allows a better understanding of the

distribution, organization or morphology of cells, or molecules of interest. Confocal microscopy was
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a very useful technique to assess cellular viability by Calcein AM in 1.1B4 human pancreatic
encapsulated in fucoidan microparticles, fucoidan based hydrogels, described in Chapters IV, V, VI
and VIII. CLSM was also used for the detection of specific formation of pseudo islets. Samples were
prepared accordingly to Calcein AM and immunofluorescence protocols above mentioned before
analyzed under a confocal microscope (Leica, TCS SP8, Germany) equipped with argon/He-Ne
laser sources. Briefly, the samples (microparticles and hydrogels) were incubated for 10 min with
2 plL calcein AM (1 mgmL!) and 1 uL PI (1 mgmL!) in 1 mL of PBS protected from light. Afterward,
the samples were washed with PBS to remove residual fluorescent and visualized by confocal. For
the immunofluorescence, before staining, at each time point, the culture medium was removed,
and 10 % formalin was added to each well (n = 5 particles or capsules per well, in triplicate). After
1 h at RT, formalin was removed and replaced by 0.1 % Triton X for 5 min to permeabilize cells.
Upon PBS washing, 1 mL of PBS containing 1 pL of DAPI and 10 pL of Phalloidin was added to
each well. After 1 hour at RT protected from light, samples were washed three times with PBS and
immediately visualized in the dark by confocal. Cell nuclei appeared bright blue, and F-actin

filaments appeared on bright red, respectively, due to DAPI and phalloidin dyes.

[1I-4.3.4. Micro BCA

Micro Bicinchoninic Acid Protein assay (Micro BCA™) is a colorimetric method that quantifies
protein content in a sample [188]. The test combines the protein induced biuret reaction with the
highly sensitive and selective colorimetric detection of the resulting cuprous cation (Cu*) by BCA
[183]. This assay is based in the reduction of Cu2to Cu by protein in an alkaline environment.
The chelation of Cu* by two molecules of BCA creates a purple color that is linear with increasing
protein concentrations. Micro-BCA assay was used to determine the amount of protein present in
MFu particles, according to manufacturers’ instructions (Fisher Scientific, USA). Working Reagent
was prepared by mixing Micro BCA Reagent MA, MB and MC at the proportion of 25:24:1.
Following, 150 pL of the sample (including blank, control and standards) and Working Reagent
were mixed in a multi-well plate and incubated at 37 °C for 2 h. After, the plate was cooled to RT

and the absorbance was read at 562 nm in a Synergy HT multi-mode microplate reader (BioTek,
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Synergy HT, USA). A standard curve, using albumin as a standard (0 to 200 pg/ml), was created
and sample protein values were read off from the standard graph. Plotting the measured

absorbance against albumin concentration allowed the calculation of protein concentration.

1-4.3.5. /n vifroinsulin secretion assays

[l - 4.3.5.1 Glucose induced insulin secretion test (GSIS)

To test the insulin secretion of rat insulinoma cells (INS1E) and INS1E aggregates, a glucose-
stimulated insulin secretion (GSIS) assay were performed at day 1 and 5. Each sample was pre-
incubated for 1 hour in a glucose-free incubation buffer consisting of a modified Krebs-Ringer
bicarbonate buffer with (115 mM of sodium chloride (NaCl), 5 mM potassium chloride (KCI), 24
mM sodium bicarbonate (NaHCO:) and 2.2 mM calcium chloride (CaCl.) ) at pH 7.4 supplemented
with 20 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), and 2 mg/ml human
serum albumin (Sanquin, Amsterdam, The Netherlands). Subsequently, samples were incubated
with three consecutive steps of 1.5 h consisting of low glucose (1.8 mM), high glucose (20 mM),
and another low glucose (1.8 mM) in KRBH buffer at 37 °C. The media samples were collected
after each incubation step and concentrations of secreted insulin were determined by ELISA assay
according to the manufacturers” protocol (Mercodia, Uppsala, Sweden). Secreted insulin was
normalized to the total insulin amount. Stimulation index (SI) was calculated as a ratio of released

insulin after high glucose stimulation divided by released after low glucose stimulation [176].

Il - 4.3.5.2. Effect of fucoidan on insulin secretion (dose - and time- response)

To assess rat insulinoma functionality, a glucose-induced insulin secretion test was performed
at different time points (3, 6, 12 and 24h) [175]. The INS1E cells were seeded into 24-well plates
at a density of 2 x 10¢ cells/well in RPMI 1640 medium, supplemented with penicillin streptomycin

5 % (v/v) fetal bovine serum (FBS), 1 % sodium pyruvate and 1 % HEPES 1 M, and incubated at
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37T in an atmosphere of 5 % CO2 for 24 hours. The cells were then treated with various doses of
fucoidan (0, 0.1, 0.5, 1, 5, and 10 mg/ml) for 3 hours; and with 5 mg/ml fucoidan for various
durations (6, 12 and 24 hours), in the presence of a 20 mM high glucose condition. As controls,
cells were exposed to low glucose (2.8 mM) concentrations. Aliquots of the media were removed
from each of the wells and centrifuged (1.175 x g, for 5 min at 4 °C) to remove the cells and stored
at -20 °C. For insulin content, cells were exposed to 600ul of acid ethanol (2.0 ml 37 % HCI+13
ml dH20+35 ml 100 % ethanol), incubated overnight at 4 °C, followed by vortexing and
centrifugation to collect the supernatant. Secreted insulin was normalized to the total insulin
amount. The concentration of insulin in the supernatants was determined using an insulin ELISA
kit (Mercodia, Uppsala, Sweden). The absorbance was measured at 450 nm using a CLARIOstar

microplate reader (BMG Labtech, Cary, North Carolina, United States).

Il - 4.3.5.3. Quantification of insulin secretion

In Chapter VIII, the possible mechanism of action for fucoidan induced insulin secretion was
studied. For insulin secretion assay using rat islets, 20 rat islets were hand-picked and seeded in
a non-adherent 24 wells plate equipped with a 24 well culture insert containing 1 ml RPMI 1640
medium, supplemented with penicillin, streptomycin, and 10 % FBS, and incubated at 37 “C in an
atmosphere of 5 % CO. for 24 h. After 24 hours, the insert with islets were taken out of the wells
plate and blot dry on paper wipe. Then were washed 3 x 5 min with 600 pl of low glucose solution
(1.7 mM) and equilibrated the samples for at least 1.5 h at 37 °C in low glucose solution. The
inserts with islets were taken out of the wells plate and blot dry on paper wipe. The islets were then
exposed to different test conditions namely i) low glucose (1.7 mM); ii) high glucose (17 mM); high
glucose + fucoidan (5 mg/ml); high glucose + 50 uM phosphodiesterase inhibitor (IBMX) + 5
mg/ml fucoidan; high glucose + 50 uM MDL 12330A hydrochloride + 5 mg/ml fucoidan for 1 h
at 37°C. After 1 hour, aliquots of the media were removed from each of the wells and stored at -
20°C. For insulin content, islets were exposed to 600 pl of acid ethanol (2.0 ml 37 % HCI+13 ml
dH:0+35 ml 100 % Ethanol), incubated overnight at 4 °C, followed by vortexing and centrifugation

to collect supernatant. The concentration of insulin in the supernatants was determined using an
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insulin ELISA kit (Mercodia). The absorbance was measured at 450 nm using the Clariostar

microplate reader.

I1-4.3.6. Antioxidant properties of fucoidan in the presence of pancreatic cells

Il - 4.3.6.1. DCFH test for determination of intracellular oxidative stress

DCFH-DA probe (Intracellular ROS assay) is a fluorescence-based and quantitative method
used to measure intracellular generation of H.0. and other oxidants or monitor redox signaling
changes in cells in response to intra or extracellular activation with oxidative stimulus. This probe
is cell-permeable and is hydrolyzed intracellularly to the DCFH carboxylate anion, which is retained
in the cell. Two-electron oxidation of DCFH results in the formation of a fluorescent product called
dichlorofluorescein (DCF) (Figure lll - 28). Consequently, DCF can be monitored by several
fluorescence-based techniques. In Chapter VIII, the intracellular oxidative stress studies on fucoidan
extracts and after cell encapsulation were performed using this assay, that results in a fluorescent
signal after oxidation by a wide range of Reactive Oxygen Species (ROS) [189,190]. Despite several

limitations like its limited specificity to measure H,0,, the DCFH assay is still appropriate to measure

general oxidative stress [190-193]. A stock solution of 10 mM DCFH-Diacetate was made in
DMSO, dilutions were made in exposure medium comprising minimal essential Dulbbecco s
modified eagle medium (Gibco 1180-028) supplemented with 10 mM HEPES, 1 mM sodium
pyruvate, 200 g/L glucose and 200 mM L-glutamine. For direct measurements, INS1E were
seeded at a density of 140,000 cells/well in a black 96 well plate with clear bottom cultured
overnight. Next, cells were incubated for 45 minutes, with 20 uM DCFH-Diacetate at 37 °C and 5
% CO2. Then, cells were washed using PBS. Cells were incubated with or without fucoidans (FA or
FF) extracts (10 mg/ml), the extracts were prepared in an exposure medium. Afterward, cells were
incubated with 10 mg/ml fucoidan extracts or a combination of 10 mg/ml fucoidan extracts and
2 mM H,0,. Every 5 minutes, the fluorescence was determined for a period of 60 minutes on
CLARIOstar microplate reader (BMG Labtech, Cary, North Carolina, United States) using an

excitation wavelength of A= 485 nm and measuring emission at A= 538 nm and the level of
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oxidative stress was determined [194]. The area under the kinetic curve was considered the total
oxidative stress experienced by cells and was normalized to the number of viable cells and a

reference sample of cells on tissue culture polystyrene after 1 day.
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Figure Ill - 28- Schematic representation of DCFH-DA probe action inside the cells A) mechanism of DCFH-DA probe.

DFH-DA is cleaved by intracellular esterases to DCFH and oxidized by ROS to highly florescent molecule
DCF. B)possible mechanism of DCFH-DA inside the cell (adapted from [198]).

I1-4.3.7. RNA sequencing

Transcriptome sequencing is used to reveal the presence, quantity and structure of RNA in a
biological sample under specific conditions. Compared to hybridization-based RNA quantification
methods such as microarray analysis, sequencing-based transcriptome detection can quantify
gene expression with low background, high accuracy and high levels of reproducibility within a large
dynamic range. In addition, transcriptome sequencing does not require an existing genome

sequence and can detect mutations, splice variants and fusion genes that cannot be detected by
microarrays [196,197].
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The experimental work on the Chapter VIl involved the use of molecular approaches (RNA-
seq) to understand the effect of fucoidan treatment on the varied cellular pathways in INS1E cells

in the presence or absence of H:0..

For RNA Isolation, INS1E cells (1x10¢/well) were seeded onto 6 well plates and the cells
exposed to H.O. (ImM) for 1hour in the presence or absence of fucoidan (5mg/ml). Following
incubation, the cells were washed in PBS, lysed and RNA isolation performed according to the
RNeasy Mini Kit (Qiagen, Netherlands) and quantified using the BioDrop (BioChrom, United
Kingdom).

The RNA-sequencing sample was prepared using a KAPA Stranded mRNA-Seq Kit, with KAPA
mRNA Capture Beads (Roche, cat# 07962207001) protocol being performed on 500ng of initial
RNA from bulk material. RNA size selection was performed for 300pb fragments. RNA-seq libraries
were amplified with 8 cycles. The purified libraries were quantified using Qubit (ThermoFisher) and
the fragment distribution analyzed using TapeStation (Agilent). Complete libraries were sequenced

(paired-end) on lllumina HiSeqTM4000, with 151bp from each end.

The transcriptomic analysis was performed by RNA-seq reads, aligned to the reference
genome (rat rn6) using HISAT?2 (version 0.1.6) with default parameters. Read counts representing
gene expression levels were calculated with featureCounts (version 2.0.0) using default
parameters. Only genes with counts above zero were retained for the downstream analyses.
Differential expression analyses were performed using EdgeR (version 3.12) with adjusted p-value
< 0.05 as the cutoff. Factor normalization was done using the CPM method. Dimension reduction
and clustering analysis were performed on EdgeR. All Gene Ontology (GO) analyses were performed
with ToppGene method (https://toppgene.cchmc.org/), and only Biological Process terms were
kept for downstream analyses. Enrichment score was calculated from the as -log10 of the p-value.

Plots were created using GraphPad Prism7.
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4.4, /n ovo assement of the angiogenic potential of fucoidan

I1-4.4.1. Chick chorioallantoic membrane assay (CAM)

The chick embryo chorioallantoic membrane (CAM) is an extraembryonic membrane that is
highly vascularized. Its principal function is to exchange gases and nutrients between the growing
embryo and environment and is assisted by a dense capillary network [198-200]. Due to its
extensive vascularization and its ease of use and cost-effectiveness, the CAM is a widely utilized
research tool (Figure Il - 28 A) to study morpho-functional characteristics of angiogenesis in7 vivo
as well as the efficacy and mechanisms of action of pro- and anti-angiogenic molecules [198-200].
We focused on the use of the CAM as an assay for the study of angiogenic potential of
system/platform to be used in the treatment of diabetes mellitus. In their native state, islets of
Langerhans are characterized by extensive vascularization, with this being important for proper
glucose sensing and consequent insulin secretion, thus assuring their correct functionality [201].
In this perspective, the islet transplantation involving encapsulated pancreatic cells require
competent vascularization, promoted by the encapsulation material or other supports [202]. In this
thesis it was proposed the use of a membrane inducing angiogenesis, which would support the
integration of hydrogels or capsules encapsulating pancreatic islets with patient tissues through a

vast vascular network.

In Chapter VII, CAM assay was conducted to evaluate the effectiveness of the PCL and
PCL/fucoidan airbrushed nanofibers meshes to promote angiogenesis. This method was
conducted as described in the referred chapter. White fertilized chicken eggs from Pintobar (n=150,
Pintobar, Amares, Portugal) were incubated at 37°C for 3 days (model B8420, Termarks; Bergen,
Norway). In the longitudinal extremities of the egg, two small holes were created to promote
dissociation of CAM from the membrane of the eggshell. A circular window was open into the
eggshell to assess CAM and embryo viability. The window in the eggshell was then sealed with
transparent tape (~ 50 x 30 mm, AXTON 50 mm) to avoid dehydration and the eggs were incubated
again at 37°C until day 10» of embryonic development. At day 10 of embryonic development, the
sterile PCL and PCLFF airbrushed nanofibrous meshes, prepared as previously described, and

controls (without membranes) were implanted on the CAM.
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Following implantation, shell opening windows were protected again with transparent tape,
and the eggs returned to the incubator at 37°C until day 15 of embryonic development (Figure I
- 28 B). All these procedures were performed in a laminar flow hood to minimize contamination.
At the 15" day, the chicken embryos were sacrificed by adding paraformaldehyde (PFA, Merck,
Berlin, Germany) solution at 4% (v/v), followed by its incubation at -80°C for 10 min in an ultra-low
freezer. The implanted materials with underlying CAM portions were cut and fixed with 4%
paraformaldehyde. £x ovo images were acquired with camera (Nikon D5100) with tripod in
constant distance and manual mode, for each condition; the photos were taken in both sides of
the CAM (i.e. chorinic and allantoic ephithelium). A minimum of 5 eggs/samples were used for

each condition.

A)

J- Yolk sac
Blood vessels
Allantoic sac

Chorioallantoic membrane
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Figure Ill - 29 - A) Diagram illustrating a chicken egg in its 10th day with all extraembryonic membranes, B) Schematic
representation of the optimized chorioallantoic membrane (CAM) assay. Fertile eggs were incubated for 3
days before creating the window. At 10th day PCL and PCLFF ANFM were placed on the CAM and the eggshell
was sealed to prevent infection. The assay proceeded until day 15 (adapted from [203,204]).

llI-5.  STATISTICAL ANALYSIS

GraphPad Prism 7.00 software (San Diego, USA) was used to perform statistical analysis.
Statistical significances (*p<0.05, **p<0.01; ***p<0.001) were determined using specifical
statistical test. Data was analyzed by Shapiro-Wilk test to assess data normality. Data with normal
distribution was analyzed using one-way analysis of variance, followed by Turkey posttest or
Dunnett’s post-test, when more than two groups were compared. Data that did not follow a normal
distribution was analyzed by the Kruskal-Wallis test, followed by Dunn’s multiple comparison test,
when more than two groups were compared. The quantitative results are as mean =+ standard

deviation.
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Chapter IV

Fucoidan hydrogels photo-cross-linked with

visible radiation as matrices for cell culture?

ABSTRACT

Algae are abundant sources of bioactive components with extensive therapeutic properties,
receiving much interest in recent years. The research on marine brown algae, namely one of its
polysaccharide-fucoidan, has increased exponentially. Fucoidan is a sulfated cell-wall
polysaccharide with several reported biological properties including anticancer, antivirus,
anticoagulant, antioxidant and anti-inflammatory effects. In this study, fucoidan was functionalized
by grafting methacrylic groups in the chain backbone, photocrosslinkable under visible light to
obtain biodegradable structures for tissue engineering. The functionalization reaction was carried
out by using different concentrations of methacrylic anhydride (MA), namely 8 and 12%(v/v). The
modified fucoidan (MFu) was characterized by FTIR and *HNMR spectroscopy to confirm the
functionalization. Further, modified fucoidan was photocrosslinked under visible light and using
superhydrophobic surfaces, in order to obtain spherical particles with controlled geometries
benefiting from the high repellence of the surfaces. When using higher concentrations of MA, the
particles were observed to exhibit a smaller average diameter. Moreover, the viability of L929
mouse fibroblast-like cells cultured in the photocrosslinked particles was investigated, being

observed up to 14 days in culture. The photocrosslinking of MFu under visible light enables thus

2 This chapter is based on the following publication:

Reys L. L., Silva S. S., Soares da Costa D., Oliveira N.M., Mano J.F., Reis R.L. and Silva T.H. Silva “ Fucoidan hydrogels photo - cross —
linked with visible radiation as matrices for cell culture”, ACS Biomaterials Science& Engineering, Vol.2, issue7, ppll51-
1161,doi:10.1021/acsbiomaterials.6b00180, 2016.
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the formation of particles here suggested as a good candidate for a high range of biomedical

applications.
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Oceans are a rich environment containing a wide range of organisms, with representatives from

all taxonomic kingdoms. Marine algae are a renewable source of different compounds with

economic, environmental and biological interest [1,2]. In particular, brown algae contain a range

of different polysaccharides, namely fucoidan, laminarans, and alginates. Fucoidan is a

heterogeneous and anionic polysaccharide that contains L-fucose, sulfate groups and varying

amounts of other sugar residues, as glucuronic acid and xylose, with composition differing with

algae species and season [3-5]. Due to the presence of uronic acid in its structure, fucoidan has

been compared with mammalian glycosaminoglycans (GAGs) that are composed by repeating
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disaccharide units of an amino sugar and uronic acid [5-7]. The fucoidan has interesting bioactive
properties, such as anti-inflammatory [3], anti-oxidative [4], anticoagulant [8], antithrombotic [8],
anti-tumor [9], and reducing blood glucose [10]. The increasing number of reports supporting the
bioactivity and promising properties of this molecule will foster the future application of fucoidan in
the treatment of some diseases. Nevertheless, in some cases the bioactivity mechanism or the
structure-function relation still needs to be enlighten [5,11]. This fact gains importance when we
think of this polysaccharide for pharmaceutical and biomedical applications. Despite the promising
properties, the biomedical use of fucoidan as a structural and support material has some
limitations, mainly due to difficulties in the processing of matrices stable in aqueous medium. In
fact, fucoidan is highly soluble in water but a crosslinking strategy needs to be followed. For that
reason, most of the studies reporting the use of fucoidan have suggested the use of blends and
composites with chitosan [12-14], silk [15-17], gelatin [18], polycaprolactone [19,20] and
hydroxyapatite [21]. These combinations resulted in different structures, namely, gels [14,22],
microspheres [18], fibers and films [14,15,17,23], with these matrices being proposed as drug
and gene delivery systems, diagnostic microparticles and burn wound-healing membranes [24-
28]. To the best of our knowledge, there are no reports in literature on methods for preparation of

structures based only in fucoidan for tissue engineering (TE).

The aim of this work was to investigate the possibility of preparing fucoidan photocrosslinkable
structures for biomedical application. The crosslinking of natural polymers promoted by photons
offers considerable advantages such as ease, fast, safety, low pollution, low energy consumption
and low-cost method over conventional chemical ways, which generally involve different reactive
species, initiators and catalysts [18,29,30]. For visible light photocrosslinking, polymeric materials
need to be conjugated with radically polymerizable groups. In this context, methacrylic groups,
when grafted in the chain backbone via oxygen or nitrogen atom, could represent a good candidate
for this function, as they work as degradable crosslinks sensitive to either hydrolysis or cell
mediated proteolysis [30-32]. Recently, some natural polymers, such as kappa-carrageenan [29],
gellan gum [33,34], alginate [35], gelatin [36,37], hyaluronic acid [38], mucin [39] and chondroitin
sulfate [40], were modified by methacrylation in order to form 3D structures via photocrosslinking
processes for further use in biomedical applications. The methodology for polymer modification
needs to be adjusted to each polysaccharide, namely addressing the methacrylate initial compound

(methacrylic acid and methacrylic anhydride are the most common), temperature of reaction,
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purification steps, among others. To the best of our knowledge, there are no previous reports in
the literature on the modification of fucoidan alone by different crosslinking agents (only when
combined with chitosan [41,42]) or by methacrylation for further photocrosslinking. In preliminary
studies, different crosslinking agents were tested to crosslink fucoidan, but no stable structures
were produced; besides some loosen flake-like structures obtained could not be further processed
in aqueous or organic solutions. To overcome this limitation, and based on the research group
expertise on the modification of natural polymers, namely k-carragenan and gellan gum, using
methacrylation reaction, we propose the fucoidan modification by this technique [43-45]. This
approach can also be useful in the incorporation of bioactive agents and drugs into fucoidan
formulations, increasing their broaden application. In this work, fucoidan from Fucus vesiculosus
was functionalized using methacrylation reaction with methacrylic anhydride. In this context,
methacrylate groups grafted to fucoidan backbone will allow their further photocrosslinking, which
will result in the production of fucoidan structures (particles) stable in aqueous media. For that
purpose, modified fucoidan was photocrosslinked in the presence of small amounts of co-initiators,
namely eosin-y (photoinitiator) and triethanolamine [29,46-49]. Modified fucoidan (MFu) was
characterized by Fourier-transform infrared spectroscopy (FTIR) and Nuclear magnetic resonance
(*HNMR) spectroscopy. Furthermore, morphology of fucoidan-based particles and cellular viability
within them were evaluated as an assessment of their biocompatibility, potentiating their use in TE

applications.

IV-3.  MATERIALS AND METHODS

IV-3.1. Materials

Fucoidan (Fu) in powder from brown algae Fucus vesiculosus (Maritech® Fucoidan, Marinova,
FVF2011527) was used as raw material. Methacrylic Anhydride (MA), Triethanol amine (TEOA),
Eosin-y, N-vinyl pyrrolidone (NVP), Tetraethyl Orthosilicate (TEOS) and 1H, 1H, 2H, 2H-

perfluorodecyl-trichlorosilane (PFDTS) of analytic grade (Sigma Aldrich) were used as received.
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IV-3.2.  Synthesis of methacrylated fucoidan (MFu)

MFu was synthesized by reacting Fu with MA: Fu was dissolved at 4% (wt/v) into distilled water
at 50°C and MA was added at a ratio of 8% v/v (MFul) or 12% v/v (MFu2), allowing to react for 6
hours at 50°C. The pH (8.0) of the reaction was periodically adjusted with 5.0 M sodium hydroxide
aqueous solution. The modified fucoidan solutions were dialyzed against water using 12-14 kDa
cutoff dialysis tubing for 3 days at 4°C to remove the excess of unreacted MA. MFu solutions were
frozen at -80°C and then lyophilized. MFu was further purified with acetone and lyophilized for 4
days. The obtained powder was stored at 4°C, protecting from light until further use [29].

IV-3.3.  Characterization of methacrylated fucoidan

IV-3.3.1. 'HNMR spectroscopy

The methacrylation of fucoidan was quantified by HNMR spectroscopy. The 'HNMR spectra of
Fu and MFu were collected in deuterated water (D:0), at 5bmg/ml and 50°C, being recorded on
Burker Avance Il spectral conditions: 300Hz spectra with 90° impulses, 4s acquisition time. The
methacrylation degree (DM, fraction of modified hydroxyl groups per repeating unit) was
determined by the relative integration of the methylene proton peak (Imesee, # in Figure IV - 1) of
methacrylated groups to methyl protons of the initial standard (les, 7in Figure IV - 1), according to
Equation IV - 1, as described elsewhere [33,50]. The Nmeme and news standard correspond to the
number of protons in the CH.= from the methacrylic group and in methyl groups of fucose,
respectively. The no« monomer corresponds to the number of reactive -OH sites per sugar residue

in the Fu structure [33].

Equation IV-1. Methacrylation degree.

Imethylene /nHmethyzene

CH3 /Tl CH3standard
DM = standard. %100

NoHmonomer
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IV-3.3.2.  Fourier transform infrared spectroscopy (FTIR)

The FTIR analysis was performed on a Shimadzu IR Prestige 21 spectrometer. The samples
were powdered, mixed with potassium bromide (KBr) and processed into pellets. The spectra were
recorded at region of 4000-400cm* with resolution of 16 cm? and each spectrum resulted from

32 scans.

IV-3.4. Preparation of modified fucoidan-based particles

Freeze-dried MFu (5% m/v) with different DM was added to a photoinitiator (Pl) solution
consisting of 0.3%(m/v) eosin Y (photoinitiator) in N-vinylpirrolidone (comonomer) and 5M
triethanolamine (TEOA) (co-initiator) in water, at room temperature until complete dissolution [51].
To obtain modified fucoidan particles, a technology based in superhydrophobic surfaces developed
in our research group was used [43,44]. The surfaces were prepared following a method based on
that described by Deng et a/ [52]. Briefly, glass slides were held above the flame of a paraffin
candle until the surface was coated with carbon layer. Then, the glass slides were placed inside a
desiccator containing, at the bottom, a Petri dish with 4ml of ammonium aqueous solution (30-
33%) and another dish with 4ml of TEOS for 24h (StbOer reaction) in order to trigger the formation
of a silica layer on the surface of the glass slides by means of chemical vapour deposition. Next,
the glass slides were placed inside ceramic furnace (EBA 1350°C Ceramica, Fornoceramica,
Portugal) at 600°C for 2h, and finally placed into a desiccator on a tray above PFDTS (1H, 1H, 2H,
2H- perfluorodecyl-trichlorosilane) (without immersion) for 3 days in order to reach the repellence
necessary for hydrophilic and hydrophobic solvents [44,53]. Drops of 1 to 5ul of MFu and
photoinitiator solution were dispensed onto the superhydrophobic surface in order to form spherical
particles with different sizes in one step, benefiting from the high repellence of the surfaces that
hinders the solution to spread on the surface and thus keeps the integrity of the spheroidal liquid
particles. The drop-loaded surfaces were left below visible light (visible light, T5-8W-220-240V/50-
60Hz) for 15 minutes to promote photocrosslinking. Finally, the particles were removed and
washed with Dulbecco 's Phosphate-Buffered Saline (DPBS) and water to remove all residues of

non photocrosslinked polymer and photoinitiators.
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IV-3.5.  Scanning electron microscopy (SEM)

The morphology of the photocrosslinked fucoidan particles was observed using a NanoSEM-FEI
Nova 200 (FEG/SEM) scanning electron microscope. Prior to SEM analysis, samples were freeze-
dried and further coated with gold using a Quorum/Polaron model E 6700 equipment and the
analysis was performed with an acceleration voltage of 5.00 kV and magnification from 150X to

4000X.

IV-3.6.  Cytotoxicity assay

In order to assess the possible cytotoxicity of the samples, extracts (leachables) of all particles
and polymer powder were evaluated following MEM extraction tests (72h) according to
ANSI/AAMI/1SO-10993-5 guidelines [54]. For these tests a L929 mouse fibroblast-like cell line
(L929 cells, ECACC, UK) was employed and cell metabolic activity was assessed by using MTS (3-
(4,5-dimethythiazol-2y)-5-(3-carboxymethoxyphenyl) assay. In MEM extraction tests, the materials
and the control (latex as a positive control) were extracted by incubation in complete medium (the
same used for cell culture) for 24h at 37 °C and 60rpm (in thermostatic bath) [55]. After the
defined period of incubation, the resulting solution was removed, thus obtaining the extraction fluid.
929 cells were cultured in basic medium: Dulbecco "s Modified Eagle 's Medium (DMEM, Sigma
Aldrich, USA) with phenol red and supplemented with 10% fetal bovine serum (FBS, Gibco, UK)
and 1% antibiotic/antimycotic (A/B Gibco, UK) solution and incubated at 37 °C in an atmosphere
containing 5% CO.. A cell suspension was prepared with a concentration of 0.2x10°cell/ml and
seeded in 24-well plates. After 24h, extracts were added to the cell monolayer and incubated for
24, 48 and 72h. The 1929 cell ‘s relative viability (%) was determined for each extract and
compared to tissue culture polystyrene (TCPS), used as a negative control of cell death. Latex
extracts were considered as a positive control of cellular death. After each time point, extracts of
the solutions were removed and the plates were evaluated microscopically (in an inverted phase
contrast optical microscope) to assess the confluence of the monolayer and changes in cellular
morphology. At each time point MTS assay was performed to assess L929 metabolic activity

according to the suppliers’ instructions. The optical density (OD) was read on a multiwell microplate
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reader (SynergyHT, Biotek Instruments, microplate reader-Gen 5 2.01) at 490 nm. All cytotoxicity-

screening tests were performed using three replicates (n=3).

