
1 
 

Exploring the Therapeutic Potential of Fucoidans 

and Sodium Alginates from South African Brown 

Seaweeds: Insights into their Anti-diabetic and Anti-

cancer Properties and Mechanisms 

 

A thesis submitted in fulfilment of the requirements for the 

degree of 

DOCTOR OF PHILOSOPHY 

in 

Biochemistry 

at 

RHODES UNIVERSITY 

by 

CHANTAL DÉSIRÉE DAUB  

 

ORCID: 0000-0001-7914-6229 

 

Supervisor: Prof Brett I. Pletschke 

Co-supervisor: Prof. Adrienne L. Edkins 

 

February 2025



i 
 

Abstract 

The increasing prevalence of type 2 diabetes and cancer poses significant global 

health challenges, prompting the need for novel treatment strategies due to the 

shortcomings of current approaches. Exploring natural bioproducts, particularly those 

sourced from marine environments, has emerged as a promising route. Among these 

compounds, polysaccharides such as fucoidan and sodium alginate, found abundantly 

in brown seaweeds, have demonstrated intriguing anti-diabetic and anti-cancer 

properties. However, despite previous studies highlighting their bioactivities, the 

underlying mechanisms remain poorly understood. In addition, South African brown 

seaweeds, have not been thoroughly explored for their potential. Therefore, the aim of 

this study was to screen fucoidans and sodium alginates from South African seaweeds 

to investigate their bioactivity against enzymatic targets relevant to type 2 diabetes 

mellitus (T2DM) and assess their effects on various cellular processes pertinent to anti-

cancer activity, whilst also attempting to gain further insights into the mechanism of 

their bioactivities. 

Fucoidans and sodium alginates used in this study were successfully extracted from 

four brown seaweed species, namely Ecklonia maxima, Ecklonia radiata, Sargassum 

elegans, and Sargassum cymosum, sourced from the South African shoreline. 

Chemical composition and structural features were comprehensively assessed using 

HPLC, FTIR, NMR, TGA, and XRD spectroscopy. The results showed that fucoidans 

from Ecklonia species were predominantly composed of monosaccharides, with 

glucose as the primary component, while those from Sargassum species contained 

higher sulphate levels and lower carbohydrate contents, consisting mainly of L-fucose. 

Sodium alginates were characterised by a higher content of mannuronic acid than 

guluronic acid. Structural elucidation provided further information on the presence of 

key structural features in both fucoidans and sodium alginates. 

Analysis of the anti-diabetic potential of fucoidan and sodium alginate extracts was 

done by evaluating their inhibitory effects on the key carbohydrate-degrading enzymes 

relevant to Type 2 diabetes treatment: α-amylase, α-glucosidase, sucrase, and 

maltase. The results showed significant enzyme inhibition by fucoidans extracted from 

E. maxima, E. radiata, and S. elegans. Importantly, fucoidans from E. radiata and S. 

elegans demonstrated potent inhibition of α-glucosidase, maltase, and sucrase, 

surpassing the efficacy of the commercial anti-diabetic drug acarbose. In contrast, E. 
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maxima fucoidan could only compete with acarbose’s efficacy when inhibiting α-

glucosidase. A very significant finding of the study was that none of the fucoidans 

exhibited inhibitory effects on α-amylase. Furthermore, insights into the inhibition 

mechanism of α-glucosidase, maltase, and sucrase by the fucoidans were gained 

using linear and nonlinear regression methods. EnzymeML, a modern approach to 

enzyme kinetics analysis, identified the fucoidans from E. radiata and S. elegans as 

mixed-type inhibitors of α-glucosidase, exhibiting characteristics of both competitive 

and uncompetitive substrate inhibition along with evidence of enzyme inactivation. 

Traditional kinetic analysis revealed a mixed inhibition pattern of fucoidans from E. 

radiata and S. elegans for sucrase and maltase inhibition. 

The anti-cancer effects of the fucoidans and sodium alginates were also assessed in 

the HCT116 colon cancer cell line, using standard techniques such as cell viability, 

proliferation, adhesion, migration, spheroid formation, and colony formation assays. 

Human colon cancer cells were the most sensitive to the treatment with E. maxima and 

S. cymosum fucoidan, which inhibited crucial metastasis-related processes such as 

cell adhesion, cell migration, spheroid formation, and anchorage-independent colony 

growth.  Although a single underlying mechanism could not be pinpointed, these effects 

appear to be driven by changes in key interconnected signalling pathways, such as 

Wnt/β-catenin, AKT, FAK, and the Hippo pathway. Together, these changes in cellular 

functions and signalling pathways indicate a multifaceted impact on processes critical 

for metastatic progression. In summary, this study demonstrates promising anti-

diabetic and anti-cancer activities for fucoidan extracts from South African seaweeds. 

Furthermore, this study also contributes to a deeper understanding of these activities 

by offering insights into their possible mechanisms of action. 
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Chapter 1- General introduction and literature review 

 

1.1 Introduction 

Diabetes and cancer are two major public health concerns which, due to the current 

treatment regimens’ limited efficacies and alarming side effects, negatively affect 

millions of people worldwide (Bradshaw Kaiser et al., 2018; Siegel et al., 2020). To 

lower the societal burden of these diseases, the pharmacological interventions for their 

treatment require drugs with higher clinical effectiveness and no undesirable side 

effects that may impact efficacy or compliance by patients. The synthetic development 

of novel therapeutic agents has been unable to design compounds that fill this gap 

(Atashrazm et al., 2015). This has encouraged the search for natural sources of 

bioactive compounds with fewer side effects. Brown seaweeds are gaining wide 

attention as, due to their chemical and biological diversity, they contain numerous 

bioactive molecules (Holdt and Kraan, 2011). Given the latest advances and current 

knowledge gap, this project will evaluate the bioactivity potential of the less explored 

fucoidan and sodium alginate from South African seaweeds and explore their 

mechanisms of action. 

1.2 Background to seaweeds 

Seaweeds are multicellular photosynthetic plants that hold a key role in the food web 

and habitat of marine ecosystems and contribute to their biodiversity (Wernberg et al., 

2019). They can be found along coastlines worldwide, spanning from warm tropical to 

icy cold polar regions (Subba Rao et al., 2018; Qin, 2018). Seaweeds represent an 

incredibly diverse taxonomic group, with approximately 11,000 different species 

documented worldwide (Msuya et al., 2022). The structure of seaweeds typically 

comprises a holdfast, anchoring it to the seabed or rocks, a stipe analogous to a 

terrestrial plant's stem, and a frond or blade resembling a leaf (Edwards et al., 2012). 

Seaweeds come in a variety of shapes, colours, and sizes. Classification of seaweed 

diversity has traditionally relied on factors such as habitat, pigment profile, morphology, 

anatomy, and reproductive structures (Abdel-Kareem and ElSaied, 2022). However, 

the taxonomic system is continuously being refined and updated as new genetic and 

structural data becomes available (Mattio et al., 2015). Presently, seaweeds are 

broadly grouped into three main categories based on their pigmentation: red seaweed 
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(Rhodophyta), green seaweed (Chlorophyta), and brown seaweed (Phaeophyceae) 

(Qin, 2018). 

1.3 Current uses of seaweeds 

Seaweeds from all three above-mentioned classifications have found applications for 

use for various purposes. They are commercially sold for direct human consumption. 

In Asia, seaweeds in the form of nori, kombu, wakame, and hijiki have been eaten as 

salads, soups, or as an added ingredient in multiple other dishes for millennia 

(Nagappan et al., 2017; Leandro et al., 2020). These edible seaweeds are highly 

nutritious, boasting high protein content, along with vitamins, minerals, omega-3 and 

omega-6 unsaturated fatty acids, and dietary fiber (Leandro et al., 2020). Although 

seaweed consumption is relatively new in Western countries, it is steadily gaining 

popularity (Subba Rao et al., 2018). Furthermore, in certain parts of the world 

seaweeds are esteemed for their medicinal properties and are used in traditional 

Chinese and Japanese folk medicines (Leandro et al., 2020). In Western nations, 

seaweeds are mainly used in the production of various commodities such as 

cosmetics, fertilisers, organic manure, and additives in animal feed (Nagappan et al., 

2017; Subba Rao et al., 2018). Additionally, seaweeds are valued for their functional 

components, such as agar, alginates, and carrageenan (Nagappan et al., 2017). These 

essential polysaccharides have found widespread applications across various 

industries including food, textile, paint, biotechnology, and biomedicine (Kraan et al., 

2012). Moreover, ongoing research is investigating the beneficial properties of 

seaweed produced compounds (Leandro et al., 2020).  

1.4 South Africa’s seaweed resources and industry 

The South African coastline is home to one of the richest and diverse seaweed flora, 

with a high degree of endemism (Bolton and Stegenga 2002). Of the country’s diverse 

seaweed flora, the country’s coast is colonised by more than 850 species, of which 

101 are brown seaweed species (Msuya et al. 2022; Bolton and Stegenga 2002). The 

country's abundance of seaweed represents a reserve of species with considerable 

economic potential (Belattmania et al., 2020). The commercial exploitation of 

seaweeds in South Africa began in the 1950s and continues to this day (Amosu et al. 

2013). In the past, South Africa mainly harvested the red seaweed Gelidium pristoides 

for agar production but also exported harvested seaweeds to Europe, North America, 

and Asia for alginate extraction (Msuya et al. 2022; Amosu et al. 2013). The country's 
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exploitation of seaweeds for these purposes has seen a decline over the past years 

(Rothman et al., 2020). Today, South Africa’s seaweed industry largely consists of the 

harvesting of natural kelp stocks for the domestic use as abalone feed and the 

production of growth stimulants for the agricultural industry (Msuya et al. 2022; 

Rothman et al. 2020). The two species that form the base of the current industry are 

the kelp Laminaria pallida and, to a greater extent, Ecklonia maxima (Rothman et al. 

2020). Commercial companies such as Afrikelp®, Basfoliar®, Kelpak® manufacture 

liquid fertilisers from E. maxima (Lötze and Hoffman, 2015). The South African 

seaweed industry, although valuable, remains an underdeveloped industry with a 

larger potential for exploitation in various market sectors (Msuya et al., 2022).  

1.5 Brown seaweeds important metabolites 

Brown seaweeds consist of polysaccharides (20–76% of dry weight), proteins (15–

40% of dry weight), carotenoids, mineral ions (36% of dry weight), omega-3 fatty acids, 

and low levels of lipids, along with a high content of bioactive molecules (Kumar and 

Brown, 2013; Pádua et al., 2015). Brown seaweeds exhibit a remarkable ability to 

adapt and thrive in fluctuating marine environments through the production of chemical 

compounds. The content of seaweed metabolites is quite variable and depends largely 

on the species, geographical area, and season (Salehi et al., 2019). Their abundant 

functional compounds include both primary metabolites, such as proteins, 

polysaccharides, and lipids, as well as secondary metabolites, which include phenolic 

compounds, sterols, terpenes, small peptides, and halogenated compounds (Rosa et 

al., 2020; Khalid et al., 2018). Compounds like fucoidan, alginate, fucoxanthin, 

laminarin, and phlorotannins have demonstrated diverse bioactivities such as anti-

inflammatory, neuroprotective, anti-cancer, anti-obesity, anti-diabetic, anti-viral, and 

anti-microbial activities (Lomartire and Gonçalves, 2022). 

1.6 Fucoidan 

Fucoidan is found in the intracellular tissue of the mucilaginous matrix of the cell walls 

of certain marine invertebrates, including sea cucumbers and sea urchins, as well as 

brown seaweeds (Rhein-Knudsen et al., 2023; Ponce and Stortz, 2020). In seaweed, 

fucoidan functions as a cell wall reinforcement molecule, strengthening and stabilising 

the cell wall by cross-linking cellulose and alginates. Additionally, fucoidan promotes 

cellular hydration, ensuring the seaweed's protection against desiccation during low 

tides (Ponce and Stortz, 2020). 
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Fucoidans, also known as sulphated fucans or fucosan, are heterogenous 

polysaccharides containing L-fucose and sulphate esters (Jayawardena et al., 2022). 

Their composition and structure vary based on factors such as source of seaweed 

species, environmental conditions, and method of extraction (Rhein-Knudsen et al., 

2023). In addition to fucose, fucoidan may contain other monomeric sugar constituents 

to varying degrees. These include D-glucose, D-galactose, D-mannose, D-xylose, L-

arabinose, and L-rhamnose (Fitton et al., 2015). Additionally, acetyl groups and uronic 

acid are often components of the fucoidan polymer (Jayawardena et al., 2022). 

Examples of the chemical composition of various fucoidans are summarised in Table 

1.1 below. 

Table 1.1: Chemical compositions of some known fucoidans 

Brown seaweed Chemical composition 

Laminaria japonica fucose, xylose, galactose, glucuronic acid, sulphate 
Fucus vesiculosus   fucose, xylose, galactose, arabinose, sulphate 
Fucus evanescens C.Ag.  fucose, sulphate, acetate  
Fucus distichus  fucose, sulphate, acetate  
Fucus serratus L.  fucose, sulphate, acetate  
Lessonia vadosa  fucose, sulphate  
Macrocytis pyrifera  fucose, galactose, sulphate 
Pelvetia wrightii  fucose, galactose, sulphate 
Undaria pinnatifida  fucose, galactose, sulphate 
Ascophyllum nodosum  fucose, xylose, glucuronic acid, sulphate 
Himanthalia lorea and Bifurcaria 
bifurcate  

fucose, xylose, glucuronic acid, sulphate 

Padina pavonia   fucose, xylose, mannose, glucose, galactose, 
sulphate 

Laminaria angustata  fucose, galactose, sulphate  
Ecklonia kurome  fucose, galactose, mannose, xylose, glucuronic acid, 

sulphate 
Ecklonia radiata fucose, xylose, galactose, arabinose, sulphate 
Sargassum stenophyllum  fucose, galactose, mannose, glucuronic acid, 

glucose, xylose, sulphate 
Adenocytis utricularis  fucose, galactose, mannose, sulphate 
Hizikia fusiforme  fucose, galactose, mannose, xylose, glucuronic acid, 

sulphate 
Dictyota menstrualis  fucose, xylose, uronic acid, galactose, sulphate  
Spatoglossum schroederi  fucose, xylose, galactose, sulphate  
Alaria esculenta fucose, xylose, galactose, uronic acid 

(Adapted from Li et al., 2008; Fitton et al., 2015) 

The monomeric units of fucoidans link together through diverse glycosidic linkages, 

leading to the formation of a straight and/or branched-chain polysaccharide backbone. 

These structures are characterised by sulphate substitutions, which impart a negative 

charge to fucoidan, and exhibit a broad molecular weight distribution, spanning from 

less than 10 kDa to around 10,000 kDa (Zayed et al., 2020). Variations in the 
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constituent monosaccharides, glycosidic linkages, sulphate group positions, and 

molecular weight are the reasons why fucoidans exhibit structural diversity (Wang et 

al., 2020). Fucoidans are generally categorised as either homofucans or heterofucans 

based on their backbone composition (Rhein-Kudsen et al., 2023). Homofucans are 

further divided into two main types based on their skeletal structure. Type 1 consists 

exclusively of α-(1→3)-linked L-fucose residues, sulphated at C-2 and C-4, while Type 

2 features alternating combinations of α-(1→3)- and α-(1→4)-linked L-fucose residues, 

sulphated at C-2 and C-4, and occasional sulphation at C-3 (Figure 1.1A and B) (Wang 

et al., 2020; Zayed et al., 2020; Sichert et al., 2021). The structural feature of a linear 

α-(1→3)-linked L-fucose unit backbone with multiple branching points was observed in 

fucoidans from Ecklonia kurome and Chorda filum, with sulphate groups mainly 

occupying the C-4 position, while some acetyl groups were found on the α-(1→3)-

linked L-fucose residues (Li et al., 2008). Fucoidans derived from the order Fucales, 

such as Ascophyllum nodosum, Fucus vesiculosus, Fucus evanscens, and Fucus 

serratus, exhibit a backbone composed of α-(1→3)-linked L-fucose and α-(1→4)-linked 

L-fucose residues, with sulphate groups located at the C-2 and C-4 positions (Cumashi 

et al., 2007; Zhang et al., 2020). In contrast, heterofucans are characterised by a 

backbone composed of non-fucose units such as β-(1→6)-linked D-galactose or β-

(1→3)-linked D-glucuronic acid, with fucose side branches and unique sulphation 

(Rhein-Knudsen et al., 2023; Sichert et al., 2021; Bilan and Usov, 2008). The fucoidan 

extracted from Sargassum fusiforme has a remarkably intricate fucose-free backbone 

structure, with a core chain of alternating units of α-(1→2)-linked D-mannopyranose 

and β-(1→4)-linked D-glucuronic acid, alongside a minor portion of 4-linked β-(1→4)-

linked D-galactose and branched chains of L-fucose, D-galactose, D-mannose and D-

xylose (Bilan and Usov, 2008). Similarly, fucoidan sourced from Sargassum 

stenophyllum displays a unique backbone structure comprised of β-(1→6)-D-galactose 

and β-(1→2)-D-mannose residues and revealed sulphated galactose units (Wang et 

al., 2020). The variations in the reported structural properties of fucoidans from 

different brown seaweed species highlight the diversity and complexity of these 

compounds. 
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Figure 1.1: Structural model of the two major types of homofucose backbone structures. 
(A) Type 1 composed of repeating α-(1→3)-α-L-fucose residue backbone; (B) Type 2 
containing alternating (1→3)- and (1→4)-linked α-L-fucose residues. R shows the potential 
places for attachment of carbohydrate (α-L-fucose, α-D-glucuronic acid, etc.) and 
noncarbohydrate (sulphate and acetyl groups) substituents. Adapted from Cumashi et al. 
(2007). 

 

Fucoidan has attracted much attention from researchers due to its diverse array of 

biological activities, including anti-oxidant, anti-coagulant, anti-thrombotic, anti-

inflammatory, anti-viral, anti-lipidemic, anti-metastatic, anti-diabetic and anti-cancer 

activities (Li et al., 2008). It is currently marketed as a nutritional supplement and has 

gained regulatory approval in China, the US, and Europe. In recent years, the 

commercial presence of fucoidans in cosmetics, foods, and nutritional supplements 

has seen significant growth (Fitton et al., 2019). Fucoidan as of 2003 has been used 

as a certified drug to effectively treat renal diseases in China (Wang et al., 2019b). 

Furthermore, health authorities in both Canada and Australia have approved various 

listed medicines containing fucoidan extracts (Fitton et al., 2019). These extracts are 

also used for gut health, oral health, and anti-inflammatory purposes in humans, 

livestock and pets (Fitton et al., 2019). Many other promising applications related to 

the bioactivities of fucoidans have entered in vivo and clinical trial stages. In human 

clinical trials, the combination of fucoidan with anti-cancer drugs showed 

improvements in the rate of disease control among patients with metastatic colorectal 

cancer and extended the lifespan of patients with lung cancer (Hsu and Hwang, 2019). 

Additionally, independent clinical trials have noted that the oral intake and topical 



7 
 

treatment with a fucoidan cream improved the treatment of herpes (Fitton et al., 2019; 

Li et al., 2008). It is, therefore, expected that more fucoidan-based pharmaceuticals 

will be brought to market in the future. 

1.7 Alginate 

Alginate is the most abundant polysaccharide in brown seaweeds, comprising up to 

40% of the dry matter (Rhein-Knudsen et al. 2017). Alginates are part of the structure 

of brown seaweed cell walls, where they exist in the form of divalent salts of alginic 

acid and form the intercellular gel matrix (Alba and Kontogiorgos, 2019). This provides 

flexibility and structural integrity to the seaweed, shielding it from potential harm when 

exposed to powerful seawater waves (Raus et al., 2021). While brown seaweeds are 

the primary source of alginate, bacteria of the Azotobacter and Pseudomonas genera 

can also synthesise alginates, albeit in an acetylated form (Mazéas et al., 2023). 

Several brown seaweed species, including Ascophyllum, Durvillaea, Ecklonia, 

Laminaria, Lessonia, Macrocystis, and certain Sargassum species, are utilised as 

sources for commercial alginate production, typically sodium alginate (Abka-Khajouei 

et al., 2022). 

The alginate polysaccharide is composed of linear copolymers containing blocks of β-

D-mannuronic (M) and α-L-guluronic acid (G) residues joined by (1→4) linkages, with 

attached free functional hydroxyl (OH) and carboxyl (COOH) groups (Neves et al., 

2020). Figure 1.2 shows the position of both M and G in the structure of alginate. The 

mannuronic acid residues, connected by diequatorial linkages in the C-1 confirmation, 

form the M-blocks, which connect in a flat ribbon-like chain conformation (Figure 1.2). 

Conversely, the G-blocks consist of diaxially-linked guluronic acid residues in the C-4 

confirmation, which hinder rotation around glycosidic bonds, giving them a more rigid 

structure. MG-blocks are composed of alternating axial–equatorial (GM) and 

equatorial–axial (MG) glycosidic bonds (Figure 1.2) (Williams and Phillips, 2004; 

Daemi and Barikani, 2012). The rigidity of the chemical linkages decreases in the order 

GG > MM > MG. Additionally, the structural sequences of alginate’s M and G residues 

have a direct impact on their solubility due to their ion-binding capabilities (Williams 

and Phillips, 2004). It has been suggested that divalent cations such as Ca2+, Na2+ and 

Mg2+ primarily crosslink with the carboxylate groups of the G residues and, to a lesser 

extent, with those of the M residues to form hydrogels. As such, alginates with a higher 

G block content form a stiffer hydrogel (Neves et al., 2020; Beuder and Braybrook, 
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2023). As a natural copolymer, the structural sequence (MM, GG, or MG), and 

proportions (M/G ratio) of D-mannuronic acid and L-guluronic acid vary widely in 

alginates extracted from different types of brown seaweeds (Neves et al., 2020). 

Consequently, the physical properties of alginate vary (Neves et al., 2020). Importantly, 

variations in the molecular weight of alginate affect its viscosity during gel preparation; 

higher molecular weight results in increased viscosity (Raus et al., 2021).  

 

Figure 1.2: Molecular structural model of alginate (in its sodium alginate form) showing 
the various block structure components. Adapted from Raus et al. (2021) and Abka-
Khajouei et al. (2022). 

 

Due to its gelling ability alginate has found many applications as a thickening and 

stabilising agent in various industries, including the food, textile, cosmetics, painting or 

dye and pharmaceutical industries (Şahin, 2022; Fertha et al., 2017). Other fields of 

application for this biopolymer include biotechnology, bioengineering, biomedical, and 

clinical areas, including its use in wound dressings, heavy metal chelation, tissue 

engineering materials, nanoparticles (e.g. hydrogels, beads) for controlled drug 

delivery, 3D bio-printing matrices, prosthetics, dental moulds and impression materials 

and cell immobilisation (Hurtado et al., 2023). In biomedicine, alginate is frequently 

used in the form of a hydrogel. Commercial wound dressings based on sodium alginate 

and calcium alginate hydrogels, supplemented with additional components with 

favourable properties like anti-bacterial effects, have been developed to effectively 

treat dermal wounds (Raus et al., 2021). In tissue engineering, alginate-based 

biomaterials are being used for repairing both soft and hard tissues, such as skin, 

heart, bone, cartilage, and vascular tissue (Neves et al., 2020). Alginate and alginate 

composite hydrogels are also utilised as drug delivery carriers, encapsulating 
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compounds like insulin or diverse enzymes for release. They have also been 

investigated as a delivery vehicle for treating various diseases, including gastric reflux, 

colon disease, and cancer, among others (Hurtado et al., 2023). 

1.8 Diabetes mellitus 

Diabetes mellitus is a metabolic disorder of the carbohydrate metabolism where 

glucose is inefficiently used for energy and overproduced due to improper 

gluconeogenesis and glycogenolysis, leading to high glucose levels in the blood 

plasma, known as hyperglycaemia (American Diabetes Association, 2024). Diabetes 

mellitus is subdivided into several distinct types, of which type 1 (T1DM) and type 2 

(T2DM) are the most common (American Diabetes Association, 2024). T1DM and 

T2DM are distinguished by the body's response to the blood sugar-lowering hormone 

insulin, which plays a central role in their pathophysiology (Sapra and Bhandari, 2023). 

In T1DM, there is an autoimmune destruction of the insulin-producing pancreatic beta 

cells, resulting in the inability to produce sufficient insulin. Consequently, the body 

cannot effectively lower its blood sugar levels. The onset of T1DM most commonly 

occurs in young children and adolescents (Sapra and Bhandari, 2023). In T2DM, it is 

the body's response to insulin that is impaired. In this type of diabetes, cells have 

developed insulin resistance, causing them to no longer take up sufficient amounts of 

glucose when stimulated by insulin. As a result, glucose remains in the blood, leading 

to an increase in blood glucose concentration. This type of diabetes is the most 

prevalent, representing 90% of all diabetes mellitus cases but is also preventable 

(Sapra and Bhandari, 2023).  

1.8.1 Risk factors and pathophysiology of Type 2 diabetes 

The onset of T2DM typically occurs later in life, but the rise in obesity among 

adolescents has contributed to an increase in T2DM among younger individuals (Sapra 

and Bhandari, 2023). There are several factors that contribute to the 

pathophysiological disturbances responsible for the impaired glucose homeostasis in 

T2DM (DeFronzo et al., 2015). Diet, obesity, and physical inactivity are known to be 

some of the primary factors contributing to this condition. However, increasing age and 

various genetic factors may also play a role (Kaul et al., 2013; American Diabetes 

Association, 2024). Progression of the disease occurs very slowly over many years, 

see Figure 1.3. Initially, the decreased insulin sensitivity of the key insulin-sensitive 

tissues (skeletal muscle, liver and adipose tissue) triggers hyperfunction of beta cells, 
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increasing insulin secretion to maintain normoglycemia. However, over time, the 

increased secretion of the beta cells fails to adequately compensate for cells acquiring 

insulin resistance. At the same time, beta cell function declines, ultimately resulting in 

insulin deficiency and the development of hyperglycaemia (Banday et al., 2020).  

 

Figure 1.3: Pathogenesis of type 2 diabetes. The proposed sequence of events in the 
development of type 2 diabetes as described by Khan et al (2014). 

 

The macronutrients ingested, particularly carbohydrates, contribute significantly to the 

onset of T2DM (Bonsembiante et al., 2021). Carbohydrates usually make up between 

40% and 70% of our total caloric intake and serve as the primary sources of glucose 

in the body (Tappy, 2008). Consequently, blood glucose largely originates from the 

conversion of dietary carbohydrates into glucose during digestion (Bonsembiante et 

al., 2021). 

1.8.2 Carbohydrate digestion and absorption 

The carbohydrate sources sugar and starch (found in wheat, rice, maize, and 

potatoes), provide rapidly and slowly available glucose, respectively (Bonsembiante et 

al., 2021). Several specialised enzymes are employed in the human body to break 

down these starches into absorbable glucose (Lee et al., 2012). The first is salivary α-

amylase, which initiates dietary starch digestion in the mouth. The salivary α-amylase 

hydrolyses internal α-(1,4) glycosidic bonds in starch molecules, producing linear 

malto-oligosaccharides and α-(1,6) branched oligosaccharides (α-limit dextrins). 

Amylase digestion is brief and incomplete due to its inability to hydrolyse α-(1,6) 

linkages, α-(1,4) linkages near branch points and terminal α-(1,4) linkages (Lee et al., 

2012).  The salivary α-amylase is deactivated by acid pH in the stomach, temporarily 

halting digestion. The produced oligosaccharides and some undigested carbohydrates 



11 
 

travel down the digestive tract to the small intestine, where the enzymatic digestion of 

carbohydrates recommences (Sanders, 2016). 

In the small intestine, pancreatic α-amylase continues carbohydrate digestion in the 

same manner as salivary α-amylase, see Figure 1.4 (Sanders, 2016). The next stage 

of digestion (of the amylase-produced oligosaccharides and disaccharides) is carried 

out by mucosal α-glucosidases which are two brush border enzyme complexes: 

maltase-glucoamylase (MGAM) and sucrase-isomaltase (SI) (Lee et al., 2012). Each 

of the intestinal α-glucosidase complex enzymes breaks down the consumed starches 

further into simpler sugars or monosaccharides (e.g. glucose, galactose, and fructose). 

The MGAM continues to hydrolyse the α-1,4 glycosidic linkages from the non-reducing 

end of the α-amylase degraded starch molecules to release glucose from linear chains 

of glucose oligomers or polymers (Figure 1.4). SI can also cleave α-1,4 glycosidic 

linkages to release glucose. In addition, the N-terminal domain of SI cleaves the α-1,6 

linkages, breaking down isomaltose and maltose into two glucose moieties, while the 

C-terminal domain of SI is able to cleave the α-(1,2) linkage of sucrose to release 

glucose (Lee et al., 2012; Dhital et al., 2013). The last major brush border complex, ß-

glucosidase (lactase), hydrolyses the ß-(1,4) bond of lactose to release the 

monosaccharides, glucose and galactose (Sanders, 2016).  

The released monosaccharide end products (mainly glucose) are absorbed by the cells 

(enterocytes) of the intestinal wall (Sanders, 2016).  This absorption of the D-glucose 

and D-galactose monosaccharides from the intestinal lumen into enterocytes occurs 

through selective active transport via the Na+/glucose cotransporter (SGLT1) (Figure 

1.4), while fructose is passively transported via the GLUT5 transporter (Sanders, 

2016). Once inside the enterocyte, the monosaccharides are then transported through 

the basolateral side of the cells through glucose transporters (GLUT2s) and released 

into the bloodstream (Figure 1.4). After absorption, glucose is transported by the 

circulatory system to target cells, where insulin-mediated/independent glucose uptake 

occurs, which, in the case of T2DM, does not occur sufficiently leading to 

hyperglycaemia (Lee et al., 2012). Carbohydrates that are not broken down by 

digestive enzymes and absorbed into the small intestine, such as resistant starch and 

dietary fibres, will proceed to the large intestine, where they undergo fermentation by 

microbes (Sanders, 2016). 
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Figure 1.4: Carbohydrate digestion, absorption and transportation in the 
gastrointestinal tract. This schematic illustration provides a simplified representation of the 
enzymatic breakdown of carbohydrates into monosaccharides, alongside the crucial 
transporter molecules SGLT1, GLUT5, and GLUT2 involved in their absorption and 
subsequent transportation (Adapted from Boron and Boulpaep, 2017). 