IV-3.7.  Direct contact test with L929 mouse fibroblast-like cells

To study the potential of the MFu particles to support cell adhesion and proliferation, a cell
suspension of L929 cells was seeded on MFul particles for different culture periods. For these
experiments L929 cells were cultured as previously described. L929 were seeded on the materials
surface (10 particles/well) and TCPS at a density of 3.5x10s cells/ml (500uL/well)for 1, 7 and 14
days. After each one of these periods of time, the samples were washed with PBS and MTS assay,
DNA quantification, total protein quantification and confocal laser scanning microscopy (CLSM)
were performed. Cell proliferation was evaluated using fluorimetric Picogreen double-stranded DNA
assay according to the manufactures instructions (Quanti-it™, picogreen dsDNA kit P7589,
Invitrogen). The total protein content of MFul particles was assessed up to 14 days using Micro-
BCA kit (Thermo Fisher Scientific, USA) and following the manufacturer’s instructions. The
absorbance was read at 562 nm on a multiwell microplate reader (SynergyHT, Biotek Instruments,
microplate reader-Gen 5 2.01). Adhesion, morphology and distribution of L929 cells on MFul
particles were analysed by CLSM. The particles were fixed with 10% formalin for 30 min. and then
samples were incubated with 3% bovine serum albumin (BSA) for 30 min. The structures were
permeabilized using 0.1% Triton X-100 for 5 min., incubated with phalloidin-TRITC for 20 min. at
room temperature, followed by washing with PBS and staining with 5 pg/mL DAPI (2-(4-
amidinophenyl)-1H -indole-6-carboxamidine) for 30 min. Fluorescence images from the stained
constructs were obtained by CLSM (Inverted Confocal Microscope with incubation, TCS SP8,

Leica).
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IV-3.8.  Statistical analysis

Statistical analysis of the data was performed by non-parametric Kruskal-Wallis followed by
Tukey s multiple comparison test, using Graph Pad Prism ® 5.0. Differences between the groups

with p<0.001 were considered statistically significant.

IV-4.  RESULTS

IV-4.1. Characterization of methacrylated fucoidan

Fucoidan was functionalized with methacrylic anhydride to confer it photocrosslinkable feature. The
methacrylation of fucoidan was confirmed by 'HNMR by the presence of two groups of peaks; one,
at 6 = 5.5-6ppm, is due to methylene (=CH:) in the double bond region (Figure IV -1 B, C (jii)) and
the other, at § = 1.9-2ppm peak corresponds to the methyl (CH:) (Figure IV - 1B, C (ii)), both from
the incorporated methacrylate groups [29] . The degree of methacrylation (DM) was calculated by
the relative integration of the double bond proton peak (lne) Of the methacrylate groups to the
methyl protons of the internal standard (leswes), USINg the equation 1. The results obtained for DM

are in the range between 8% and 11%.
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Figure IV-1. 'H-NMR spectra (T=50°C) of A) Fucoidan (Fu), B) Modified fucoidan prepared with lower methacrylic
anhydride concentration (MFul), C) Modified fucoidan prepared with higher methacrylic anhydride
concentration (MFu2). i) signal corresponding to H from methyl group of the fucoidan, ii) signal corresponding
to H from methyl group from methacrylate; iii) signal corresponding to H from methylene groups from

methacrylate.
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The functionalization of fucoidan was also assessed by FTIR spectroscopy. The infrared spectrum
of fucoidan in Figure IV - 2A, exhibits the signals in the range of 1315-1220 cm-* and 1140-1020cm-
1, assigned to the symmetric and asymmetric stretching of ether sulfate groups (RO-SOs)[56] . FTIR
spectra of modified fucoidan revealed the appearance of carbon-carbon double bond characteristic
peak (C=C) at 1400-1550 cm*, accompanied by the occurrence of characteristic ester peak (C=0)
at 1680-1750 cm?, existent in the methacrylate groups but not present in fucoidan (Fu), thus
confirming the methacrylation of fucoidan. Moreover, all spectra showed an absorbance peak at
1000-1270 cm* corresponding to the stretching vibration of sulphur-oxygen double bond (S=0) of
sulfate group [57], with different intensity, which means that although some acidic hydrolysis
during the methacrylation reaction may occur removing some sulfate groups, these are still

abundant also in MFul and MFu2 [29,30,33].
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Figure IV-2. FTIR spectra of fucoidan and modified fucoidan : A) fucoidan, B) MFul and C) MFu2.

IV-4.2.  Preparation of modified fucoidan-based particles

Modified fucoidan-based particles were successfully formed onto superhydrophobic surfaces and
photocrosslinked using eosin-y as photoinitiator, triethanolamine (TEOA) as a co-initiator and 1-
vynil-2-pyrolidone (NVP) as comonomer upon the irradiation with visible light [51,58].

Superhydrophobic surfaces have been proposed in a variety of biomedical applications [59,60],
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being used as substrates for particle formation [61-63], open microfluidic devices [61,64],
production of arrays for high-throughput analysis [61,64,65] among other applications [43-
45,61,66]. Scheme 1 shows the methodology proposed for the preparation of the fucoidan-based
particles, while the Scheme 2 illustrates the possible chemical reactions leading to fucoidan
methacrylation and further photocrosslinking, supporting the formation of stable hydrogel

structures with or without cells.
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Scheme IV - 1. Scheme depicting MFu particles production A) pipetting, B) crosslinking fucoidan particles with visible
light and C) stable hydrogel particles with or without cells.
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Scheme IV - 2. Scheme of possible reaction mechanism of fucoidan and methacrylated anhydride and further

crosslinking mediated by visible radiation. Reaction scheme based on [29,67].
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Due to the superhydrophobicity of the substrate’s surface, the drops of methacrylated fucoidan do
not spread, keeping their spheroidal shape. Upon irradiation with visible light, in the presence of
the photoinitiators, the photocrosslinking reaction is promoted, rendering fucoidan-based particles
that can be washed is aqueous solutions without structural desegregation. The morphology of
modified fucoidan-based particles after freeze-drying was evaluated using scanning electron
microscopy. The particles have a porous structure and round shape. The diameter of the particles
is different, depending on the DM, where the MFul has = 1330 um (Figure IV - 3A), while MFu?2
has = 903 um (Figure IV - 3B).

A

v :5’.00 um

Y e

Figure IV-3. SEM images of methacrylated fucoidan photocrosslinked particles after freeze-drying: A) MFul and B)
MFu2.

IV-4.3. Biological Characterization

A cytotoxicity assessment of Fu and extracts of both MFu particles was carried out as a preliminary
approach to assess their potential cytocompatibility envisaging their use on the development of cell

culture matrices in TE strategies. Results indicate that L929 cells have good metabolic activity
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(Figure IV - 4) in the presence of particles extracts, thus proving their non cytotoxic behaviour.
Statistical analysis of data showed some significant differences in metabolic activity of cells cultured
in the presence of Fu when compared with the other samples, but no significant differences were
observed between extracts of MFu particles and the control (TCPS), indicating that cells performed
as good as in the control surfaces. Moreover, extracts of MFul particles seem to promote higher
metabolic activity (p<0.01) than the one observed in TCPS and in the presence of extracts of MFu?2
particles, but this difference is no longer observed after 3 days in culture. Nevertheless, MFul
particles were selected for further studies due to the results of cell performance and also due to
the lower methacrylation degree. The cytocompatibility of the developed structures was then
evaluated by culturing 1929 cells in direct contact with the methacrylated fucoidan
photocrosslinked particles (MFul) and evaluating cell metabolic activity (MTS assay), proliferation

(DNA quantification), adhesion and morphology (CLSM).
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Figure IV-4. Metabolic activity (MTS) of L929 cells cultured in the presence of fucoidan (Fu) and methacrylated fucoidan
(MFu). Data represent means + sd (* p<0.05, ** p<0.01 and *** p<0.0001, one way ANOVA).

The metabolic activity of L929 cells cultured in the MFul particles (Figure IV - 5A) increased up to
7 days of culture, decreasing afterwards, on the measurement after 14 days in culture. Statistical
analysis of the data showed significant differences (p<0.001) in metabolic activity between 1 and
7 days and between 7 and 14 days. However, no significant statistical differences were registered

in metabolic activity between 1 and 14 days (Figure IV - 5A).
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By its turn, the results of DNA quantification showed that L929 cells in MFul particles were able
to proliferate from the initial time point up to 14 days in culture (Figure IV - 5B). Furthermore,
significant statistical differences (p<0.001) between all the conditions were observed (Figure IV -

5B).

The total protein content expressed by the cells after 1, 7 and 14 days of culture was also evaluated
to better understand cell viability with results being represented in Figure IV - 5C. The results
demonstrate an apparent increase of total protein between 1 and 7 days, being then constant up

to 14 days (Figure IV - 5C).

Cell adhesion to MFul particles and morphology of L929 cells were evaluated by CLSM after actin
and nuclei staining (Figure IV - 6 A-D), with actin filaments being represented in red and nuclei in
blue. After 7 days in culture, CLSM confirmed cell attachment to the MFul particles and L929 cells
show a spindle-like shape characteristic of fibroblastic cells. Moreover, images acquired from cross
sections of the MFu particles show that L929 cells were able to migrate into particle core and

proliferate within the developed hydrogel structures (Figure IV - 6B).
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Figure IV-5. Metabolic activity (MTS) results, B) dsDNA content and C) total protein quantified by MicroBCA, of L929-
cells seeded and cultured up to 14 days on MFul particles. Data represent means + sd (* p<0.05, ** p<0.01 and ***

p<0.001, non-parametric Kruskal-Wallis).
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Figure IV-6. Confocal laser micrographs of L929 cells cultured on MFul particles during 7 days. A) Surface of the
particle, B) cross-section, C) magnification of surface section and D) 3D-image. The cells were stained with
phalloidin-TRITC for actin filaments (red) and Hoechst 33342 for nuclei (blue), (scale bars 80um for A and B,
50um for C and 100um for D).

IV-5.  DISCUSSION

Fucoidan is an underexploited sulfated polymer, although very promising polysaccharide of alga
origin, which has a wide range of interesting bioactive properties that could be used in biomedical
field [68,69]. Concerning the fucoidan biomedical application with a support role, the major
obstacle for obtaining 2D or 3D structures is very difficult the processability because it is very
soluble in water [19]. In order to control the processability of fucoidan and stability of structures in
water, we propose the modification of fucoidan using different modifying agents. Initially, the
crosslinking reaction onto fucoidan was addressed using different crosslinking agents already
known for the chemical crosslink of polysaccharides, namely epichlorohydrin [70] and 1,4
Butanediol diglycidyl ether (BDDE) [71]. The results demonstrated that crosslinked fucoidan formed
flake-like agglomerates insoluble in water and in different organic solvents (supporting information),

hindering their processability to form 2D and 3D fucoidan structures. In our group the modification
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of natural polymers (namely gellan gum [33,34] and k-carragenan [29]) by methacrylation reaction
was successfully obtained. In view of these promising findings, we propose an equivalent concept
for the chemical functionalization of fucoidan by methacrylation reaction. To achieve this purpose,
an adequacy of the reaction parameters to fucoidan is required, namely considering temperature
of reaction, concentrations of polymer and methacrylic anhydride and purification steps.
Methacrylated-fucoidan (MFu), with different degrees of methacrylation, was synthesized by
converting the hydroxyl groups of fucoidan (Fu) in methacrylate groups. The number and location
of hydroxyl substitution was considered equivalent to the degree of methacrylation DM and was
dependent on the quantity of MA that was used in reaction (8% and 12% (v/v) of MA to obtain a
DM of 8 and 11%, respectively). The obtained results are consistent with those reported in literature
for other sulfated polymers namely for chondroitin sulfate [30,72,73]. In fact, Mihaila ef a/ and
Coutinho et a/ have shown to be possible to synthesize a polymer with different degrees of

methacrylation by changing the amount of methacrylic anhydride used during the reaction [29,33].

The potential of modified fucoidan for biomedical application, particularly on the development of
cell culture matrices for tissue engineering strategies, was assessed through the production of
stable MFu particles by photocrosslinking with visible light of polymer solutions droplets supported
onto superhydrophobic surfaces [44]. Some studies highlighted the benefits of photocrosslinking
with visible radiation over UV radiation [74], enlarging the applications in the biomedical area (e.g.
eyes and other light sensitive organs). The exploitation of visible light instead at UV light through
the combined used of eosin-y and triethanolamine reported before, although not new, represents
a promising method to obtain biocompatible hydrogels since it significantly reduces the cytotoxic
effects of UV light. Although the use of potentially cytotoxic co-initiators has been limiting the
application of this technology for cell encapsulation, this disadvantage can be overcome by
thoroughly washing the samples with water or buffer solutions before setting in contact with cells,
using small concentrations of photoinitiator eosin-y (between 0.01mM and 0.1mM) and reduced
exposure time [48,51,75,76]. Superhydrophobic surfaces have been proposed for the preparation
of spherical particles from polymers and solvents of diverse nature, under mild conditions and with
100% drug encapsulation yield [43-45]. We were able to obtain nearly perfect spherical particles
with controlled sizes, highly dependent on the volume of the liquid droplets deposited onto the

superhydrophobic surfaces [43-45].
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From the combination of the two above mentioned technologies (photocrosslinking with visible
radiation and superhydrophobic surfaces) MFu particles with a spherical shape and porous
structure were obtained. The microscopic observations of the particles by SEM analysis (Figure IV
- 3) showed that both MFul and MFu2 particles have a similar morphology, with the latter exhibiting
a slightly smaller diameter, due to the higher methacrylation degree, resulting in a more extended

crosslinking and thus a more compact structure.

When considering a material for biomedical application, it is mandatory to assess its
cytocompatibility. In this perspective, eventual cytotoxicity of developed MFu, MFu particles and Fu
itself were evaluated through MTS assay after L929 cells being in contact with extracts from those
materials during 24, 48 and 72 hours, following established protocols [54,55]. The obtained results
demonstrate that besides Fu, both MFu and developed MFu particles are not cytotoxic, presenting
cell metabolic activity equivalent to the one observed with negative control (TCPS). Moreover, it is
important to highlight that those results show that non-cytotoxic behaviour is independent on the
type of modified fucoidan and methacrylation degree. In order to assess if L929-like cells were able
to adhere and proliferate maintaining viability in MFu particles, direct contact tests were performed.
In this way, L929 cells were analysed after 1, 7 and 14 days of culture into the MFul particles by
MTS assay, DNA quantification, total protein quantification and CLSM. MFul, selected for
biological assay, has lower DM than MFu?2 that in the case of fucoidan particles could facilitate the
migration of the cells into particle core. The overall results suggest that in the beginning cells are
actively proliferating (Figure IV - 5 A-B) and protein synthesis is associated with this proliferation
(Figure IV - 5 C). In fact, after 7 days of culture, cells were able to join together two or more MFu
particles due to extensive proliferation around them. After this initial boom, and probably before 14
days of culture, we can observe a proliferation arrest by a reduction in the metabolic activity and
maintenance of protein content (Figure IV - 5 A, C). Although we could not observe a decrease in
the DNA quantification (Figure IV - 5B), by CLSM we could observe several nuclei, particularly in
the particle core, that did not stain for actin indicating that probably these cells were dead after 14
days of culture due to space limitation (data not shown). In fact, by DNA quantification, we could
be accounting for cells that were already dead and only by comparison of metabolic activity and
protein content we could hypothesize the effect of space limitation in the proliferation of cells. The
results suggest that the small space in the particle supports cell proliferation until a certain period

of time after which the cells start to die.
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By reducing initial cell seeding, we could overcome this space limitation and prolong the culturing
period. On the other hand, one could explore the ability of these particles to form a tissue-like
structure by confining them to a smaller space and allowing cells to interconnect them via cell
sheet. The cell morphology was evaluated by CLSM, and images show that cells have a spindle-
like shape after 7 days of culture (Figure IV -6C), which is characteristic of fibroblastic cells.
Furthermore, we could clearly find that cells migrated from the surface of MFul particles towards

the particle core during the culture period studied (Figure IV - 6B).

All together, these results demonstrate that by modifying fucoidan by methacrylation it is possible
to obtain structures that are stable in agueous solutions. In this way, we have provided a simple
methodology to foster the development of new fucoidan-based structures envisaging its biomedical

application as cell culture matrices or for cell encapsulation in TE strategies.

IV-6.  CONCLUSION

Modified fucoidan polymeric chains containing unsaturated groups sensitive to visible light were
successfully prepared by reacting fucoidan with various amount of methacrylic anhydride. The
reaction between Fu and MA under controlled basic conditions proved to render MFu with different
degrees of methacrylation. Moreover, the photocrosslinking of fucoidan droplets onto
superhydrophobic surfaces with visible light led to the formation of particles with uniform size,
structurally stable in aqueous solution and exhibiting meaningful biological performance.
Furthermore, the present approach could greatly improve the processability of fucoidan, allowing
the production of high-added value fucoidan structures, and then enhancing the biomedical value
of this marine biopolymer. The findings also suggested that the developed fucoidan particles could

be good candidates as cell culture matrices or drug delivery vehicles for biomedical applications.
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IV-8.  ABBREVIATIONS

MA, Methacrylic anhydride; Fu, Fucoidan; MFu, modified fucoidan; MFul, modified fucoidan
using 8% of methacrylic anhydride; MFu2, modified fucoidan using 12% of methacrylic anhydride;
FTIR, Fourier transform infrared spectroscopy; *HNMR, Nuclear magnetic resonance; SEM,
Scanning electron microscopy; GAG’s, Glycosaminoglycans; TE, tissue engineering; TEOA,
triethanolamine; NVP, N-vinylpyrrolidone; TEQS, Tetraethyl orthosilicate; PFDTS, 1H, 1H, 2H, 2H-
perfluorodryl-triclorosilane; D:O, deuterated water; DM, methacrylation degree; Pl, photoinitiator;
DPBS, Dulbecco s phosphate buffered saline; DMEM, Dulbecco s modified eagle s medium;
FBS, fetal bovine serum; TCPS, tissue culture polystyrene; CLSM, confocal laser scanning

microscopy; BSA, bovine serum albumin.
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IV-10. SUPPLEMENTARY PART

IV-10.1. Classical strategies for chemical crosslinking of fucoidan

The high solubility of fucoidan in aqueous solution hinders the formation of polymeric matrices
structurally stable in such media, from which crosslinking strategies are deemed as necessary.
Reaction of fucoidan with different crosslinking agents, namely epichlorohydrin or 1,4 Butanediol
diglycidyl ether (BDDE) to address polymer crosslinking, was assessed, similar to what have been
successfully accomplished with other sulfated polysaccharides, namely carrageenan and ulvan,
respectively. Fucoidan was combined with epichlorohydrin at 4.63 mM in water solution of 50%
(v/v) 2-propanol, 0.32M KOH at 37°C, 100 rpm for 24h and the crosslinking reaction resulted in
the formation of flake-like agglomerates. Such precipitate could not be dissolved in water and other
solvents, namely DMSO (1%v/v), NaOH 1M and acetic acid 2%(v/v) (Figure IV -S1), neither be
processed into polymeric structures with defined morphology. Fucoidan (4 and 8% w/v) was also
combined with BDDE in different concentrations from 0.20 to 2.00 (w/w) in proportion of
crosslinker relatively to fucoidan at room temperature at 100rpm in period of time between 15
minutes to 24hours, but the crosslinking reaction was not effective, with the resulting precipitate

being still highly soluble in water.

Supplementary Figure IV-1. Immersion of fucoidan cross-linked with epichlorohydrin in water (A) and different solvents

(B-in NaOH 2M, C- in acetic acid and D- in DMSO).

IV-10.2. Evaluation of the structural stability of fucoidan-based particles in aqueous solution

Modified fucoidan-based particles were successfully formed (Figure IV - S2 A) onto
superhydrophobic surfaces and photocrosslinked using eosin-y and triethanolamine (TEOA) as

photoiniciators upon the irradiation with visible light, following the procedure described in the
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experimental section of the manuscript. The structural stability of the produced fucoidan-based
particles in aqueous solution was assessed by incubation in Dulbecco s phosphate buffered saline
(DPBS), at 37°C and 60rpm, during fifteen days (Figure IV - S2 B). The produced particles revealed

to be stable, with their structure remaining constant all long the period of study.

A B

Supplementary Figure IV-2. Immersion of fucoidan based particles in DPBS in different time point's A) After immersion

(day 0) and B) after 15 days of immersion.
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Chapter V

Fucoidan-based hydrogel particles as

biomaterials for diabetes treatment strategies?

ABSTRACT

There is a current lack of fully efficient therapies for diabetes mellitus, a chronic disease where
the metabolism of blood glucose is severely hindered by a deficit in insulin or cell resistance to this
hormone. We developed fucoidan-based hydrogels particles and assess their potential for the
sustained delivery of insulin, as well as for the encapsulation of insulin-producing pancreatic beta-
cells. The sustained release profile of insulin, the uniform shape was characterized by UV
spectroscopy, and the capacity for cells to adhere to the surface, to be able to migrate into particle
core and proliferate are characterized by and optical microscopy. These results suggest that

fucoidan hydrogel particles may be a good candidate biomaterial for diabetes treatment.

Keywords: fucoidan, diabetes mellitus, marine biomaterials, photo-crosslinking, insulin,

pancreatic cells.

¢ This chapter is based on the following publication:

Reys L. L., Silva S. S., Soares da Costa D., Reis R. L., Silva T.H., “Fucoidan-based microparticles as biomaterials for diabetes treatment
strategies” (submitted for publication).
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V-1. GRAPHICAL ABSTRACT
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V-2. INTRODUCTION

Diabetes mellitus is a life-threating disease that affects 450 million of people in the world,
being the seventh most common cause of death. Diabetes is a metabolic disease characterized by
hyperglycaemia resulting from defects in insulin secretion, insulin action or both [1]. Aetiologically,
diabetes can be subdivided into two different types: type | and Il. Type | diabetes occurs because
the cells that produce insulin, B-cells, are damaged. In this type, the pancreas makes little or no
insulin, so sugar cannot get into the body's cells to be metabolized for the production of energy.
Type Il diabetes is characterized by the development of resistance to insulin by cells and, over time,
insulin production by B-cells becomes insufficient to sustain a proper glucose metabolism [2,3].
Therefore, in the last decades new therapeutic strategies to treat this disease, as well as models
to better understand it, have been developed. In this perspective, insulin sustained delivery systems
have been proposed as a therapeutic approach [4-9], as well as encapsulation of insulin-producing
pancreatic cells and islets of Langerhans to be further implanted near the patient liver [10,11].
Other implantation sites for these constructs are also being studied, such as kidney capsule,
spleen, intraperitoneal transplantation and omentum pouch, gastrointestinal wall intramuscular
and subcutaneous site, but the rational is the same, with the device being designed to support cell
viability and reestablish the physiological secretion of insulin, while protecting the encapsulated

cells from the host immune system [10,12]. Other strategies also involve the use of bioactive
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compounds from marine resources as potential anti-diabetic drugs [13], such as fucoidan (Fu) a
marine polysaccharide which has been reported as capable to regulate blood glucose homeostasis
[14], besides several other biological activities [15]. Moreover, being a polysaccharide found in the
cell wall of brown macroalgae, its role as a structural component for the development of
biomaterials is being also addressed [16]. Fucoidan (Fu) is a heterogeneous and anionic
polysaccharide that contains L-fucose and sulfate groups, together with other sugars, as xylose and
glucuronic acid [17,18]. The diversity of biological activities being reported in the literature may
vary depending on the composition and structural traits, the content (charge density) distribution
and bonding of the sulfate substitutions and the purity of the extract. These characteristics are a
direct result of the seaweeds used as raw-material and the extraction methodologies employed,
among others [18]. Fucoidan has a high solubility in water, which is interesting for its delivery as
a bioactive compound, however it could be a problem for the production of stable structures in
agueous media using fucoidan alone [19,20]. In fact, most of the reported studies involve fucoidan
composites with natural or synthetic macromolecules, namely fucoidan with collagen [21], chitosan
[22-24],chondroitin sulphate [25], poly (caprolactone) (PCL) [21,26], and hydroxyapatite [27,28],
have been reported as 2D (films) [21,22], or 3D structures (hydrogels [22,29], microspheres [30],
and fibers [20]). However, there is an absence of studies using pure fucoidan matrices.
Nevertheless, our group has recently shown a process to obtain structures of fucoidan alone using

functionalization by methacrylation and further photocrosslinking with visible light [11,19].

Herein in this new work was used the established methodology to produce fucoidan based
hydrogel particles and explored their potential as biomaterial for new diabetes therapies,
addressing twofold strategies: from one side, as insulin delivery system by studying drug
encapsulation and further release in phosphate buffer solution (PBS) simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF); on the other side, as pancreatic cells scaffold by assessing the
ability of the developed materials to support adhesion and proliferation of human pancreatic cells

(1.1B4HPC).
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V-3. EXPERIMENTAL

V-3.1.  Materials

Fucoidan (Fu) in powder from brown algae Fucus vesiculosus (Maritech Fucoidan, Marinova,
FVF2011527), methacrylic anhydride (MA), triethanol amine (TEOA), eosin-y, N-vinylpyrrolidone
(NVP), tetraethyl orthosilicate (TEOS), and 1H, 1H, 2H, 2H-perfluorodecyl-trichlorosilane (PFDTS),

of analytic grade (Sigma-Aldrich), were used as received.

V-3.2. Functionalization of Fucoidan

Details of the full modification are given elsewhere [19], but briefly, fucoidan was modified by
methacrylation reaction: 4% (w/v) of Fu aqueous solution was mixed with methacrylate anhydride
(MA) in two concentrations, 8% (MFul) or 12% (MFu2), at 50 °C, allowing to react for 6h. After
purification by dialysis and by washing with acetone, to remove the unreacted material, the
obtained material was lyophilized for 4 days and stored at 4°C, protecting from light until further

use.

V-3.3.  Characterization of fucoidan and modified fucoidan (MFu)

V-3.3.1.  Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR were performed on Shimadzu IR Prestige 21 Spectrometer. The samples were
powdered, mixed with potassium bromide (KBr) and processed into pellets. The spectra were
recovered at region 4000-400 cm* with a resolution of 16 cm* and each spectrum resulted from

the average of 32 scans.

V- 3.3.2. Nuclear magnetic resonance ((HNMR)

The methacrylation of fucoidan was quantified by 'HNRM spectroscopy. The *HNRM spectra
of Fu and MFu were collected in deuterated water (D-O) at 5 mg/ml and 50 °C, being recorded on

Bruker Avance Il spectral conditions: 300 Hz spectra with 90° impulses and 4 s acquisition time.
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V-3.3.2. Zeta potential

The zeta potentials of fucoidan (Fu) and modified fucoidan (MFul, MFu2) samples in powder
were measured by laser Doppler anemometry using a Malvern Zeta sizer 3000 HS (Malvern
Instruments, UK). The samples powders were prepared by dispersing 3 mg in 5 ml of filtrated
ultrapure water. Each analysis was made at 25 °C for 60 s. Independent triplicate experiments

were performed for obtaining statistical significance.

V-3.4.  Preparation of fucoidan-based hydrogel particles (MFu hydrogel particles)

The preparation of fucoidan-based hydrogel particles (MFu hydrogel particles) is shown
schematically in Figure V- 1, where the tube is composed by the solution of modified fucoidan
(methacrylation) in the presence of photoinitiators (eosin-Y and triethanolamine) before
photocrosslinking with visible radiation [31,32]. MFu hydrogel particles were produced by pipetting
volumes between 1 and 5 uL of 5% MFu solution with triethanolamine and eosin-y (photoinitiators)
onto a superamphiphobic surface and then photocrosslinking using visible light. MFu hydrogel
particles loaded with insulin were produced in the same way but using MFu solutions with 5 mg/ml
of insulin. The superamphiphobic surfaces have high repellence that hinders the solution to spread,
thus keeping the integrity of the liquid droplets, resulting in spheroidal particles [33-35]. Moreover,

it assures that all the drug is encapsulated in particle [33].
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Figure V-1. Scheme to illustrate the formation of the fucoidan-based hydrogels particles using visible light and
superamphiphobic surface : a) solution of modified fucoidan (MFu) and photoinitiators b) pipetting volumes
between 1 to 5 L of the solution to superamphiphobic surface and c) exposure the MFu hydrogel particles to
visible light.

V-3.5.  Morphology of MFu hydrogel particles

The MFu hydrogel particles morphology was observed using a NanoSEM- 194 FEI Nova 200
(FEG/SEM) scanning electron microscope. Before SEM analysis, samples were freeze-dried and
further gold-sputtered by using a Quorum/Polaron model E 6700 equipment and the analysis was

performed with an acceleration voltage of 15.00 kV and magnification from 30x to 60x.

V - 3.6. Assessment of in vitro insulin release

To quantify the insulin release and predict the bioavailability of insulin encapsulation in MFu
hydrogel particles, we incubated these drug-charged particles in a simulated gastric fluid (SGF) and
in a simulated intestinal fluid (SIF). The SGF solution was prepared in aqueous solution, for 1 liter
of SGF we use 2 g of sodium chloride (NaCl), 3.2g of pepsin derived from stomach mucosa and

7ml of concentrated hydrochloric acid (HCI), while SIF was prepared in agueous solution, for 1liter
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of this buffer we use 6.8g of monobasic potassium phosphate, 77 ml of 0.2 N sodium hydroxide

(NaOH) and 1 g of pancreatin. Ten MFu hydrogel particles loaded with insulin were placed in 20

ml of release PBS and incubated at 37 ° C under stirring. The release media was SIF (pH 6.5) for
4 h [36]. At appropriate time intervals (0.5 to 6 hours), 1 ml of the solution was removed for
analysis and replaced by fresh solution. The absorbance at 272 nm was measured on a multiwell
microplate reader (SynergyHT, Biotek Instruments, microplate reader-Gen 5 2.01) and the amount
of insulin released from the particles was determined from a previously obtained calibration curve

(0 to 6 mg/ml) [36]. All the samples were analyzed in triplicate.

V-3.6.  Biological characterization by culturing human pancreatic cells

The ability of the developed materials to sustain the viability of human pancreatic cells
(1.1B4HPC) was assessed by direct contact of 1.1B4 HPC cell line in MFu hydrogel particles for
1, 5 and 7 days.

- Cell culture

For these experiments, 1.1B4 HPC was cultured in Roswell Park Memorial Institute (RPMI
1640) medium (Invitrogen, USA) supplemented with 10 % fetal bovine serum (FBS) (Invitrogen,
USA) and 1 % antibiotic/antimycotic (A/B) (Invitrogen, USA) at a temperature of 37 °C and 5 % of

CO, until achieving 90 % confluence. The medium was refreshed every 2 - 3 days.

- Direct contact

These cells were seeded on the surface of the materials (10 particles/well) and TCPs at
density of (3.5x10scells/ml) using 500 pL/well and cultured for 1, 5 and 7 days. The samples were
incubated at 37° C in humidified 95% air and 5% CO. atmosphere. After each time point, the
samples were washed with PBS and metabolic activity (MTS assay), proliferation (DNA
quantification), viability and cell morphology by confocal laser scanning microscopy (CLSM) was

performed.

- Metabolic activity assay

Metabolic  activity was  evaluated by MTS  (3-(4,5-dimethythiazol-2y)-5-(3-
carboxymethoxyphenyl) assay. The metabolic activity of 1.1B4 HPC cells in MFu hydrogel particles
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was determined using MTS assay. Samples were incubated with an MTS solution prepared using
a 1:5 ratio of MTS reagent and DMEM without phenol red and 1 % ATB solution for 3 h at 37 °C.
The optical density (0.D.) was read at 490 nm on a multiwell microplate reader (Bio-Tek

Instruments, US).

- dsDNA quantification

Cell proliferation was evaluated using fluorimetric Picogreen double stranded DNA assay
according to the manufacture’s instructions (Quanti-it, pico green dsDNA kit P7589, Invitrogen).
Briefly, samples were collected at 1, 5 and 7 days washed with PBS and transferred into 1.5 ml
tubes containing 1ml of ultra-pure water and stored at -80 °C until testing. Before the dsDNA
quantification, the structures were thawed and sonicated for 20 min. The quantification was
performed in triplicate according to supplier instructions. All quantitative experiments were run in

triplicate, and the results are expressed as a mean standard deviation for n=3.

- Live/dead assay

To evaluate the viability living cells were stained with calcein AM (green) and dead cells red
with propidium iodine (PI, red). The cellular viability was assessed using the live/dead assay
(calcein AM/propidium iodide (Pl) staining). Briefly, the cell-laden MFu hydrogel particles were
incubated for 10 min with 2 uL calcein-AM (1 mg/mL, Molecular Probes, Invitrogen, USA) and 1
uL PI (1 mg/mL, Molecular Probes, Invitrogen, USA) in 1 mL of Dulbecco "s phosphate buffered
saline (DPBS) protected from light. The MFu hydrogel particles were washed with DPBS to remove
residual staining and visualized by confocal laser scanning microscopy (CLSM) (Inverted Confocal

Microscope with incubation, TCS SP8, Leica).

- Cell morphology

Adhesion, morphology and distribution of 1.1B4HPC cells on MFu?2 particles were analyzed
by CLSM. To evaluate cell morphology, cells nuclei were stained with Dapi (blue) and F-actin
filaments with phalloidin (red). The particles were fixated with 10% formalin for 30 min and then
blocked with 3% bovine serum albumin (BSA) for 30 min. The structures were permeabilized with
0.1% Triton X-100 for 5 min, incubated with phalloidin-TRITC for 20 min at room temperature,
followed by washing with PBS and staining with 5 pg/mL DAPI (2-(4-amidinophenyl)-1H -indole-6-
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carboxamidine) for 30 min. Fluorescence images from the stained constructs were obtained by

CLSM (Inverted Confocal Microscope with incubation, TCS SP8, Leica).

V-3.7.  Statistical Analysis.

Statistical analysis of the data was performed using nonparametric Kruskal-Wallis test and
the posthoc Tukeyé multiple comparison tests, by Graph Pad Prism 5.0. Differences between the

groups with p < 0.05 were considered statistically significant.

V-4, RESULTS AND DISCUSSION

V-4.1.  Characterization of fucoidan (Fu) and modified fucoidan (MFu)

The chemical modification of fucoidan by methacrylation was assessed by FTIR, *H NMR and
Zeta potential measurements and the results are shown in Table 1. In the FTIR (Figure V- 2A) the
two spectra show an absorbance peak at 1000-1270 cm? corresponding to the stretching vibration
of the sulfur-oxygen double bond (S=0) of sulfate group with different intensity [37]. This means
that some acidic hydrolysis could occur during the methacrylation reaction removing some sulphate
groups. The spectra of modified fucoidan revealed the appearance of carbon-carbon double bond
characteristic peak (C=C) at 1400-1550cm?, accompanied by the occurrence of characteristic
ester peak (C=0) at 1680-1750 cm?, existent in MFU but not in Fu, thus confirming the
methacrylation of fucoidan [19,38,39]. The functionalization of fucoidan with methacrylic groups
was confirmed by *HNMR with the presence two peaks referent to methylene (=CH:) characteristic
signal, at 6= 5.5-6 ppm (Figure V-2 Ca) and the other at 6= 1.9 -2ppm peak corresponds to methyl
(CHs) (Figure V-2C b) both from incorporated methacrylated groups, in the NMR spectra of MFu
(Figure V- 2C). Different methacrylation degrees (MD) were obtained, which depended on the
concentration of methacrylated anhydride (MA) used for functionalization. In addition, the zeta
potential measurement confirmed the anionic potential of both Fu, MFul and MFu2, with values

varying between -30 and -62 mV.
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Figure V-2. Characterization of fucoidan (Fu) and modified fucoidan (MFu). A) FTIR spectra a) fucoidan (Fu) and b)
modified fucoidan (MFu)."HNMR spectra of B) fucoidan (Fu) and C) modified fucoidan (MFu), a) methylene
groups (=CH2) and b) methyl group (CH3).

Table V-1. Methacrylation degree (MD) and zeta potential of bare and modified fucoidan, as determined by :HNMR and

laser Doppler anemometry, respectively.

Methods Fu? MFul» MFu2»
Ma® concentration [v/V] — 8% 12%
MD o [%] — 2.78 6.50
Zeta potential (mv) -30.40 -32.98 -62.10

a  (Fu: fucoidan), » (MFU modified fucoidan) and ° (Ma methacrylate anhydride) @

(Methacrylation degree
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V- 4.2. Characterization of MFu microparticles

V - 4.2.1. Scanning electron microscopy (SEM)

The morphology of MFu hydrogel particles, prepared by photocrosslinking of MFu solution
drops deposited on superamphiphobic surfaces, in dry state, depicted in Figure V- 3, was evaluated
using scanning electron microscopy (SEM). The SEM images show that the produced fucoidan
particles have a round shape and varying size, with diameters ranging from 0.63 to 1.30 mm and
minimal roughness (Figure V- 3 a) and b)). This same photochemical methodology could be used
to obtain hydrogels with different shapes, as discs, cylinders or cubes, if adequate molds were

employed.

D= 0.63 mm

D= 1.30 mm

Figure V-3. SEM images of MFu microparticles : (a) MFul, (b) MFu2; (a2) and (b2) higher magnification of MFul and
MFu2, scale bar: 500um.
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V- 4.2.2. Release of insulin in vitro

Hydrogel particles encapsulating insulin may protect the drug against the proteolytic attack
and further release it at or near the cellular membrane to optimize the driving force for passive
permeation [40,41]. As first assessment of the release profile of insulin, we incubated MFu
hydrogel particles loaded insulin in phosphate buffer saline (PBS), using as well MFu hydrogel
particles without insulin in the assay as a control group (CTRL), and quantifying the released insulin
over time. MFu 1 particles (lower methacrylation degree) allow a higher release of insulin in PBS,
when compared with the release from MFu?2 (higher methacrylation degree), as shown in Figure V-
4. We hypothesized that the mesh size in MFu2 could be smaller than MFul, probably due to the
higher methacrylation degree and consequently a higher crosslinking degree, which implies
hampering the diffusion of the encapsulated insulin. The behavior of insulin release in PBS is in

agreement with previous studies with other polysaccharide systems [41,42].

The oral route is considered an acceptable and convenient route of insulin administration for
treatment of diabetes. One major problem associated with the oral delivery of insulin is its low
bioavailability (due to the proteolytic activity of the acidic juice in the stomach and susceptibility to
enzymatic attack) and physical instability [40,41]. To predict the bioavailability of insulin
encapsulated in MFu hydrogel particles, we selected MFu2 for this assay, as it rendered a lower
insulin release in PBS. These MFu hydrogel particles loaded with insulin were incubated in
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF), not in sequence, and the insulin
release quantified. It was observed a higher release in SGF in PBS, and in the latter higher than in
SIF, which seems to indicate that lower pH facilitates insulin diffusion to the media. Nevertheless,
considering a gastrointestinal time in stomach of 1h [43], we would observe that insulin was only
partially release from MFu2 hydrogel particles in SGF after this time, which means that a significant
amount of insulin would still be loaded in the MFu?2 for later release in intestine. In this media, the
higher pH values would support the insulin release from MFu2 which was lower in SIF when

compared with the sustained release of the drug.
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Figure V-4. Insulin release from MFul and MFu2 hydrogel particles in PBS , assessing the effect of fucoidan with

different methacrylation degree.

V- 4.3. Biological characterization

The potential of the developed MFu hydrogel particles to support the culture of pancreatic beta
cells (ultimately aiming to mimic the pancreatic islets microenvironment) was addressed by
evaluation of cytocompatibility upon culturing 1.1B4 human pancreatic beta cells (1.1B4-HPC).
Based on the findings namely insulin release, morphology (roughness) and methacrylate degree,
we select MFu2 for direct contact with 1.1B4HPC. The metabolic activity (MTS assay), cell
proliferation (DNA quantification) and cell morphology (CLSM) were assessed up to 7 days of
culture. The direct contact assay on MFu?2 hydrogel particles demonstrated that 1.1B4HPC cells
were effectively able to proliferate from the initial time point up to 7 days in culture, as shown by
the results of DNA quantification (Figure V- 5 a). Moreover, cell adhesion on MFu hydrogel particles,
as well as cell viability and morphology, were evaluated by CLSM. The MFu hydrogel particles
shown a good cytocompatibility, with viability above 80% and almost no dead cells observed after
7 days of culture and seem to support cell proliferation (Figure V- 5 b). Moreover, cells shown
round-like shape (Figure V- 5 c1- ¢2) and tended to agglomerate after 7 days in culture to form
pseudo-islets (Figure V- 5 ¢3), characteristic of pancreatic cells during the culture period of study.
Moreover, images acquired from cross-sections of MFu2 hydrogel particles (Figure V- 5 ¢2) show
that 1.1B4HP cells were able to migrate into particle core and proliferate within the developed

structures.
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Figure V-5. Biological performance of 1.1B4HP cells in MFu microparticles. a) al) MTS assay and a2) dsDNA content
of 1.1B4HP cells, seeded and cultured up to 7 days on MFu2 microparticles. Data means + sd (* p<0.05,
nonparametric Kruskal-Wallis). b) cell viability demonstrated by live (green)/dead (red) staining for 1.1B4HP
cells after 1, 5 and 7 days in direct contact with MFu2 microparticles, scale bar: 100um. c) confocal laser
micrographs of 1.1B4HP cells cultured on MFu2 microparticles during 7 days: c1) surface of the particles, c2)
cross-section and c3) detail of pseudo-islets, scale bar: 50um. The cells were stained with phalloidin-TRITC for

actin filaments (red) and Hoechst 33342 for nuclei (blue), (scale bars 70 um for c1) and 50 um for c2) and
c3).
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V-5. CONCLUSIONS

We demonstrated that fucoidan hydrogel particles loaded insulin can be produced by
methacrylation of fucoidan following by photocrosslinking and further incorporation of insulin.
These MFu hydrogel particles revealed to be able to release insulin in a sustained fashion in SIF.
Moreover, particles produced by photocrosslinking of MFu were also able to support the culture
and encapsulation of human pancreatic cells (1.1B4HPC). These cells were able to proliferate and
migrate into the particles core and further agglomerate into pseudo-islets. The results suggested
that MFu hydrogel particles may be a good candidate for drug delivery vehicle or immuno-protectant
for insulin-producing pancreatic cells, opening the doors for future assessment of their potential as

a component of advanced therapeutic solutions for diabetes mellitus treatment.
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Chapter VI

Building fucoidan/agarose-based hydrogels as a
platform for the development of therapeutic approaches

diabetes*

ABSTRACT

Recent achievements in diabetes have enabled the development of versatile three-dimensional
(3D) hydrogels as /n vitro platforms that monitor high blood glucose levels and release insulin,
serving as well as support for encapsulation of pancreatic cells and islets of Langerhans. Hydrogels,
like scaffolds, can potentially increase islet viability and functionality compared to conventional
intra-portal vein transplantations by reducing the receptor immune response. In this work, we
aimed to create agarose/fucoidan hydrogels to encapsulate pancreatic cells as a potential new
biomaterial for diabetes therapeutics. The hydrogels were produced combining fucoidan (Fu) with
agarose (Aga), marine polysaccharides derived from the cell wall of brown and red seaweeds,
respectively, and a thermal gelation process. The agarose/fucoidan (AgaFu) blended hydrogels
were obtained by dissolving Aga in 3 or 5 wt % Fu aqueous solutions to obtain different proportions
(4:10; 5:10 and 7:10 wt). Mechanical and chemical characterization of the produced hydrogels
were addressed by rheology, FTIR, *H NMR, and XPS. Further, the ability of the developed materials
to sustain the viability of human pancreatic cells was assessed by encapsulation of 1.1B4 HP cell
line up to 7 days. The chemical characterization confirmed the presence of the two polymers into
the structure of hydrogels. Rheological tests on hydrogels revealed a non-newtonian, viscoelastic
behavior, while the assessment of mechanical behavior showed that increasing Aga concentrations

resulted in hydrogels with higher Young modulus. Additionally, the biological assessment of the

¢ This chapter is based on the following publication:

Reys L. L., Silva S. S., Soares da Costa D., Rodrigues L. C., Reis R. L. and Silva T.H., “ Building fucoidan/agarose - based hydrogels as a
platform for the development of therapeutic approaches against diabetes” (submitted for publication).
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hydrogels demonstrated that cultured pancreatic beta cells tended to self-organize and form

pseudo-islets during the period studied.

Keywords: Fucoidan, agarose, hydrogels, diabetes mellitus, tissue engineering, cell

encapsulation, pancreatic beta cells, marine biomaterials

VI-1.  GRAPHICAL ABSTRACT

VI-2.  INTRODUCTION

One of the most promising areas of biomaterial development is the use of hydrogels as
scaffolds for tissue engineering [1]. In this area, the application of hydrogels is very popular as
these can act as a matrix for delivery and retention of cells and growth factors within the site of
injury, or as particles for encapsulation and sustained release of drugs, among others [2-5]. In
that way, different hydrogels have been proposed as versatile platforms for the engineering of bone,
cartilage, vascular and cornea tissue, as well as for the treatment of some diseases, namely
diabetes mellitus [4]. Diabetes is a metabolic disorder characterized by high levels of plasma
glucose and can be classified as type | or type Il (insulin-dependent and non-insulin-dependent,

respectively). Pancreatic beta cells replacement therapy by clinical islet transplantation (CIT) has
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shown to be a promising alternative to conventional insulin treatment used for type | diabetes.
However, CIT is limited by the significant risks involved in the use of immunosuppressive drugs to
prevent rejection of allogeneic donor islets. In the context of diabetes monitoring and therapy, there
are important cues that have to be further explored, as so advanced hydrogels are being developed

to monitor high glucose levels, releasing insulin, or encapsulate pancreatic cells [6].

Hydrogels are insoluble 3D networks containing a high amount of water (at least 10% of the
total weight or volume) [4,7], that may be produced using natural (i.e. agarose [8], collagen [9],
gelatin [10] and chitosan [11]) and/or synthetic (i.e. poly (ethylene glycol) (PEG) [12,13],
polyacrylamide (PAA) [13], polydimethylsiloxane (PDMS) [13]) polymers. Hydrogels can be
produced by physical gelation like thermo-gelation, ionic-crosslinking, pH-sensitivity, and host-guest
interaction or by chemical crosslinking like photopolymerization, click chemistry, enzyme-mediated
crosslinking and through the use of a crosslinking agent establishing covalent bonds between

polymeric chains to form an intricated network [14-18].

In this work, fucoidan and agarose were combined using thermo-gelation methods to produce
hydrogels as a platform with potential to be applied in diabetes treatment. Fucoidan is a marine
origin sulfated anionic polysaccharide that can be extracted and isolated from different brown algae
species and marine invertebrates (such as sea urchin and sea cucumber (echinoderms)) [19-21].
Generally, the chemical structure of fucoidan is composed of L-fucose and sulfate groups and
different amounts of other sugars as glucuronic acid, xylose, galactose, and mannose [19,21,22].
Fucoidan may present diversified bioactive properties, such as anti-inflammatory [19,23],
anticoagulant [19,23], anti-fibrotic [24,25], antibacterial, antitumor [21,26-28], reducing the blood
glucose [29] and antioxidant [19,22,30]. However, despite the promising biological properties, the
biomedical use of fucoidan as component of scaffolds faces some limitations, mainly due to
difficulties in the processing of matrices able to remain stable in agueous medium. Agarose, a
neutral polysaccharide, is the main component of Agar, which is derived from the cell wall of the
red algae group [31,32]. The structure of agarose consists of a basic repeat unit consisting of 1,3-
linked-d-galactopyranose and 1,4-linked 3,6-anhydro-a--galactopyranose [33,34]. The agarose gel
is called ‘physical gel' due to its thermo-reversible nature, suggesting its use as gelling agent.
Agarose gels can be obtained by heating-cooling cycles, being observed a wide gap between the

two processes — hysteresis — which makes it suitable for many applications, including in the
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biomedical field, namely on cartilage, nervous system, cardiac, bone, corneal regeneration and
diabetes treatment [35,36]. For more than two decades that islets encapsulation in hydrogels have
been studied as a treatment of type | diabetes mellitus, with the intent of keeping the implanted
cells away from the recipient 's immune system [6,37]. Indeed, this type of scaffolds can potentially
provide an alternative to extra-hepatic transplantation site for islets by improving nutrient diffusion
and blood supply to the scaffold, while preventing contact of the encapsulated cells with the host
immune cells [37-40]. Moreover, several strategies have been explored, from simple hydrogel
systems, with variable performance regarding diffusion of oxygen and insulin depending on gelling
process, to functionalized systems incorporating growth factors promoting new vessels formation

or smart responsiveness to external stimuli with impact on permeability.

This work aims to create an innovative approach that associates marine biopolymers,
agarose/fucoidan (AgaFu), using thermo-gelation. This innovative approach would promote the
design of hydrogels with distinct features for future applications in diabetes treatment. To our
knowledge, there are no reports in the literature suggesting the use of agarose/fucoidan blends for
biomedical applications, and naturally neither on the specific area of diabetes treatments. With this
purpose, both marine biopolymers and the developed AgaFu hydrogels were extensively
characterized regarding their structural changes, rheology behavior, and polymer distribution. The
in vitro cytocompatibility evaluation of the developed AgaFu hydrogels was performed by
encapsulation of human pancreatic cells (1.1B4HP) and proliferation, morphology and viability

were investigated to potentiate their further use in diabetes treatment.

VI-3.  EXPERIMENTAL

VI-3.1. Materials

Fucoidan (Fu) in powder from brown algae Fucus vesiculosus (Maritech® Fucoidan, Marinova,
FVF2011527, Australia) was used after a purification process as described below. Agarose low
gelling temperature for molecular biology (Sigma-Aldrich, USA) was used as received. All other

reagents were of analytical grade and used as received.
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VI-3.2.  Purification of fucoidan (PFu)

A purification process was applied on fucoidan (Fu) powder, based on the calcium ions
methodology [41]. The purification with calcium ions was performed to remove the alginates
contained in the crude fucoidan. These alginates residues form complexes with calcium ions and
precipitate [41]. Briefly, Fu was dissolved (160 mg mL ) in (20 mM) calcium acetate aqueous
solution, during 4 h at 50 °C under stirring, and pH was adjusted continuously between 6.6 and
7.5, to avoid acid hydrolysis of fucoidan. Afterward, the solution was left at 4 °C overnight and then
centrifuged for 15 min at 5,000 g (Centrifuge 5810, Eppendorf, Germany). The supernatant was
dialyzed against water using 12-14 KDa cut-off dialysis membranes for 3 days and freeze-dried

(CryoDos-80, Telstar, Spain) for 4 days [41].

VI-3.3. Preparation of fucoidan-based hydrogels

Agarose/fucoidan (AgaFu) hydrogels were prepared by thermo-gelation [32,42]. Purified
fucoidan (Fu) was dissolved in ultrapure water at a concentration of 3 or 5 % (w/v) under stirring,
at 75 °C, and then Agarose (Aga) powder was added to the solutions (Figure VI - 1A). The AgaFu
hydrogels were prepared at different Aga/Fu proportions (4:10; 5:10 and 7:10 wt) and represented
as AgaFu 3X or AgaFu 5X (where different letters in X represent different formulations), throughout
the manuscript (Table VI - 1). The obtained solution was then casted into eppendorf caps (circular
plastic with size 9.73 £ 0.09 mm width and 5.38 £ 0.09 mm height), that were used as molds,
and the hydrogels were progressively formed until room temperature was reached (Figure VI - 1B,
C). The hydrogels were removed from molds and replenished with Dulbecco “s phosphate buffered
saline (DPBS) solution to stabilize the gel formation (Figure VI - 1D). Aga hydrogels were used as
control material rather than Fu alone, as Fu does not form structures (without the use of chemical
crosslinking) due to its high-water solubility [19,43]. The Aga hydrogels were produced with the

same procedure but without fucoidan addition.
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Table VI-1. Summary of formulations used in the preparation of Aga and AgaFu hydrogels.

Polymer solutions concentration (%) Hydrogels
Agarose Fucoidan Agarose (Aga): Fucoidan (Fu) ratio (wi)
Aga3 3 S N
Aga b 5 S N
Fu3 - 3 -
Fub - 5 -
AgaFu 3a 1.2 4:10
AgaFu 3b 1.5 3 5:10
AgaFu 3c 2.1 7:10
AgaFu 5a 2 4:10
AgaFu 5b 2.5 5 5:10
AgaFu 5c 3.5 7:10

VI-3.4. Physicalchemical characterization of AgaFu hydrogels

VI-3.4.1. Rheology

Rheological assays were performed using the rheometer Kinexus pro+ (Malvern Instruments,

UK), with the software of acquisition rSpace (Malvern Instruments, UK).

Oscillatory measurements: All the oscillatory measurements were performed by using

stainless steel parallel-plate geometry with a diameter of 8 mm and for the rotational experiments,
a conic plate holder of 40 mm and 1 mm gap. The rheological tests were performed with solutions
prepared using the same conditions as the ones used for the preparation of hydrogels and with
Aga and AgaFu formed hydrogels. In the rotational experiments, two different plots were obtained:

a) the traditional shear viscosity (Pa.s) throughout shear rate (1/s) and b) the shear stress (Pa) as
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a function of shear rate (1/s). From these curves, it was possible to obtain information about the
flow behavior of the samples. The oscillatory experiments were preceded by strain sweep curves
to determine the linear viscoelastic region (LVER) of the samples. Strain amplitude was thus
performed in the shear rate range changing from 0.1 to 100 Hz in a 10/decade rate, at a range
of cooling temperature between 80 °C and 37 °C and a constant 1 % strain. After this, the
mechanical spectra of each sample were obtained, and the elastic modulus (G’) and viscous
modulus (G"') were recorded over a frequency sweep ranging from 0.1 Hz to 100 Hz at constant
temperature of 37 °C. The strain dependency measurements were performed using 1 mL of the
solution or a Aga or a AgaFu hydrogel (8.91 + 0.09 mm width and 5.38 £ 0.09 mm height) in the

sample holder [44,45]. All plots are the average of measurements with at least 3 different samples.

Compressive studies: These tests were performed using a parallel plate geometry of 8 mm

diameter, with radial grooves to avoid hydrogel leakage. Aga and AgaFu hydrogels were prepared
in distilled water as previously described and maintained in DPBS. Hydrogels were compressed in
the direction normal to the circular face of the cylindrical samples at a rate of 1 mm/min for a
maximum strain of 85 % and at room temperature. The Young's modulus was determined by the
initial slope of the linear region of the stress-strain curve. Each experiment was performed in

quintuplicate [46].

Hydrogel mesh size: The mesh size is often described by a structural parameter, (D), which

represents the diameter of a hard sphere that fills the void in between hydrogel network strands.
Hydrogel mesh size was calculated based on the classical theory of rubber elasticity, which relates
the shear modulus (G') to the mesh size D (Equation VI - 1), where R is the gas constant, T the
absolute temperature and N.. is Avogadro’s number. This allows to estimate the mesh size of a

hydrogel based on its shear modulus [47-49].

Equation VI-1. Mesh size Dmesh

Dyoun = ( 6 RT )E

TN gy G/

219



Chapter VI - Building fucoidan,/agarose-based hydrogels as a platform for the development of therapeutic
approaches diabetes

VI-3.4.2. 'H NMR spectroscopy

Aga, Fu powders and AgaFu freeze-dried hydrogel powder were analysed by 'H NMR
spectroscopy, after being dispersed/dissolved in deuterated water (D:0), at 5 mg/mL. The *H NMR
assay was made at 50 °C, being recorded on Burker Avance Ill according to the following spectral
conditions: 300 Hz spectra with 90° impulses, 4 s acquisition time. Spectra were processed by

using Mestre Nova Software.

VI-3.4.3. Fourier transform infrared spectroscopy (FTIR)

The FTIR analysis of the samples was performed on a Shimadzu IR Prestige 21 spectrometer.
Samples were prepared using potassium bromide (KBr) pellets at room temperature. Each sample
spectrum was collected by averaging 32 scans with a resolution of 16 cm?, within the 4000 - 400

cm? spectrum regions.

VI-3.4.4. X-ray photoelectron spectroscopy (XPS)

Analysis of the Aga, Fu, and AgaFu samples was performed using a Kratos Axis-Supra
instrument equipped with aluminum Ka monochromatized radiation X-ray source (1486.6 €V) and
ESCApe software. Due to the non-conducting nature of the samples, it was necessary to use a co-
axial electron neutralizer to minimize surface charging, which performed the neutralization by itself.
Photoelectrons were collected from a take-off angle of 90° relative to the sample surface. The
measurement was done in a Constant Analyser Energy mode (CAE) with a 160 eV pass energy for
survey spectra, 20 eV pass energy for high-resolution spectra of the hydrogels and 40 eV pass
energy for the polymer’s powders. Charge referencing was done by setting the lower binding energy

C1s peak at 285.0 eV related to C1s hydrocarbon peak [44,50].
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VI-3.4.5. Stability tests

Stability tests of the Aga and AgaFu hydrogels were performed by immersion in DPBS and in
Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10 % fetal bovine serum
(FBS) (Invitrogen, USA) and 1 % antibiotic/antimycotic (A/B) (Invitrogen, USA), for 28 days, at 37
°C. The medium was replaced every 3 days. The swollen samples weight was measured after
removing the excess of surface water by gently tapping the surface with filter paper. The swelling
ratio was given by the ratio. W./W:, where W. is the swollen sample weight under specified

environmental conditions, and W is dry sample weight.

VI-3.4.6. Diffusion within hydrogels

Diffusion of a model compound within Aga and AgaFu hydrogels was assessed based on Kirby
Bauer method [51]. The AgaFu solutions were prepared as previous mentioned (section VI - 3.3).
These solutions were dropped in a petri dish, and gelation occurred at room temperature for 15 -
20 min. Afterwards some holes (d= 6 mm) were done in the formed AgaFu gels and a 100 mM
methylene solution was dropped into those holes. The diffusion of methylene blue is calculated by

difference of starting position of the dye and the diameter of dye spot at different time points.

VI-3.4.7. Permeability to glucose

The permeability to glucose was determined using a glass Franz-type diffusion cell
(PermeGear) with an 8 mL reactor compartment (using an effective mass transfer area of 1 cm?)
[52]. Aga and AgaFu hydrogels were previously equilibrated in a DPBS solution (overnight), placed
between the two compartments, and held with a stainless-steel clamp. The receptor compartment
was immediately filled with DPBS solution, and air bubbles were removed. Finally, the donor
compartment was filled with 16 mM of glucose (DPBS, pH 7.4). Aliquots of 1 mL were removed
from the receptor compartment at pre-stablished time points being further restored with the same
quantity of fresh DPBS. The experiments were performed at 37 °C, and the receptor compartment
was stirred using a magnetic bar to eliminate the boundary layer effect. The concentration of

glucose in the receptor chamber was evaluated using the dinitrosalicylic acid (DNS) method. The
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DNS reacts with reducing sugars, and other reducing molecules, forming 3-amino-5-nitrosalicylic
acid, an aromatic compound that strongly absorbs light at 540 nm, enabling the determination of
the amount of reducing sugar present in the solutions. The amount of glucose was calculated by
measuring the absorbance at a wavelength of 540 nm using a microplate reader (Synergy HT, Bio-
TEK, USA) and regression using an adequate calibration curve. The permeability (P) of glucose was

calculated by the following Equation VI - 2;

Equation VI-2. Permeability (P) of glucose

1 (1 2Ct) 2A .
— ——)=—XPX
A SO AT

where C.is the concentration in the receptor compartment at time t, Co is the initial concentration
in the donor compartment, V is the solution volume in the two compartments, and A is the effective

area of permeation.

The diffusion coefficient (D) of glucose across the membrane was calculated according to Fick's

law of diffusion, as follows (Equation VI - 3):

Equation VI-3. Diffusion coefficient of glucose across the membrane.

D= X—x—1
VAV, At

where D is the diffusion coefficient (cmz/s); Cj and Cf are the initial and final concentrations,
and Ct is the concentration of solute in the receptor side at time t, respectively (mol/L); V1 and V2
correspond to the volume of the liquid in the donor compartment and in the receptor compartment
(cm3), respectively; h is the thickness of the membrane (cm); and A is the effective diffusion area
of the membrane (cm?).

The partition coefficient (K.) is defined as a measure of the solubility of glucose in the hydrogel.

The partition coefficient for the system was calculated as follows (Equation VI - 4):
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Equation VI-4. Partition coefficient

_th

a
I
W)

where P is the permeability, h is the thickness of the membrane, and D is the diffusion

coefficient.

VI-3.5. Biological assessment of developed fucoidan - based hydrogels

VI-3.5.1. Cell culture

Human pancreatic cell line (1.1B4 HP) was cultured in RPMI 1640 medium (Invitrogen, USA)
supplemented with 10 % fetal bovine serum (FBS) (Invitrogen, USA) and 1 % antibiotic/antimycotic
(A/B) (Invitrogen, USA) at a temperature of 37 °C and 5 % of CO, until achieving 90 % confluence.

The medium was refreshed every 2 - 3 days.