 

1.8.3 Management of hyperglycaemia in Type 2 diabetes 

Left untreated T2DM chronic hyperglycaemia can lead to various diabetic 

complications, including immune system impairment, periodontal disease, retinopathy, 

nephropathy, somatic and autonomic neuropathy, cardiovascular diseases, and 

diabetic foot problems (Kaul et a., 2013). These detrimental symptoms and 

complications associated with diabetes can be prevented or delayed through rigorous 

glycaemic control. Advice on diet and lifestyle is often the first step in the treatment of 

T2DM. Dietary changes focusing on complex carbohydrates with a low glycaemic 

index in combination with increased physical activity and weight loss have proven 

beneficial in controlling high plasma glucose levels (Marín-Peñalver et al., 2016).  

If dietary and lifestyle changes prove insufficient in managing glucose levels, oral 

hypoglycaemic medications are typically introduced. The current pharmacological 
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interventions to treat hyperglycaemia are numerous and include the use of different 

classes of oral anti-diabetic drugs including insulin secretagogues, insulin sensitisers, 

as well as α-amylase and α-glucosidase inhibitors (Cho et al., 2011; Lopes et al., 

2017).  The starch digestion role of α-amylases and α-glucosidases makes them the 

rate-limiting enzymes that determine the rate of digestion. Manipulation of their 

digestion rates allows for reduced glucose release from dietary starches and lowers 

postprandial blood glucose levels (Lee et al., 2012; Kumar et al., 2015). On this basis, 

inhibitors of pancreatic α-amylase and/or intestinal α-glucosidase are currently applied 

for T2DM regulation. Acarbose, a commercially available anti-diabetic agent, 

effectively inhibits both α-amylase and α-glucosidase and is employed to control blood 

glucose levels (Shan et al., 2016). Another prominent option is metformin, which ranks 

as the most frequently prescribed oral anti-diabetic medication. Its hypoglycaemic 

effects primarily stem from reducing hepatic gluconeogenesis to block the release of 

glucose from the liver, with a secondary effect of delaying intestinal nutrient absorption 

and promoting insulin-mediated glucose uptake in skeletal muscle to lower blood 

glucose (Nasri and Rafieian-Kopaei, 2014). Unfortunately, these treatments, like many 

others, can cause numerous gastrointestinal side effects, leading to irregular treatment 

adherence by T2DM patients, and is a major contributor to sub-optimal hyperglycaemia 

control (Cho et al., 2011; Kumar et al., 2015). Moreover, the Food and Drug 

Administration (FDA) has noted some safety concerns regarding another commonly 

used anti-diabetic agent, metformin (FDA, 2020).  

Recently, glucagon-like peptide-1 (GLP-1) receptor agonists, such as semaglutide 

(marketed as Ozempic) and the dual glucose-dependent insulinotropic peptide (GIP) 

and GLP-1 receptor agonist tirzepatide (marketed under the name Mounjaro), have 

gained significant attention (Martins et al., 2024). These drugs work by mimicking 

incretin hormones, which help increase insulin secretion in response to glucose and 

reduce glucagon release, making them effective at improving blood sugar levels 

(Nauck and Müller, 2023; Boer and Holst, 2020). Additionally, their GLP-1 action slows 

gastric emptying, reduces postprandial glucose spikes, and promotes satiety, often 

leading to weight loss (Nauck and Müller, 2023; Boer and Holst, 2020). The combined 

effects of glucose regulation and appetite suppression have positioned these 

medications as promising advancements in managing type 2 diabetes mellitus (T2DM), 

particularly in individuals with obesity. Nonetheless, GLP-1 RAs like tirzepatide and 

semaglutide share similar gastrointestinal side effects with other anti-diabetic 
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medications, such as nausea, vomiting, and diarrhoea (Martins et al., 2024). 

Furthermore, they’ve also been linked to issues like anxiety, nervousness, and 

depression. On top of this, they are more expensive than other anti-diabetic treatments, 

and their recent surge in demand as diet medications has led to global shortages, 

making them more difficult to access (Martins et al., 2024). The pursuit of new 

treatments is, therefore, currently still underway, with a specific focus on natural 

products. These are favoured because of their apparent lack of side effects and their 

cost-effectiveness compared to synthetic hypoglycaemic analogues (Kumar et al., 

2015).  

1.8.4 Anti-diabetic relevance of fucoidan 

Fucoidans, extracted from various species of brown seaweed, show promise in the 

treatment of diabetes, with research studies indicating various beneficial properties 

associated with these compounds for individuals living with this condition. For instance, 

many fucoidans have shown the ability to inhibit starch-degrading enzymes (such as 

α-amylase and α-glucosidase), consequently reducing blood glucose levels. In 

previous in vitro studies, fucoidan from Turbinaria ornate inhibited α-amylase, while 

fucoidans from Sargassum ringgoldianum, Sargassum graminifolium and Sargassum 

honeri inhibited α-glucosidase activity (Lakshmanasenthil et al., 2014; Shan et al., 

2016). Other fucoidans, such as those from Fucus vesiculosus, Ascophyllum nodosum 

and Sargassum wightii, exhibited an inhibitory effect on both α-amylase and α-

glucosidase activity (Kim et al., 2014; Shan et al., 2016; Vinoth Kumar et al., 2015). 

Many of these fucoidans have demonstrated significantly higher inhibitory potency 

against α-glucosidase compared to acarbose, the current therapeutic agent targeting 

these enzymes, with published studies reporting inhibition patterns occurring 

predominantly through competitive or mixed mechanisms (Mabate et al., 2021).  

Furthermore, fucoidans, presumably based on their negative charge, have the capacity 

to slow down the post-digestion glucose absorption into the bloodstream through the 

small intestine by inhibiting the function of the Na+/glucose cotransporter 1 (SGLT1). 

Shan et al. (2020) demonstrated this for Ascophyllum nodosum fucoidan which 

inhibited glucose uptake in Caco-2 cells, a human intestinal epithelial cell line, by 

suppressing SGLT1 activity. Similarly, a study by Kim (2012) found that fucoidan 

extracted from Ecklonia cava inhibited glucose uptake in rat intestinal epithelial cells 

by downregulating SGLT1 expression. Moreover, fucoidans from Cucumaria frondose 
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and Acaudina molpadioides have demonstrated a positive effect on meeting the 

increasing demand for insulin in chronic hyperglycaemia, by increasing insulin 

production through the activation of the PI3K/PKB pathway and enhancing glucose 

uptake by muscle and fat tissue via the activation of glucose transporter 4 (GLUT4) 

translocation (Lu and Chen, 2022).  Other studies have noted that fucoidan is able to 

inhibit dipeptidyl peptidase IV (DPP IV), an enzyme responsible for degrading incretin 

hormones that stimulate insulin secretion and decrease glucagon secretion (Mabate et 

al., 2021). Fucoidan has also been implicated in inhibiting protein tyrosine phosphatase 

1B (PTP1B), a key enzyme involved in the negative regulation of the insulin-signalling 

pathway (Ali et al., 2017; Kasina and Baradhi, 2023). Also, treatment of mice with 

fucoidan from Sargassum hemiphyllum reported a positive effect on beta cell damage 

and loss, which may mitigate beta cell loss associated with T2DM progression (Yu et 

al., 2017).  

1.8.5 Anti-diabetic relevance of sodium alginate 

Alginate, as a major dietary fibre, also stands out for its acute hypoglycaemic effects -

but, unlike fucoidan, mostly for its effect as an indigestible fibre. Within the gastric 

environment, sodium alginate fibres interact with protons and/or Ca2+ ions to form 

viscous fluids. Studies have credited the anti-diabetic effect of sodium alginate to its 

ability to increase digesta viscosity, which can delay gastric emptying and create a 

barrier between digesta and digestive enzymes, consequently slowing the digestion 

and absorption of ingested components such as glucose (Qiang et al., 2022; Giuntini 

et al., 2022).  Several animal studies and human trials have reported potential anti-

diabetic benefits of sodium alginates on this basis (Qiang et al., 2022). An early study 

by Torsdottir et al. (1991) demonstrated that adding sodium alginate to a meal of Type 

2 diabetic patients significantly reduced the postprandial increase in blood glucose and 

serum insulin levels by 31% and 42%, respectively. Subsequent studies found that 

incorporating sodium alginate into food and beverages can positively affect the 

postprandial glucose level, insulin response and/or appetite in healthy adults (Giuntini 

et al., 2022). Some of the sodium alginates that showed effects beneficial to T2DM in 

human trials are listed in Table 1.2. Sodium alginate’s ability to reduce blood glucose 

levels by inhibiting the starch-degrading enzymes α-amylase and α-glucosidase were 

reported in in vitro studies. Zaharudin et al. (2018) reported the inhibition of α-amylase 

by commercial alginates and alginates extracted from Laminaria digitate and Undaria 

pinnatifida. In contrast, sodium alginate derived from Sargassum hystrix was reported 
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to exhibit α-glucosidase inhibition potential, and in a subsequent in vivo study in rats 

demonstrated its ability to lower blood glucose levels (Samudra et al., 2017).  

Furthermore, a study by Szekalska et al. (2016) revealed that sodium alginate 

microspheres, utilised as a delivery system, enhance the hypoglycaemic effects of 

metformin hydrochloride, an orally administered anti-diabetic agent. These 

microspheres not only inhibited glucose uptake in Saccharomyces cerevisiae cells but 

also reduced α-amylase activity (Szekalska et al., 2016). 
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Table 1.2: Summary of human trials with sodium alginate and their reported glycaemic 
response  

Study setup Test 
subjects 

Alginate 
source 

Dose 
(g) 

 

Test setup Therapeutic 
effect 

Publication 

Randomised, 
placebo (as 
test meal) 
controlled, 
crossover 

design study 

7 men with 
Type 2 

diabetes 

ND 5 Sodium 
alginate 
added to 
meal vs 

control meal 

↓ AUC of blood 
glucose by 

31% 
↓ AUC of 

serum insulin 
by 42% 

Torsdottir et 
al. (1991) 

Randomised, 
double-blind, 

placebo-
controlled, 
crossover 

design study 

30 healthy 
adults 

ND 3.75 
 

Sodium 
alginate 
extract in 
glucose-
based 

beverage vs. 
placebo 
glucose-
based 

beverage 
with similar 
total dietary 
fiber level 

↓ iAUC of blod 
glucose by 

75% 

Wolf et al. 
(2002) 

Randomised, 
double-blind, 

placebo-
controlled, 
crossover 

design study 

48 healthy 
adults 

ND 1.6 Sodium 
alginate and 
guar gum in 
a crispy bar 
vs. placebo 
crispy bar 

↓ peak blood 
glucose by 

30% 
↓ iAUC of 

blood glucose 
by 33% 

Williams et 
al. (2004) 

Randomised, 
placebo-

controlled, 
crossover 

design study 

40 healthy 
men 

20 in lower 
body fat 
group (< 

16.10%); 20 
in upper body 
fat group (≥ 

16.10%) 

ND 1.5 Drink with 
ionic-gelling 

sodium 
alginate 

formulation 
vs. drink with 
acid-gelling 

control 

↓ peak blood 
glucose by 

30% 
↓ AUC of blood 

glucose by 
52% 

Harden et al. 
(2012) 

Randomised, 
placebo-

controlled, 
crossover 

design study 

24 healthy 
adults 

Laminaria 
hyperborea 

8.13 Sodium 
alginate in 
chocolate 

milk vs 
placebo 

chocolate 
milk 

↓ peak blood 
glucose by 

38% 
↓ peak serum 
insulin by 46% 
↓ appetite by 

134% 

El Khoury et 
al. (2014) 

Randomised, 
placebo-

controlled, 
crossover 

design study 

12 healthy 
adults 

ND 0.625 Sodium 
alginate in 

sugar 
beverage 
containing 
soy protein 

isolate at pH 
7 vs. control 

sugar 
beverage 

↓ peak blood 
glucose by 

53.2%. 
↓ iAUC of 

blood glucose 
↓ peak serum 

insulin 

Huang et al. 
(2019) 

*ND not disclosed; (AUC): area glycaemic under the curve; (iAUC): incremental 

glycaemic area under the curve 
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1.9 Cancer 

Cancer is a multifactorial disease characterised by cells acquiring a growth and survival 

advantage, resulting in the uncontrolled division of abnormal cells (Atashrazm et al., 

2015). It is often caused by genetic changes within cells, leading to the disruption of 

cellular pathways. This disruption causes cancer cells to function differently from 

normal cells (Atashrazm et al., 2015). Hanahan and Weinberg proposed eight 

fundamental characteristics commonly observed in cancer cells (Hanahan and 

Weinberg, 2011; Hanahan, 2022). These traits include the cells' ability to: (1) sustain 

their own growth signals, instructing the cells to grow and divide; (2) evade growth 

suppressors, permitting the cell to divide uncontrollably; (3) resist programmed cell 

death, ensuring cancer cells do not self-destruct; (4) enable replicative immortality, 

allowing cancer cells to divide indefinitely beyond a normal cell's limited proliferation 

potential; (5) promote the formation of their own blood vessels for oxygen and nutrient 

supply (angiogenesis); (6) activate the ability to invade and metastasise, allowing 

cancer cells to move to other organs and tissues to form new tumours; (7) reprogram 

cellular metabolism for energy production; and (8) avoid detection and destruction by 

the immune system. These hallmarks collectively contribute to the malignant behaviour 

of cancer cells and are central to the progression of cancer (Hanahan, 2022). 

1.9.1 Cancer metastasis  

The main cause of cancer-related deaths often stems not from the primary tumour itself 

but rather from the spread of cancer cells to other tissues and organs in the body, 

through a process known as metastasis. For metastasis to occur, cancer cells need to 

follow a series of sequential processes, as shown in Figure 1.5.  Metastasis begins 

with local invasion, as individual cancer cells or cancer cell clusters detach from the 

primary tumour and acquire the ability to penetrate surrounding tissues by breaking 

through the basement membrane and extracellular matrix (ECM) (Fares et al., 2020; 

Martin et al., 2013). This process is facilitated by the activation or suppression of 

proteins involved in controlling migration and invasion (Martin et al., 2013). 

Subsequently, cancer cells may intravasate into nearby blood or lymphatic vessels, 

allowing them to enter the circulation and travel to new tumour sites (Fares et al., 2020; 

Jin et al., 2022). Once in the bloodstream or lymphatic system, cancer cells may 

become trapped in small capillaries within distant organs forcing them to extravasate 

into the surrounding tissue (Fares et al., 2020). The predominant form of extravasation 

involves paracellular migration, where tumour cells migrate between two endothelial 
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cells. Throughout this process, various ligands and receptors, such as selectins, 

cadherins, and integrins, play crucial roles in facilitating adhesion between the tumour 

cell and the endothelial cells (Castaneda et al., 2022). Upon extravasation, cancer cells 

colonise and establish micrometastases, small clusters of cancer cells that may remain 

dormant or progress into clinically detectable macrometastases by proliferation 

(Castaneda et al., 2022; Fares et al., 2020). This whole process is facilitated by 

angiogenesis, the formation of new blood vessels to sustain cancer cells, tumour 

growth and progression (Martin et al., 2013). Ultimately, metastasis leads to the 

formation of secondary tumours in distant tissues or organs, spreading cancer 

throughout the body and worsening the patient's prognosis (Castaneda et al., 2022). 

Over 90% of cancer-related deaths are attributed to metastasis, which is particularly 

lethal due to the systemic and pervasive nature of secondary tumours, as well as their 

increased resistance to drugs (Fares et al., 2020; Jin et al., 2022).  

 

Figure 1.5: Graphic representation of the metastasis multistep process. The steps of 
metastasis include invasion, intravasation, circulation, extravasation, and colonization 
(Adapted from Fares et al., 2020). 
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1.9.2 Epithelial-mesenchymal Transition 

During the initiation of metastasis, epithelial cancer cells undergo an epithelial-to-

mesenchymal transition (EMT), a reversible process enabling cancer cells to engage 

in the metastatic cascade (Liu et al., 2021; Datta et al., 2021). EMT involves the loss 

of epithelial cell characteristics, including cell-cell adhesions mediated by tight, 

adherens, and gap junctions, as well as polarity, while acquiring a mesenchymal 

phenotype marked by increased migratory and invasive capabilities (Datta et al., 

2021). Various signalling pathways, such as TGF-β, Wnt/β-catenin, and NOTCH, along 

with transcription factors like Snail, Slug, ZEB1/2, and Twist, orchestrate the 

downregulation of epithelial markers (e.g., E-cadherin) and the upregulation of 

mesenchymal markers (e.g., N-cadherin, vimentin) (Hsu et al., 2013; Liu et al., 2021). 

Cadherins play a central role in facilitating adhesion at adherens junctions, cell-cell, or 

cell-matrix adhesive junctions by interacting with microfilaments through catenins 

(Martin et al., 2013). E-cadherin and N-cadherin play opposing roles in EMT: E-

cadherin downregulation disrupts adherens and tight junctions, causing the loss of cell-

cell adhesion and epithelial structure disruption, while N-cadherin upregulation reduces 

cell-cell adhesion, promoting interactions with other cells or the extracellular matrix, 

facilitating cell migration and invasion (Loh et al., 2019; Liu et al., 2021). Linked to the 

loss of E-cadherin, is the often-concurrent movement of β-catenin, which when no 

longer bound to E-cadherin, moves to the nucleus, where it further facilitates the 

transition toward a mesenchymal phenotype during EMT (Kalluri and Weinberg, 2009). 

The cytoskeleton, crucial for maintaining cell structure and facilitating movement, also 

undergoes significant changes during EMT (Datta et al., 2021). Actin, as a key 

cytoskeletal component, undergoes remodelling closely linked to EMT (Datta et al., 

2021). Vimentin, the expression of which increases during EMT, serves as a 

mesenchymal marker associated with poor prognosis in various cancers, including 

prostate, breast, melanoma, and colorectal cancers (Datta et al., 2021). The 

upregulation of vimentin facilitates the adoption of a more motile and invasive 

phenotype by cells, as it establishes the front-rear polarity essential for the efficient 

migration of tumour cells (Datta et al., 2021). Furthermore, vimentin promotes cell 

invasion by modulating the E-cadherin/β-catenin complex (Liu et al., 2021). 

EMT also involves the restructuring of the cell’s attachment to the ECM (Datta et al., 

2021). Integrins, as cell surface receptors, mediate cell adhesion to the ECM and 
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undergo significant expression pattern changes during EMT (Martin et al., 2013; 

Lamouille et al., 2014). Epithelial cells downregulate certain integrins associated with 

cell-cell adhesion and basement membrane interaction, while upregulating others, 

facilitating interactions with ECM components in the tumour microenvironment, 

promoting cell detachment and invasion (Lamouille et al., 2014). Additionally, matrix 

metalloproteinases (MMPs), including MMP2 and MMP9, contribute to ECM 

remodelling by degrading various ECM components (Lamouille et al., 2014). MMP 

upregulation during EMT increases ECM degradation, facilitating cancer cell 

detachment from the primary tumour and invasion into surrounding tissues (Lamouille 

et al., 2014). 

1.9.3 Role of Wnt/ ß-catenin pathway in the metastasis of cancer 

One of the key pathways implicated in EMT is the Wnt/β-catenin signalling pathway. 

Overactivation of this pathway participates in EMT by upregulating the expression of 

EMT-related transcription factors (He and Gan, 2023). This pathway is involved in 

various cellular processes, including cell proliferation, differentiation, migration and 

polarity (Shah and Kazi, 2022; Liu et al., 2022). Central to this pathway is β-catenin, a 

key protein that regulates gene expression in response to Wnt signalling (Shah and 

Kazi, 2022). In the absence of Wnt ligands, β-catenin levels are kept low through a 

destruction complex composed of APC (adenomatous polyposis coli), axin, glycogen 

synthase kinase 3β (GSK-3β), and casein kinase 1 (CK1) (Liu et al., 2022; Shang et 

al., 2017). This complex phosphorylates β-catenin, targeting it for ubiquitination and 

proteasomal degradation (Shang et al., 2017). However, upon activation of this 

pathway the Wnt ligand binds to its receptor complex, inhibiting the destruction 

complex, resulting in the accumulation of non-phosphorylated β-catenin in the 

cytoplasm (Zhao et al., 2022; Shang et al., 2017). Subsequently, β-catenin 

translocates into the nucleus, where it interacts with T-cell factor/lymphoid enhancer 

factor (TCF/LEF) transcription factors to activate the transcription of Wnt target genes 

(Zhao et al., 2022; Shang et al., 2017). 

Mutations in either the APC or β-catenin gene commonly occur in various cancers, 

especially in most colon cancers (Kaler et al., 2012). Loss-of-function mutations in 

APC, impair its ability to facilitate the degradation of β-catenin, resulting in β-catenin 

accumulation and the activation of Wnt signalling. Similarly, gain-of-function mutations 

in β-catenin can lead to β-catenin stabilisation and nuclear translocation even in the 



22 
 

absence of Wnt ligands. These mutations disrupt the balance of the β-catenin/Wnt 

pathway, contributing to oncogenesis and tumour progression in various types of 

cancers (Kaler et al., 2012; Liu et al., 2022).  

1.9.4 Hippo pathway 

The Hippo pathway acts as a tumour suppressor pathway, serving as a primary 

mechanism for controlling cell growth, regulating tissue expansion, and determining 

organ size by constraining cell proliferation (Zinatizadeh et al., 2021). Emerging 

evidence suggests that the Hippo pathway also influences EMT (Loh et al., 2019; 

Akrida et al., 2022).  At the heart of the Hippo pathway lies a group of key proteins that 

regulate the activity of YAP (yes-associated protein) and TAZ (transcriptional 

coactivator with PDZ-binding motif), two important factors in cell growth and tissue 

development. When the Hippo pathway is active, these proteins phosphorylate 

YAP/TAZ, sequestering them in the cytoplasm and preventing their entry into the 

nucleus, where they would typically activate genes involved in cell proliferation and 

survival (Han, 2019). These proteins include MST1/2 (mammalian Ste20-like protein 

kinase 1/2) and LATS1/2 (large tumour suppressor kinase 1/2), which act as protein 

kinases to control the pathway. MOB 1 (monopolar spindle-one-binder protein) is also 

a crucial player in this process, acting as a central signal transducer (Gundogdu and 

Hergovich, 2019). When the Hippo pathway is activated, MST1/2 phosphorylate 

LATS1/2 and MOB1, forming an active MOB1/LATS complex. This complex then 

works to phosphorylate YAP/TAZ, preventing them from entering the cell nucleus and 

performing their functions. Additionally, NDR1/2 kinases, similar to LATS1/2, can also 

phosphorylate YAP1, keeping it in the cytoplasm. These proteins, including MOB1, 

LATS1/2, and NDR1/2, are directly influenced by MST1/2, forming a core network 

within the Hippo pathway (Gundogdu and Hergovich, 2019).  

Mutations and changes in the expression levels of key components in the Hippo 

pathway have been associated with promoting the migration, invasion, and malignancy 

of cancer cells (Han, 2019). 

1.9.5 Cancer therapies 

Current cancer therapies, consisting of a diverse array of treatment modalities, 

including chemotherapy, radiation therapy, surgery, or combinations thereof, are used 

to treat various types of cancers (Senthilkumar et al., 2013). Chemotherapy stands out 

as the main method in cancer management, targeting rapidly proliferating cancer cells 

and aberrant cellular mechanisms commonly observed in malignancies (Atashrazm et 
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al., 2015). However, the non-specific cytotoxicity of chemotherapy agents poses 

significant challenges, resulting in collateral damage to normal cells and consequential 

adverse events (Atashrazm et al., 2015). These limitations necessitate cautious 

dosage management, thereby often constraining treatment efficacy. Despite 

therapeutic advances, including immunotherapy, the prevention of metastasis and 

cancer recurrence remains a challenge, highlighting the ongoing need for innovative 

therapeutic strategies with improved efficacy and reduced toxicity (Ganesh and 

Massagué, 2021). In response to the shortcomings of conventional therapies, 

investigations into alternative treatment modalities have gained momentum. Among 

these, natural bioactive compounds, such as the polysaccharides fucoidan and sodium 

alginate, have emerged as promising candidates, offering potential therapeutic 

benefits while mitigating adverse effects (Senthilkumar et al., 2013).  

1.9.6 Fucoidan’s anti-cancer relevance 

Fucoidan’s anti-cancer mechanism has been reported to predominantly involve four 

key aspects: (1) halting of cell cycle progression, (2) triggering of apoptosis, (3) 

preventing angiogenesis and (4) inhibition of migration, invasion and metastasis (Jin 

et al., 2022; Zahariev et al., 2023).  

The treatment of cancerous cells with fucoidans has been shown to induce cell cycle 

arrest at various stages and through different mechanisms of action, such as affecting 

the proper function of cyclins and cyclin-dependent kinases (CDKs) that regulate the 

cell cycle (Atashrazm et al., 2015). Fucoidan caused hepatocellular carcinoma cell 

lines to accumulate in the G2/M phase of the cell cycle, whereas HUT-102 cells 

accumulated in the G1/S phase (Senthilkumar et al., 2013). F. vesiculosus fucoidan 

down-regulated cyclin D1 and CDK4 resulting in G0/G1 arrest in cholangiocarcinoma 

CL-6 cells (Chantree et al., 2021). In addition, F. vesiculosus fucoidan arrested the 

HCT116 cell cycle at the G1 phase through the inhibition of CDK activity, mediated by 

the binding of CDK inhibitor proteins p21 and p27 to cyclin/CDK complexes, 

independent of alterations in G1 phase-associated cyclins and CDK proteins and 

irrespective of p53 status (Park et al., 2017). 

The induction of apoptosis by fucoidan was demonstrated in multiple cancer cell lines. 

These studies showed that fucoidan induces apoptotic signals for the extrinsic and/ or 

intrinsic apoptotic pathways of various cancer types by activating or altering the 

expression of key apoptotic molecules, including mitochondria-associated proteins, 
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transcription factors, proteases and various cell cycle regulatory proteins (Lee et al., 

2014). A study co-culturing F. vesiculosus fucoidan with HT-29 and HCT116 colon 

carcinoma cell lines revealed fucoidan-induced apoptosis in these cells, marked by 

caspase-3, -7, -8, and -9 activation, chromatin condensation, and PARP cleavage (Kim 

et al., 2010). This indicated the fucoidan's potential to induce apoptosis via both death 

receptor-mediated and mitochondria-mediated apoptotic pathways in HT-29 and 

HCT116 cell lines (Kim et al., 2010). In contrast, Zhang et al. (2011) showed that 

fucoidan from Cladosiphon okamuranus induced caspase-independent apoptosis in 

MCF-7 human breast cancer cells by up-regulating the expression of pro-apoptotic 

proteins Bax and Bad, and down-regulating the expression of anti-apoptotic proteins 

Bcl-2 and Bcl-x indicating fucoidan's modulation by a mitochondria-mediated apoptotic 

pathway.  

Fucoidan exhibits anti-angiogenic properties primarily by inhibiting the binding of 

vascular endothelial growth factor (VEGF) to its cell membrane receptors (Zahariev et 

al., 2023; Jin et al., 2022). Fucoidan derived from Undaria pinnatifida effectively 

suppressed angiogenesis by downregulating the expression of VEGF-A in human 

umbilical vein endothelial cells (HUVEC) (Liu et al., 2012). Similarly, fucoidan extracted 

from Sargassum thunbergii significantly inhibited angiogenesis in HUVEC cells by 

attenuating MMP-2 activity and modulating VEGF/hypoxia-inducible factor-1α (HIF-1α) 

signaling (Hsu and Hwang, 2019). Furthermore, in vitro and in vivo studies have 

observed inhibition of angiogenesis with fucoidan from F. vesiculosus, which reduced 

the number of microvessels in a mouse breast cancer model using 4T1 cells 

(Atashrazm et al., 2015). 

In addition, fucoidans have been shown to be capable of acting as potent inhibitors of 

the metastasis process, exerting their effects by impeding critical steps such as cell 

migration and colony formation, which play a key role in the process of tumour 

metastasis (Zahariev et al., 2023; Jin et al., 2022). Treatment with fucoidan sourced 

from Padina boryana effectively inhibited colony formation in colorectal carcinoma 

cells, DLD-1 and HCT116, showcasing its potential as a therapeutic agent against 

metastasis (Arumugam et al., 2019). The migration and invasion of tumour cells is 

intricately linked to the activity of matrix metalloproteinases (MMPs), which facilitate 

the degradation of ECM proteins (Zahariev et al., 2023). In this context, fucoidan 

treatment has demonstrated promising results in inhibiting the migration and invasion 
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of the 5637 bladder cancer cell line by downregulating the expression of MMP-9, a 

process mediated through the suppression of AP-1 and NF-κB binding activity (Cho et 

al., 2014). Fucoidan derived from F. vesiculosus exhibited significant inhibition of 

migration in HT-29 human colon cancer cells by targeting the PI3/Akt/mTOR/p70S6K1 

pathway and suppressing MMP-2 expression (Han et al., 2015). In addition, studies 

involving highly metastatic MDA-MDB-231 breast cancer cells revealed that exposure 

to fucoidan inhibited the cells' ability to attach to platelets, which is crucial as platelets 

facilitate tumour cell migration (Atashrazm et al., 2015). 

1.9.7 The anti-cancer relevance of sodium alginate  

Current emerging studies are extensively assessing sodium alginate as a delivery 

vehicle for chemotherapeutic agents in order to improve targeted delivery to cancer 

cells. The various delivery methods include the production of alginate hydrogels, 

tablets, capsules, liposomes, nanoparticles and microspheres (Shaikh et al., 2022). In 

this application, sodium alginate has been shown to be able to function as a carrier for 

targeted delivery, ensuring the selective uptake by tumour cells (Shaikh et al., 2022). 

Alginate has also been tested in combination with various other compounds to form 

sodium alginate/ZnO hydrogel beads to deliver curcumin in sodium alginate (SA)–

polyvinyl alcohol (PVA)–bovine serum albumin (BSA) coated Fe3O4 nanoparticles to 

deliver the anti-cancer drug doxorubicin (Prabha and Raj, 2017; Wang et al., 2019). 