VI-3.5.2.  Cell encapsulation

Before encapsulation procedure, the 1.1B4 HP cells (passage 36) were washed with sterile
DPBS followed by centrifugation at 300 g for 5 mins to form a pellet and the supernatant discarded.
The suspension of 1.1B4 HP cells at a concentration of 1.5 x 10scells/mL were added to Aga and
AgaFu solutions and gently mixed at 37°C. The obtained suspension (cells: Aga/AgaFu solution)
was then cast into appropriated molds, and the hydrogels were progressively formed until room
temperature was reached. Subsequently, the hydrogels were removed from molds and replenished
with DPBS to enable the complete gel formation. After repeated washings, the cell-laden hydrogels

were cultured in RPMI 1640 medium for further /n vitro studies.
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VI-3.5.3. Metabolic activity, proliferation, and morphology

After each of the pre-determinated periods (1, 3 and 7 days), the samples were washed with
DPBS and MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) assay, DNA quantification, live/dead assay, and assessment of cell morphology,

adhesion and distribution were performed, as described below:

- Metabolic activity assay

The metabolic activity of 1.1B4 HP encapsulated cells in hydrogels was determined using
MTS assay. Samples were incubated with an MTS solution prepared using a 1:5 ratio of MTS
reagent and DMEM without phenol red, 10 % FBS and 1 % ATB solution for 3 h at 37 °C. The
optical density (0.D.) was read at 490 nm on a multiwell microplate reader (Bio-Tek Instruments,

us).

- dsDNA quantification

dsDNA quantification was performed after each experimental time point using the PicoGreen
Quantification Kit (Invitrogen Corporation, USA), according to the manufacturer instructions in a
lysed cell suspension obtained after osmotic and thermal shocks. Fluorescence was read in a
microplate reader (Bio-Tek Instruments, US) at an excitation of 485/20 nm and emission of

528/20 nm.

- Live/dead assay

The cellular viability was assessed using the live/dead assay (calcein AM/propidium iodide
(PI) staining). Briefly, the cell-laden Aga and AgaFu hydrogels were incubated for 10 min with 2 pL
calcein AM (1 mg/mL, Molecular Probes, Invitrogen, USA) and 1 pL Pl (1 mg/mL, Molecular
Probes, Invitrogen, USA) in 1 mL of DPBS protected from light. The hydrogels were washed with
DPBS to remove residual staining and visualized by confocal laser scanning microscopy (CLSM)
(Axio Imager Z1m, Zeiss, Germany). Image J was used to count the number of live and dead cells

and Equation VI - 5 was used to calculate the percentage of viable cells.

Equation VI-5. Viability of cells

% Live cells
% Live cells+ % Dead cells

x 100

Viability =
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- Cell morphology

Adhesion, morphology, and distribution of 1.1B4HP cells encapsulated into AgaFu hydrogels
were analysed by confocal laser scanning microscopy (CLSM). The Aga and AgaFu hydrogels were
fixed with 10 % formalin for 30 min and then blocked with 3 % bovine serum albumin (BSA) for 30
min. The structures were permeabilized with 0.1 % Triton X-100 for 5 min, incubated with
phalloidin-TRITC for 20 min at room temperature, followed by washing with DPBS and staining with
5 pg/mL DAPI (2-(4-amidinophenyl)-1H-indole-6-carboxamidine) for 30 min. Fluorescence images
from the stained constructs were obtained by CLSM (Inverted Confocal Microscope with incubation,

TCS SP8, Leica).

VI-3.6. Statistical analysis

Statistical analysis of the data was performed by Shapiro-Wilk normality test, One-way ANOVA and
non-parametric Kruskal-Wallis and Dunn"s multiple comparison tests, using Graph Pad Prism ®
7.0. Results are presented as mean + standard deviation (SD) and significance level between

groups was set for *p< 0.1, **p<0.01, and ***p< 0.001.

VI-4.  RESULTS AND DISCUSSION

Functional hydrogels envisioning diabetes treatment were developed by combining two marine
origin polymers. agarose (Aga), a gelling polymer, with fucoidan (Fu), a biologically active polymer.
The gel formation was obtained according to the representative scheme in Figure VI -1 A - D.
Blended hydrogels composed of AgaFu 3 and AgaFu 5 have a yellowish-brown color, good
homogeneity and mechanical stability (Figure VI - 1 A-C). Aga hydrogels (Figure VI-1 D1) were used
as control material rather than Fu alone; Fu does not form biomechanically stable structures

(unless extensive crosslinking strategies are employed) due to its high-water solubility [19,43].
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(AgaFu)
D)
D1) Agarose hydrogel (Aga) D2) AgaFu 3 hydrogel D3) AgaFu 5 hydrogel

O 00 0e

Figure VI-1.Schematic representation for production of agarose-fucoidan hydrogels (AgaFu). A) preparation of agarose
(Aga) or agarose/fucoidan (AgaFu) solutions, B) transferring of Aga or AgaFu solutions to molds, C) Aga or
AgaFu gel formation by cooling the solution on air until room temperature and AgaFu hydrogels and D)
Photographs of the agarose/fucoidan based hydrogels D1) Agarose hydrogel, D2) AgaFu 3 hydrogel and D3)
AgaFu 5 hydrogel.

VI-4.1. Physicochemical characterization of Fu, Aga and AgaFu

To evaluate the influence of the composition of hydrogels on their physical-chemical
properties, several characterization procedures were employed, and the obtained results were as

follows.

- Rheology

The viscosity of the solutions of Fu and Aga at 3 and 5 % and the blended solutions (AgaFu 3
and AgaFu 5 at proportions: a (4:10), b (5:10), and ¢ (7:10) were evaluated as a function of the
applied shear rate (Figure VI- 2 A1-A3). As expected, the Fu solution presented lower viscosity when
compared with Aga solutions, where differences in viscosity are directly correlated to the gelling
property of Aga and its concentration. This reveals that the gel formation was fundamentally

governed by gelation of Aga, which can confine the fucoidan in the network established due to
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polymers chains rearrangement. Both blended (AgaFu 3 and AgaFu 5) solutions displayed shear
thinning behavior, in which the viscosity decreased with increasing shear rate (Figure VI - 2 A2 -
A3). This behavior was explained as the shearing of the polymer chains disrupts the three-

dimensional structure through the breaking of primary and secondary bonds [53].

The prepared polysaccharide solutions performed as viscoelastic materials that exhibit solid
and liquid characteristics. The storage (G') and loss (G) modulus refer to the elastic and viscous
response of a given material to shear stress, respectively [54,55]. In Figure 2 B1-B2, the evaluation
of the storage modulus as a function of temperature is shown for Aga hydrogels of different
concentrations (3 and 5%) and AgaFu 3 and AgaFu 5 at different proportions a (4:10), b (5:10)
and c (7:10). All the curves show almost the same behavior. For the AgaFu3 hydrogels, higher
ratio of Fu, promoted a decrease on G’, with the storage modulus being roughly independent of
temperature (pseudo-equilibrium modulus), but the increase of Aga proportion into the blend
increased the storage modulus, more evidently at lower temperatures [53]. Furthermore, for the
AgaFub formulation the same tendency was not so evident. The use of more concentrated
polymeric solution, with increased viscosities, particularly for the Aga solution, leaded to a more
difficult interaction between the polymeric chains, through a reduction of the chain mobility,
reducing also the incidence of the intermolecular interaction. This is particularly noted for the
AgaFubb, where a significant decrease on G’ was observed compared with AgaFuba. This difficulty
was overcome for the AgaFubc, where the significant increase of the number of Aga molecules to
pair and able to form the network of super-helices linked at their ends suppressed the influence of

the reduction of the intermolecular interaction into the network [56].

The fitting of the experimental data (shear stress-shear rate) is presented in Figure VI - 2 C1-
C3 based in the power law model: y=k x", where y is the shear stress (Pa), x is the shear rate

(1/s), k is the consistency coefficient (Pa. s"), and n is the flow behavior index, which describes
the flow behavior of each solution [44,57]. In the literature, the flow behavior is classified according
to this flow behavior index, and a Newtonian liquid present n=1, a pseudoplastic fluid n<1 and a
swelling plastic fluid n>1. The Fu solutions, Fu 3 % (n=1.06 + 0.03) and Fu 5 % (n=1.09 + 0.06)
solutions, presented a flow behavior index closest to 1, which is characteristic of Newtonian fluids,
while Aga solutions, as well as most of the blended solutions, exhibited lower index values: AgaFu

3b (n=0.826 + 0.04); AgaFu 3c (n=0.839 + 0.04) and AgaFu 5a (n=0.955 + 0.04), suggesting a
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shear-thinning (pseudoplastic) flow behavior [46,58]. The results suggest that the shear-thinning
behavior is governed by agarose [59]. The shear-thinning behavior, i.e., when viscosity significantly
decreases with increasing shear rate, suggests that the gel mixture of agarose and fucoidan could
be injected by applying high shear rate during injection with minimal effect over encapsulated cells
and quickly self-healing after removal of shear. Most significantly, these gels could be used to

deliver biological molecules and cells during injection process [17,59].
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Figure VI-2. Rheological characterization of Aga, Fu and AgaFu hydrogels. Al, A2, A3) Viscosity curves as a function

of shear rate, B1, B2) Oscillatory curves as a function of temperature and C1, C2, C3) Shear stress curves as

a function of shear rate with adjusted powerlaw equations.

229



Chapter VI - Building fucoidan,/agarose-based hydrogels as a platform for the development of therapeutic
approaches diabetes

- Chemical characterization

The chemical structures of the samples were examined by Fourier transform infrared
spectroscopy (FTIR) (Figure VI- 3 Al, A2) and with Proton nuclear magnetic resonance (‘H NMR)
spectroscopy (Figure VI- 3 B1-B3). On the FTIR spectra presented in Figure VI - 3 Al, the main
characteristic peaks of Aga and Fu could be observed. At the Aga spectra the region located
between 900 - 1200 cm® contained the characteristic saccharide peaks of Aga that are
representative of the skeletal vibrations associated with C-0-C glycosidic bonds. The region 890
- 940 cm* also contains a characteristic signal of Aga that represents vibration associated with C-
O-C bridge on 3,6 anhydrogalactose unit [58,60]. FTIR spectra of fucoidan showed an absorbance
peak at 1000 — 1270 cm*, corresponding to the stretching vibration of the sulfur—oxygen double
bond (S=0) of sulfate group. The spectra also showed signals in the range of 1315-1220 cm* and

1140-1020 cm-, assigned to the symmetric and asymmetric stretching of ether sulfate groups

(RO-S0s7) [19,41]. A broad band around 3200-3500 cm* also appears, which is due to the
stretching of —OH groups, a characteristic of carbohydrate monomers [19,58,61]. The
characteristic peak of C-O-S stretching at 845 cm* was also attributed to the presence of sulfate
groups from fucoidan[62]. For the further chemical characterization of AgaFu hydrogels it was used
composition b (AgaFu3b and AgaFubb) with intermediate (wt) ratio of Agarose (Aga): Fucoidan
(Fu).

Moreover, all spectra of AgaFu hydrogels presented in Figure VI- 3 A2 showed an absorbance
band at 1220 cm?, corresponding to the sulfate groups characteristic of Fu [19,61]. This indicates
that the intrinsic sulfate group of Fu is also present in the AgaFu 3 and AgaFu 5 formulations after
the blending with Aga, confirming the presence of fucoidan on the final hydrogels, which is in
accordance with the already suggested by their brownish color. In FTIR spectra of both AgaFu 3
and AgaFu 5, we observed bands characteristic of Aga and Fu, confirming the presence of the
respective component on the hydrogel, but also suggesting that interactions between the polymers

could occur, as discussed in the rheological characterization.

Furthermore, proton nuclear magnetic resonance (*H NMR) spectroscopy of Aga shown two
groups of peaks, one at 6= 5.15 - 5.25 ppm corresponding to protons C1 and C1" from Aga
skeleton and the other at 6= 3.45 - 4.61 ppm, attributed to protons C2 - 6 and C2'-6"in Aga
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skeleton (Figure VI- 3 B1). Fu *H NMR spectra shown different peaks at 6= 1.20 - 1.30 and 1.95 -
2.26 ppm corresponding to methyl groups of fucose and L-fucopyranose; at 6= 3.35 - 4.55 ppm
confirming the presence of different types of fucose groups with changes in glycosidic linkage
positions and monosaccharides patterns; at 6= 5.29 - 5.40 ppm corresponding to anomeric
protons of L-fucopyranosyl unit (Figure VI - 3 B2) [41,63]. The spectra corresponding to AgaFu 3
and AgaFu 5 solutions (Figure VI - 3 B3) shown peaks characteristic of Aga and Fu suggesting the
existence of interactions between the polysaccharides. Additionally, the results obtained were
compared in the literature with other systems that use these polymers, such as fucoidan, and it is
verified that peaks appear in the same chemical shift (3) values [62,64].
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Figure VI-3.Chemical characterization of Aga, Fu and AgaFu hydrogels Al) Agarose and fucoidan A2) AgaFu 3 and
AgaFu 5 hydrogels. B) 'HNMR spectra of B1) Agarose (Aga), B2) Fucoidan (Fu) and B3) AgaFu 3/AgaFu 5
hydrogels.
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- Xray photoelectron spectroscopy (XPS)

The superficial chemical composition of the AgaFu hydrogels was also examined by XPS
surface measurements (Figure VI - 4 A, B). The XPS data are in accordance with the data obtained
by 'H NMR and FTIR. The XPS wide spectra of Fu, Aga, and the different proportions AgaFu 3 and
AgaFu 5 prepared hydrogels displayed the presence of the expected peaks of carbon (C), oxygen
(0), calcium (Ca), sodium (Na) and sulfur (S) (Figure VI -4 A, B). Besides, the surface atomic ratios
of the main components (S2p, Ols, and Cls) and the respective ratio of O/C and S/C of all
samples analyzed is represented in Table VI - 2. As expected, the amount of sulfur is higher in the
samples with Fu, because fucoidan contains it in its atomic composition, namely in sulfate groups.
No obvious differences were noted in the Cls and Ols region spectra of the AgaFu hydrogels
(Figure VI - 4 B2, B3) when compared with the same regions for the isolated Aga and Fu separately.
The increase of Aga concentration into hydrogel formulation led to a decrease in the presence of
sulfur (S) in the sample, as the ratio of fucoidan decreased. Similar behavior was observed when

Fu concentration increases on the blended hydrogel, when is evident an increase of the S/C ratio.

Table VI-2. Relative atomic composition (O, C and S) of the samples obtained by XPS data quantification and their ratio

as a function of Carbon.

Composition % 0 C S o/C S/C

Fu 35.29+£0.20 61.52£0.21 3.19+0.05 0.57 0.052
Aga3 42.95 +0.57 56.88 £ 0.06 0.16 £ 0.05 0.75 0.002
Aga 5 47.14 £ 1.04 52.49 +1.05 0.38£0.09 0.90 0.007
AgaFu 3a 40.66 + 0.49 55.06 + 0.54 428+0.12 0.74 0.081
AgaFu 3b 42.77 £0.49 53.43+0.52 3.79+£0.08 0.80 0.070
AgaFu 3c 45.70 £ 0.59 51.39+£0.62 2.91+0.09 0.89 0.057
AgaFu 5a 46.06 £ 0.84 52.26 £ 0.86 1.68+£0.13 0.88 0.032
AgaFu 5b 31.93+0.65 66.96 £ 0.67 1.09+£0.08 0.48 0.016
AgaFu 5¢ 54.22 £0.84 45.13+0.85 0.65+0.10 1.20 0.014
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Symbols: O- Oxygen, C- Carbon and S-Sulfur
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Figure VI-4.Characterization of fucoidan powder, Aga and AgaFu hydrogels by XPS analysis . XPS wide scan of A1) Fu
(powder) and Aga 3 and Aga 5 hydrogels, A2) AgaFu 3a, AgaFu 3b and AgaFu 3c and A3) AgaFu 5a, AgaFu
5b and AgaFu 5c. B) XPS images of elements distribution, particularly sulfur region, of B1) Fu (powder), B2)
AgaFu 3 hydrogels and B3) AgaFu 5 hydrogels.

- Mechanical properties and hydrogel mesh size

The mesh size of the hydrogel was calculated based on the equivalent network model
Equationl. The Figure VI - 5B shows that when Aga concentration increased, there was a decrease
in the mesh size, attributed to a tightly packed Aga polymeric chains [32,65] (Figure VI - BA). The
agarose is soluble in water at temperatures 85°C to 100°C [35]. So, in this work Aga solution was
heated up to 85-95°C, which provided sufficient energy to break the hydrogen bonds, and the Aga
chains are oriented with no long-range order, thus enabling the solubilization of this polysaccharide
[32,42,66]. However, as the temperature decreases and hydrogen bonds started to be formed,
Aga molecules pair up into double helices. The double helices themselves aggregate with other
double helices to form thicker fibers. The gel is formed due to this network of Aga super-helices
linked at their ends [32,42,66]. The results have also shown that the mesh size of hydrogel blends
decreases with the increase of concentration of Aga in the solution from 3 to 5%. This may be

related to an increase of the density of the initial solution and consequently of the produced
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hydrogel. Moreover, independently of the polymeric proportion studied is possible to note that the
combination of Aga with Fu promoted a reduction of mesh size of the produced hydrogel. This fact
should be related to the intermolecular interactions stablished between Aga and Fu polymeric
chains (e.g., electrostatic bonds, hydrogen bonds, ion-dipole and London forces), that allow the
formation and maintenance of the blended network overcoming the natural non-gelling ability of
Fu. Considering the blended hydrogels prepared using lower initial concentration of Aga (3a, 3b
and 3c) it is observed a decrease of the mesh size with the reduction of the Fu proportion into the
blended mixture or increase of Aga proportion. Besides the existent intermolecular interactions, the
increasing number of Aga molecules to pair promote an increase in the hydrogel density, which
leads to more tightly packed helices, promoting consequently a decrease on the mesh size [32,42].
Furthermore, when comparing the hydrogels prepared using the same polymeric ratio and different
concentrations of Fu solution, is noted a decrease of mesh size for the hydrogels prepared with the

highest concentration of Fu, however without significant differences.

Young's modulus of AgaFu hydrogels seemed to increase by increasing Aga and Fu
concentration, although statistically significant differences between formulations have been
identified only for samples AgaFu 3a, AgaFu 3c, AgaFu 5a and AgaFu 5c¢ (***p<0.001) (Figure VI
- BC). This result correlates well with the mesh size results, with the decreasing of the mesh size
being associated with an increase of the stiffness of the hydrogels as represented schematically in

Figure VI - 5A [46].
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Figure VI-5. Schematic representation of a hydrogel network consist of a) cross-inks connecting and b) polymer chains

with molecule junction diameter (D) and average mesh width (M), as adapted from Schurz et al. [43] B) Mesh

size of Aga and AgaFu hydrogels. C) Young Modulus of Aga and AgaFu hydrogels (Data represent means +

standard deviation *** p<0.001, one-way ANOVA).

- Diffusion tests and Permeability to glucose

Methylene blue assay was carried out to assess the diffusion of compounds within the

developed hydrogels [67]. The diffusion of methylene blue through the Aga and AgaFu hydrogels,

as illustrated by images available as supporting information (Figure VI - S1 and S2), showed that

samples with a higher concentration of agarose have a slower diffusion of methylene blue, caused
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by a denser matrix as suggested by the reduced mesh size. However, the diffusion of methylene
blue on the hydrogel blends, AgaFu, seems to be hampered when compared with pure Aga
hydrogels, which may suggest a stronger interaction between the polymers and consequently a
more cohesive and compact systems, particularly the samples AgaFu3/5c where methylene blue

seemed to exhibit the slowest diffusion (Figure VI - S2 B1 - B2) [67].

To complement the information obtained from the evaluation of the diffusion of methylene
blue, the permeability of AgaFu hydrogels to nutrients was also assessed using glucose as a model
molecule for permeation. Diffusion profiles showed an initial lag phase in the receptor cell due to
the time required for solute to traverse the membranes [52,68] (Figure VI - 6). After this phase,
the bulk liquid reached equilibrium after approximately 1 h. The higher water content of native
membranes facilitates the permeation of water-soluble molecules such as glucose, which is related
to the mesh size of hydrogel [52,69]. The permeability coefficient (P) was determined with Equation
3 and the obtained values increased when the fucoidan ratio increased Table VI - 3. These results
could be related with charge of the compounds, its hydrophobicity and mesh size of hydrogel. The
permeability tends to increase with anionic compounds and the ones that have higher affinity with
water [70]. The hydrogels that have less mesh size and are more cohesive and compact systems
tend to have reduced permeability, as just discussed and demonstrated with methylene blue. The
diffusion coefficients (D) were deduced from Equation 4 and the partition coefficients from Equation
5. The diffusion coefficient is a crucial parameter to estimate the mass of a solute diffusing in time
through the gel [52]. The obtained data showed that the increase in the Aga concentration resulted
in lower diffusion coefficients, in accordance with the permeability observations and the more
cohesive and compact systems obtained in these conditions. These observations are in accordance
with the results reported by Marchioli ef a/. [37], when seeing an impact of scaffold porosity on
performance, with porous alginate scaffolds showing a better permeability to nutrients than bulk
hydrogels due to a higher surface to volume ratio. Moreover, Farina ef a/also highlighted the impact
of the thickness of capsules on the transport of oxygen, and consequently on cell viability, in cell
encapsulating devices [38]. Furthermore, it is known that permeability is also directly related with
immune protection, associated to the interaction and diffusion of antibodies, besides the need to
avoid contact between graft and host cells [40]. The partition coefficients (K:) are a measure of

solubility in the hydrogels [68] and increased with increasing fucoidan concentration, which is
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attributed to a higher water uptake capacity, and, consequently, the solutes have higher ability to

remain trapped within the hydrogel [52].
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Figure VI-6. Diffusion of glucose across A) AgaFu 3 and B) AgaFu 5 hydrogels.

Table VI-3. Permeability (P), Partition (Kd) and diffusion (D) Coefficients of glucose on AgaFu hydrogels.

Samples P (105 cm/s) D (105 cmz/s) K

AgaFu 3a 24.36 1.24 0.45
AgaFu 3b 9.91 4.05 0.05
AgaFu 3c 9.94 2.07 0.11
AgaFu 5a 9.90 0.68 0.32
AgaFu 5b 3.99 1.14 0.10
AgaFu 5¢ 10.61 0.82 0.28

VI-4.2. Biological characterization

The biological performance of the Aga and AgaFu hydrogels was tested using human
pancreatic beta cells-line 1.1B4HP. The 1.1B4HP cells have been used in several studies focusing
pancreatic beta-cell biology, representing a source of cellular therapy for type 1 diabetes [71]. To

evaluate the effect of using fucoidan, we have compared the performance of AgaFu hydrogels with
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Aga hydrogels rather than Fu alone, as Fu does not form 3D-based structures alone due to its high
water solubility [19,72]. To assess if 1.1B4HP encapsulated cells were able to proliferate
maintaining viability in Aga and AgaFu hydrogels, cell-laden samples were analyzed after 1, 3, and
7 days of culture by MTS assay, DNA quantification, live/dead assay and evaluation of cell
morphology by CLSM. The MTS results showed, in general, an increase in 1.1B4HP cells metabolic
activity during the culture time in both Aga and AgaFu hydrogels (Figure VI - 7A). Moreover,
comparing the results obtained for hydrogels prepared with different polymeric concentrations (3
and 5%), we observed that in the samples with higher Aga concentration 1.1B4HP cells had lower
metabolic activity. However, results obtained from dsDNA quantification did not show relevant
differences on the proliferation of 1.1B4HP cells encapsulated into Aga and AgaFu hydrogels
(Figure VI - 7 B). These results are correlated with the mesh size of the hydrogel, as the increase
of Aga and Fu concentrations would reduce the mesh size of the hydrogel and the cells would be
much more space constrained and potentially facing a lower nutrients diffusion causing slower
metabolic activity. In fact, Strand et a/have pointed to the variation in oxygen concentration through
the encapsulation devices, depending on the shape and surface to volume ratio, and its impact in
cell viability [40]. Moreover, the ability of hydrogels to support cell viability was evaluated by a
live/dead assay. Confocal images obtained after 1, 3 and 7 days of culture (Figure VI - 8) allowed
to conclude that all the formulations (Aga 3, Aga 5 and AgaFu 3 a, b, ¢, AgaFu 5 a, b, c) shown
viable cells, demonstrating that the biomaterials proposed in this work are generally not cytotoxic
(Figure VI - 8 A, B). Results obtained with hydrogels produced with lower polymer concentrations
(3% of agarose or 3% of fucoidan and different ratios of agarose) showed higher rates of cell viability,
while hydrogels produced with the highest polymeric content presented the lowest number and
ratio of live cells (~ 45%), potentially translating the effect of more cohesive and compact hydrogels
and consequently on the space confinement of the cells, with a negative impact on cell viability.
These results are in agreement with diffusion coefficient values, where increase in the Aga
concentration resulted in lower diffusion coefficients, which can lead to increase of dead cells and
decreased metabolic activity. The effect of hydrogel formulation is more evident than the one
observed by Marchioli ef a/ with alginate-based materials [37], as they detected impact of the
components of the hydrogel but, surprisingly, not on the shape as this would affect the surface to

volume ratio and consequently the transport of oxygen and nutrients. Indeed, those authors
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attribute the observed limitations on cell viability to hampered nutrients transport, given the viscous
and highly concentrated gel used in their work, thus suggesting the relevance of hydrogel mesh
size on cell fate. Furthermore, the cell morphology was evaluated by CLSM after staining of actin
and nuclei with phalloidin and DAPI, respectively, and images show that cells had a round like
shape and tend to self-organize, forming pseudo-islets after 3 days of culture (Figure VI -9 A, B).
This pseudo-islet morphology was maintained up to 7 days of culture, which is characteristic of
human pancreatic cells (Figure VI - 9) [73]. The noted behavior suggested that the formulated
hydrogels with 3% fucoidan supported the encapsulation of 1.1B4HP cells that remained viable for
at least 7 days (Figure VI - 7, 8). Moreover, the presence of fucoidan seemed to allow higher
number of cells encapsulated in the hydrogels, also enabling the self-organization of larger pseudo-

islets.
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Figure VI-7. A) MTS results, B) dsDNA content of 1.1B4 human pancreatic cells encapsulated in Aga 3, 5 and AgaFu

3 and AgaFu 5 at different proportions (a (4/10), b (5/10) and ¢ (7/10)) hydrogels (Data represent means +

standard deviation; *** p<0.001, Kruskalwallis test, other data are in supplementary information).
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Figure VI-8. Live/dead microscopy images of 1.1B4 HP cells encapsulated into A) Aga and AgaFu 3 and B) Aga and
AgaFu 5 hydrogels after 1, 3 and 7 days in culture. The cells were stained with calcein/ethidium solutions,

being live cells (green) calcein positive and dead cells (red) ethidium-homodimer positive, scale bar: 100um.
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C) Quantification of cell viability in Aga 3,5, AgaFu 3 and AgaFu 5 at different proportions (a (4/10), b (5/10)
and c (7/10)) hydrogels for different time points (C1) 1 day, C2) 3 days and C3) 7 days).

A) Aga 3 AgaFu 3a AgaFu 3b AgaFu 3c

1 day

3 days

7 days

B) Aga 5 AgaFu 5a AgaFu 5b AgaFu 5¢

1 day

3 days

7 days

242



Chapter VI - Building fucoidan,/agarose-based hydrogels as a platform for the development of therapeutic
approaches diabetes

Figure VI-9. Confocal images of 1.1B4HP cells encapsulated in Al) Aga3 and AgaFu 3 and A2) Agab, AgaFu 5
hydrogels for 1, 3 and 7 days in culture. Staining of actin (red) and nuclei (blue), scale bar: 100 pm.

VI-5.  CONCLUSIONS

In this work, AgaFu hydrogels were successfully obtained through the combination of agarose
and fucoidan, two well-known natural origin polymers, using the thermo-gelation technique at 37°
C. Combining agarose and fucoidan at different concentrations using temperature variations, we
have obtained hydrogels with tunable mechanical properties, stability, and diffusion coefficients.
Moreover, we were also able to modulate cell viability and to promote the organization of HP cells
into pseudo-islets. Comparing all the conditions, we concluded that AgaFu 3b hydrogel formulation
presented a suitable mesh size of the gel that contributed to a good diffusion of molecules,
suggesting higher nutrients permeability. These AgaFu3 hydrogels revealed as well sustained
viability of encapsulated 1.1B4 HP pancreatic cells during the studied culture time (up to 7 days),

which seemed to self-organize towards the formation of pseudo-islets.

Overall, we have provided a simple methodology to foster the development of new fucoidan-
based structures envisaging its biomedical application as cell culture matrices in diabetes

treatment strategies.
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Supplementary Figure VI-1. Images of Agarose (Aga) and Agarose/fucoidan (AgaFu) hydrogels (3% A) and (5% B)
evidencing the diffusion of methylene blue for different time points (0 (T0), 15 (T1),30 (T2),45 (T3), 60 (T4),

75 (T5) and 90 (T6) minutes.
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Supplementary Figure VI-2. Diffusion of methylene blue through the different hydrogels formulations A) Aga 3 and
Agab hydrogels B1) Aga 3 and AgaFu 3 a, b, ¢ hydrogels (bla) and B2) Aga 5 and AgaFu 5 a, b, ¢ hydrogels
(bla).
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Supplementary Figure VI-3. MTS/dsDNA as indication of normalized metabolic activity of 1.1B4 human pancreatic
cells encapsulated in Aga 3, 5 and AgaFu 3 and AgaFu 5 at different proportions (a (4/10), b (5/10) and ¢
(7/10)) hydrogels (Data represent means + standard deviation; *** p<0.001, Kruskal-wallis test).
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Chapter VII

Angiogenic potential of airbrush

fucoidan/ polycaprolactone nanofibrous meshes*

ABSTRACT

Implantation of biomaterials and hybrid constructs in tissue engineering approaches presents major
limitations such as inflammatory reaction and the lack of vasculature integration. Therefore, new
strategies are needed to enhance implants function, immune protection, and revascularization. In this
work, we developed fibrous meshes composed by fucoidan (Fu), a sulfated polysaccharide extracted from
brown algae, and polycaprolactone (PCL), a synthetic biodegradable polymer, using the airbrush
technique. The chemical characterization by FTIR, EDS and XPS confirmed the presence of the two
polymers in the structure of airbrushed nanofibrous meshes (ANFM). Moreover, these nanofibrous
exhibited good wettability and mechanical properties envisaging their application as templates for
biomaterials and cell culture. The developed ANFM were directly cultured with human pulmonary
microvascular endothelial (HPMEC-ST1.6R) cells for up to 7 days. Biological results demonstrated that
ANFM comprising Fu promoted cellular attachment, spreading, and proliferation of human endothelial
cells. The angiogenic potential of ANFM was further evaluated by onplantation of PCL and PCL/Fu ANFM
in chick chorioallantoic membrane (CAM). /7 ovo and ex ovo results showed that the incorporation of Fu
increased the pro-angiogenic potential of ANFM. Altogether, the results suggest that airbrush

biocomposite meshes could be used as a biomaterial substrate to promote vascularization.