Furthermore, sodium alginate has been reported to have profound wound healing 

properties and has therefore found many uses, including as a wound powder, in pure 

form, or mixed with other drugs (Łabowska et al., 2019). Recently, alginate 

oligosaccharide (AOS) prepared from sodium alginate using alginate lyase showed 

anti-tumour activity on osteosarcoma cells (Chen et al., 2017). Also, in an in vivo study, 

a sodium alginate isolate from Colpomenia sinuosa significantly inhibited HCT116 

colon cancer cell viability by accumulating cells in the sub-G1 phase and inducing 

apoptosis (Al Monla et al., 2022). Therefore, suggesting the potential anti-cancer 

activity of alginates. 
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Chapter 2- Research motivation, hypothesis and aims of study 

2.1 Research motivation 

Diabetes and cancer are chronic diseases that impose significant burdens on millions 

of individuals worldwide. As of 2024, the global prevalence of diabetes is estimated to 

affect 537 million people (Kumar et al., 2024). Notably, South Africa stands as the 

African country with the highest prevalence of diabetes (Thant et al., 2023). According 

to the International Diabetes Federation's 2021 report, 4.2 million adults in South Africa 

are living with diabetes, with half of them unaware of their condition (Thant et al., 2023). 

Cancer is recognised as one of the leading causes of illness and death. The most 

recent global cancer statistics reported 19.3 million cases and 10 million cancer-related 

deaths for the year 2020 (Chhikara and Parang, 2022). With cancer incidence 

inevitably on the rise, projections estimate that by 2030, there will be approximately 26 

million new cancer cases and 17 million cancer-related deaths annually (Thun et al., 

2010). 

The limitations of the current pharmacological interventions for managing these 

diseases are numerous, and as a result, efforts are being made to develop therapies 

that are better tolerated and possess superior therapeutic properties. (Bradshaw 

Kaiser et al., 2018; Siegel et al., 2020). The emerging evidence of the therapeutic 

benefits of natural products has led to the widespread screening of various seaweed 

extracts for their potential to display anti-diabetic and anti-cancer properties (Holdt and 

Kraan, 2011). However, current studies often prioritise the rapid identification of 

compounds with promising activities - without an in-depth look into the mechanisms of 

action that underpin these favourable bioactivities.  

Studies investigating compounds for the management of diabetes largely focus on their 

ability to inhibit the carbohydrate-digesting enzyme α-glucosidase. However, as noted 

by Attjioui et al. (2021), the standard α-glucosidase assay does not differentiate 

between the inhibition of its subtypes, maltase and sucrase, which play distinct roles 

in glucose release depending on the dietary carbohydrate composition. As individual 

diets and, therefore, the intake of sucrose and maltose vary, such differentiation may 

influence the effectiveness of an α-glucosidase inhibitor (Attjioui et al., 2021). In cancer 

treatment, cytotoxicity remains one of the most significant challenges associated with 

the use of chemotherapeutic agents (Atashrazm et al., 2015). To develop treatments 

effectively, an understanding of their mechanisms of action is integral to ensuring the 
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safety and effectiveness of compounds. Therefore, further investigations into 

seaweed-derived bioactive compounds remain important. 

The natural compounds under investigation in this study, namely fucoidan and 

alginate, have demonstrated significant potential as anti-diabetic and anti-cancer 

agents, without any accompanying undesirable side effects. Most studies exploring the 

therapeutic potential of brown seaweed extracts have focused on species from China, 

Japan, and New Zealand. Consequently, South African seaweed extracts remain 

largely unexplored in this context.  

2.2 Hypothesis 

Fucoidans and alginates extracted from selected South African brown seaweeds 

exhibit inhibitory activity against key carbohydrate-hydrolysing enzymes relevant to 

T2DM and suppress colorectal cancer cell viability. 

2.3 Aim 

To identify South African seaweed extracted fucoidans and sodium alginates with anti-

diabetic and anti-cancer activity and to investigate the mechanisms of action 

underpinning the pharmacological effects displayed by these compounds. 

2.4 Objectives 

To achieve this aim, the following objectives were set: 

• To extract fucoidan and sodium alginate. 

• To characterise the key chemical and structural features of the compounds. 

• To evaluate the anti-diabetic activities of fucoidan and sodium alginate by 

investigating their ability to inhibit the key dietary starch-digesting enzymes (α- 

amylase, α-glucosidase, maltase and sucrase). 

• To investigate the anti-cancer properties of the fucoidan and sodium alginate 

extracts on HCT116 colorectal human cancer cells. 

• To identify some of the mechanisms of action of the extracts. 

2.5 Thesis outline 

• Chapter 1 provides the general introduction and literature review introducing 

the global health challenges posed by T2DM and cancer. It highlights the need 

for novel treatment strategies and introduces fucoidan and sodium alginate, as 
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potential therapeutic agents. The chapter also reviews existing literature 

evaluating the bioactivity of these compounds in diabetes and cancer. 

• Chapter 2 presents the research motivation, hypothesis, and aims. It highlights 

the rationale for studying fucoidan and sodium alginate and outlines the key 

research objectives. 

• Chapter 3 focuses on the characterisation of the extracted fucoidans and 

sodium alginates using colorimetric and structural methods. This chapter details 

the chemical composition, structural features, identity confirmation, and purity 

assessment of the extracts. 

• Chapter 4 investigates the anti-diabetic activity of fucoidans and sodium 

alginates, focusing on their inhibition of key carbohydrate-digesting enzymes 

involved in T2DM management. The chapter discusses the significant enzyme 

inhibition results, compares efficacy with the commercial drug acarbose, and 

provides insights into the inhibition mechanisms using enzyme kinetics analysis. 

• Chapter 5 evaluates the anti-cancer activities of fucoidans and sodium 

alginates in human colorectal cancer cells (HCT116). The chapter investigates 

the effects of these compounds on various cellular processes critical to cancer 

progression, such as cell viability, proliferation, adhesion, migration, spheroid 

formation, and colony formation. Additionally, a more in-depth analysis of how 

selected fucoidans modulate key cancer-related pathways and signalling 

molecules is provided. 

• Chapter 6 presents the general discussion, future perspectives, and concluding 

remarks of this study. 
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Chapter 3- Extraction and partial characterisation of fucoidans and 

sodium alginates from South African brown seaweeds 

 

3.1 Introduction 

Fucoidan and alginate are some of the major polysaccharides in seaweeds that are of 

great commercial and research interest due to their desirable physicochemical 

characteristics and bioactive properties (Lorbeer et al., 2017). One of the most 

commonly accepted facts in the field is that the chemical structures of these 

polysaccharides determine their physical, chemical and biochemical properties and 

their biological activities (Dobrinčić et al., 2020; Abka-Khajouei et al., 2022).  

Fucoidans, even though they are now a well-known group of biopolymers, are 

commonly still described as sulphated polysaccharides consisting of predominantly L-

fucose with a smaller proportion of ‘other’ monosaccharides. More recent studies 

recognise the chemical and structural diversity of fucoidans and that fucoidan may 

contain substantial amounts of ‘other’ monosaccharides such as D-galactose, D-

glucose, D-mannose and D-xylose (Kopplin et al., 2018). As such, the term “fucoidan” 

now describes fucose-containing sulphated polysaccharides, including those of 

heterogeneous composition (i.e., fucogalactans, fucoglucuronans and 

xylofucoglucuromannans) (Kopplin et al., 2018; Kloareg et al., 2021). The 

heterogenous composition and resulting complex structure of fucoidans make it 

extremely difficult to fully elucidate the structural features of fucoidans (Zayed at al., 

2020). Fundamentally, fucoidans are characterised by their monosaccharide 

composition, glycosidic linkages, branching, molecular weight and degree of 

sulphation and acetylation (Zayed at al., 2020).  

Alginate, on the other hand, refers to the salt from of alginic acid and is a less complex 

linear anionic polysaccharide. The extraction of alginate using an alkaline medium 

such as sodium carbonate converts the seaweeds alginic acid into the sodium salt form 

of alginic acid known as sodium alginate (Wang et al., 2018). The main structure of 

sodium alginate is comprised of β-D-mannuronic acid (M) and α-L-guluronic acid (G) 

monomers. The ratio and arrangement of the M and G monomers in sodium alginate 

varies between species and is random with blocks of repeating M monomers (MM 

blocks), repeating G monomers (GG blocks), and mixed M and G monomers (MG/ MG 

blocks). Furthermore, the alginate polymer has abundant free hydroxyl and carboxyl 
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groups distributed along its backbone chain, that facilitate bonding between alginate 

molecules, which are also involved in the alginate-water interaction (Wang et al., 2018; 

Abka-Khajouei et al., 2022). The composition (M/G ratio) and sequence (arrangement 

of MM, MG, GG and GM blocks), in conjunction with its molecular weight, have an 

impact on the structure forming and functional properties of alginate. These factors are 

also crucial in determining the rheological properties of alginates. Structural and 

compositional information on sodium alginate can easily be obtained using a series of 

complementary approaches, i.e., NMR, FTIR, and uronic acid analysis (Abka-Khajouei 

et al., 2022).  

To date, the natural seaweed population in South Africa represents one of the more 

unstudied marine habitats, with numerous species yet to be assessed for their 

bioactive potential. In this chapter, the content and composition of fucoidans and 

sodium alginates from four species of brown seaweeds were assessed, using solvent 

extraction methods, followed by basic biochemical assays and more complex analyses 

(chromatography, spectroscopy). The species were selected based on both availability 

and opportunity: E. maxima was included due to its large-scale commercial use and 

assured supply, while E. radiata, S. elegans and S. cymosum were collected 

opportunistically from the nearby coastline. This combination enabled the inclusion of 

a commercially relevant species while also assessing underexplored local species. 

3.2 Objectives 

The objectives of the experiments performed in this chapter were to: 

• Extract fucoidan and sodium alginate from selected South African brown 

seaweeds; and 

• Characterise the chemical composition and structural features of the extracted 

fucoidans and sodium alginates. 

3.3 Materials and Methods 

3.3.1 Materials 

The commercial fucoidan from Fucus vesiculosus (Cat. No. F5631) and sodium 

alginate (Cat No. W201502) were purchased from Sigma Aldrich (St. Louis, MO, USA). 

The analytical kits used in this study were purchased from MegazymeTM (Bray, WC, 

Ireland). All other reagents used in these experiments were purchased from Sigma-
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Aldrich, MERCK (Darmstadt, HE, Germany), Fluka (Munich, BY, Germany) and 

Megazyme™ (Bray, WC, Ireland) (see Appendix Table A1). 

3.3.2 Seaweed sampling and processing 

The brown seaweed species Ecklonia radiata, Sargassum elegans and Sargassum 

cymosum were harvested from three separate coastal locations in the Eastern Cape, 

South Africa: Middle beach (-33° 41' 42.0102" E; 26° 40' 1.7436" S), Kelly’s beach (-

33° 36' 37.1442" S; 26° 53' 26.073" E) and Bonza Bay beach (-32° 58' 48.9648" S; 27° 

57' 32.9292" E), respectively (Figure 3.1). E. radiata was collected as beach-cast, while 

S. elegans and S. cymosum were harvested from rockpools in the intertidal zone. The 

seaweeds were identified based on morphology by Professor John Bolton from the 

Department of Biological Sciences at the University of Cape Town. Ecklonia maxima 

was kindly donated by the HIK-Abalone Farm located in Hermanus, Western Cape, 

South Africa. The harvested seaweeds were transported on ice to the laboratory for 

processing. Seaweeds to be processed immediately were rinsed thoroughly with 

distilled water and oven-dried for 72 hours at 50 °C. The dried seaweed was pulverized 

using a coffee grinder and stored at room temperature until use. The remainder of the 

fresh seaweed was stored at -20 °C.  

 

Figure 3.1: Sampling location and images of harvested seaweeds.  (A) Map showing the 
sampling sites for Ecklonia radiata, Sargassum elegans, and Sargassum cymosum within the 
Eastern Cape province of South Africa. (B-E) Images of all brown seaweed species used in 
this study were taken shortly after harvesting and prior to processing. (B) Ecklonia maxima, 
(C) Ecklonia radiata, (D) Sargassum elegans, and (E) Sargassum cymosum. 
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3.3.3 Extraction of fucoidan 

Fucoidan was extracted from E. maxima, E. radiata, S. elegans and S. cymosum using 

the hot water extraction described by Yang et al. (2008), with slight modifications. 

Briefly, the dried pulverized seaweeds were soaked in 85% (v/v) ethanol overnight to 

remove pigments. Fucoidan was extracted from dry depigmented seaweed (20 g) into 

65°C distilled water (400 ml) over 6 hours. The fucoidan-containing supernatant was 

collected by centrifugation (5000 ×g for 20 minutes at 4°C) and incubated in 1% (w/v) 

CaCl2 overnight at 4 °C to precipitate alginate. The precipitate was removed by 

centrifugation (5000 ×g for 20 minutes at 4°C). Ethanol [99% (v/v)] was added to the 

supernatant to a final concentration of 30% (v/v) and the solution was centrifuged as 

described previously to remove any remaining alginate and co extracted compounds. 

The collected supernatant was adjusted to a final ethanol concentration of 70% (v/v) 

and incubated overnight at 4°C to allow the fucoidan to precipitate. The fucoidan was 

collected by centrifugation at 10,000 ×g for 10 minutes at 4°C, washed with ethanol 

[99% (v/v)] followed by acetone and dried at ambient temperature overnight. The 

fucoidan yield (% w/w) was expressed relative to the seaweed’s dry weight.  

3.3.4 Extraction of sodium alginate 

Sodium alginate was extracted from E. maxima, E. radiata, S. elegans and S. 

cymosum using an alkaline extraction method as described by Torres et al. (2007) and 

Fertah et al. (2014) with minor modifications. Dried pulverised seaweed samples were 

soaked in 2% (v/v) formaldehyde for 24 hours to eliminate pigments, washed with 

distilled water and incubated in 0.2 M HCl for a further 24 hours. After this, the samples 

were rewashed with distilled water, prior to being extracted under agitation at 40°C for 

5 hours in 2% (w/v) sodium carbonate. Following the extraction, sodium alginate was 

precipitated with 80% (v/v) ethanol and collected by centrifugation (10,000 × g for 10 

min). The collected precipitate was purified by filtration through a nylon membrane 

(0.45 μm pore size, Whatman International Ltd., Maidstone, UK), washed with ethanol, 

methanol and acetone, dried under ambient atmosphere and the extraction yield (% 

w/w) was expressed relative to the seaweed’s dry weight. 

3.3.5 Chemical characterisation of fucoidan and sodium alginate  

3.3.5.1 Total protein content  

The Bradford assay (Bradford, 1976) was used to determine the co-extracted protein 

content in the fucoidan and sodium alginate extracts. Briefly, 25 μl of extracts (1 mg.ml-
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1) and bovine serum albumin (BSA) standards were mixed with 230 μl of Bradford's 

reagent. The reaction was incubated at room temperature for 20 minutes and the 

absorbance was read at 595 nm with an Epoch™ 2 microplate reader (BioTek with Gen 

5™ software), and the protein concentrations were determined using the BSA (bovine 

serum albumin) standard curve (see Appendix Figure B1). 