Keywords: airbrushing, nanofibrous meshes, fucoidan, poly(e-caprolactone), endothelial cells, tissue

engineering, angiogenesis, vascularization.

~ This chapter is based on the following publication:
Reys L. L., Silva S. S., Oliveira C., Martins A., Reis R. L. and Silva T H., “Airbrush biocomposite nanofibers of polycaprolactone/fucoidan for diabetes

treatment” . (submitted for publication)
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VII-1. GRAPHICAL ABSTRACT

Compressed Air

t
Collector

Airbrush nanofiber mesh of
PCL or PCL/Fu

VII-2.  INTRODUCTION

Nanofibrous meshes are effective scaffolds for tissue engineering (TE) since they can mimic the
fibrous structure of the native extracellular matrix (ECM). These have been widely investigated for
biomedical applications, including drug delivery [1,2], wound dressings [1,2], enzyme immobilization
[1,3], and as a substrate to support cells culture [4-6]. Electrospinning has been the most common
technique for fabricating nanofibrous mats [7-10]. However, the airbrush is also a useful technique to
produce nanofibrous meshes, less expensive to set up than electrospinning [11]. Airbrush requires i) a
simple apparatus like commercial airbrushes, typically used for painting; ii) a concentrated polymer
solution in a volatile solvent; iii) and high-pressure gas source to successfully generate nanofibrous onto
a broad range of targets [1,11-13]. A large number of polymers/solvent systems and deposition
conditions have been demonstrated with this technique [1,14-18]. Airbrush technique has the possibility
for /n-situ fabrication, by rapidly nanofiber deposition and increased number of new applications in the
biomedical field have been suggested, with good-performed airbrushed nanofibrous meshes and

structures allowing precise and tissue-specific reconstruction [1,11]. Applications of this technique are
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largely analogous to electrospinning, including enzyme immobilization, drug delivery [1,15],
microfiltration, and as a sealant for surgeries in surgery [1]. The variety of natural and synthetic polymers
that can be airbrushed provide ample opportunities to tailor the mechanical and biological properties of
fibers [19,20]. Synthetic polymers such as polylactic acid (PLA) [1,11], poly(ethylene oxide) (PEO)
[19,21], polyvinyl alcohol (PVA) [22] and poly(e-caprolactone) (PCL) [11,21,23-25] have been widely
used in production of nanofibrous meshes. Particularly, PCL has been widely used in the manufacture of
nanofibrous meshes due to its controllable biodegradability, easy processing, and good mechanical
properties. However, it has low initial cell attachment and proliferation due to its hydrophobicity and low

inclusion of growth factors [23,24,26].

Natural polymers are often used in biomedical arena due to their unique properties, namely their
biocompatibility, hydrophilicity, and biodegradability [19,27]. Among them, marine sulfated
polysaccharides demonstrate a wide range of bioactivities, making them ideal for the development of bio-
based functional systems for tissue engineering scaffolds and drug delivery systems. Furthermore, in the
literature, a small number of fibers structures based on marine sulfated polysaccharides have been
developed by electrospinning [19,28]. Fucoidan (Fu) is a complex anionic sulfated polysaccharide
extracted from the cell walls of brown seaweeds [29-31]. In the literature, many studies have
demonstrated that Fu possesses anticoagulant [31,32] antitumor [7,29,33], reducing blood sugar
[31,34], antihyperlipidemic [31,35], antioxidant activities [31,36] and pro-angiogenic activity [37,38].
These biological activities can be related with different physicochemical properties, such as molecular
weight, carbohydrates composition, sulfation degree and pattern along the fucoidan backbone
[7,33,39,40]. Based on these features, Fu-based systems, namely nanoparticles, liposomes, hydrogels,
films, and microspheres, have been developed envisaging different biomedical applications [30,39]. In
most of those studies, Fu was combined with other polymers, mainly due to difficulties in processing of
stable matrices in an aqueous medium, since Fu is highly soluble in water [24,30]. Then, the association
of synthetic polymers, such as PCL, with Fu could improve rheological properties and processability,
which is crucial for fiber formation [23,24]. Furthermore, the successful combination of Fu with PCL could
contribute to its known benefits in biomedical properties [24,40,41]. Some studies have already
developed electrospun meshes using PCL/Fu and PCL/PEQ/Fu for bone regeneration and vascular graft.
The incorporation of Fu increased the total protein content, alkaline phosphatase activity, and calcium
mineralization [24], while Fu loaded PCL/PEO mesh ¢ was proposed as a potential solution for long term

patency of small-diameter vascular graft [40,41].
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In this work, we developed airbrushed meshes made of PCL and Fu. We hypothesize that the
incorporation of Fu will have a positive impact on the hydrophobicity, mechanical properties, and
angiogenic properties of PCL ANFM. Fucoidan from two different species, namely Ascophylium nodosum
(FA) and Fucus vesiculosus (FF), was blended with PCL and further processed into nanofibrous meshes
using an airbrush technique. Fucoidan quantification, mechanical properties, and morphological features
of ANFM, as well as their capability to support human endothelial cells culture were investigated,
complemented by assessment of vascularization enhancement using the chick chorioallantoic membrane

(CAM) assay.

VII-3. MATERIALS AND METHODS

VII-3.1. Materials

Powder of fucoidan from brown algae Fucus vesiculosus (FF) (Maritech® Fucoidan, Marinova, batch
#FVF2011527, Australia) and from Ascophyllum nodosum (FA) (Ascophycient, Algues & Mer, batch #
ASPHY16241, France), were used after purification with calcium ions, as described below. Poly(e-
caprolactone) (PCL) and calcium acetate were obtained from Sigma Aldrich. All other reagents, of

analytical grade, were used as received.

VII-3.2. Purification of fucoidan

A purification process was required to obtain pure fucoidan, needed for the production of airbrush
nanofibrous. The purification of fucoidan (PFu) was based on the calcium ions method [42], which relies
on the complexation of alginates eventually present in the crude fucoidan sample with calcium ions and
further precipitation. Briefly, fucoidan (160 mg/mL) was dissolved in 20 mM calcium acetate aqueous
solution, during 4h at 50 °C under stirring, and pH was adjusted continuously between 6.6 and 7.5. The
solution was cooled down, left at 4 °C overnight and centrifuged during 15 min at 5 000 g (Centrifuge
5810, Eppendorf, Germany). The supernatant was dialyzed against water for 5 days using 12-14 KDa
cut-off dialysis membranes and freeze-dried for 4 days (CryoDOS-80, Telstar, Spain).
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VII-3.3.  Airbrushing nanofibrous mesh

A commercially available airbrush designed for painting (Airbrush, DEXTER, model DX-1839, Spain),
with a 0.3 mm nozzle diameter, was used to fabricate nanofibrous mesh (ANFM). The airbrush was
connected to pressurized compress air (Wuto, model: TC-20 series, Spain) with constant pressure
between 4-6bar and the distance from the nozzle to the target was held constant at 50 cm for all
experiments, using a plastic surface as collector. PCL ANFM were produced by airbrushing 6 consecutive
layers (about 30 s each layer) of 4% (w/v) f poly (e-caprolactone) (PCL) solution prepared in chloroform.
PCL/Fu ANFM were produced using a similar procedure, but alternating PCL and PCL/Fu layers. (Figure
VIl - 1). To produce the latter, 10 mg/ml fucoidan (purified FA or FF) dissolved in pure acetic acid was
added to the PCL solution previously prepared, left under stirring to complete dissolution (™3 hours) at
room temperature, with the resulting mixture being used for airbrushing. After the complete processing,
all the ANFM were dried in a desiccator at room temperature for 3 days to evaporate the solvent, and
were cut in 1x1 cm2 samples for further assays. Throughout the paper, the PCL/Fu ANFM produced from
FA and FF are referred to as PCLFA and PCLFF, respectively.

Fabrication of airbrush nanofibrous mesh

PCL

Solutions - 8::(h o %
- =

SN
SCPOSSNS

“"“ \ f*\\\v
Compressed Air r\%
Collector N
PCL/Fu
Airbrush nanofibrous mesh of PCL/Fu ANFMs

PCL or PCL/Fu

Figure VII-1. Schematic overview of the experimental steps required to fabricate ANFM of PCL and PCL/Fu , each composed

by 6 consecutive airbrushed polymeric layers.
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VII-3.4. Physicochemical characterization of ANFMs

VII-3.4.1. ANFM morphology and chemical composition

The morphology of ANFMs was analyzed in a scanning electron microscope (SEM) (JSM-6010 LV,
JEOL, Japan). Before SEM analysis, samples were gold-palladium coated using a sputter coater
(Cressington,108A, US), and the analysis was made at an accelerating voltage of 10 keV and
magnifications from 100x to 10 000x. Chemical analyses of samples were made by Energy Dispersive
Spectroscopy (EDS) (INCAx-Act, PentaFET Precision, Oxford Instruments), using an acceleration voltage
of 1 keV. The nanofibres diameters were measured by ImageJ software using the SEM pictures at the

magnification 2 000x.

VII-3.4.2. X-ray photoelectron spectroscopy (XPS)

Analysis of the samples (FA and FF powders, and PCL, PCLFA and PCLFF ANFM) was performed
using a Kratos Axis-Supra instrument equipped with aluminum Ka monochromatized radiation at 1486.6
eV X-ray source, within ESCApe software. Due to the non-conducting nature of the samples, it was
necessary to use a co-axial electron neutralizer to minimize surface charging, which performed the
neutralization by itself. Photoelectrons were obtained from a take-off angle of 90° relative to the surface
of the sample. The measurement was done in a Constant Analyser Energy mode (CAE) with a 160 eV
pass energy for survey spectra and 20 eV or 40 eV pass energy for high-resolution spectra of the ANFMs
and polymer powders, respectively. Charge referencing was done by setting the lower binding energy C1s

peak at 285.0 eV C1s hydrocarbon peak [43,44].

VII-3.4.3. Water contact angle

The static contact angles on ANFMs were determined at room temperature with a Contact Angle
Equipment (DataPhysics Instruments, model OCA 15plus; Germany and SCA-20 software). Sesile drop
method was used to obtain the values. The water droplets are applied by a motor-driven syringe at
different zones of each sample, and the measurement time was extended until 5 min. At least three
measurements were carried to each sample (PCL, PCLFA, and PCLFF), and the presented data are
averaged values for those measurements.
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VII-3.4.4. Fucoidan quantification by toluidine blue assay

The amount of fucoidan into the nanofiber was quantified via toluidine blue assay (TBO) [7,45,46].
Each sample (PCL, PCLFA, and PCLFF) was immersed in 1ml of TBO solution, previously prepared using
0.1 M HCI, 0.2% NaCl, and 0.04% toluidine blue O chloride, for 4h at room temperature. Further, the
samples were washed with distilled water (DW) for 24 h to remove the unreacted TBO. Afterwards, ANFMs
were immersed in a mixture of 0.1 M NaOH/80% ethanol (1:4, v/v) until complete decolourization and
the TBO released to that solution, proportional to the amount of fucoidan on the ANFM, was quantified
by measuring the absorbance at 530 nm using a microplate reader (Bio-Tek Instruments, US) and a
calibration curve. For the calibration curve preparation, 2 ml 0.04 wt.% TBO solution was first added to 2
ml of a fucoidan solution with known concentration and incubated at 37 °C with gentle shaking for 4 h.
Then the mixture was centrifuged at 350 g for 10 min, the supernatant was removed, and the precipitate
was carefully rinsed twice with aqueous 0.01 M HCI/0.2 wt.% NaCl. Finally, 5 ml 0.1 M NaOH/80%
ethanol mixture (1:4, v/v) solution was added to dissolve the precipitate, and the absorbance was

measured at 530 nm.

VII-3.4.5. Mechanical Tests

Mechanical properties were evaluated using a dynamic mechanical analyzer (DMA) (Tritec 2000B
equipment, Triton Technology, UK). Samples (PCL, PCLFA, and PCLFF) were cut in regular stripes (width
5.31 £ 0.46 mm and thickness 0.19 = 0.013 mm) and soaked in a PBS solution for equilibration.
Samples were then clamped in the DMA apparatus with the total immersion of samples in a reservoir
containing PBS solution at 37°C. DMA plot was obtained using a stress mode cycle of increasing
frequency from 0.01 to 20 Hz (5 points per decade), to simulate the physiological loading frequencies.

At least five samples were tested for each condition.

VII-3.4.6. Swelling

The swelling behavior of the nanofibrous mesh was determined after immersion in solutions such
as PBS, for 28 days, at 37 °C. The weight of the swollen samples was measured by gently tapping the
surface of samples in filter paper to remove the excess of water from the surface. The degree of swelling

(O for each sample was calculated using Equation VII - 1.
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Equation VII-1. Degree of swelling
=W =Wy, |+ 100%
Wa

where Ws is the swollen sample weight under specified environmental conditions, and Wqis dry

sample weight after swollen.

VII-3.5. Biological tests

- CELL CULTURE

Human pulmonary microvascular endothelial cells (HPMEC-ST1.6R cell line) were cultured in M199

medium supplemented with 20% fetal bovine serum (FBS), 2 mM Glutamax, 100 U/mL penicillin and
100 mg/mL streptomycin (Pen/Strep 100 U/100 g mL"l) and endothelial cell growth supplement

(ECGS) (25 pg mL_l). Cells were used at passages 38-40.

- Cell seeding

Before the biological assays, the samples were sterilized with ethylene oxide. Then, endothelial cells were
seeded on ANFM at a density of 50000 cells/sample using the drop method. After 4 h of adherence, 450
ulL of the culture medium was added at each sample. Tissue culture polystyrene (TCP) was used as a
control for all the assays. Each experimental condition was tested in triplicate, and three independent

assays were performed.
- Cell viability

The metabolic activity of endothelial cells was determined by the MTS assay. After 1, 3, and 7 days, the
culture medium was removed, and the testing conditions were rinsed with sterile PBS. A mixture of culture
medium (without FBS and phenol red) and [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium] MTS reagent (5:1 ratio) was added to each well and left to incubate for 3
h, at 37 °C with a 5% CO2 atmosphere. After that, the absorbance of the MTS reaction medium from

each sample was read at 490 nm in a microplate reader (Bio-Tek Instruments, USA).
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CELL MORPHOLOGY

To evaluate the cell adhesion and morphology, the constructs (PCL, PCLFA and PCLFF) were fixed with
2.5 % glutaraldehyde (Sigma; USA) in PBS (Sigma; USA) solution, for 1 h at 4 °C. The samples were
further dehydrated through a graded series of ethanol and gold-palladium coated in a sputter coating
equipment (Cressington,108A, USA) for 2 min, and analyzed by SEM (JSM-6010 LV, JEOL, Japan) using
magnifications from 100x to 10000x.

VII-3.6. /n vivo angiogenesis evaluation

VII-3.6.1. Chick chorioallantoic membrane (CAM) assay

White fertilized chicken eggs (7=150; Pintobar, Portugal) were incubated at 37 °C (Laboratory
Incubator, model B8420; Termarks) for 3 days. After this period of time, a small hole was created in the
pointed end of the egg to allow dissociation of the chick chorioallantoic membrane (CAM) from the
eggshell membrane. In addition, a window was open into the eggshell, with dissecting scissors, to evaluate
embryo viability and allow access to the CAM (Figure VII - 2). The window was then sealed with transparent
tape (750 x 30 mm, AXTON 50 mm) to prevent dehydration, and the eggs were returned to the incubator
at 37 °C until day 10 of embryonic development. The sterile PCL and PCLFF ANFM (7 = 22) were
implanted on the CAM at day 10 of embryonic development under sterile conditions. The shell windows
were then protected again with transparent tape, and the eggs were returned to the incubator at 37 °C
until day 15 of embryonic development. On that day, the chicken embryos were sacrificed by adding a
paraformaldehyde (PFA, Merck) solution at 4% (v/v), followed by its incubation at -80° C for 10 min. The
implanted specimens and the immediately adjacent CAM portions were cut and fixed with 4% PFA. The
specimens implanted and the adjacent portions of CAM were cut and fixed with a PFA solution at 4%
(v/v). The implants and immediately adjacent portions of CAM were dissected. Chorionic epithelium (ex
ovo) images were then captured for each CAM implant directly from the plate. A minimum of 5

eggs/samples were used for each condition.
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VII-3.6.2. Analysis of blood vessels convergence

The macroscopic evaluation of the angiogenic response was carried out using a semiquantitative
method by analyzing the convergence of blood vessels toward the implanted ANFM, both a allantoic
epithelium (/7 ovo) and chorionic epithelium (ex ovo), as previously described by Ribatti and co-workers
[47,48]. The ex ovo and /n ovo images obtained at day 15 of embryonic development were processed
using the Image) 1.52a software program (National Institutes of Health, USA). For quantification
purposes, the magnification of the stereomicroscope images was kept constant, as well as the image-
processed area (500 x 500 pixels). The total number of macroscopic microvessels that converged toward
the graft was counted blindly for each egg. An automated angiogenesis quantification method was also
conducted by using the Vessel Analysis plugin with Fiji (ImageJ 1.52i) to perform in a reliable and
repeatable way a sequence of operations leading to a robust segmentation of EC images and a
reproducible extraction of the skeleton representing the microvascular network [8,49]. Measurements of
vascular density (i.e. ratio of vasculature area to total selection area) and vascular length density (i.e. ratio

of skeletonized vasculature area to total area) are expressed as % area.
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Figure VII-2. Schematic representation of the optimized chick chorioallantoic membrane (CAM) assay. Fertile eggs were
incubated for 3 days before creating the window. At 10 day PCL and PCLFF ANFM were placed on the CAM and the

eggshell was sealed to prevent dehydration and infection. The assay proceeded until day 15 (adapted from [50]).

VII-3.7. Statistical analysis

Statistical analysis of the data was performed by Graph Pad Prism ® 7.0. First, a Shapiro Wilk test was
performed to ascertain the data normality. When data follow a normal distribution, parametric test was
used (one-way ANOVA test followed by Tukey s HSD test). When the normality was rejected, a non-
parametric test was used (Kruskal-Wallis followed by Dunn’s multiple comparisons test), and p<0.05

was considered significant. Data are presented as mean + standard deviation.

VII-4.  RESULTS AND DISCUSSION

- Fucoidan quantification by toluidine blue assay

To confirm the presence of fucoidan on the airbrushed meshes and thus show the effectiveness of
the production technology, a quantitative toluidine blue O (TBO) assay was conducted [7,45,46]. TBO is
used in histological analysis as it stains tissues based on the metachromasia concept attributed to
stacking dye cations at sites of high-density of anionic groups, with a change in color from blue to violet
[60,61]. Following the same concept, in the present work TBO cations would interact with the negatively
charged sulfate groups from fucoidan. As shown in Figure VIl - 3A, whereas PCL ANFM did not change in
color, the PCLFA and PCLFF ANFM were stained with violet and blue, with different intensities due to the
different chemical structure. This test was also performed for 28 days in PBS solution (data not shown),
and fucoidan was also detected, indicating that the fucoidan was not released from ANFM, at least over
one month. The two types of PCL/Fu ANFM presented similar fucoidan contents, as the solutions resulting
from the release of bonded dye from the respective ANFM, during TBO assay, had similar concentration:

= 0.37 mg/ml for PCLFA and 0.38 mg/ml for PCLFF.
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Figure VII-3. Toluidine blue (TBO) assay in ANFM A) PCLFA and PCLFF before and B) after TBO assay. C) Quantification of
fucoidan into the ANFM. Data were considered statistically different (*) o< 0.05.

- Morphology and composition of PCL and PCL/Fu ANFM

PCL and PCL/Fu solutions were airbrushed into a plastic collector, rendering the production of
polymeric meshes. Two different fucoidan samples, obtained from distinct brown seaweed species,
Ascophyllum nodosum (FA) and Fucus vesiculosus (FF), were used to study the influence of different
chemical features, as molecular weight (FA < FF) and sulfate contents (FA < FF), on the properties of the

produced ANFM. Scanning electron microscope observation of PCL and PCL/Fu ANFM (Figure VII — 4
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A1-A3) indicated a similar nanofiber diameter and different morphological aspect that could suggest a
controlled production of nanofibres (Figure VII - 4 A1-A3). Furthermore, porous fibrous mesh with a
diameter ranges from 0.30 to 0.72 um was also observed. PCL and PCLFF showed to be similar and
tendentially higher for PCLFA, although not having differences. These results demonstrated that the
airbrush technique was reproducible and have uniform outcomes (Figure VIl - 4 B1-B3). The incorporation
of fucoidan increases the fiber diameter for FA (0.705 £ 0.063) and for FF (0.335 + 0.034 um) in
comparison with PCL (0.320 £ 0.031 um) alone. The incorporation of fucoidan induced the production
of less straight fibers, less orientation, and more lumps. This can be related to the fact that chloroform,
being less volatile than acetic acid, moves out of the polymer fiber in the latter phase of polymer
solidification, thereby rendering roughness to the mesh surface [46]. On the other hand, PCL meshes
were free of lumps, straighter, and deposited randomly.

Energy-dispersive X-ray spectroscopy (EDS) was performed to confirm that fucoidan has been
incorporated in ANFM. This technique allowed determining the presence of sulphur (S) element, only
present in the chemical structure of fucoidan, in both PCL/Fu ANFM (Figure VII - 4 C1- C3), thus showing
that both fucoidans (FA, FF) were well embedded in ANFMs.
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Figure VII-4. Morphology and composition of PCL and PCLFu ANFM. SEM images of Al) PCL, A2) PCLFA, and A3) PCLFF
airbrush nanofibrous (ANFM) samples. Scale bar: 100 um for the background images, 1 um for the insert images.
Fiber diameter distribution profile B1) PCL, B2) PCLFA, and B3) PCLFF ANFM airbrush nanofibrous. EDS spectra of
C1) PCL, C2) PCLFA, and C3) PCLFF ANFM samples. The peaks of carbon (C), oxygen (0), sodium (Na), and sulphur

(S) elements are labeled in the spectra.

The surface composition of ANFMs was assessed by XPS, as shown in Figure VIl - 5 A - C and
Table VII -1, aiming to complement the information obtained by EDS for bulk elemental analysis. The XPS
wide spectra (Figure VIl - 5 A - C) displayed the presence of the expected peaks of carbon (C) and oxygen
(O) on all samples, while only the ones containing fucoidan presented the sulphur peak, being thus in
accordance with the data obtained by EDS. No apparent changes were noted in the C1s and O1s region
spectra of the samples with fucoidan when compared with the raw material. The XPS quantification
procedure, obtained using the spectra of the regions of the high-resolution scan (Cls, O1s, and S2p) of
the fucoidans and ANFM, resulted in values depicted in Table VII - 1, considering the homogeneous
distribution of the elements in all the samples. The elements quantification of PCL/Fu ANFM showed that
PCLFA had about 0.08 % and PCLFF 0.65 % of sulphur (S) in its composition (Table VII - 1 and Figure VII
-5 B:-Cy). These results are in agreement with the sulfur values presented by fucoidan powders: 0.31%
for FA and 3.19% for FF, with difference in contents being of about one order of magnitude, thus
suggesting that fucoidans were well embedded during the airbrush process. Regarding the high-resolution
scan (Table VII-1) and the chemical elements identified by EDS analysis of the PCL/Fu (Figure VII- 5 iii
and iv) ANFMs, it is observed the presence of sulphur in the surface of these nanofibrous, being in a

higher quantity for PCLFF (Table VII-1).
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Figure VII-5. Characterization of PCL and PCLFu ANFM by XPS analysis : A) survey spectrum of PCL, B) general spectra of
PCLFA ANFMs, he insert is sulphur spectra of PCLFA ANFMs C) general spectra of PCLFF ANFMs and the isnert is

sulphur spectra of PCLFF ANFMs.
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Table VII-1. XPS surface atomic ratios of the main components (O1s, Cls, and S2p) and the respective ratio of O/C and S/C
of the controls (fucoidan FA, FF, PCL, PCLFA, and PCLFF) and ANFM.

Atomic concentration (%) Ratios
01s Cls S2p o/C S/C
FA 26.10+£1.15 7359+ 1.15 0.31+0.14 0.354 0.004
Fu

FF 35.29+ 0.20 61.52+0.21 3.19+0.05 0.574 0.052

PCL 23.39+0.44 76.61 +0.44 _— 0.305 —_

ANFMs PCLFA 26.62 +0.56 73.30+0.56 0.08 £0.04 0.363 0.001
PCLFF 29.28 +£0.71 70.07 £0.71 0.65+0.09 0.417 0.010

Note: Oxygen (0), Carbon (C) and Sulphur (S).

- Water contact angle

The surface properties of ANFM, namely their wettability, are important for the interaction with cells,
immune system, and biocompatibility [51]. In this regard, the hydrophilicity of PCL and PCL/Fu ANFM
was examined using water contact angle (WCA) analysis. The obtained data (Figure VIl - 6 and Table VI
- 2) confirmed that PCL ANFM had a highly hydrophobic character, with a WCA close to 150°, thus near
the limit to superhydrophobicity, due to the nature of its chemical composition, and it can cause a low
rate of water absorption within the nanofibrous [23,51]. However, the hydrophobicity of the ANFM
decreased with the addition of fucoidan (Table VII - 2), more evidently in PCLFF than in PCLFA. Previous
investigation [23,52] has shown that blend/composite systems using synthetic and natural polymers
have improved hydrophilic properties compared to synthetic polymers alone [52,53]. This effect is due to
the various functional groups such as hydroxyl, carboxyl, amine, and sulfate groups that are commonly
present in natural polymers [23,52]. In the case of fucoidan, the hydrophilicity is provided by the presence
of sulfate and hydroxyl groups [54]. FA has lower sulfate groups in comparison with FF, which could

explain the higher hydrophilicity for PCLFF ANFM.

The swelling results (Figure VII-7) showed that PCL ANFMs had lower water uptake in comparison

with ANFMs comprising fucoidan, which is in accordance with the hydrophilicity grade of those systems.
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From a biological perspective, the ability to absorb water is an important factor affecting the adhesion of
proteins and cells in the scaffolds and, consequently, their performance towards tissue regeneration and

integration [53,55].

A) B) C)

Figure VII-6. Contact angle measurements of A) PCL, B) PCLFA, and C) PCLFF ANFM.

Table VII-2. Contact angle in water for the ANFM nanofibrous

Condition PCL PCLFA PCLFF

Contact angle 146.5+6.3° 96.3 + 10.0° 69.0 + 10.0°
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Figure VII-7. Swelling of ANFMs after immersion in PBS under stirring at 37°C.

- Mechanical properties

The mechanical and viscoelastic properties of ANFM (PCL and PCL/Fu) were evaluated by a dynamic
mechanical analysis (DMA). These assays were performed in a hydrated environment, in PBS at 37 °C,
allowing the assessment of the mechanical properties in conditions closer to physiological environment
[56,57]. Variations of both storage modulus (£’), loss modulus (£”) and loss factor (fan 0 = E'/ E') as
a function of the frequency (from 0.01 to 20Hz ) are shown in (Figure VII- 8) [58,59]. Besides, Table VII
- 3 summarizes the viscoelastic properties obtained at a physiological frequency (1 Hz). The ANFM
exhibited little frequency dependence for all samples. The £'values for all samples were much higher
than the £”values (Figure VII- 8, Table VII- 3). Furthermore, the incorporation of fucoidan significantly
increased £'for ANFMs as compared to PCL mesh. It is presumed that, due to fucoidan incorporation,
the increased hydrophilicity and, therefore, higher swelling of nanofibrous mesh resulted in such a change
in modulus values. Although the fucoidan alone makes the PCL polymer network much stiffer, the
increased volume (thus the distance between polymer chains) in water and the interspaced water

molecules should compensate such rigidity. Altogether, the results show the effective stiffening of the
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nanofibrous due to the incorporation of fucoidan. The #an 6 values of all the formulations, ranging from

0.06 and 0.10 confirm the clear viscoelastic nature of all the formulations analysed.
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Figure VII-8. Mechanical properties : A) Frequency dependence of storage modulus (£”), loss modulus (£") and B) loss factor

(zan 8) of the PCL and PCL/Fu ANFM at 37°C with samples immersed in PBS.

Table VII-3. Viscoelastic properties of ANFM at a physiological frequency (1Hz).

Sample Storage modulus, £ Loss modulus, £ ° tan &
(MPa) (MPa)
PCL 12.18 £ 0.82 0.89£0.01 0.07 £0.01
PCLFA 23.56 £ 6.69 1.89 +0.04 0.08 £0.01
PCLFF 24.08 £ 2.79 2.02+£0.01 0.08 £0.01

VII-4.1. . Biological performance

It is hypothesized that incorporation of fucoidan into PCL ANFM can enhance cell-scaffold

interactions. To evaluate cell metabolic activity and morphology on the PCL and PCL/Fu, endothelial cells

were cultured on the ANFM up to 7 days. Biological experiments were also performed in TCPS coverslips

used as a control for comparative purposes. Human pulmonary microvascular endothelial cells (HPMEC-
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ST1.6R was) were used as a model for angiogenesis [48]. To quantify the metabolic activity up to 7 days
of endothelial cells in the ANFMs, an MTS assay was performed (Figure VII - 9). At 1 day following cell
seeding, higher cell metabolic activity was observed on PCLFF as compared to PCL alone, indicative of
greater cell viability (Figure VII - 9), consistent with better cell adhesion to these substrates. At day seven,
the cell viability on PCLFF scaffolds was significantly higher than either PCL or PCLFA, suggesting the
presence of a higher number of cells on the former and consequently that the PCLFF surfaces supported
the highest rate of proliferation. These results could be related to the increase of fiber diameter and water
absorption of the PCL/Fu ANFM. These MTS assay results supported the hypothesis that the addition of
FF provided a favorable matrix for endothelial cells attachment and growth, in agreement with other
studies showing that the incorporation of marine polymers on PCL mats could increase the viability and
proliferation of cells [19,62]. The morphology of the seeded endothelial cells on the PCL and PCL/Fu
ANFM was observed by SEM, with the obtained micrographs being illustrated by the images in Figure VII
- 9B. The endothelial cells were well spread onto the ANFM after 1 day of seeding, where PCLFF showed
a higher cell density in the surface in all time points. This behavior could be related to higher hydrophilicity

and water uptake, as well as to the FF chemical features.
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Figure VII-9. Cell viability and morphology of PCL and PCLFu ANFM . A) Viability of endothelial cells on ANFMs over 1, 3 and
7 days, as the percentage of methabolic activity in respect to control (cells in PCL ANFM). Data were considered

statistically different if: (*) p < 0.05, (**) p< 0.01 and (****) p< 0.0001. B) SEM observations of endothelial cells

273



Chapter VIl - Angiogenic potential of airbrush fucoidan, polycaprolactone nanofibrous meshes

cultured onto PCL, PCLFA, and PCLFF nanofibrous meshes. Scale bar: 50um for the main images and 10 pum for the

insert images

VIl-4.2.  Angiogenic potential of airbrush nanofibrous using CAM assay

CAM assay has been proposed to evaluate the biocompatibility of biomaterials and, in particular, their
angiogenic potential [63]. Based on the cell viability results, the PCLFF was selected for the angiogenesis
test, as was the one in which endothelial cells showed higher viability and proliferation. The CAM assay
was herein conducted to evaluate /7 vivo ability of PCL and PCLFF to induce angiogenesis. Figure VII -
10A shows the photographs of the chorionic and allantoic epithelium of the excised CAM sections after 5
days of implantation. Eggs without ANFM were used as control. The pro-angiogenic response of ANFM
was evaluated by micro vascularity formation at adjacent tissues to the samples onplantation, which is
higher for PCLFF as compared to PCL (Figure VIl - 10A). To quantify the convergence of blood vessels
towards the onplanted ANFM, the vascular length density and vascular density were investigated by
analyzing the ex ovo chorionic epithelium Figure VIl - 10B. The maximum growth of blood vessels around
and inside the ANFM was estimated by counting the total number of macroscopic microvascular that
converge toward the graft in PCLFF (Figure VIl — 10 b1). There was not a significant difference between
samples. /nn ovo allantoic epithelium (Figure VII - 10 b2 and b3) was used to quantify the blood vessels,
the vascular length density, and vascular density. PCLFF showed a higher number of blood vessels,
vascular length, vascular density, and statistically significant pro-angiogenic property compared to the
PCL and the control CAM. Furthermore, there was no statistical significance between PCL and control
CAM. Considering those results, it is clear that the PCLFF was the most pro-angiogenic one. In the
literature, some studies report the pro-angiogenic property of fucoidan [37,38]. Some authors reported
that pro-angiogenic property of fucoidan is related to structural factors such as Mw, sulfation degree, and
its ability to modulate heparin-binding growth factors such as FGF-2, but the relationship between
fucoidan chemical structure and effect on the formation of new vessels is not yet established
[37,38,64]. We have shown, by using the CAM assay, that the developed PCLFF can promote pro-
angiogenesis, which could help support implants' integration and vascularization. Both are critical factors
in transplantation, avoiding delays on blood supply and oxygenation/nutrients and overcoming the

rejection of the transplant.
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Figure VII-10. Characterization of angiogenic potential of ANFM using CAM assay. A) Stereomicroscope photographs of ex ovo
ANFM after incubation on the chorioallantoic membrane of the chick embryo, scale bar: 2 mm. B) Macroscopic

quantification of blood vessels converging towards implanted structures (b1). Vascular Length Density (i. e. ratio of
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skeletonized vasculature area to total area) (b2), and Vascular Density (i.e. ratio of vasculature area to total selection

area) (b3). Data was considered statistically different if: (*) p < 0.05, (**) p £ 0.01 and (***) p < 0.001.

VII-5. CONCLUSION

Fucoidan, a marine sulfated polysaccharide, blended with the biodegradable polymer PCL,
was successfully airbrushed into a nanofibrous mesh, as illustrated by EDS and XPS analysis. The
incorporation of fucoidan had clear impact on the properties of the meshes, namely an increase
in the average fiber diameter and increased hydrophilicity of ANFM. We also showed that PCL and
PCL/Fu could support endothelial cells adherence and growth, from which PCLFF stands out as
the one with better results. Moreover, in vivo test of PCLFF exhibited higher pro-angiogenic
properties comparing with PCL ANFM. Altogether, the results support our hypothesis that the
incorporation of a marine polysaccharide, fucoidan (Fu), would have a positive impact on the
hydrophobicity and mechanical properties, of the developed membranes. Moreover, the use of a
higher sulfated fucoidan (FF) with larger molecular weight resulted in a functional ANFM exhibiting
pro-angiogenic effect. This suggests the further testing of the airbrushed PCLFF nanofibrous mesh
as a biomaterial substrate to promote vascularization, namely aiming to improve integration of the so

developed implant in host tissue.
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Chapter VIII

Fucoidan hydrogels significantly alleviate oxidative
stress and enhance the endocrine function of encapsulated beta

cellss

ABSTRACT

Microencapsulating pancreatic islets in immunoprotective alginate hydrogels is a promising strategy
for treatment of type 1 diabetes. However, this strategy is limited by inflammation and hypoxia mediated
oxidative stress, due to encapsulation and the hydrogel itself, leading to impaired insulin secretion and
limited short and long term cell survival. We report on the anti-oxidant effect of fucoidan, an algae derived
polysaccharide, on beta cells, and how it positively affects encapsulated beta cell viability and function.
Fucoidan from Fucus vesiculosus (FF) exhibits a high total antioxidant capacity, and free radical
scavenging activity, and is able to significantly alleviate intracellular oxidative stress in INS1E beta cells.
In addition, FF significantly increases insulin secretion in a dose- and time-dependent manner. When FF
is incorporated in ultrapure alginate used for microencapsulation of primary rat islets, both viability and
glucose responsiveness of rat islets in these socalled Fucogel microcapsules (Fucocaps) were found to
be significantly higher compared to islets encapsulated in alginate alone. Similar results were obtained
with INS1E pseudo-islets and neonatal pig islets. Fucocaps can provide a redox-modulatory niche and an
immune barrier for islets and beta cells in the same time leading to significantly improved survival and

endocrine function by mitigating oxidative stress.

¢ This chapter is based on the following publication:

Reys. L. L., Vaithilingam V., Sthijns M.M.J.P.E. , Soares E., de Vries R. , Mohammed S., de Bont D., Jetten M., Hermanns C., Paulino da Silva Filho
0., Stell A., Mourad NI, Gianello P, LaPointe V. L.S., Silva S. S., Reis R. L., Silva T.H. and van Apeldoorn A. A., “Fucoidan hydrogels significantly alleviate
oxidative stress and enhance the endocrine function of encapsulated beta cells” accepted for publication on Advanced Functional Materials, 2021.

284



Chapter VIll - Fucoidan hydrogels significantly alleviate oxidative stress and enhance the endocrine function of
encapsulated beta cells

VIIl-1. GRAPHICAL ABSTRACT
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VIII-2.  INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disorder, hallmarked by specific destruction of the insulin
producing beta cells in the pancreatic islets leading to poor glycemic control. Type 1 diabetes is typically
treated by exogenous insulin administration (either through injections or pumps), accompanied with
regular blood glucose checks via fingerpricks multiple times a day. Although most patients can cope
relatively well with their diabetes, exogenous insulin can not fully compensate for the natural blood glucose
regulation by beta cells, wich ultimately leads to long term complications, such as vascular damage,
neuropathy, loss of sight and kidney failure [1]. The best way to prevent these complications, and restore
the natural blood glucose homeostasis is by replacing the patient’s lost beta cell mass. Pancreatic islet
transplantation, or clinical islet transplantation, is an interesting treatment option for patients with severe
type 1 diabetes, involving the infusion of human donor islets into the hepatic portal vein accompanied
with immunosuppresive therapy [2]. Although effective, the intervention is not very efficient, = 60% of the
islets are lost in the first two weeks after transplantation. This is caused by multifactorial reaction, such
as impaired revacularisation, high concentrations of lipids and glucose, an immediate blood mediated

inflammatory response, allo- and auto-immune rejection, and high concentrations of immunosuppressive
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drugs causing stress in beta cells [2]. Commonly patients need to be transplanted multiple times before

insulin independence is achieved.

The use of immunospressive drugs can potentially be omitted by encapsulating the islets in an
immunoprotective envelope to block the recipent’s immune cells from directly interacting with the donor
cells. The envelope typically consists of a nanoporous polymer membrane or a hydrogel, such as alginate,
in which the pancreatic islets are embedded prior to transplantation. Alginate microcapsules allow for the
diffusion of nutrients, oxygen and metabolites to and from the encapsulated cells while acting as an
immunoprotective barrier to prevent the interaction of immune cells and limit diffusion of large molecular
weight antibodies [3]. In most preclinical studies microencapsulated islets are transplanted into the
peritoneal cavity and have been shown to reverse diabetes in various small and large /n vivo, allo- and
xeno- transplantation models with variable success rates [4]. Phase 1 clinical trials demonstrated that the
use of microencapsulated human islets was safe but, could only provide a minor clinical benefit due to
poor graft survival [5,6]. The most important factor contributing to encapsulated islet graft failure are, a
hindered oxygen and nutrient supply due to the barrier function of the capsule, sometimes aggravated by
foreign body response to the implant causing fibrosis, a combined effect leading to hypoxia mediated cell
damage and long term graft failure [3]. Native islets residing within the pancreas are highly vascularized
microtissues and receive ample oxygen (pO: of 40 mmHg) and nutrient supply [7]. During the isolation
process this dense vascular network is destroyed and the islets are removed from their pancreatic niche
leading to significant post-isolation cell stress. The encapsulation process further enhances this effect
since it prevents revascularization, while biomaterials used for encapsulation can potentially induce
significant amounts of oxidative stress in both beta and alpha cells [8]. The absence of revascularization
and a limited mass transport lead to ultimately to irreversible chronic hypoxia induced oxidative stress.
Although microencapsulation is able to block immune cells and large antibodies, smaller molecules such
as chemokines, cytokines, and reactive oxygen species (ROS), can easily permeate through the
microcapsule’s hydrogel network [9]. Some of these small molecules are also produced by islets
themselves in response to various stress stimuli further aggrevating the unfavorable conditions [10]. It
has been shown that ROS such as H.0. and superoxide radicals, can not only negatively impact insulin
secretion, but also activate beta cell specific autoreactive T cell subsets, which play an important role in
beta cell destruction [11-14]. Oxidative stress occurs when there is an imbalance between the production

of reactive oxygen species and antioxidant defences in the cell leading to tissue damage [15]. It has been
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shown that beta cells are highly susceptible to oxidative stress and vulnerable to ROS mediated damage,
due to their low intrinsic intracellular levels of antioxidant enzymes such as superoxide dismutase (SOD),
catalase, and glutathione peroxidase (Gpx-1) [16]. Strategies to mitigate oxidative stress potentially

improve encapsulated islet function and survival leading to better /7 vivo outcomes.

Several strategies have been investigated to protect encapsulated islets from oxidative stress induced
cell death. It has been shown that entrapping a natural antioxidant curcumin within a polymer matrix can
reduce oxidative stress and support insulin secretion in encapsulated rat islets [17]. Studies have
demonstrated the benefit of incorporating tannic acid in microcapsules to scavenge ROS and suppress
the production of pro-inflammatory cytokines leading to improved encapsulated islet survival and function
[18,19]. In the last decade a number of different brown seaweed derived sufated polysaccharides called
fucoidan have been described to posses high antioxidant capacity [20]. The molecular weight of fucoidan
influences its hydroxyl radical scavenging activity and reduction potential [21]. Apart from their anti-
oxidant activity, fucoidan also possesses anti-inflammatory properties, and is known to suppress
mechanistic events of inflammation via activation of NF-k[3, generation of reactive oxygen species (ROS),

and upregulation of proinflammatory cytokines and associated cell adhesion molecules [22].

Here we report about the effect of fucoidan on islets and beta cells when used in an alginate based
microencapsulation strategy. We compared fucoidan obtained from two different algae species Fucus
vesiculosus (FF) and Ascophyium nodosum (FA) (with varying molecular weights), and determined their
potency to alleviate oxidative stress /n vifro. We show that fucoidan obtained from FF has not only very
high antioxidant capacity, but is also able to significantly decrease oxidative stress in islets and beta cells
exposed to oxidative stress conditions. In addition, incorporation of FF fucoidan in alginate microcapsules
has no detrimental effect on mass transport, nor the mesh size of ultrapure alginate hydrogels, and leads
to a significant increase in cell survival and insulin secretion in primary islets and beta cells from different

species.
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VIII-3.  MATERIALS AND METHODS

VIII-3.1. Fucoidans

Commercially sourced fucoidan extracts isolated from two species of brown algae Fucus vesiculosus
(FA (Maritech Fucoidan, Marinova, batch # FVF2011527, Australia) and Ascophylium nodosum (FA)
(Ascophycient, Algues & Mer, batch # ASPHY16241, France), were purified using calcium acetate in order

to reduce the natural heterogeneity and to get a more purified fucoidan fraction [23].

VIII-3.2. Purification of fucoidans

Fucoidan was purified using calcium acetate in order to reduce the natural heterogeneity and to get
a more purified fraction [23]. Briefly, both FA and FF extracts were dissolved (160 mg ml) in 20mM
calcium acetate, maintained and stirred for 4h at 55°C with constant pH adjustment between 6.6 and
7.5; followed by overnight cooling at 4°C and centrifugation for 15 min at 5000 rpm (Centrifuge 5810,
Eppendorf, Germany). The resulting supernatant was dialyzed against water using 12-14 kDa cut-off
dialysis membranes and freeze-dried (CryoDos-80, Telstar, Spain). The purified fractions of both FF and

FA were used for subsequent characterization and encapsulation studies.

VIII-3.3. Cell Culture

a) Rat B-cell (INS1E) culture

INS1E B-cells, derived from rat insulinoma (AddexBio, USA) were cultured in RPMI 1640 (Gibco)
supplemented with 5% (v/v) fetal bovine serum, 100 U mL* penicillin and 100 mg mL* streptomycin,
1mM sodium pyruvate and 10 mM HEPES. For cell expansion, 2-mercaptoethanol was added fresh to

the culture to a final concentration of 1 pl mL* medium. Medium was refreshed every 2-3 days.
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b) INSI1E pseudoislet generation and culture

Non-adherent agarose microwell chips were aseptically fabricated as described previously [24].
Briefly, microwell chips containing 1585 microwells with a diameter of 400 um were fabricated by pouring
a 3% (w/v) Ultrapure™ agarose (Invitrogen, Bleiswijk, The Netherlands) solution on negative molds of
polydimethylsiloxane (PDMS) on 6 well plates. After agarose solidification, the molds were removed and
chips transferred to 12 well plates, covered with PBS and stored at 4 °C until usage. Before cell seeding,
the agarose chips were pre-incubated in culture medium overnight at 37 °C. For cell aggregate formation,
single cells were resuspended in fresh medium and seeded onto agarose chips at a concentration of
800,000 cells per agarose chip. Immediately after seeding, agarose chips were briefly centrifuged for 1
min at 200 rpm to allow the cells to settle down in the microwells. The medium was refreshed every 1-
2 days. The pseudoislets were cultured up to 4 days after which they were harvested from the chips by
upside down centrifugation (1 min @ 200rpm) and gently rinsing with medium and collected for further
studies. The average pseudoislet diameter, was measured using light microscopy and ImageJ software

[24]

c) Primary rat islet isolation and culture

Pancreatic islets from male Lewis rats (> 10 weeks) were isolated by ductal perfusion of collagenase
(0.25 mg mh) (Liberase TL Research grade, Roche Diagnostics GmbH, Germany) as described previously
[25], followed by purification on Ficoll-Paque Plus (GE Healthcare, Merck, Netherlands) and separated
from unwanted tissue debris using a stereomicroscope. The isolated islets were then cultured for 48 h in
RPMI 1640 medium (Life Technologies, The Netherlands) supplemented with penicillin and streptomycin
and 10% foetal bovine serum (FBS) in an incubator at 37°C supplied with 5% CO2 in air before being
encapsulated. The purity of the islets was assessed by dithizone (Sigma-Aldrich, The Netherlands) staining
and found to be >95%. All animal experimental procedures were approved by the Dutch ethical committee
on animal experimentation (CCD) and the institute’s Animal Care and Ethics Committee at Maastricht

University (IVD).
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d) Neonatal pig islet isolation and culture

All neonatal pig studies were conducted in accordance with the local ethical committee and with EU
Directive 2010/63/EU for animal experiments. Piglets (Belgian landrace; 3-8 kg) were directly delivered
to the islet isolation facility in Brussels. Neonatal pancreatic islet isolation was carried out as previously
described [26]. Briefly, the harvested neonatal pig pancreas was cut into small pieces and transferred to
a 50 ml tube. The pancreas was then washed twice with 30 ml of ice cold supplemented HBSS (10 mM
Hepes, 100 U/mL Penicillin-streptomycin, 10 mM Glucose, 0.075% Amphotericin B, 0.25% BSA) with
each time allowing the pancreatic tissue to sediment and removing the supernatant with debris and fatty
tissues. After washing, collagenase V (Sigma-Aldrich, Belgium) (10 mg dissolved in 5 ml HBSS) was
added, and the pancreas digested by manual shaking for 20 min at 37°C followed by addition of 40 ml
of cold HBSS to stop the digestion process. Wash the pancreas 3 times by filtering the preparation on a
sterile 500 uM mesh and suspend the filtered pancreas in supplemented HAM F10 medium. Neonatal
pig islets (NPI) were cultured in HAM-F10 culture medium supplemented with 0.5% BSA, 50 umol/L
IBMX (3-isobutyl-1-methylxanthine), 10 mmol/L glucose, 2 mmol L' glutamine, 10 mmol L*
nicotinamide, 1% penicillin, and 1% streptomycin during a period of 8 days to allow maturation of islet

cells and removal of exocrine tissue as previously described before encapsulation [26].

VIll-3.4. Cytotoxicity assay

INS1E cells were seeded at 2 x 10¢cells/well (96-well plate) for 24 hr at 37 °C in RPMI media
(supplemented with 5% fetal bovine serum, 100 U mL* penicillin and 100 mg mL* streptomycin, 1mM
sodium pyruvate and 10 mM HEPES). Thereafter, the media was removed, cells washed twice in serum
free medium (SFM) before the addition of test samples FF and FA fucoidan in SFM in concentrations
ranging from 0.15-100 mg ml. Solutions of 5% PBS and 5% DMSO were prepared in SFM and used as
negative and positive controls respectively. Test samples and controls were incubated with INS1E cells
(100 pl/well in triplicates) for 24 hr, and cell viability measured by MTT (0.5 mg ml2) for the final 4 hr of
the culture period. The resultant insoluble formazan product was solubilised with DMSO and absorbance
measured at 540 nm. Cell viability was expressed as a percentage of SFM incubated cells. A reduction of

cell viability to < 70% as compared to SFM control medium alone was regarded as cytotoxic. The
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cytotoxicity assay was carried out as per ISO10993-5 “Biological evaluation of medical devices — Part 5:

Tests for in vitro cytotoxicity”.

VIII-3.5. Physicochemical characterization of fucoidans

a) NMR Spectroscopy

Purified fucoidan fractions from both FF and FA were characterized by HNMR spectroscopy. *HNMR
spectra of FA and FF fucoidan dissolved (5 mg ml) in deuterated water (D.O), were recorded with a
Burker Avance Ill 300 Hz at 90° impulses and 4s acquisition time. The resulting spectra were processed

and analysed using Mnova v 14.1.0 software (Mestrelab research).

b) Quantification of carbohydrates

Total carbohydrate analysis in purified FF and FA fucoidan was determined as described elsewhere
[27,28]. Briefly, a pre-hydrolysis of fucoidan was performed with 72% sulfuric acid for 3 h at room
temperature followed by complete hydrolysis with sulfuric acid 1M at 100°C for 2.5 h. Monosaccharides
in the hydrolysates were reduced with sodium borohydride and acetylated by acetic anhydride using
methylimidazole as a catalyst. The formed alditol acetate derivatives were analyzed by gas
chromatography (GC) using a 30 m column DB-225 (J&W Scientific, Folsom, CA, USA), internal diameter,
and film thickness of 0.25 and 0.15 mm, and a flame ionization detector (Perkin Elmer, Clarus 400). The
hydrolysis of all samples was performed in duplicate, and each sample was injected twice. 2-
Deoxyglucose (Alfagene, Portugal) was used as an internal standard. Uronic acids were quantified by a
modification of the 3-phenylphenol colorimetric method [27,28]. A calibration curve was made with d-

galacturonic acid. The hydrolysis and analysis of the samples was done in triplicates.

c) Quantification of sulphate content

The quantification of sulphates in purified fucoidan was performed as described previously [29].
Briefly, conditioning reagent composed by a mixing of 10 mL glycerol, 6 mL concentrated hydrochloric
acid (HCI), 60 mL deionized water, and 20 mL isopropyl alcohol, and sodium chloride was prepared

(Sigma-Aldrich, Portugal). The conditioning reagent was stirred at room temperature overnight. Four
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replicate samples were prepared by weighing 10 mg ml* of dried fucoidan into separate closed test tubes
containing 2 mL 4 M hydrochloric acid (HCI). Samples were subjected to acid hydrolysis for 2 hours at
100°C. A solution of potassium sulphate standards with concentrations ranging from 200-1000 pg mL!
was prepared. Barium chloride (BaCl.) (0.3 g ml*) (Sigma -Aldrich, Portugal) was added, stirred for exactly
1 min and then left standing for 4-6 minutes to allow the barium sulphate (BaSQO.) precipitate to form.
Absorbance was measured at 420 nm using a microplate reader (SynergyHT, Biotek Instruments,

Portugal).

VIII-3.6. Antioxidant properties of fucoidans

a) Total antioxidant capacity assay

Measurement of the total non-enzymatic antioxidant capacity of biological samples provide us with
some insight of their ability to counteract oxidative stress-induced damage in cells. The total antioxidant
capacity of purified FF and FA fucoidan were expressed as the Trolox equivalent antioxidant capacity
(TEAC) was determined using a Total Antioxidant Capacity Assay kit (Sigma-Aldrich, The Netherlands)
according to the manufacturer’s instructions. Briefly, small molecule anti-oxidants convert Cuz ions to
Cur, after which reduced Cu ions chelate with a colorimetric probe resulting in a absorbance peak at 570
nm. The height of the absorbance peak is proportional to the total antioxidant capacity expressed as
TEAC. Trolox, a water-soluble vitamin E analogue is used as an antioxidant standard in all conditions.
Purified FF and FA fucoidan samples ranging from 4-20 nmoles/well were prepared in a protein mask
solution (to prevent the Cu> reduction by protein) followed by addition of a Cu? working solution and
incubation for 90 min at room temperature after which the absorbance at 570 nm was measured using
a CLARIOstar microplate reader. The amount of antioxidant in fucoidans can subsequently be determined
using the Trolox reference curve and is expressed as TEAC; nmole, from which the antioxidant

concentration in Trolox equivalents (nmole ul?), can be calculated.
b) Free radical scavenging assay

The scavenging activity of FF and FA fucoidan against free radicals was measured using the DPPH
(2, 2-diphenyl-1-picrylhydrazyl) (Sigma-Aldrich, The Netherlands) assay. Briefly, Ascorbic acid, FF and FA

fucoidan were dissolved in water (1 mg ml*) and 200 pl of the above solution added to each well of a 96-

292



Chapter VIll - Fucoidan hydrogels significantly alleviate oxidative stress and enhance the endocrine function of
encapsulated beta cells

well plate. The samples were then serially diluted in water for varied concentrations ranging from 1000
ug mhk to 1.56 pg ml. Freshly prepared DPPH solution (0.2 mM) in methanol was prepared and 100 pl
of the resulting solution was mixed thoroughly with 100 pl of FF and FA fucoidan of varied concentrations.
The plate was then covered with aluminium foil (to protect DPPH radical degradation by light) and the
reaction mixture was incubated for 1 h at room temperature. Absorbance was then measured at 515 nm
using microplate reader (Clariostar). Ascorbic acid dissolved in water (1 mg ml ) was used as a standard
and solvent alone (methanol: water; 1:1) was used as a blank. DPPH solution alone (100 pl) mixed with
water (100 pl) served as control. The percentage of radical scavenging was obtained using the equation

VIII-1:

Equation VIII-1. The percentage of radical scavenging:

% DPPHscavenging =100 x [(Abssample + DPPH) - (AbSSample blank)]/[(AbsDPPH) - (Abssolvent)]

and the 1Cs values calculated using the GraphPrism software (GraphPad Software, USA). Ascorbic

acid was used a positive control in this study.

c) Intracellular oxidative stress assay

Intracellular oxidative stress levels were determined using the 2,7 "-dichlorodihydrofluorescein-
diacetate (DCFH-DA) (Sigma-Aldrich, The Netherlands) [30]. A stock solution of 10 mM DCFH-DA was
made in DMSO; dilutions were made in exposure medium comprising RPMI supplemented with 10 mM
HEPES, 1 mM sodium pyruvate, 200 g L* glucose and 200 mM L-glutamine. For direct measurements,
INS1E cells were seeded at a density of 140,000 cells/well in a black 96 well imaging plate with clear
bottom and cultured overnight. Cells were then incubated for 45 min with 20 uM DCFH-DA at 37°C and
5% CO:. after which cells were washed using PBS. After DCFH-DA exposure, cells were incubated with
fucoidan containing media (FA & FF; 10 mg ml) in the presence or absence of 2 mM H.O.. Fluorescence
was measured at 5 min interval over a period of 60 min in a microplate reader (CLARIOstar) at an
excitation wavelength of A = 485 nm, and emission wavelength at A = 538 nm. The area under the curve
was considered the total oxidative stress experienced by cells and was normalized to the number of viable

cells in each sample, and compared to reference sample of non-treated cells cultured for 24 h in tissue

293



Chapter VIll - Fucoidan hydrogels significantly alleviate oxidative stress and enhance the endocrine function of
encapsulated beta cells

culture polysterene. Viability in each condition was calculated as percentage relative to non-treated

controls.

VIII-3.7. Effect of fucoidan on insulin secretion

To determine the direct effects of fucoidan on insulin secretion, INS1E cells were seeded into 24-
well plates at a density of 200,000 cells/well in supplemented RPMI 1640 medium and incubated at
37°C for 24 h. The cells were then washed in PBS and exposed to low glucose (2.8 mM), high glucose
(20 mM), high glucose in the presence of varied FF fucoidan concentrations (0.01, 0.1, 0.5, 1, 5, and
10 mg ml) for 3 h and high glucose in the presence of 5 mg ml* FF fucoidan for varied time points (6,
12 and 24 h). Aliquots of the media were removed from each of the wells and centrifuged (1,175 x g, for
5 min at 4°C) to remove the cells and stored at -20°C. The cells were exposed to 600 ul of acid ethanol,
incubated overnight at 4°C, and the supernatant collected the following day for measuring insulin content.
The concentration of insulin in the supernatants was determined using a rat insulin ELISA kit (Mercodia,

Uppsala, Sweden).

VIII-3.8. Characterization of fucoidan alginate hydrogels and fucoidan alginate microcapsules

a) Antioxidant capacity of fucoidan containing alginate hydrogels (Fucogels)

The total antioxidant capacity of ultrapure sodium alginate (> 60% G sodium alginate Pronova™,
UPMVG, Novamatrix, FMC Biopolymer, Norway) hydrogel and ultrapure sodium alginate hydrogel with
fucoidan was determined using the Total Antioxidant Capacity Assay kit (Sigma-Aldrich). For this study,
2.5% w/v of alginate solution was made in protein mask solution. For the alginate/fucoidan hydrogel
(Fucogel), 0.5% w/v purified FF fucoidan was mixed with 2% w/v ultrapure sodium alginate to obtain a
2.5% w/v Fucogel in protein mask solution. Both alginate and fucogel were diluted further in protein mask
solution to provide final concentrations of 0.5%, 1%, 1.5%, 2% and 2.5% w/v and from each sample the

TEAC and antioxidant concentration was determined.
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b) Rheology and viscoelastic properties of fucogel

Rheology experiments were performed with a Discovery HR-2 hybrid rheometer (TA instruments, The
Netherlands) with a 8 mm flat plate geometry (TA instruments, serial number 109413). A total of 175
ul hydrogel precursor solution was casted in a 12 mm silicon mold and crosslinked in an excess of 20
mM BaCl. for 5 minutes. A solvent trap was placed around the sample and filled with distilled water to
prevent solvent evaporation from the gel. Hydrogels were preconditioned with a time sweep hold with a
1% strain at an angular frequency of 10 rad/s. Initially, hydrogels were subjected to a frequency sweep
with a strain of 1% and frequencies ranging between 1-500 rad s to determine a suitable frequency for
the strain sweep. Next, hydrogels were exposed to a strain sweep with strains ranging between 0.01-10%
and an angular frequency of 10 rad s to determine the linear viscoelastic region of the hydrogels. The
storage modulus (G') was monitored during the strain sweep and used to calculate the hydrogel mesh

size (Dres) based on the equation VIII-2:

Equation VIII-2. The hydrogel mesh size

1
3

6RT)

N
av

The classical theory of rubber elasticity relates the shear modulus (G') to the mesh size rw« (€quation
VIIl-2), where R is the gas constant, T the absolute temperature and Nav is Avogadro’s number. This
allows estimation of the mesh size of a hydrogel based on its shear modulus [31,32]. The mesh size

(Dmen) represents the diameter of a hard sphere that fills the void in between hydrogel network strands.

c) Generation of alginate and alginate/fucoidan microcapsules (Fucocaps)

The formation of both alginate and alginate/fucoidan (Fucocaps) microcapsules were carried out
using an air-driven droplet generator (Nisco D-0038, Zurich, Switzeland, Nozzle from Biored, California,
USA) as described previously [25]. Briefly, for microcapsule formation, 2.2% w/v sodium alginate and
2.5% w/v fucogel polymer solutions were injected through the droplet generator with a steady airflow rate
of 5 L/min. The microcapsules were collected on a sterile 145 mm petri dish containing 50 ml BaCl. (20

mM) working as a gelling solution, which was placed at a distance of 16.5 cm from the tip of the

295



Chapter VIll - Fucoidan hydrogels significantly alleviate oxidative stress and enhance the endocrine function of
encapsulated beta cells

encapsulation device to bath. The microcapsules formed were then incubated in BaCl. solution for 2 min,
followed by five-time washings with Dulbeco s phosphate buffered saline (DPBS) (Sigma-Aldrich) to
remove excess BaCl.. After repeated washings, the microcapsules were stored in DPBS and microcapsule

size determined by optical microscopy (Nikon TiS microscope, Nikon, The Netherlands).

e) Toluidine blue staining

The presence of fucoidan in microcapsules was visualized using a toluidine blue O (TBO) staining.
Briefly, alginate microcapsules and fucocaps were randomly collected and immersed in 1 ml of TBO
solution (0.1 M HCI, 20 mg NaCl, and 4 mg toluidine blue O chloride) for 30 min at room temperature.
The microcapsules were then washed in DPBS to remove excess TBO solution and incubated further for
24 h. After 24 h incubation, the microcapsules were washed again, stored in DPBS and aliquots of
microcapsules were randomly chosen at different time points for imaging using optical microscopy (Nikon

TiS microscope).