3.3.5.2 Total phenolic content  

The Folin–Ciocalteu method, described by Malgas et al. (2016), was used to determine 

the total phenolic content. The hydrolysed extracts at 1 mg.ml-1 (10 µl) were incubated 

in 180 μl of distilled water and 20 μl of Folin–Ciocalteu reagent for 10 minutes at room 

temperature. Thereafter, 50 μl of 2 M sodium carbonate was added and the reactions 

were covered and incubated for a further 30 minutes at 37°C before reading 

absorbance at 765 nm using an Epoch™ 2 microplate reader (BioTek with Gen 5™ 

software).  The total phenolic content was interpolated using a gallic acid standard 

curve (see Appendix Figure B2).  

3.3.5.3 Total carbohydrate content  

Fucoidan extracts were assessed for total carbohydrate content following the phenol-

sulphuric acid method developed by Dubois et al. (1956). Briefly, to a volume of 100 μl 

of fucoidan (1 mg.ml-1), 300 μl of concentrated sulphuric acid (97%) followed by 50 μl 

of 5% (w/v) phenol were added. The reaction was vortexed and heated at 90°C for 10 

minutes. After cooling to room temperature, the absorbance was measured at 490 nm 

using an Epoch™ 2 microplate reader (BioTek with Gen 5™ software). The total 

carbohydrate content was determined using an L-fucose standard curve (see Appendix 

Figure B3).  

3.3.5.4 Sulphate quantification 

Fucoidan and alginate stock solutions (1 mg.ml-1), prepared in 60% (v/v) formic acid, 

were hydrolysed overnight at 100°C. Following hydrolysis, samples were dried in a 

Centrivap (Vacutec) for 6 hours at 80°C. The dried samples were reconstituted to a 

concentration of 1 mg.ml-1 in dH2O and assessed for sulphate content following the 

gelatine-barium method developed by Dodgson et al. (1961), with volumes scaled 

down for use in a microtiter plate. To 380 μl of 4% (w/v) trichloroacetic acid (TCA), 20 

μl of fucoidan sample, followed by 100 μl of BaCl2 reagent, was added. The reaction 

was mixed and incubated at room temperature for 20 minutes. The absorbance was 
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measured at 360 nm and the sulphate content interpolated using the sulphate (SO4
2-) 

standard curve constructed with sodium sulphate (see Appendix Figure B4). 

3.3.5.5 Acid hydrolysis of fucoidan and sodium alginate 

Fucoidan and sodium alginate extracts (10 mg.ml-1) were hydrolysed in 2 M 

trifluoroacetic acid (TFA) at 100°C for 6 and 10 hours, respectively. The hydrolysed 

samples were dried in a Centrivap (Vacutec Ltd., Roodepoort, South Africa) at 80°C 

for 6 hours and reconstituted to a concentration of 10 mg. ml-1 using dH2O.  

3.3.5.6 Total reducing sugar determination 

The total reducing sugar content in the fucoidan extracts was measured using 3,5-

dinitrosalicylic acid (DNS) method described by Miller (1959). Briefly, 150 μl of 

hydrolysed fucoidan (1 mg.ml-1) was mixed with 300 μl of DNS reagent [1% (w/v) 

NaOH; 1% (w/v) dinitrosalicylic acid; 20% (w/v) sodium potassium tartrate; 0.2% (w/v) 

phenol and 0.05% (w/v) sodium metabisulphite]. The reactions were heated (Labnet 

AccuBlock™ digital dry bath) to 100°C for 6 minutes, then cooled on ice for 6 minutes, 

loaded on a 96 well plate and the absorbance was read at 540 nm (Epoch™ 2 

spectrophotometer from BioTek with Gen 5™ software). Reducing sugars within the 

fucoidan extracts were quantified using a D-glucose standard curve (see Appendix 

Figure B5). 

3.3.5.7 Total uronic acid determination 

The uronic acid content within the hydrolysed fucoidan and sodium alginate extracts 

(1 mg.ml-1) was determined according to the instructions of the microplate 

MegazymeTM assay kit (K-URONIC). 

3.3.5.8 Monosaccharide composition analysis 

Monosaccharide composition analysis was performed on a Shimadzu HPLC system 

(Shimadzu Corp, Kyoto, Japan) equipped with a refractive index detector (RID) using 

a Fortis Amino analytical column (4.6 x 150 mm) (Fortis Technologies Ltd., Neston, 

UK). The isocratic mobile phase consisted of HPLC grade acetonitrile and degassed 

H2O (Milli-Q, MERCK) in a ratio of 3:1. The column temperature was set at 40°C and 

separation was performed within 15 minutes at a flow rate of 0.8 ml/min. All hydrolysed 

fucoidan samples (1 mg.ml-1) and monosaccharide standards (D-arabinose, D-

galactose, D-fructose, L-fucose, D-glucose and D-mannose) were injected using an 
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injection volume of 20 μl. The monosaccharides within the fucoidan were quantified using 

regression equations from established standard curves (see Appendix Table B1). The 

xylose content within the hydrolysed extracts (1 mg.ml-1) was determined according to 

the microplate MegazymeTM assay kit instructions (K-XYLOSE). 

3.3.5.9 Mannuronic and guluronic acid determination 

Mannuronic and guluronic acid in the hydrolysed sodium alginates were quantified 

using a Shimadzu HPLC system (Shimadzu Corp, Japan) equipped with a diode array 

detector (DAD), where chromatographic separation was achieved on a Hypersil GoldTM 

Sax column (Phenomenex, Torrance, CA, U.S.A.) under ambient conditions. Elution 

was performed under isocratic conditions with a mobile phase of 50 mM phosphate 

buffer adjusted to pH 3.0 with ortho-phosphoric acid, at a flow rate of 0.8 ml/min over 

10 min. The injection volume for the samples and standards was 10 μl and the UV 

absorption of the effluent was monitored at 214 nm. Standard curves for mannuronic 

and guluronic acid were constructed to determine the amounts of the respective uronic 

acids in the sodium alginate samples (see Appendix Figures B7 and B8).  

3.3.6 Determination of molecular properties of fucoidan and sodium alginate  

3.3.6.1 Molecular weight determination 

The molecular weights of the fucoidans and sodium alginates were determined using 

high-performance size exclusion chromatography (HPSEC) with a refractive index 

detector (HPLC-RID). Chromatographic separation was achieved using a Shodex 

OHpak SB-806M HQ (8.0mmI.D. x 300mm) column (Showa Denko, Tokyo, Japan) with 

0.1 M NaNO3 aq.as the mobile phase over 25 minutes at a flow rate of 0.5 ml/min. The 

column temperature was set at 30°C. An injection volume of 20 μl was used for all 

samples, as well as for the pullulan standards (Shodex, Tokyo, Japan), which were 

used to construct the Log MW vs. retention time curve for molecular weight 

determination (see Appendix Figure B9). The number molecular weight (Mn), 

molecular weight (Mw), and polydispersity index (PDI) were calculated as follows 

(Zayed et al., 2020): 

𝑀𝑛 =
∑ 𝑁𝑖 𝑀𝑖

∑ 𝑁𝑖
 

𝑀𝑤 =
∑ 𝑁𝑖𝑀𝑖

2

∑ 𝑁𝑖 𝑀𝑖
 

𝑃𝐷𝐼 =  
𝑀𝑤

𝑀𝑛
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where Mi represents the molecular weight of a chain, and Ni denotes the number of 

chains with that molecular weight. 

3.3.6.2 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was performed on a Pyris Diamond model 

thermogravimetric analyser (PerkinElmer®, Waltham, MA, USA).  Briefly, in an 

aluminium crucible, ~ 4 mg of sample powder was heated from 30 °C to 800 °C at a 

heating rate of 30 °C/min with a continuous supply of nitrogen (20 ml/min). A separate 

run using an empty aluminium crucible was conducted for baseline correction. The 

weight loss relative to the temperature increase was plotted as TGA curves and the 

degradation rates at different temperatures were plotted as differential 

thermogravimetric (DTG) curves. 

3.3.6.3 Kinematic viscosity determination 

The kinematic viscosities of 1% (w/v) solutions of fucoidan and sodium alginate in 

dH2O were measured using a semi-micro glass capillary viscometer of capillary 

diameter size 50 (Cannon-Manning (State College, PA, USA) at 25°C. Samples were 

equilibrated to the required temperature for 30 min before taking measurements. An 

average of no fewer than four readings was taken using two separately prepared 

replicates of the different samples. Distilled water was run as a control. To obtain the 

kinematic viscosity in mm2 /s (cSt) the efflux time in seconds was multiplied by the 

viscometer constant (K= 0.003992) using the following equation:  

 

𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 = viscometer constant (K)x time (s) 

 

3.3.7 Structural characterisation of fucoidan and sodium alginate 

3.3.7.1 Fourier transform infrared spectrometer (FT-IR) analysis 

Infrared spectra of the fucoidan and sodium alginate extracts were recorded on a 

Spectrum 100 FT-IR spectrometer system (PerkinElmer®, Waltham, MA, USA) 

equipped with a ZnSe (zinc selenide) ATR crystal. Each sample was pressed uniformly 

and tightly against the sample spotting surface using a spring-loaded anvil. FT-IR 

spectra were obtained by averaging four scans from 4000 to 600 cm-1 with a resolution 

of 4 cm-1. Baseline and ATR corrections for penetration depth and frequency variations 

were performed using SpectrumTM One software (version 1.2.1) system 

(PerkinElmer®, Waltham, MA, USA).  
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3.3.7.2 Nuclear magnetic resonance (NMR) analysis 

The fucoidan and sodium alginate samples were dissolved in D2O at 10 mg.ml-1 and 

insolubilised particles were removed by centrifugation at 13,000 ×g for 2 min. The 1H 

NMR spectra were recorded at 70°C using a Bruker Avance III (Fällanden, ZH, 

Switzerland) 600 MHz NMR spectrometer (with a cryoprobe for variable-temperature 

measurements) equipped with TopSpin NMR software, version 3.6.5 (Bruker, Billerica, 

MA, USA). The block structure and M/G ratio of the sodium alginates was calculated 

from the area under the 1H NMR signal peaks denoted as (I-III) according to the 

calculation proposed by Grasdalen et al. (1979) using the following equations: 

𝐹𝐺 =  𝐴𝐼/(𝐴𝐼𝐼 +  𝐴𝐼𝐼𝐼)  

𝐹𝑀 =  1 −  𝐹𝐺  

𝐹𝐺𝐺 =  𝐴𝐼𝐼𝐼/(𝐴𝐼𝐼 +  𝐴𝐼𝐼𝐼) 

𝐹𝐺𝑀 =  𝐹𝐺 −  𝐹𝐺𝐺 

𝐹𝑀𝑀 =  𝐹𝑀 −  𝐹𝐺𝑀 

𝑀/𝐺 =  𝐹𝑀/𝐹𝐺 

3.3.7.3 X-ray diffraction (XRD) analysis 

The crystallinity of the extracts was determined by X-ray diffraction using Cu K radiation 

(1.5405 Å, nickel filter) on a Bruker D8® Discover equipped with a proportional counter. 

The samples were scanned from 2θ of 5 to 60o with a step size of 0.02o. The 

determination time was 0.02o per second.  

 

3.4 Results and Discussion 

3.4.1 Fucoidan and sodium alginate extraction yield 

Solvent extraction methods were employed to extract fucoidan and sodium alginate 

from the four South African seaweeds. The obtained fucoidan and sodium alginate 

yields (expressed as a percentage of seaweed dry weight) are shown in Figure 3.2. 

The Ecklonia species gave higher yields of fucoidan of between 3-6% (w/w) compared 

to the Sargassum species, which yielded less than 2% (w/w). The fucoidan extraction 

yields for the Ecklonia species were close to those reported by Mabate et al., 2023 and 

Lorbeer et al., 2015 for E. maxima (5.4%) and E. radiata (3.75%), respectively. The 
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lower yields obtained for the Sargassum species are not surprising and fall into the 

general range of 0.63-4.3% (w/w) yields reported for fucoidans isolated from 

Sargassum species (Husni et al., 2022; García-Ríos et al., 2012).   

The sodium alginate yields obtained from these seaweeds were considerably higher, 

with values of around 40% (w/w) - see Figure 3.2. The Ecklonia species yields were 

comparable, but marginally lower by around 3-9%, than the alginate yields obtained 

from the two Sargassum species. Since the alginates were extracted via the alkaline 

extraction method, the results obtained agreed well with those yields reported in the 

literature for these species (Belattmania et al., 2020; Lorbeer et al., 2015; Filippo-

Herrera et al., 2018). Given the relatively high yields of fucoidans and alginates 

(exceeding 2%, even for those derived from Sargassum), supply challenges commonly 

associated with marine-derived compounds may be less of a concern if any of these 

were developed for therapeutic use. 

 

Figure 3.2: Fucoidan and sodium alginate extraction yields as a percentage of seaweed 
biomass dry weight. The bars represent the yields in terms of means ± SD from 3 technical 
replicates (n=3). 

 

3.4.2 Chemical composition of the fucoidans 

The chemical composition of the fucoidans extracted from the South African brown 

seaweeds is presented in Table 3.1, along with the commercial fucoidan from Fucus 

vesiculosus (a well-studied variant), which was included as a positive control. As can 

be seen in Table 3.1, fucoidans consisted mainly of carbohydrates and sulphate 

groups. Among these fucoidans, the Ecklonia species derived fucoidans were found to 
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have a high total carbohydrate content (>90%) compared to that detected in the 

commercial fucoidan (43%) and Sargassum species fucoidans (<39%). In contrast, 

sulphate content analysis showed that the commercial and Sargassum sp. fucoidan 

were highly sulphated, while the Ecklonia sp. reported lower sulphate content. The 

sulphate content of E. radiata’s was particularly low, at less than 4%. Of the highly 

sulphated fucoidans, S. cymosum fucoidan reported the highest sulphate content of 

38.85%, followed by the commercial, S. elegans and E. maxima fucoidans that 

contained about 25%, 20% and 16%, respectively (Table 3.1). Previous studies on the 

composition of fucoidans from numerous brown seaweeds have reported results of 

total carbohydrate (22-59%) and sulphate content (4-48%) similar to those reported in 

this study (Lorbeer et al., 2017; Ponce and Stortz, 2020).  In addition, the total 

carbohydrate content in the Ecklonia species was only slightly higher than the highest 

total carbohydrate content for fucoidan reported in literature, which was about 87% 

(Sanniyasi et al., 2023). 

To obtain a more detailed chemical profile of these fucoidans, the content of specific 

monosaccharides was determined using HPLC analysis following 2 M TFA hydrolysis. 

The detection and separation profiles of the monosaccharide standards are shown in 

Appendix Figure B6. The monosaccharide compositions of the fucoidans are listed in 

Table 3.1 and showed a notable difference in the relative proportions of the various 

monosaccharides within the fucoidans. The commercial fucoidan was predominantly 

composed of L-fucose (51.50%) and L-arabinose (30.45%) with an appreciable amount 

of D-galactose (9.14%) and minor amounts of D-glucose (<5%) and D-xylose (<1%). 

This composition aligns with the findings of Bittkau and colleagues (2020), who 

reported that fucoidan from Fucus vesiculosus is predominantly composed of L-fucose, 

with the remainder consisting of a mixture of D-galactose, D-glucose, D-mannose, and 

D-xylose. Similar to the commercial fucoidan, the fucoidans from the Sargassum 

species consisted mainly of L-fucose (>48%). However, instead of L-arabinose, which 

is still detected in appreciable amounts, they contain D-galactose (>15%) as a 

prominent monosaccharide along with minor amounts of D-fructose (~5%), D-glucose 

(~3%) and D-xylose (<1%). On the other hand, the Ecklonia species fucoidans reported 

D-glucose and L-fucose as the principal constitutive monosaccharides, with D-glucose 

being the more predominant of the two sugars, see Table 3.1. While the non-fucose 

content of E. radiata fucoidan mainly consisted of glucose (76.03%), E. maxima, in 

addition to 35.10% D-glucose, contained 12.14% D-galactose and 16.03% D-mannose. 
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Despite the consensus view in the literature that L-fucose is the main monosaccharide 

in fucoidans, these monosaccharide profiles are consistent with those reported by 

January et al. (2019) and Lorbeer et al. (2015), for E. maxima and E. radiata, 

respectively, as well as other fucoidans (Li et al., 2023).  

The main contaminants in seaweed-extracted fucoidans are other cell wall 

constituents, including proteins, phenolics, and alginates (Zhang et al., 2020). 

Quantification of protein, phenolic, and uronic acid content (Table 3.1) revealed that 

these contaminants were present at low concentrations, with their combined total being 

less than 6% across all fucoidans. All extracts contained small amounts of phenolics 

(<2%), while proteins were found in low quantities (<4%) in the F. vesiculosus and 

Ecklonia spp. fucoidans but were absent in the Sargassum spp. fucoidans. Additionally, 

uronic acid levels, which can indicate alginate contamination, were also low (<2%) in 

all extracts, suggesting negligible alginate content. 
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Table 3.1: Chemical composition profiles of the fucoidan extracts and commercial F. vesiculosus fucoidan 

Fucoidan 

source 

Total 

carbohydratea 

(%) 

Total RSa 

(%) 

Proteina 

(%) 

Phenolica 

(%) 

Sula 

(%) 

Total 

uronic 

acida 

Monosaccharide composition (%) 

Arab Frucb Fucb Galb Glcb Manb Xylb 

F. vesiculosus 

(control) 

43.87 ± 0.40 13.33 ± 0.23 1.68 ± 0.42 1.76 ± 0.06 25.07 ± 0.55 1.72 ± 0.28 30.45 ± 1.79 ND 51.50 ± 2.01 9.14 ± 1.48 5.46 ± 0.15 ND 0.13 ± 0.02 

E. maxima 92.70 ± 3.32 33.25 ± 0.71 4.33 ± 0.38 0.34 ± 0.06 15.97 ± 1.37 0.65 ± 0.23 ND ND 30.80 ± 1.86 12.14 ± 1.03 35.10 ± 0.47 16.03 ± 0.72 0.14 ± 0.01 

E. radiata 96.64 ± 1.51 50.68 ± 0.35 3.18 ± 0.74 0.71 ± 0.03 3.81 ± 0.28 1.33 ± 0.04 ND 3.21 ± 0.20 20.73 ± 2.14 3.21 ± 0.20 76.03 ± 1.53 ND 0.21 ± 0.01 

S. elegans 39.93 ± 2.78 16.57 ± 0.21 ND 2.18 ± 0.13 19.87 ± 0.60 1.48 ± 0.29 9.45 ± 0.12 4.96 ± 0.31 57.39 ± 1.23 24.89 ± 0.96 3.25 ± 0.07 ND 0.61 ± 0.11 

S. cymosum 16.22 ± 0.48 10.48 ± 0.01 ND 2.01 ± 0.12 38.85 ± 2.77 0.62 ± 0.19 15.45 ± 0.55 5.16 ± 0.00 48.16 ± 1.11 16.83 ± 0.23 3.96 ± 0.46 ND 0.29 ± 0.15 

* RS, reducing sugar; Sul, Sulphate; Arab, L- arabinose; Fruc, D-fructose; Fuc, L-fucose; Gal, D-galactose; Glc, D-glucose; Man, D-mannose; Xyl, D-

xylose; a percentage composition of fucoidan (w/w); b percentage composition of fucoidans’ sugar content (w/w); ND: Not detected. The data values 

represent the means ± SD of technical replicates (n=3). 
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3.4.3 Chemical composition profiles of sodium alginates 

Chemical composition analysis evaluated the quality of the sodium alginates extracted 

from the two Ecklonia and two Sargassum species.  As is evident from the results in 

Table 3.2, the chemical composition of the sodium alginate extracts closely reflect that 

of the commercial alginate (Sigma Aldrich). The extracts consisted mainly of the uronic 

acids D-mannuronic and L-guluronic acid that comprise alginate. The amounts of total 

uronic acid content (25-39%) in the tested alginates, despite appearing low when 

compared to that obtained (>49%) for the commercial alginate in this study, are 

comparable to the total uronic acid content of 27 and 29% reported in the literature for 

the species L. digitata and M. pyrifera which are commercially exploited for alginate 

(Rhein-Knudsen et al. 2017). The M/G ratios of the commercial and extracted sodium 

alginates were found to be greater than 1, indicating a dominance of D-mannuronic 

acid over L-guluronic acid (Belattmania et al. 2020). The relative abundance of the D-

mannuronic to L-guluronic acid content was similar between the extracts as indicated 

by their M/G ratios (Table 3.2).  These ratios were similar to data available in the 

literature for the same species of alginate-producing seaweeds.  The M/G ratio of E. 

radiata (3.28) was high, compared to that reported for alginate extracted from E. radiata 

collected from Australia (1.18 - 1.59), However, the M/G ratio noted for the commercial 

alginate falls within the M/G ratios noted previously for the same Sigma-Aldrich alginate 

(Belattmania et al. 2020; Lorbeer et al., 2017).  

As alginates also occur in the highly complex matrices of cell walls and intercellular 

spaces, along with other carbohydrates (e.g., the sulphated fucose-based fucoidan as 

well as the glucose-based polysaccharides cellulose and laminarin), polyphenols and 

proteins; co-extraction of these is probable (Torres et al., 2007; Zayed et al.,2020). The 

level of impurities in the alginate extracts and the commercial alginate standard were 

similar (Table 3.2).  As the chemical composition analysis revealed a low amount of L- 

fucose (>0.62%) and the absence of sulphate groups, the level of contamination of the 

alginate polysaccharides by fucoidan residues was assumed to be negligible. 

Furthermore, the low content of glucose (<1%) confirmed the absence of significant 

amounts of cellulose and laminarin. Moreover, other monosaccharides, protein 

(<1.54%) and phenolics (<0.08) were only present as minor components. This again 

implies that the sodium alginate extracts were relatively pure. 
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Table 3.2: Chemical profile of the sodium alginate extracts and commercial sodium alginate  

Sodium 
alginate source 

Total 
proteina 

Total 
phenolicsa 

Total 
reducing 

sugara 

L- fucosea D- glucosea D- xylosea Sula Total uronic 
acida 

D- mannuronic 
acidb 

L- guluronic 
acidb 

M/G 
ratio 

Commercial 

(control) 
1.37 ± 0.51 0.04 ± 0.00 3.75 ± 0.01 ND 0.29 ± 0.12 0.13 ± 0.04 ND 49.28 ± 0.37 53.61 ± 4.36 19.25 ± 2.51 2.78 

E. maxima 1.54 ± 0.28 0.03 ± 0.00 3.84 ± 0.02 0.62 ± 0.17 0.47 ± 0.17 0.11 ± 0.05 ND 30.50 ± 1.06 75.83 ± 3.00 19.21 ± 3.22 3.95 

E. radiata 0.88 ± 0.14 0.09 ± 0.02 4.78 ± 0.02 0.84 ± 0.29 0.72 ± 0.11 0.18 ± 0.04 ND 35.99 ± 5.96 54.24 ± 5.03 16.48 ± 1.79 3.28 

S. elegans 1.42 ± 0.54 0.03 ± 0.01 2.86 ± 0.02 ND 0.43 ± 0.00 0.37 ± 0.07 ND 35.85 ± 2.81 70.50 ± 4.34 20.84 ± 1.27 3.39 

S. cymosum 1.34 ± 0.55 0.02 ± 0.01 3.80 ± 0.01 ND 0.03 ± 0.06 0.27 ± 0.00 ND 25.97 ± 1.87 66.40 ± 5.06 19.32 ± 1.50 3.44 

* a all values are given as percentage composition of sodium alginate per weight; b D-mannuronic acid and L-guluronic acid content as a percentage 

of total uronic acid content. The data values represent the means ± SD of technical replicates (n=3). 
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3.4.4 Molecular weight properties of the fucoidans and alginates 

The molecular weight (Mw) distribution of the polysaccharides was analysed by 

HPSEC using a Mw standard calibration curve constructed from pullulan standards 

(see Appendix Figure B9). Table 3.3 shows the average molecular weight (Mw), the 

number average molecular weight (Mn), and the polydispersity index (PDI) of the 

fucoidans and sodium alginates. The Mw values, which provide an indication of the 

average size of the polysaccharides, indicated that the fucoidans ranged in Mw from 

2.61 - 309.34 kDa. Based on the classification of fucoidans as low molecular weight 

(<10 kDa), medium weight molecular (10-10,000 kDa) or high molecular weight 

(>10,000 kDa) fucoidans, the Mw values of the S. cymosum fucoidan would be 

classified as a low molecular weight fucoidan, while the other fucoidans are regarded 

as medium molecular weight fucoidans (Senthilkumar et al., 2013). The PDI, as a 

measure of the ratio of Mw and Mn, reflects the size heterogeneity of these polymers, 

where a higher PDI denotes a more heterogenous distribution of the polymer’s 

molecular weight (Dobrinčić et al., 2022). The PDI value of the fucoidans ranged from 

1.00 to 6.86 in this study (Table 3.3), which match the PDI value range of 1 to 6.2 

reported in literature for fucoidans (Dobrinčić et al., 2022). As is evident from the PDI 

values of >3, the E. maxima and S. elegans fucoidans consisted of molecular weight 

fractions that varied greatly in size (see Table 3.3). Interestingly, the S. elegans 

fucoidan contained a total number of four molecular weight fractions ranging in size 

from 371 kDa to 3.2 kDa, while the E. maxima fucoidan contained only two molecular 

weight fractions, the larger being 365 kDa in size, and the smaller fraction, 14 kDa. In 

contrast, the other fucoidans exhibited Mw fractions that were closely aligned with their 

reported average Mw values, showing less variation between fractions. 

The extracted alginates were generally larger in size, with their Mw values ranging from 

194.27 kDa to 304.24 kDa, while the commercial sodium alginate had a lower 

molecular weight of 78.49 kDa (Table 3.3). These values were within the range of 

reported sodium alginate Mw values of 48 – 756 kDa and compare well with the 

previously reported Mw value for the Sigma- Aldrich commercial alginate of 68 kDa 

(Galindo et al., 2017; Bojorges et al., 2023; Rhein-Knudsen et al., 2017). Although the 

extracts contained polydisperse macromolecules, as expected for alginate polymers, 

their size distribution was very narrow (PDI=1), indicating that structurally 

homogeneous sodium alginates were obtained for all investigated species. This 
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unusually low PDI indicates that the extraction procedure prevented the 

depolymerisation of the polysaccharides (Trica et al., 2019). 

Table 3.3: Molecular properties and ash contents of the fucoidan and sodium alginate 
extracts from the brown seaweeds investigated and commercial standards 

Source Mw 

(kDa) 

 

Mn 

(kDa) 

PDI 

(Mw/Mn) 

Kinematic 

viscosity 

(cSt/s) 

Ash 

content 

(%) 

 F. vesiculosus 

(commercial) 
78.67 78.65 1.00 1.18 ± 0.63 23.48 

E. maxima 
207.38 30.35 6.86 1.43 ± 0.62 16.56 

E. radiata 
10.03 9.58 1.05 1.08 ± 0.12 7.61 

S. elegans 
309.34 88.24 3.51 1.09 ± 0.09 26.41 

S. cymosum 
2.61 2.56 1.01 1.02 ± 0.02 61.31 

 

Commercial 

(commercial) 78.49 78.27 1.00 1.98 ± 0.02 22.38 

E. maxima 
242.90 237.01 

1.02 

 
2.19 ± 0.02 43.46 

E. radiata 
304.24 295.70 

1.03 

 
2.70 ± 0.04 30.92 

S. elegans 
194.27 191.94 

1.01 

 
1.96 ± 0.05 36.29 

S. cymosum 
259.04 257.82 

1.00 

 
1.42 ± 0.10 58.01 

* The data values represent the means ± SD of technical replicates (n=3). 

In addition, the kinematic viscosities of the fucoidans and sodium alginates when 

dissolved in water were measured (Table 3.3). The majority of the fucoidan solutions 

had a kinematic viscosity close to that of water, which had a kinematic viscosity of 

about 1.02 cSt/s. However, the F. vesiculosus and E. maxima fucoidan solutions were 

slightly more viscous, with cSt values of around 1.2 and 1.4, respectively. The sodium 

alginate solutions all reported a kinematic viscosity in the range of 2 cSt/s, apart from 

the S. cymosum solution which was slightly less viscous at 1.42 cSt. Furthermore, the 

total ash content was determined by measuring the residual mass following TGA 

analysis (Table 3.3). The elucidated ash content is a measurement of the inorganic 

material and mineral content (i.e. phosphates, carbonates and sulphates) present in 

the samples (Lakshmanan et al., 2022). Most of the fucoidan extracts had an ash 

content of around 20%. However, the E. radiata fucoidan had a lower ash content of 

around 8%, while that of the S. cymosum was, in comparison to the other fucoidans, 
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very high at around 61.31%. The chemical characterisation data provides insight into 

this, revealing a correlation between the sulphate contents and ash levels across the 

fucoidan extracts, which suggests that the elevated ash content may reflect a true high 

endogenous mineral content inherent to certain species. These results, for the most 

part, are consistent with the approximate ash content of 20% reported for most 

fucoidans, although higher ash contents of above 40% have also been reported 

(Mabate et al., 2023; Yu et al., 2021). The alginate extracts showed ash contents of 

above 30%, higher than the 22.38% found in the commercial alginate. Numerous 

factors can affect the natural mineral content contained in alginate extracts; some 

studies that have obtained comparably high ash contents have noted that this was 

most probably due to the presence of salt residues that were used for alginate 

precipitation (Iriyanti et al., 2019; Zhang et al., 2023; Flores-Hernández et al., 2021; 

Irianto et al., 2023). In this present study, sodium carbonate (Na2CO3) was used. Thus, 

adjusting the amount of sodium carbonate used in the extraction procedure may 

improve the overall ash content and should be investigated further. Nonetheless, 

certain species appear to inherently possess higher ash levels. To better understand 

the origin of this ash, comprehensive mineral profiling of the fucoidan and alginate 

extracts is recommended to characterise the specific inorganic constituents 

contributing to the overall ash content. 