VIII-3.9. Encapsulation

a) Encapsulation of insulin producing cells

Before the microencapsulation procedure, INS1E pseudoislets, primary rat islets and neonatal pig
islets were pooled and mixed thoroughly with either 2.2% w/v ultrapure sodium alginate, or a 2.5% w/v
ultrapure alginate fucoidan solution in a 1:8 ratio (cells: alginate) in a 50 ml falcon tube. Subsequently,
the alginate cell mixture was then extruded through the nozzle of the droplet generator with an airflow of
5 L min* leading to the formation of uniform droplets. The droplets were collected in a sterile 145 mm
petri dish containing 50 ml BaCl. (20 mM) gelling solution to crosslink the alginate molecules after which
cell containing microcapsules were formed. The microcapsules were left to incubate in the BaCl. solution
for 2 min after which they were collected, and washed five times with DPBS to remove any excess BaCl..
After washing, the microcapsules were allowed to settle down, and the remaining supernatant was
discarded. The microencapsulated cells and islets were then cultured for a 24 h in appropriate media

before being used for further /n vitro studies.
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b) Encapsulation of INS1E reporter cells

To explore the potential of fucoidan to alleviate oxidative stress post-encapsulation, we used a
genetically encoded redox probe mt-roGFP2-Orpl transduced INSI1E beta cells (passage 93). Stably
expressing mito-roGFP2-Orp1 INS1E cells were obtained from Leticia Prates Roma (Saarland University).
INS1E cells were retrovirally transduced with pLPCX mito roGFP2-Orp1 as previously described for H1975
cells [33,34]. The stably transduced mito-roGFP2-Orp1 INS1E cells were cultured in RPMI (Gibco 61870)
supplemented with 5% (v/v) fetal bovine serum, 10 mM HEPES, 1 mM sodium pyruvate, 100 U/ mL
penicillin, 100 mg mL:streptomycin and 0.05 mM 2-mercaptoethanol at 5% CO2 at 37°C. INS1E reporter
cells (1 x 10¢) were encapsulated in alginate and fucocaps as described above and cultured for 24 hr.
The following day the encapsulated cells were washed in PBS and exposed to H.O. (1 mM) for 1 hr to
induce oxidative stress. To induce reduction and oxidation DTT (5 mM) and Diamide (0.5 mM) were added

respectively as controls and the OxDmtroGFP2 was calculated as previously described [35].

VIII-3.10. Cell viability and ATP measurements

The viability of non-encapsulated and encapsulated cells was assessed using the fluorescent dyes
Calcein AM (for live cells) and Ethidium homodimer-1 (for dead cells) (Thermo Fisher Scientific, The
Netherlands). Briefly, aliquots of non-encapsulated and encapsulated cells were randomly collected from
the tissue culture dishes with a Gilson P 1000 pl pipette under sterile conditions. They were washed twice
by suspending them in 0.5 ml PBS followed by careful removal of the supernatant and discarded.
Subsequently, a solution of 4 ml of PBS and 2.5 pl of calcein AM and 5 pl of ethidium homodimer-1 were
prepared and 1 ml of this solution added to each sample and incubated for 30 mim in darkness. The
non-encapsulated and encapsulated cells were then visualized under a fluorescence microscope (Nikon
Eclipse E600), and the percentage of green (live cells) to red (dead cells) was estimated in 25
microcapsules. For ATP measurements, aliquots of encapsulated cells were washed twice by suspending
them in 0.5 ml PBS, discarding the supernatant and suspending again in 100 pl of PBS followed by
addition of 100 pl of CellTiter-Glo® 3D Reagent (Promega). The contents were mixed vigorously for 5 min
to induce cell lysis and the plates allowed to incubate at room temperature for a further 25 min to stabilize
the luminescent signal. After 30 min of incubation, luminescence was measured on a microplate reader

(CLARIOstar) and the amount of ATP measured which signals the presence of metabolically active cells.
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VIII-3.11. Glucose stimulated insulin secretion (GSIS) assay

For GSIS assay, different concentrations of exposure solutions were made in Kreb's buffer containing
0.2% bovine serum albumin. Accordingly, for non-encapsulated rat islets, encapsulated rat and neonatal
pig islets low glucose (LG) solution (1.7 mM) and high glucose (HG) solution (16.7 mM) were prepared
and sterile filtered. For encapsulated pseudoislet derived from INS1E cells low and high glucose exposure
solutions of 2.8 mM and 20 mM were prepared respectively. On the day of GSIS, aliquots of non-
encapsulated and encapsulated islet/ pseudoislet were handpicked and placed on inserts in 24 wells and
washed thrice in low glucose solution (1.7 mM or 2.8 mM) followed by equilibration for 1.5 h at 37°C in
low glucose solution. After equilibration, the cells were sequentially exposed to low (1.7 mM or 2.8 mM),
high (16.7 mM or 20 mM) and low (1.7 mM or 2.8 mM) glucose concentrations with a 1.5 h incubation
at 37°C for each exposure condition. Non-encapsulated rat islets and encapsulated neonatal pig islets
were exposed to only low (1.7 mM) and high (16.7 mM) glucose concentrations for 1 hr. After each
incubation, the supernatant was collected and stored for insulin measurements. After the final incubation
step, the encapsulated cells were washed in PBS followed by addition of cold acid ethanol and vortexed
vigorously to enhance cell lysis. The extracts were kept at 4°C overnight and the supernatant collected
the following day for measuring insulin content. Insulin secretion was quantified by using a rat and pig
insulin ELISA kit (Mercodia, Uppsala, Sweden) according to the manufacturer “s instructions. Results were
presented as low-high-low profiles normalized to total insulin content and as stimulation index, which is

the ratio of insulin secretion between the high and low glucose conditions.

VIll-3.12. RNA-sequencing

a) RNA isolation

INS1E cells (1 x 10¢/well) were seeded onto 6 well plates and the cells exposed to H.0. (1 mM) for
1 hr in the presence or absence of fucoidan (5 mg mk). Following incubation, the cells are washed in
PBS, lysed and RNA isolation performed according to the RNeasy Mini Kit (Qiagen, Netherlands) and
quantified using the BioDrop (Biochrom, United Kingdom).
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b) RNA-seq sample preparation

The KAPA Stranded mRNA-Seq Kit, with KAPA mRNA Capture Beads (Roche, cat# 07962207001)
protocol was performed on 500ng of initial RNA from bulk material. RNA size selection was performed
for 300pb fragments. RNA-seq libraries were amplified with 8 cycles. The purified libraries were quantified
using Qubit (ThermoFisher) and the fragment distribution analyzed using TapeStation (Agilent). Complete

libraries were sequenced (paired-end) on lllumina HiSeqTM4000, with 151bp from each end.
c) Transcriptomic analysis

RNA-seq reads were aligned to the reference genome (rat rn6) using HISAT2 (version 0.1.6) with
default parameters. Read counts representing gene expression levels were calculated with feature Counts
(version 2.0.0) using default parameters. Only genes with counts above zero were retained for the
downstream analyses. Differential expression analyses were performed using EdgeR (version 3.12) with
adjusted p-value < 0.05 as the cut-off. Factor normalization was done using the CPM method. Dimension
reduction and clustering analysis were performed on EdgeR. All Gene Ontology (GO) analyses were
performed with ToppGene method (https://toppgene.cchmc.org/), and only Biological Process terms
were kept for downstream analyses. Enrichment score was calculated from the as -log10 of the p-value.

Plots were created using GraphPad Prism7.

VIII-3.13. Statistical analysis

All data are presented as mean + standard error of mean (SEM). Differences between two groups
were analysed by the two-tailed Student's t-test and more than two groups by one-way analysis of variance
(ANOVA) with post-hoc Multiple-Comparison test using GraphPad Prism software (GraphPad Software,

USA). Significant differences among data groups were assigned when p < 0.05.
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VIII-4. RESULTS & DISCUSSION

VIll-4.1. Characterization and antioxidant properties of fucoidans

Seaweeds growing in shallow waters are continuously exposed to ultraviolet light and air, which
leads to the formation of free radicals and other reactive oxygen species (ROS). Despite chronic exposure
to ROS, healthy seaweeds are resilient to oxidative damage demonstrating the existence of potent
antioxidant defense mechanisms within their cells that is attributed to sulphated polysaccharides namely
fucoidan [21]. Fucoidan constitutes the cell walls of these brown seaweeds and have a very complex
chemical composition of which sulphated-I-fucose is the major component [36]. The biological activity of
fucoidan is largely determined by these sulphate groups and is highly variable between the different
genera of brown seaweeds influenced by the extraction procedure [36]. In this study, we characterized
fucoidan extracted from two brown seaweed genera Fucus vesiculosus (FF) and Ascophyllum nodosum

(FA) and determined their antioxidant potential.

NMR spectra of both FA and FF fucoidan show similar general bands (Figure VIIl - S1). NMR
spectral bands typical of anomeric protons H-1 from o-L-fucose residues and uronic acid residues can be
observed between 5.6 and 5.20 ppm. H-2, H-3 and H-4 of sulfated fucose can be found between 4.66
and 4.10 ppm, and bands between 4.20 to 3 ppm typical for H-2, H-3, H-4 and H-5 of unsulfated fucose
and uronic acid [23]. The two peaks, appearing around 1.2 and 1.35 ppm were assigned to the methyl
group belonging to fucose. We also observed an individual peak at 2.2 ppm, which can be ascribed to

acetyl groups.

Monosaccharide analysis of the purified fucoidan (FF and FA) (Figure VIII - 1A) showed that the
predominant sugar moiety present in both batches was fucose (18% - 38% w/w) followed by xylose (4-5%
w/w), galactose, mannose rhamnose (1-2% w/w) and traces of glucose and arabinose (< 1% w/w). The
fucose content was found to be significantly higher in FF compared to FA fucoidan, while other
carbohydrate species showed similar amounts. Similar to fucose, sulfate quantification analysis
demonstrated that FF fucoidan has a significantly higher sulfate content (30 + 4.4%) compared to FA
fucoidan (20 + 3.7%) (Figure VIII - 1B). Chemical characterization of both FF and FA fucoidan
demonstrated the presence of various sugar moieties (rhamnose, fucose, ribose, arabinose, xylose,

mannose, galactose and glucose) and as well uronic acid and sulfate groups as reported in the literature
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[37-39]. However, in this study, we found that the fucose sugar and sulfate content is significantly higher
in FF compared to FA fucoidan. The difference in the fucose sugars and sulfate composition determine
the antioxidant capacity of fucoidan and it varies according to the algal species, the season when they

are collected and the method used for the extraction procedure [40,41].

The antioxidant potential of purified FF and FA fucoidan was determined using the total antioxidant
capacity assay kit and expressed as TEAC with Trolox serving as an antioxidant standard. As seen from
Figure VIIl - 1C, both FA and FF fucoidan demonstrated a dose-response increase in their antioxidant
capacity (measured as TEAC) with FF fucoidan always possessing significantly higher amount of
antioxidants than FA fucoidan at all tested concentrations. Subsequently, the concentration of antioxidant
(measured as Trolox equivalents) in FF fucoidan (17.97+1.06 nmoles/ul Trolox equivalents) was ~ 33-
fold higher compared to FA fucoidan (0.55+0.06 nmoles/ul Trolox equivalents) (Figure VIII - 1D). The

high antioxidant capacity of FF fucoidan compared to FA may be attributed to its high fucose and sulphate

content [40,41].
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Figure VIII-1. Chemical characterization and antioxidant properties of purified fucoidans. Sugar composition of purified FF and
FA fucoidan; Values: mean + SEM; p < 0.01 comparing FA and FF fucoidan (Student’s t-test) (A). Sulfation degree (%)
of purified FF and FA fucoidan (B); Values: mean + SEM; ‘p < 0.05 comparing FF and FA fucoidan (Student’s t-test).
Measurement of the total antioxidant capacity of both FF and FA fucoidan measured as Trolox equivalents (C). Trolox,
a vitamin E analogue was used as a standard. Values: mean + SEM (n=6); *sp < 0.0001 for the amount of antioxidant
at different concentrations for both FF and FA fucoidan (ANOVA with posthoc Dunnett's T3 multiple comparisons test
and ~p < 0.01 for the amount of antioxidant when compared between FF and FA fucoidan at different concentration
(Student’s t-test). Concentration of antioxidant measured as Trolox equivalents between FF and FA fucoidan (D).

Values: mean + SEM (n=6); p < 0.0001 comparing FF and FA fucoidan (Student’s t-test).

VIIl-4.2. Cytotoxicity and free radical scavenging activity of fucoidans and its potential to alleviate

oxidative stress

INS1E cells were used to evaluate the cytotoxicity of two different types of fucoidan. using a direct
contact cytotoxicity assay. INS1E cells were seeded into 96-well plates, treated with a range of different
concentrations of FF or FA fucoidan for 24 h after which an MTT assay was performed. Both FF and FA
fucoidan were found to be nontoxic with a cell viability of = 90% similar to the control cells at
concentrations ranging from 2.5 mg mito 0.15 mg ml* (Figure VIII - 2A). However, at concentrations of
5 and 10 mg ml, both FF and FA fucoidan demonstrated a slight decrease in cell viability. Regardless,
both FF and FA fucoidan were found to be non-cytotoxic and did not elicit an adverse response with cell
viabilities well above = 70%, which is considered to be the cytotoxicity value cut off, for all dilutions tested

(Figure VIII - 2A).

To determine the free radical scavenging activity and the ability of fucoidan to scavenge DPPH
free radicals, a DPPH free radical assay was carried out. Generally, a high percentage of DPPH free
radical inhibition at low ICs values indicates a high antioxidant activity. As seen from Figure VIl - 2B, FF
fucoidan above 7.8 g mltexhibits a dose response increase in its free radical scavenging activity with a
maximum inhibition of 78.6 + 0.66%, seen at 1000 pg mk?, with an ICs of 362.2 ug ml*. Ascorbic acid,
used as a positive control, at the same concentration exhibits a maximum inhibition of 94.7 + 0.21%,
with a low ICs of 6.2 ug ml* (Figure VIII - 2B). In contrast, FA fucoidan showed very poor free radical

scavenging activity compared to FA fucoidan with a maximum inhibition of only 8.7 + 0.8%, seen at 1000
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ug mk. This clearly shows that FF fucoidan exhibits a significant higher free radical scavenging capacity
compared to FA fucoidan. One factor that largely determines the reducing ability of fucoidan is its
molecular weight. It has been reported that low molecular weight fucoidan possesses significantly higher
antioxidant and radical scavenging properties compared to high molecular weight fucoidan, as it easily
crosses the lipid bilayer to exert its biological effect [23,42]. In contrast, we found that the high molecular
weight FF fucoidan (91 kDa) exhibits a superior free radical DPPH scavenging activity, compared to the
lower molecular weight FA fucoidan (5-15 kDa), suggesting that lower uptake of FF can lead to a much
stronger decrease in oxidative stress. This discrepancy can further be explained by the degree of
substitution of molecular groups in FF fucoidan, their position, and glycosidation branching, which are

known to positively influence the reducing properties of fucoidan [43,44].

In order to study the effect of fucoidan on alleviating oxidative stress in depth, an intracellular
oxidative stress assay was carried out in INS1E beta cells using 2',7'-dichlorodihydrofluorescin
diacetate (DCFH-DA) which can de-esterify intracellularly and turn into highly fluorescent 2',7'-
dichlorofluorescein upon oxidation by a wide range of reactive oxygen species (ROS) including H.0: [30].
The amount of fluorescence signal is directly proportional to the intracellular oxidative stress levels and
can be used to determine the effect on ROS in cells influenced by either FF or FA fucoidan. Pre-treatment
with FF or FA fucoidan reduced the basal oxidative stress levels in INS1E cells compared to control
conditions albeit not significantly (Figure VIII - 2C). We found that in the presence of H:0:, the intracellular
oxidative stress level in INS1E cells was significantly decreased in cells pre-treated with FF fucoidan
compared to H:0. treated cells alone, while oxidative stress was also lower compared to N-acetyl cysteine
(NAC) treated cells, serving as a positive control, suggesting a strong ROS mitigating activity. Quite the
reverse, FA fucoidan did not exhibit any ROS mitigating activity to alleviate oxidative stress, and
intracellular oxidative stress levels were found to be similar to control cells treated with H.0. alone (Figure
VIl - 2C). Based on these outcomes, we show that FF fucoidan significantly reduces intracellular oxidative
stress levels in beta cells exposed to H.O.compared to FA fucoidan. This beneficial effect may be attributed
to the redox modulating property of FF fucoidan and the induction of antioxidant enzymes leading to the
protection of beta cells from free radical induced cell toxicity [45]. We concluded that a combination of
the significantly higher antioxidant concentration and free radical scavenging activity of FF compared to

FA fucoidan, clearly leads to a superior antioxidant capacity and alleviation of oxidative stress.
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Subsequently, FF fucoidan was used in a number of follow up tests using primary islets, and in

combination with alginate microcapsules.
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Figure VIII-2. Cytotoxicity and free radical scavenging properties of fucoidan and its ability to alleviate oxidative stress.
Cytotoxicity and free radical scavenging properties of fucoidan and its ability to alleviate oxidative stress: The cytotoxicity
of fucoidan was determined in a MTT assay using INS1E cells (A). Values: mean + SEM (n=3); p > 0.05 (ANOVA with
posthoc Dunn’s multiple comparisons test). DPPH free radical scavenging activity of FF and FA fucoidan (B). Values:
mean + SEM (n=3). Effect of FF and FA fucoidan to alleviate intracellular oxidative stress in INS1E cells using the
DCFH-DA probe (C). In the presence of H.O., FF fucoidan significantly alleviated oxidative stress compared to FA
fucoidan. Values: mean + SEM (n=3); ~p<0.0001 when compared FF and FA with control NAC in the presence of

H:0. (ANOVA with posthoc Dunnett's multiple comparisons test).
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VIIl-4.3. Effect of fucoidan on beta cell viability and function

Apart from its antioxidant properties, fucoidan has been shown to possess anti-diabetic properties
by inducing insulin secretion, and reducing blood glucose levels, stimulating glucose uptake and
improving insulin sensitivity [46-48]. To explore the direct effect of FF fucoidan on insulin secretion,
INS1E cells were treated with varying doses of fucoidan and for different time intervals. Figure VIII - 3A,
shows that incubation of INS1E cells with different FF fucoidan concentrations (0.01, 0.1, 0.5, 1, 5 and
10 mg ml) for 3 hr induced insulin secretion in a dose-dependent manner with a significant increase
seen with 5 and 10 mg ml* compared to high glucose. However, there was no significant difference in
the insulin induction between 5 and 10 mg ml* FF fucoidan. Therefore, for time-response studies, we
chose 5 mg mltof FF fucoidan and treated the INS1E cells with this concentration for 6, 12 and 24 hr
respectively. At all time intervals tested, FF fucoidan significantly increased insulin secretion in a time-
dependent manner in the presence of high glucose (Figure VIIl - 3B). This data demonstrates the
insulinogenic properties of FF fucoidan, and that FF induced insulin secretion is both dose- and time-

dependent.

In order to determine the effect of fucoidan on primary beta cells, rat islets were treated with FF
fucoidan (1 mg mlt) for 24 hr while their viability and function was assessed. Pre-treatment with FF
fucoidan significantly improved rat islet viability and function. Live/dead analysis revealed that the viability
of islets treated with FF fucoidan was significantly higher compared to non-treated controls (Control vs FF
treated: 84.5 + 1.6% vs 93.1 + 1.9%; p < 0.05) (Figure VIII - 3C). Primary rat islets treated with FF
fucoidan showed a significantly better insulin secretory behaviour, with a higher insulin release in
response to glucose stimulation compared to non-treated controls (Figure VIII - 3D). This improved
function resulted in a significantly higher stimulation index (20.1 + 2.8) which is ~ 1.8 fold higher in FF
treated islets compared to non-treated controls (11.1 + 0.7) (Figure VIII - 3D).

The above data suggest that when islets are pre-treated with FF fucoidan they respond better to
changes in glucose with significantly higher insulin secretion and improved stimulation indices. We also
showed that in high glucose conditions, FF fucoidan supports the increase of insulin secretion in a dose-
and time- dependent manner in comparison to controls. FF fucoidan assisted insulin secretion may be
attributed to an increase in cAMP concentrations which has shown to be significantly elevated in fucoidan

treated insulin producing RIN-5F cells [48]. Elevation in cAMP levels has been shown to stimulate insulin
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exocytosis both in a Ca>» dependent and independent mechanisms and supports membrane

depolarization by directly inhibiting K channels [49-51].
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Figure VIII-3. Effect of fucoidan on beta cell viability and function.Measurement of insulin secretion in INS1E cells exposed to
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varied concentrations of FF fucoidan in the presence of high glucose (HG) for 3 hr (A). Incubation of INS1E cells with
different FF fucoidan concentrations (0.01, 0.1, 0.5, 1, 5 and 10 mg ml+) induced insulin secretion in a dose-dependent
manner compared to low glucose (LG) (p<0.0001) and with a significant increase seen with 5 and 10 mg mk
compared to high glucose (*p<0.001) (ANOVA with posthoc Dunnett's T3 multiple comparisons test). Measurement of
insulin secretion in INS1E cells exposed to 5 mg ml of FF fucoidan in the presence of high glucose (HG) for 6, 12 and
24 hr (B). Values: mean + SEM (n=3). In the presence of high glucose (HG), at alHime points tested, FF fucoidan
treatment significantly increased insulin secretion in a time-dependent manner compared to low glucose (LG) ('p<0.05)
and with a significant increase seen with high glucose (HG) at 6 hr time point (#p<0.05) (ANOVA with posthoc Dunnett's
T3 multiple comparisons test). Viability of primary rat islets pretreated with FF fucoidan for 24 hr (C). Pretreatment
with FF fucoidan significantly improved islet viability (93.1 + 1.9%) compared to the non-treated controls (84.5 + 1.6%)

(p<0.05) (Student's ttest). Values: mean + SEM (n=25 islets). Assessment of primary rat islet function in glucose
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stimulated insulin secretion (GSIS) (D). Pretreatment with FF fucoidan significantly improved islet function (p<0.05)

which resulted in a significantly higher stimulation index (*p<0.01) compared to non-reated controls.

VIIl-4.4. Characterization of fucoidan hydrogels and fucoidan microcapsules

Based on the above positive findings we explored the possibility of incorporating FF fucoidan in
ultra-pure alginate microcapsules as a carrier for beta cells and islets. We chose ultrapure alginate due
to its long term use as an immunoprotective carrier in the field of type 1 diabetes and its frequent use in
microencapsulation of islets [3]. Fucoidan is a water-soluble molecule with low viscosity and cannot be
used by itself for cell microencapsulation purposes. However, by mixing fucoidan with alginate we were
able to obtain a suitable hydrogel for microencapsulation of cells using an air driven microdroplet
generator. In brief, FF fucoidan (0.5% w/v) was mixed with ultrapure sodium alginate (2% w/v) to obtain
a 2.5% w/v alginate/fucoidan polymer solution which is then cross-linked with barium chloride (20 mM)
to form stable alginate/fucoidan hydrogels. The alginate/fucoidan hydrogel will hereafter be referred to
as “Fucogel” and alginate/fucoidan microcapsules as “Fucocaps”. The antioxidant potential of fucogel,
and alginate alone, was determined using a total antioxidant capacity assay kit. Both alginate and fucogel
demonstrated a dose-response increase in their antioxidant capacity (measured as TEAC), with fucogel
always exhibiting significantly higher amount of antioxidant capacity than alginate alone (Figure VIII - 4A).
We found that the antioxidant concentration (measured as Trolox equivalents) in fucogel was ~ 35- fold
higher compared to alginate polymer (4.2 + 0.2 nmoles ul* Trolox equivalents vs 0.12 +0 .04 nmoles pl
t Trolox equivalents) (Figure VIII - 4B). The high antioxidant activity of fucogel is due to the FF fucoidan
molecules that can be attributed to the high fucose and sulphate content (Figures VIl - 1 A&B).

Next, we determined the viscoelastic properties of fucogel using a rheometer. Mechanical testing
revealed that both alginate and fucogel have similar viscoelastic properties and show similar strain-
dependent behaviour for G’ (Figure VIII - 4C). Both hydrogels showed a linear viscoelastic region until
0.5% strain. The G’ at 0.1% strain was used to calculate their respective hydrogel mesh sizes. There were
no significant differences in hydrogel mesh sizes between alginate, 8.15 + 0.92 nm, and fucogel, 8.05 +
0.64 nm (Figure VIII - 4D). Strain sweep experiments for both hydrogels displayed a stable G’ within the
linear viscoelastic region (LVR) (until 0.5% strain) (Figure VIII - 4C), which is in agreement with literature
[52]. Decrease in G' outside of the linear viscoelastic region (LVR), indicates structural breakdown and

yielding of the hydrogel microstructure. The G’ value within the LVR was subsequently used to calculate
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the hydrogel mesh size (D-.) which represents the diameter of a hard sphere that fills the void in between
hydrogel network strands, and is an important indication for hydrogel diffusion properties. The D of
alginate hydrogels has been described to range between 5-90 nm, which seems to be in agreement with
our data with a mesh size of 8.15 + 0.92 nm (Figure VIII - 4D) [53-56]. The D-... of alginate hydrogels
depends on its molecular weight, guluronic acid/mannuronic acid (G/M ratio) and purity and as well the
crosslinker concentration. The dimensions of insulin ranges between 2.7 and 5.5 nm and should be
capable to diffuse through these alginate hydrogels given that the mesh size is around 8 nm [57]. The
ultrapure alginate used in this study has a molecular weight > 200 kDa, while FF fucoidan has a molecular
weight of ©~ 91 kDa. Hence, the relatively small fucoidan moieties did not hinder the formation of an
alginate network, depicted by the similar G’ values with Dw of 8.05 + 0.64 nm compared to alginate
alone hydrogel. This data suggests that fucoidan moieties can be easily blended with alginate hydrogels
without compromising the viscoelastic and diffusion properties to form stable fucogels suitable for

encapsulation studies.
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Figure VIII-4. Characterization of fucogels. Measurement of the total antioxidant capacity of fucogel measured as Trolox

equivalents (A). Trolox, a vitamin E analogue was used as a standard. Values = mean + SEM (n=6); *¢ p<0.0001 for
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the amount of antioxidant capacity seen with different concentrations for both fucogel and alginate (ANOVA with
posthoc Dunnett's T3 multiple comparisons test) and “p<0.01 for the amount of antioxidant when compared between
fucogel and alginate at different concentrations (Student’s t-test). Concentration of antioxidant measured as Trolox
equivalents between fucogel and alginate (B). Values = mean + SEM (n=6); ~p<0.0001 when compared between
fucogel and alginate (Student’s t-test). Rheological properties of fucogel and alginate: Strain sweep alginate (grey) and
fucogel (black) (C) and measurement of hydrogel mesh size based on the storage moduli at 0.1% strain (D) and

calculated using formula 1: Dm= ((6 RT)/(rTN_av G"))*(1/3). Values = mean + SEM (n=5).

Alginate microcapsules and fucocaps were produced using an air-driven droplet generator and their
size was determined by phase contrast light microscopy. Light micrographs of alginate and fucocaps
show that for both hydrogels the microcapsules are homogenous in size and equal in appearance. Both
alginate and fucogel microcapsules have similar dimensions and are composed of uniform spheres of
approximately 500 pum (500 + 24.2 um) diameter (Figure VIII - 5A). The droplet sizes were reproducibly
made and the polydispersity in the microcapsule diameter is close to the range typically seen for
microcapsules prepared by the air-stripping technique. In order to visualize the presence of fucoidan in
fucocaps, microcapsules were stained with TBO and imaged at subsequent regular time intervals for 40
days. After removing excess TBO staining, a clear blue coloration of fucocaps could be seen which
persisted during 40 days. In Figure VIII - 4A, clear toluidine blue staining can be seen after 40 days
indicative of the long term presence of fucoidan in fucocaps. These data suggest that the fucocaps
remained stable, while toluidine blue staining confirmed the presence of fucoidan within these
microcapsules for at least 40 days suggesting the entrapment of small fucoidan moieties within the
crosslinked alginate network. We have previously demonstrated the permeability of barium alginate
microcapsules by Inverse Size Exclusion Chromatography (ISCE) for the determination of the molecular
weight cut-off of microcapsules (MWCO) [58]. We showed that the MWCO for these barium alginate
microcapsules correspond to ~ 50 kDa suggesting that any molecules > 50 kDa cannot permeate through
the microcapsule pores. The fucoidan molecules used in this study is quite bigger with a molecular weight
of 7 91 kDa and hence will not be able to permeate easily through the alginate hydrogel network in the
Fucocaps. However, the release kinetics of fucoidan from fucocaps needs to be evaluated in future

studies.

Native islets residing within the pancreas are highly vascularized microtissues that are destroyed
during the islet isolation process leading to post-isolation cell stress [15]. This is further aggravated by

the encapsulation process which prevents revascularization, and moreover, we have recently shown that
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different biomaterials can induce significant amounts of oxidative stress in both beta and alpha cells [16].
The absence of revascularization and limited mass transport caused by the immunoprotective barrier
subject the encapsulated islets to chronic oxidative stress. Oxidative stress occurs when there is an
imbalance between the production of reactive oxygen species (ROS) and antioxidant defenses, and islets
are particularly prone to ROS due to their relatively low antioxidant enzymes [2]. Therefore, in this study,
we explored the potential of FF fucoidan to alleviate oxidative stress post-encapsulation using a genetically
encoded redox probe mt-roGFP2-Orpl transduced INS1E beta cells. The probe is a fusion protein
consisting of redox-active green fluorescent protein 2 (roGFP2) genetically fused to the redox enzyme
Orpl that is oxidized by H.O. [17]. A major advantage of roGFPs over other fluorescent probes is their
ratiometric fluorescence excitation behavior. When measuring fluorescence emission at 510 nm, roGFP2
exhibits excitation maxima at both 400 and 490 nm; oxidation increases the intensity of the 400 nm peak
while decreasing the intensity of the 490 nm peak and vice versa for reduction (Figures VIl - 5 B&C).
Using the ratiometric fluorescence, we found that INS1E beta cells in fucocaps experienced significantly
less oxidative stress compared to alginate microcapsules (Figure VIII - 5D). Further, exposure of
encapsulated INS1E beta cells to H.0: (1 mM) for 1 hr, suggested the oxidative stress is significantly
reduced in Fucocaps compared to those in alginate microcapsules (Figure VIII - 4D). These data again
confirm the free radical scavenging capacity of fucoidan and its ability to alleviate oxidative stress post-

encapsulation and in the presence of an external stress stimulus.
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Figure VIII-5. Characterization of fucocaps. Optical microscopy images of alginate and fucocaps generated by an air-droplet
generator with size of 500 um and toluidine blue staining to demonstrate the presence of fucoidan within the
fucocaps (A). Schematic illustration of the mitochondrial ROS sensor mt-roGFP2-Orp1 (B). To explore the potential of
fucoidan to alleviate oxidative stress post-encapsulation a genetically encoded redox probe mt-roGFP2-Orp1 transduced
INS1E beta cells were used. The fluorescence maximum of this sensor shifts from 490 to 400 nm with increasing
mitochondrial H.O. levels, as shown by representative fluorescence images (C). Ratiometric fluorescence demonstrated
that mt-roGFP2-Orpl transduced INS1E beta cells encapsulated in Fucocaps experienced significantly less oxidative
stress compared to alginate microcapsules ("p<0.01). Further, exposure of encapsulated mt-roGFP2-Orp1 transduced
INS1E beta cells to H.O. suggested the oxidative stress is significantly reduced in Fucocaps compared to those in
alginate microcapsules (D) (p<0.05) (ANOVA with posthoc Dunnett's T3 multiple comparisons test). Values = mean +

SEM (n=3).
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VIIl-4.5. Encapsulation of insulin producing cells in fucocaps

To determine the effect of fucoidan encapsulation on beta cell survival and function both primary
rat islets and pseudoislets (generated from rat insulin producing INS1E cell line) were encapsulated in
fucocaps, cultured and evaluated at different time points for cell viability, ATP content, and beta cell
function by glucose stimulated insulin secretion. Live/dead analysis revealed that the viability of primary
rat islets encapsulated in fucocaps was always higher compared to those encapsulated in alginate
microcapsules. Viability of islets in fucocaps was significantly higher both on days 1 (95.2 + 1.4%) and 5
(91.3 £ 2.1%) respectively compared to those in alginate microcapsules (Day 1 vs Day 5: 86.2 + 3.6 vs
83.5 + 2.3%) (Figure VIII - 6A). This is further confirmed by ATP measurements, whereby the ATP levels
of rat islets encapsulated in fucocaps was significantly higher on day 1 and 5, = 1.2- fold, compared to
islets in alginate microcapsules (Figure VIII - 6B). Regarding islet function, rat islets encapsulated in
fucocaps showed a better insulin secretory behaviour, including a significantly higher stimulation index at
days 1 (59.6 + 2.4) and 5 (53.3 + 9.5) compared to alginate controls (Day 1 vs Day 5: 32.6 + 2.8 vs
28.4 + 2.1) (Figure VIII - 5C). Similar results were found for pseudoislets, whereby INS1E pseudoislets
encapsulated in fucocaps demonstrated a significantly higher viability both on days 1 (90.2 + 4.5%) and
5 (95.5 + 0.01%) respectively compared to alginate microcapsules (Day 1 vs Day 5: 80.1 + 0.01% vs
90.2 + 3.2%) (Figure VIII - S2A). The ATP levels of pseudoislets encapsulated in fucocaps was significantly
higher on day 1 and 5, 1.5-and 1.4- fold, compared to those embedded in alginate microcapsules (Figure
VIIl - S2B). Further, pseudoislets encapsulated in fucocaps responded better to high glucose stimuli, and
with a significantly higher stimulation index on day 5 (2.4 + 0.2) compared to those encapsulated in

alginate microcapsules (1.6 + 0.1) (Figures VIII - S2 C&D).
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Figure VIII-6. Encapsulation of rat islets in fucocaps. Representative viability images of rat islets encapsulated in alginate
microcapsules and fucocaps at day 1 and 5 post-encapsulation (A) (Scale bar = 500 pm). Viability of islets in fucocaps
was significantly higher on both days compared to those in alginate microcapsules. Values = mean + SEM (n=25
islets); ‘p<0.05 for viability when compared between alginate microcapsules and fucocaps both on days 1 and 5
(Student's t-test). (B). The relative ATP amount in both conditions are depicted as per islet equivalent to compensate
for variability in islet size indicative of the average number of metabolically active cells in both alginate microcapsules
and fucocaps. Values are depicted as mean + SEM (n=5-6); ~p<0.001 for ATP of alginate microcapsules and fucocaps
per encapsulated IEQ on day 1 and 5 (Student’s ttest). (C) Glucose stimulated insulin secretion (GSIS) of islets in
alginate microcapsules and fucocaps at day 1 and 5 post-encapsulation, and the corresponding stimulation indices
(SI) (D). Stimulation indices are depicted as mean + SEM (n=3-4); 'p<0.05 for both alginate microcapsules and
fucocaps at day 1 and 5 (Student's t-test).

In order to verify whether the positive effect of FF fucoidan on insulin secretion in primary rat islets
and pseudoislets is consistent between different species, a pilot study was carried out using neonatal
porcine islets. The viability of neonatal porcine islets following isolation dropped drastically during the 8
day culture period to produce mature beta cells. Despite the poor survival, encapsulation of neonatal

porcine islets in fucocaps had higher viability compared to those in alginate microcapsules 48 hr post-
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encapsulation. Live/dead analysis demonstrated that viability of neonatal porcine islets in fucocaps (54.2
+ 0.7%) was significantly higher than those in alginate microcapsules (35.6 + 1.5%) (Figure VIII - 7B). As
expected, there was a marginal but significant increase in the ATP levels in neonatal porcine islets
encapsulated in fucocaps (0.042 + 0.001 uM/IEQ) compared to those embedded in alginate capsules
(0.04 + 0.0002 uM/IEQ) (Figure VIII - 7C). As seen with rat islets, neonatal pig islets encapsulated in
fucocaps functioned better with an increase in insulin release in response to high glucose with a
significantly higher stimulation index (3.1 + 0.4) compared to those in alginate microcapsules (1.4 + 0.1)
(Figures VIII - 7 D&E). Further, in the presence of forskolin (1 uM), which mimics the effect of GLP-1 by
activating adenylate cyclase, thus raising intracellular cAMP and activating protein kinase A (PKA) [59],
insulin secretion was increased 1.7 fold for neonatal islets encapsulated in fucocaps compared to those
in alginate microcapsules (Figure VIII - 7D). These data suggest that encapsulation of islets in fucocaps
proved beneficial in the short term by improving cell survival and function and the benefit observed could

be translated across islets obtained from different species.

To our knowledge, this is the first study exploring the potential of fucoidan in the context of islet
encapsulation. We used pseudoislets (from INS1E cells) as a model, and primary islets from rats and
neonatal pigs for fucocaps microencapsulation and assessed cell viability and the insulin secretion. In all
cases, and across the different species used in this study, we found that islets encapsulated within
fucocaps demonstrated significantly improved viability and function. This beneficial effect may be
attributed to the redox modulating property of fucoidan by induction of the antioxidant enzyme superoxide
dismutase and glutathione activity 9. The encapsulation process by itself induces some degree of
oxidative stress and we have shown that fucoidan can indeed significantly alleviate oxidative stress in
encapsulated cells (Figure VIII - 5D). Apart from its antioxidant properties, fucoidan has been shown to
possess anti-diabetic properties by inducing insulin secretion, and reducing blood glucose levels,
stimulating glucose uptake and improving insulin sensitivity [46-48]. We found that islets encapsulated
within fucocaps responded better to changes in glucose with significantly higher insulin secretion and
improved stimulation indices. Further, we have also shown that in high glucose conditions, fucoidan
support the increase of insulin secretion in a dose- and time- dependent manner in comparison to controls
(Figures VIIl - 3 A&B). Fucoidan assisted insulin secretion may be attributed to an increase in cAMP
concentration which was shown to be significantly elevated in fucoidan treated insulin producing RIN-5F

cells [48]. Elevation in cAMP levels has been shown to stimulate insulin exocytosis both in Ca? dependent
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and independent manner, and supports membrane depolarization by directly inhibiting K«» channels [49-
51]. This is in concurrent with our findings in neonatal porcine islets where addition of forskolin, a cAMP
stimulator, significantly increased insulin secretion in fucoidan containing microcapsules than those in
alginate microcapsules alone suggesting a possible synergistic effect. However, the role of cAMP

signalling pathways in mediating fucoidan induced insulin secretion needs to be fully elucidated.
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Figure VIII-7. Encapsulation of neonatal pig islets in fucocaps. Representative optical microscopy images of neonatal pig islets
immediately after isolation and day 9 postisolation for maturation and their corresponding dithizone staining (A).
Representative viability images of neonatal pig islets encapsulated in alginate microcapsules and fucocaps at day 2
post-encapsulation (B) (Scale bar = 500 pm). Viability of neonatal islets in fucocaps was significantly higher compared
to those in alginate microcapsules. Values: mean + SEM (n=25 neonatal islets); ~p<0.001 for viability when compared
between alginate microcapsules and fucocaps (Student's t-test). Measurement of ATP levels, a marker of metabolically
active cells both in alginate microcapsules and fucocaps (C). Values: mean + SEM (n=3); "p<0.05 for ATP levels when
compared between alginate microcapsules and fucocaps (Student's t-test). Glucose stimulated insulin secretion (GSIS)
on neonatal islets encapsulated in alginate microcapsules and fucocaps for day 2 post-encapsulation (D) and the
corresponding stimulation index (SI) (E). Values: mean + SEM (n=344); 'p<0.05 for stimulation index (SI) when

compared between alginate microcapsules and fucocaps (Student's t-test).
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VIll-4.6. Effect of fucoidan on the cellular response pathway in pancreatic beta cells

RNA-seq was carried out to understand the effect of fucoidan treatment on the varied cellular
pathways in INS1E cells in the presence or absence of H.0.. Dimension reduction followed by CPM
(counts per million) normalization demonstrated that controls and fucoidan treated biological duplicates
are consistent and clustered together. H:O. duplicates, however, exhibited very different transcriptional
response with one sample clustering closer to the fucoidan group while another one being isolated in the
dimension reduction (Figure VIII - S3A). The distance between the global pseudo-counts was confirmed

in a heatmap generated from the mixOmics package (Figure VIl - S3B).

Differential gene expression analysis shows the presence of three main clusters (Figure VIII - 8A).
Cluster | is composed of genes that are lowly expressed in the controls but slightly expressed in the control
samples. Among these genes, Fos and Fosb, have been described to be important for pancreatic B-cell
proliferation[60]. Other genes such as Nrdal and Nr43 are associated with hormone stimulus and
pancreatic B-cell proliferation. These results could indicate that alginate encapsulation with fucoidan

might reduce B-cell proliferation.

Cluster Il contain genes related to biosynthetic processes, and they are lowly expressed in all the
groups but, slightly higher in the control group. Among these genes, regulators of cell cycle progression,
such as Rgs?2 and Atf3 are differentially regulated between the groups. These results reflect induction of

H.0-induced oxidative stress, in which cell cycle progression seems highly affected.

Cluster Il contains genes that are highly expressed in both groups but, mostly more induced in the
control group. These genes are involved in metabolic processes, such as response to reactive oxygen
species and oxidative stress, as TXNIP and HIPK2 [61-63], and to carbohydrates, which might reflect
the functionality of the pseudo-islets in processing sugars. These results indicate that the pseudo-islets
are still functional in the present culturing conditions, supporting the protective role of fucoidan on

alleviating oxidative stress observed in this report.
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Figure VIII-8. Gene expression clustering in INS1E cells. RNA-seq reads were aligned to the reference genome (rat rné6) using
HISAT2 (version 0.1.6). Differential expression analyses were performed using EdgeR (version 3.12) with adjusted p-
value < 0.05 as the cut-off. The expression data were grouped, and clustering analysis were performed on EdgeR (A).
All Gene Ontology (GO) analyses were performed with ToppGene method (https://toppgene.cchmc.org/), and only
Biological Process terms were kept for downstream analyses (B). Enrichment score was calculated from the as -logl0

of the p-value.

VIII-5. CONCLUSION

To the best of our knowledge, the present study is the first to explore the potential of fucoidan for
islet encapsulation. Our results showed that fucoidan from Fucus vesiculosus (FF) possess high fucose &
sulfate content, exhibiting potent antioxidant capacity, and is able to significantly alleviates oxidative
stress, while enhancing the viability and function of INS1E pancreatic beta cells. Interestingly, this
protective and enriching effect of fucoidan was also observed on rat and pig pancreatic islets, and pseudo-
islets formed from INS1E cells, encapsulated in FF-containing ultrapure alginate (Fucogel) microcapsules.
The fucoidan containing alginate microcapsules (Fucocaps) may also act as an immune barrier, which

together with the positive effects on mitigating oxidative stress and enhancing cell survival and beta cell
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function, results in an easy applicable biomaterial which can potentially lead to improved long term

delivery of islets and beta cells to patients.
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Supplementary Figure VIII-1. NMR spectra of purified fucoidans. :HNMR of purified FF and FA fucoidan. spectra show different
peaks 8 = 1.20-1.30 and 1.95-2.26 ppm corresponding to methyl groups of fucose and Lfucopyranose; & = 3.35-
4.55 ppm confirmed the presence of different types of fucose groups with changes in glycosidic linkage positions and

monosaccharides patterns, 8 = 5.29-5.40 ppm corresponding to anomeric protons of L-fucopyranosyl unit.
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Supplementary Figure VIII-2. Encapsulation of pseudoislets in fucocaps. Representative viability images of pseudoislets
encapsulated in alginate microcapsules and fucocaps at day 1 and 5 post-encapsulation (A) (Scale bar = 500 pum).
Viability of islets in fucocaps was significantly higher on both days compared to those in alginate microcapsules. Values
= mean + SEM (n=25 pseudoislets); ‘p<0.05 for viability when compared between alginate microcapsules and
fucocaps both on days 1 and 5 (Student’s t-test). Measurement of ATP levels, a marker of metabolically active cells
both in alginate microcapsules and fucocaps (B). Values = mean + SEM (n=5-6); ~p<0.001 for ATP levels when
compared between alginate microcapsules and fucocaps both on days 1 and 5 (Student’s t-test). Glucose stimulated
insulin secretion (GSIS) on pseudoislets encapsulated in alginate microcapsules and fucocaps for days 1 and 5 post-
encapsulation (C) and the corresponding stimulation indices (SI) (D). Values = mean + SEM (n=3-4); 'p<0.05 for

stimulation index (SI) when compared between alginate microcapsules and fucocaps on day 5 (Student's t-test).
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Supplementary Figure VIII-3. Differential expression analysis of the RNA-seq data. Dimension reduction followed by CPM
(counts per million) normalization demonstrated that controls and fucoidan treated biological duplicates are consistent
and clustered together (A). H.O.duplicates did not cluster together and exhibited very different transcriptional response
with one sample clustering closer to the fucoidan group and another one being isolated in the dimension reduction

(A). Heatmap generated using the mixOmics package confirm the distance between the global pseudo-counts (B).
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General Conclusions and Future Perspectives

IX-1.  GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

A considerable number of people suffer from diabetes mellitus all around the world. Diabetes
mellitus is a metabolic disorder caused by inherited and/or acquired deficiency in the production of insulin
by the pancreas. In type 1 diabetes, the insulin-producing beta cells are destroyed by the immune system.
Therefore, it is crucial to develop new therapeutic strategies and models to treat this disease. Approaches
as devices for oral delivery of insulin or electronic pumps for controlled and responsive injection have
been explored but are mitigation routes. The full treatment requires the reestablishment of insulin-
producing cells, which involves transplantation of pancreatic islets of Langerhans or other approaches
restoring that physiologic function of pancreas. Such a [3-cell replacement device should lead to improved
islet viability, reducing the number of donor organs needed for transplantation. Nevertheless, the success
of this therapy is limited by a decrease of islet mass caused by mechanical stress, a lack of oxygen flow
toward the islets due to lack of vascularization, an immediate blood-mediated immune response that
requires the permanent use of a relatively high concentration of immunosuppressive drugs. Thus, two
main issues need to be addressed to improve clinical islet transplantation: one is the development of a
close immunoprotective device, while the second is to restore the vascularization as fast as possible to
ensure optimal islet survival. This is currently being addressed through the development of different
devices to encapsulate pancreatic islets or -cells. In addition, these devices can offer enhanced glycemia
maintenance, with the reduction or even absence of the need to use exogenous insulin, resulting in a
lower risk of long-term complications linked to type | diabetes. There are several requirements for devices
used in extrahepatic transplantation sites, including the ability to house a sufficient number of islets, or
B cells, the presence of a dense vascular network in close proximity, or the capacity to initiate the
formation of one, allowing for swift revascularization ensuring an efficient exchange of nutrients,
metabolites, and hormones, and maintenance of adequate oxygen tension. Other preferred

characteristics should be a minimal or no inflammatory response against the materials used in the device

328



Chapter IX - General conclusions and future Perspectives

(that could potentially lead to islet loss), easy surgical accessibility with minimal operative risks, the ability

for graft recovery and noninvasive monitoring.

The main goal of the work developed under the context of the present thesis was to develop
alternative systems for diabetes treatment, with a strong strategy supported in marine natural polymers-
based structures, namely composed by fucoidan. Fucoidan is a sulfated polysaccharide extracted from
brown algae, which has interesting chemical and biological properties. The use of fucoidan on a medical
device for tissue engineering, particularly in diabetes treatment, is still in its early stages, particularly on
what concerns polysaccharide modification, processing, and biomaterial design. Nevertheless, it is
possible to envisage the use of this polysaccharide in a diabetes area, where it can act as a support to
encapsulate islets of Langerhans/pancreatic cells or as a drug delivery system. On the other hand, it is
known to possess various distinctive biochemical properties, such as antioxidant, anti-inflammatory,
reducing blood glucose, anti-obesity, and blood lipids reducing that may enhance and define its
applicability in this context. To achieve these objectives, fucoidan was physically or chemically modified
and further combined with other natural and/or synthetic polymers, insulin, and cells to develop 2D/3D
matrices (microparticles, hydrogels, membranes, and capsules) based on fucoidan envisaged to be used

for diabetes treatment.

In particular, the main goals of the experimental work performed under the scope of this PhD
thesis, presented and discussed in Section 3, include: i) to increase the processability of fucoidan
(chemical modification of fucoidan by methacrylation reaction and further photocrosslinking using visible
light) (Chapter 1V); ii) production of fucoidan microparticles for insulin encapsulation and its subsequent
sustained release, and evaluation of biocompatibility of fucoidan microparticles with human pancreatic
cells (Chapter V); iii) development of fucoidan-based hydrogels envisaging its further use on the
encapsulation of pancreatic cells (Chapter VI); iv) evaluation of the angiogenic potential of airbrushed
nanofibrous mesh comprising fucoidan, envisaging its further use as support biomaterial to improve
vascularization on transplanted islets-laden systems (Chapter VII) and v) assessment of the antioxidant
effect of fucoidan on B-cells and its effect on encapsulated islet viability and function (Chapter VIlI). All
the strategies and technologies studied and proposed were developed to balance the most significant

drawbacks found in the literature and address them, recurring to creative and accurate approaches.
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The principal limitation of fucoidan in the processing of matrices stable in an agueous medium
is its high solubility in water. To overcome it, fucoidan has been combined with other polymers, resulting
in multicomponent matrices, but single component systems were never described before. Chemical
modification on fucoidan, namely a methacrylation reaction, was performed to control fucoidan stability
in water and increase its processability. Although an effective methacrylated fucoidan (MFu) was obtained
and further photocrosslinked using visible light, the methacrylation process still needs to be adjusted to
achieve better control of matrices, namely a narrower range of methacrylation degree. In fact, limited
reproducibility of methacrylation and photocrosslinking approach with other polymers have been
described by others, limiting its widespread use until current efforts succeed to solve this bottleneck.
Hydrogel MFu particles were produced using superamphiphobic surfaces and visible light. This
methodology has enabled spherical particles' production in one step, using the benefit of the high
repellency of the surfaces and tuning particle diameter by playing with the size of solution droplets
displayed in these surfaces. Another advantage of this methodology was the use of visible light irradiation,
which would be beneficial regarding their use with cell-laden systems since visible light is a benign light
source and readily available when compared with other light sources such as UV.

The present approach could greatly improve the processability of fucoidan, allowing the
production of high-added-value fucoidan structures with good morphology and biological performance and
then enhancing the biomedical value of this marine biopolymer. The findings suggested that the developed
MFu particles may also be used on the design of devices for the sustained insulin release and templates
supporting the culture of pancreatic cells. To explore this hypothesis, MFu particles were produced using
fucoidan functionalized with different methacrylation degrees, and insulin was incorporated into them.
The experiments addressing the release of insulin in PBS demonstrated that the particles could release
insulin until 28 days, in a sustained manner, and the insulin release profile was controlled by the
methacrylation degree of fucoidan. The methacrylation degree is correlated to cross-link density, and
higher methacrylation degree results in the formation of hydrogels with a denser network. Therefore, an
increasing amount of methacrylate groups in the feed composition is expected to enhance the density of
the network and subsequently reduce the diffusion of insulin. Moreover, biological assays on MFu particles
using pancreatic cells (1.1B4 HP cells) demonstrated that the produced hydrogels were not cytotoxic,
with cells revealing good adhesion, viability, and proliferation. Besides, the 1.1B4HP cells tend to
aggregate, forming pseudo-islets (cells configuration as three-dimensional islet-like structures) during the

culture period studied. The findings indicate that B-cell lines retained the ability to self-organize into
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anatomically appropriate islet-like structures, important for their physiological function, which propose
such an /n vifro approach as alternative to the use of islets. The results suggest that MFu microparticles
may be a good candidate for drug delivery vehicles or aiming to achieve an immuno-protectant device for
insulin-producing pancreatic cells in the scope of advanced therapeutic solutions for diabetes mellitus
treatment. Moreover, further assays should be focus on: i) extend the culture period for longer times (21
or 28 days) and assess cell viability within the structures, which would request appropriated oxygen and
nutrients supply, ii) study the glucose-induced insulin secretion, iii) study the encapsulation of islets of
Langerhans, and later on iv) evaluate the capacity of the devices to protect encapsulated cells from host

immune system upon implantation.

The development of versatile three-dimensional (3D) hydrogels as platforms for encapsulation of
pancreatic cells and islets of Langerhans has been explored by several groups, studying the combination
of different materials, as natural and synthetic macromolecules. In the scope of Chapter VI, we aimed an
alternative strategy for the production of 3D hydrogels, combining two marine polysaccharides: agarose
(Aga), a gelling polymer, with fucoidan. After reacting agarose with fucoidan, hydrogels were formed by
thermal gelation, with tunable mechanical properties and stability. Their use, combined with model
molecules and cells, has shown that diffusion of nutrients or other compounds (including secreted insulin
or cell waste products), as well as cell adhesion, could be clearly modulated. In fact, the high viscosity of
agarose solution used (5%) resulted in reduced mesh size, translated as a dense polymeric matrix, which
impairs glucose or nutrients diffusion that would limit pancreatic cell functionality. Comparing all the
formulations, we conclude that AgaFu 3b hydrogel formulation, prepared with 3% agarose blended with
fucoidan in a 2:5 weight ratio, presented a good size of gel fiber mesh, which is a major key for good
diffusion of molecules, thus suggesting higher nutrients permeability, but also enhanced cell adhesion
and proliferation. Moreover, these AgaFu3 hydrogels supported the viability and functionality of
encapsulated pancreatic cells during culture, enabling their use as a support platform for pancreatic cells.
Overall, our results represent a promising strategy to be explored as a cell-laden biomaterial for extra-
hepatic transplantation to be used to treat diabetes mellitus. In addition, further assays such as i) co-
encapsulation of alpha and beta cells, ii) to study how the construct/device material reacts in the presence
of excessively high or low glucose values, and iii) to study the immune response of these materials upon
implantation would give important cues on the performance of these devices on type | diabetes

therapeutics.
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One of the biggest challenges to improve the effectiveness of the currently applied clinical islet
transplantation is to convert a low vascularized site into an integrated implanted tissue. Besides the
possible inflammatory reaction, pancreatic islet transplantation presents a major limitation associated
with the limited number of blood vessels providing the required nutrients and oxygen supply to feed the
implanted cells. Therefore, new strategies are needed to enhance islet function by triggering a rapid
vascularization after transplantation, as the connection to systematic circulation will ultimately lead to an
increase in the viability of transplanted islets. With this aim in perspective, in this thesis, we proposed to
study the angiogenic potential of nanofibrous meshes comprising fucoidan that could be used as a
support for revascularization of constructs — namely, biomaterials with encapsulated cells or islets — on
therapeutic approaches for diabetes treatment (Chapter VII). To reach this, fucoidan from two different
species and with distinct chemical features, blended with a biodegradable polymer PCL, was successfully
airbrushed into nanofibrous meshes (ANFM). Fucoidans from Ascophyllum nodosum (FA) and Fucus
vesiculosus (FF) were used to study the influence of chemical features, as molecular weight (FA < FF)
and sulfation degree (FA < FF), on the performance of the derived biocomposites. The incorporation of
fucoidan had clear impact on the properties of the meshes, namely an increase in the average fiber
diameter and increased hydrophilicity of airbrush nanofibrous meshes. This fact could be related to
intrinsic properties of fucoidan such as sulfate groups, the presence of some sugars such as fucose, and
molecular weight. This work demonstrates the successful production of PCL and PCLFu airbrush
nanofibers with a versatile mechanical, physical, and biological performance. Moreover, the /n vivo test
of the effect of PCL/fucoidan ANFM (PCLFF) over the vascularization of the chicken embryo
chorioallantoic membrane (CAM) shown higher pro-angiogenic properties of this system compared with
PCL ANFM. The incorporation of fucoidan improved the physicochemical properties of airbrush
nanofibrous mesh and promoted angiogenesis, which could help support implants' integration and
vascularization. In addition, further studies like i) microthermoforming for islet accommodation or to
envelope cell-laded hydrogels, ii) assessment of islet survival on airbrush nanofibers, iii) vascularization
test in the presence of islets or hydrogels, and in vivo accommodation and revascularization would add
important information. This fibrous mesh could represent a new promising biomaterial, as support of
immunoprotecting devices laden with pancreatic islets useful in revascularization upon implantation,

representing an innovative and multi efficient therapeutic approach for diabetes treatment.
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Relying on the several biological activities being described for fucoidan, namely antioxidant
activity, regulation of blood glucose level, among others, the development of a functional biomaterial,
where fucoidan would be not only a support component (building block) but also elicit a biological effect,
appeared as the logic following step. The first goal was to evaluate the antioxidant properties of fucoidan
and determine its potency to alleviate oxidative stress /n wifro, which is known to severely affect
encapsulated islets. Further, the possibility of making fucoidan-based hydrogels by blending with alginate
(Fucogel) to generate novel fucoidan microcapsules (Fucocaps) for islet encapsulation was explored,
assessing their biological performance regarding cell survival and function /7 vitro. Beta cells are highly
susceptible to oxidative stress because they contain lower endogenous antioxidant levels than many other
cell types. Several strategies have been investigated to protect encapsulated islets from oxidative stress
induced cell death. It has been shown that entrapping a natural antioxidant within a polymer matrix can
reduce oxidative stress and support insulin secretion in encapsulated rat islets. In the perspective of using
fucoidan as a material antioxidant, we compared two fucoidans from different species (Ascophyilum
nodosum (FA) and Fucus vesiculosus (FF)), characterized by differences in molecular weight (FA < FF)
and sulfation degree (FA < FF), regarding its antioxidant action (total antioxidant capacity and free radical
scavenging activity). It is well known that the chemical features of sulfated polysaccharides, as molecular
weight and sulfation degree, but also sulfation pattern, sugars profile, and polymer branching, are
determined by the algae species, the harvest season, environmental conditions, and extraction
methodology. Although the fucoidan’s structure-activity relationship has not yet been fully established, the
influence of chemical properties on the biological performance of fucoidans was remarked by several
authors in literature, and it has just been addressed in the previous paragraph regarding pro-angiogenic
effect. Likewise, the obtained results discussed in Chapter VIl showed that FF exhibited potent antioxidant
capacity, associated with high fucose and sulfate content, further significantly alleviating oxidative stress
and enhancing the viability and function of encapsulated beta cells. Based on the obtained results, the
inclusion of fucoidan FF in alginate/fucoidan-based microcapsules (Fucocaps) provided beneficial effects
regarding the high antioxidant activity, with viability increment of encapsulated cells, and enhanced insulin
secretion ability and glucose responsiveness. FF fucoidan solution containing alginate hydrogel (Fucogel)
provided a redox-modulatory niche and could be an immune barrier at the same time. Moreover, further
studies like: i) study the mechanism as fucoidan acts in insulin stimulation and islets protection, ii) study
the immune response to these materials (Fucogel and Fucocaps) in the presence of macrophages, and

iii) /n vivo studies of these constructs using rats as a model, would definitely add important information
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to help to elucidate the potential performance of Fucogel as biomaterial for bioengineered
immunoprotective beta cell replacement devices within the context of type | diabetes treatment

procedures.

Overall, the work performed and described in the scope of this PhD thesis demonstrates the
feasibility of increasing the processability of fucoidan and transforming it into different structures
envisaged for diabetes mellitus treatment. The exploitation of this marine polysaccharide in this context
and considering the diversity of developed structures may lead to novel research opportunities. The
cumulative data generated from the work described in this thesis presents and scientifically demonstrates
that intrinsic properties of fucoidan and fucoidan-based microparticles, hydrogels, microcapsules, and
nanofiber mesh can be valid alternatives for the treatment of diabetes type | and Il and may have a distinct
important role in the biomedical field. This is the main innovation coming from this thesis. While numerous
tests have been made within this dissertation, those efforts were mainly limited to the laboratory /n vitro
studies. /7 vivo experiments using diabetic models to restore the function of beta cells would help to

elucidate the validity of the results obtained /7 vitro.

Although this sulfated polysaccharide has been known and researched for several decades, the
knowledge about its biological activities and biomedical potential is still far from being fully accomplished.
The author would like to think that this scenario is changing and, hopefully, the current thesis could
contribute to a better understanding of fucoidan, its processability, and beneficial potential for human
health. Ultimately, she foresees this thesis serving as a stepping stone for future work on fucoidan (and

other sulfated polysaccharides) and its applicability, particularly in highly demanding diabetes treatment.
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