3.4.5 Structural analysis of fucoidan and sodium alginate 

3.4.5.1 FT-IR analysis 

The preliminary identification of the functional groups of the fucoidans and alginates 

was carried out by FT-IR analysis, collecting sample spectra in the range of 600-4000 

cm-1. Figure 3.3 depicts the FT-IR spectra of the fucoidan and alginate extracts, 

overlaid with that of the commercial standards. The spectra resulting from the extracts 

demonstrated peak patterns corresponding to those of the commercial standards, 

which were characteristic of the structural building blocks. The polysaccharide-specific 

broad band at 3400 cm-1, assigned to O-H functional groups, and the characteristically 

small peak of aliphatic C–H at 2900 cm−1, were present in all of the spectra 

(Kuczajowska-Zadrożna et al. 2020). 

The fucoidan FTIR spectra in Figure 3.3A, show the primary absorptive peak at around 

1033 to 1048 cm-1, characteristic of the glycosidic linkage C–O–C in fucoidans (Wang 

and Chen, 2016). The bands present between 1440 and 1800 cm−1 indicate the 
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presence of the C=O stretching vibration of the carbonyl groups and O-acetyl groups 

(Zayed et al., 2020). Furthermore, the fucoidan spectra showed bands characteristic 

of the presence and pattern distribution of sulphate groups in fucoidan in the region of 

1200-600 cm-1. The band at 1218 cm-1, assigned to the -S-O asymmetric stretching 

vibration of the sulphate group, is often used for detection of total sulphate esters in 

polysaccharides (Al Monla et al., 2022). This peak was much more pronounced in the 

fucoidan standard and S. cymosum fucoidan extract, compared to the E. maxima and 

S. elegans fucoidan extracts - and was almost absent in the fucoidan of E. radiata. 

This pattern was also observed during the chemical analysis (Table 3.1). The 

additional, small sulphate peaks at 840 and 820 cm−1, assigned to general C–O–S 

stretching, denote substitutions of sulphate ester groups at the axial C-4 position of α-

linked L-fucopyranose and the equatorial C-2/C-3 positions, respectively (Zayed at al., 

2020). As was evident from Figure 3.3A, the E. radiata, S. elegans and S. cymosum 

fucoidans exhibited a small single peak around 840 cm−1, indicating that the sulphates 

were substituted at the C-4 position. In contrast, the F. vesiculosus and E. maxima 

fucoidans displayed peaks of varying intensities at 840 cm−1 and 820 cm−1, indicating 

the 2/3,4 disubstitution of sulphate groups. The significantly more pronounced peak for 

F. vesiculosus at 840 cm−1, accordingly, indicates that the sulphate substitution is 

primarily at the C-4 position, which is consistent with the observation of Ale et al., 

(2011). The final peak at 628 cm-1 attributed to the asymmetric and symmetric O=S=O 

deformation of sulphates, was most pronounced in S. cymosum (Synytsya et al., 2010). 
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Figure 3.3: Overlay of FT-IR spectra of the (A) fucoidan and (B) sodium alginate extracts 
and the commercial standards (Sigma Aldrich) in the range of 600 - 4000 cm-1.  
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The FT-IR spectra of the sodium alginates (Figure 3.3B) showed two strong bands at 

1650 and 1460 cm−1 that are attributed to the asymmetric and symmetric stretching 

vibrations of carboxylate groups (O-C-O) in a sodium alginate molecule (Rhein-

Knudsen et al. 2017; Kuczajowska-Zadrożna et al. 2020). The bands at 1100 cm-1 and 

1020 cm-1 represent the C-O vibrations of pyranose rings with contributions from the 

deformation of C–C–H and C–O–H linkages of the mannuronic and guluronic acid units 

(Rhein-Knudsen et al. 2017; Rhimi et al. 2022). According to the literature, the band at 

816 cm−1 is characteristic of the flexion vibration of mannuronic acid residues (Fertha 

et al. 2017; Belattmania et al. 2020). The prominence of this band is indicative of a 

significant mannuronic acid content, which is in accordance with the results obtained 

during the chemical composition analysis (Table 3.2). Furthermore, the absence of a 

signal around 1200 cm−1 typical of sulphate groups (S=O stretching), a characteristic 

of fucoidan and other sulphated polysaccharides, further confirmed the purity of the 

sodium alginates and the absence of fucoidan as a contaminant, in the extracted 

alginates (Kokova et al. 2023). 

3.4.5.2 1H NMR analysis 

1H NMR spectroscopy analysis was employed for the further investigation of the 

structural features of the fucoidans and alginates. The proton spectra of the fucoidans 

contained chemical shifts ranging from 1.6 to 5.4 ppm (Figure 3.4).  Assignments were 

made based on previously published NMR data (Zayed et al., 2020; Lutifa et al., 2020; 

Ayrapetyan et al., 2021). The doublet signals at 1.5 and 1.7 ppm specific to the methyl 

protons (CH3) at the C6 position and those coupled to the neighbouring methyl proton 

(C5) of L-fucose monomers, were the most pronounced in the spectra of the F. 

vesiculosus and S. elegans fucoidans (Lutifa et al., 2020). The presence of small 

amounts of O-acetyl groups in all fucoidans is shown by the peak at 2.2 ppm 

(Ayrapetyan et al., 2021). Additionally, the signal at 2.8 ppm assigned to the presence 

of amino sugars indicates that in the fucoidan derived from S. cymosum an amino 

group replaced a hydroxyl group on some monosaccharides (Lutifa et al., 2020). The 

group of signals present in the range of 4.9–5.5 ppm and 3.7–4.4 ppm corresponds to 

those of the anomeric (H1) protons and carbohydrate ring protons (H2-H5) present in 

α-linked sugar monomers such as D-glucose, D-galactose, D-mannose and L-fucose 

(Ayrapetyan et al., 2021; Zayed et al., 2020). The peaks in this anomeric and ring 

proton region provide information on the presence and glycosidic linkage position of 
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attached sulphate groups and the varying monosaccharide patterns (Alwarsamy et al., 

2016). Although no detailed assignment is available for these, the chemical 

characterisation and FTIR analysis provide some additional detail. Overall similarities 

in the structural features of these fucoidans can be deduced from these analyses. For 

one, the prominent appearance of these signals for the Ecklonia sp fucoidans are 

reflected in their chemical composition data, which indicated the highest total sugar 

contents amongst all the fucoidans. Furthermore, from this limited NMR study, it is 

clear that the complex heterogeneous fucoidan structures of F. vesiculosus and S. 

elegans differ in detail but showed strong similarities in their structural features. In the 

case of the other fucoidans, there were strong similarities between the spectra of the 

Ecklonia species, whereas the fucoidan from S. cymosum had a more distinct proton 

spectrum. However, E. maxima and S. cymosum shared the distinctive unidentifiable 

signals in the region of 2.9 to 3.1 ppm. Considering that the bioactivity of fucoidan is 

directly related to their structure, further investigations are warranted.  

 

Figure 3.4: Stacked 1H NMR spectra of E. maxima, E. radiata, S. elegans, S. cymosum 
fucoidans and the commercial standard F. vesiculosus fucoidan.  

The 1H NMR spectra of the sodium alginates showed clearly distinguishable signals of 

the monomer and block mannuronic (M) and guluronic acid (G) units (Figure 3.5). The 
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signal peaks representing the protons (H1 - H5) located at the different carbon 

positions on the uronic acids (M and G) were assigned as confirmed by literature 

(Bjerkan et al. 2004; Al Monla et al. 2022; Kokova et al. 2023).  The mannuronic acid 

residue peaks, denoted as M1, M2, M3, M4 and M5, showed peak signals at 5.14 ppm, 

4.45 ppm, 4.20 ppm, 4.27 ppm and 4.22 ppm, respectively. Furthermore, the spectrum 

showed the five typical L-guluronic acids residue peaks G1, G2, G3, G4 and G5 at 

5.54 ppm, 4.45 ppm, 4.50 ppm, 4.62 ppm and 4.93 ppm, respectively.  

Figure 3.5: 1H NMR spectra at 70°C of the commercial alginate and sodium alginates 
extracted from Ecklonia and Sargassum species. Expanded regions of the 1H NMR 
spectrum show the signals marked I, II, and III used to calculate the M/G ratio as well as the 
frequency of the monad (FG, FM) and diad (FGG, FMM, FMG or FGM) sequence. Underlined M and 
G denote proton signals of the D-mannuronic acid and L-guluronic acid residues, respectively. 
Letters not underlined denote neighbouring residues along the copolymer chain. Numbers 
indicate which proton is responsible for the signal. 
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In addition to the peaks representing the individual M and G components, spectra 

showed diad and triad frequencies in the sodium alginate polymer chains. The signals 

at 5.24 ppm, 5.20 ppm and 4.93 ppm represent the H5 proton of a central G residue in 

the G-centered triads (GGM, MGM) and homopolymeric G blocks, respectively. The 

M-diad signals M1G at 5.17 ppm and M1M at 5.14 ppm denote the M residues 

neighbouring a G residue and another M residue (Fertha et al., 2017).  From the area 

of the signals denoted as I, II and III, we calculated the ratio of the individual block 

structure components presented in Table 3.4, employing the equations adopted by 

Grasdalen et al. (1979). The M/G ratio values of the alginates were above 1, further 

indicating that these alginates have a higher fraction of mannuronic acid compared to 

guluronic acid. The lower M/G ratios reported here - compared to those detailed in 

Table 3.2 - can be attributed to differences in the analytical techniques. During 

hydrolysis, which is part of the HPLC sample preparation, G residues are released and 

subsequently decomposed from the alginate structure earlier than M residues (Lu et 

al., 2015). This early release and decomposition likely affected the M/G ratio 

determined via HPLC, leading to the higher reported values compared to those 

obtained through NMR, which does not require hydrolysis. Correlating to the overall 

higher M content, all alginates exhibited a higher mannuronic monad (FM) content than 

guluronic (FG), while the alternating block fractions (FMG and FGM) were present in 

low quantities (Table 3.4). Yet, the frequency of the guluronic diads (FGG) was higher 

in the E. maxima, E. radiata and S. elegans alginates compared to that of the 

mannuronic diads (FMM).  

Table 3.4: Compositional data of the block structures of extracted and commercial 
alginates determined by NMR 

Source FG FM FMM FGG FMG=GM M/G 

Commercial 0.43 0.57 0.50 0.50 0.08 1.33 

E. maxima 0.29 0.71 0.32 0.68 0.03 2.48 

E. radiata 0.32 0.68 0.28 0.72 0.04 2.12 

S. elegans 0.37 0.63 0.44 0.56 0.06 1.67 

S. cymosum 0.45 0.55 0.57 0.43 0.11 1.21 
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3.4.5.3 Thermogravimetric analysis (TGA) of fucoidan and sodium alginate 

The thermogravimetric analysis (TGA) was performed primarily to determine the ash 

content (Table 3.3), but it also highlighted some of the compositional differences 

between the extracts. The thermal behaviour of fucoidans showed a continuous weight 

loss with increasing temperature, demonstrating three distinctive decomposition 

stages denoted as x, y and z (Figure 3.6). The initial weight loss, denoted as x, of 

around 8-13% in the temperature range of 30 to 180°C, resulted from the loss of the 

freely bound and entrapped water molecules (Yang et al., 2022).  These results 

indicated similar moisture contents amongst the fucoidans. Thereafter, the most 

significant weight loss was observed during the decomposition (y) stage, for the 

organic components of the fucoidan polymers. The greater weight loss (of between 41 

and 52%) noted for the Ecklonia species, compared to that for the other three 

fucoidans, is related to the higher carbohydrate content within this species 

(Lakshmanan et al., 2022). Degradation of the organic contents of the fucoidans from 

F. vesiculosus (commercial standard) and the Sargassum species occurred earlier 

and, in the instance of the commercial fucoidan, also more rapidly than in the other 

fucoidans, as shown by the earlier and steeper slopes in the DTG graphs denoted y 

stage (Figure 3.6B). In the last decomposition stage (z) between 420°C and 800°C, 

the steady decomposition of carbonised residues occurred (Yang et al., 2022). At 

800°C, the remaining percentage weight represents the ash content, which includes 

the phosphates, carbonates and sulphates present in the fucoidans (Lakshmanan et 

al., 2022). As mentioned previously, the high sulphate contents of the Sargassum 

species contributed to the high ash contents.  
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Figure 3.6: (A) Thermogravimetric (TGA) and (B) different thermogravimetric (DTG) 
analysis of the brown seaweed-derived fucoidans. The thermograms represent the 
fucoidans’ percentage weight loss (TGA) and rate of weight loss (DTG) after continuous 
heating up to 800 °C. 

The thermal degradation of the sodium alginates also occurred in three main 

degradation stages, as can be seen on the TGA and corresponding DTG thermograms   

in Figure 3.7. This thermal degradation profile compares to those of previously reported 

sodium alginates in literature (Zhang et al., 2023; Flores-Hernández et al., 2021). The 

sodium alginates lost between 8 and 17% of their weight, during the initial dehydration 

stage, denoted x. During the degradation of the alginate polymer, in the second stage 

marked y, the commercial alginate demonstrated a greater weight loss than the 

extracted sodium alginates, with S. cymosum only losing 18% of its sample mass, 

indicative of a lower alginate quality (purity) compared to that of the commercial 

alginate. In the last stage (z) which began at 440 °C and continued to 800 °C, the 

greatest loss in weight was seen on the thermograms for the E. maxima and E. radiata 
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samples, in the range of 580 - 660°C.  Also previously mentioned, this weight loss is 

typically associated with the decomposition of excess Na2CO3 introduced during the 

alginate extractions’ precipitation stage (Rowbotham et al., 2013, Da Silva Fernandes 

et al., 2018).  

 

Figure 3.7: (A) Thermogravimetric (TGA) and (B) different thermogravimetric (DTG) 
analysis of the brown seaweed-derived sodium alginates. The thermograms represent the 
sodium alginate’s percentage weight loss (TGA) and rate of weight loss (DTG) over the 
temperature range of 30 - 800°C after continuous heating up to 800 °C. 

 

3.4.5.4 X-ray diffractometry (XRD) of the fucoidans and sodium alginates 

The XRD profiles of the fucoidans and sodium alginates were obtained to investigate 

the microstructural differences between the various fucoidans and sodium alginates. 

The crystallinity of a polysaccharide depends on the degree of structural ordering within 

its molecular structure (Seidi et al., 2022). In general, a crystalline structure implies the 



56 
 

highly ordered arrangement of polysaccharide repeating units. Therefore, more 

complex and branched polysaccharides typically have a poor crystallisation capacity 

(Seidi et al., 2022). On an XRD spectrum the diffraction pattern of a crystalline structure 

contains many distinct peaks, while that of an amorphous structure contains only broad 

peaks. The diffractograms of the fucoidans (Figure 3.8) generally exhibited broad 

peaks at 2θ values of 13°and 22° as well as sharper peaks at 2θ values of 42°and 

48°C. Furthermore, according to the interpretation of Saravana et al. (2016) of a similar 

peak pattern reported for fucoidan from Saccharina japonica, this confirmed that these 

fucoidans had a semi-crystalline structure. The sharper diffraction peaks seen in the 

S. cymosum fucoidan diffractogram also confirmed that it was more crystalline.  

 

Figure 3.8: Xray diffraction spectra of (a) F. vesiculosus, (b) E. maxima, (c) E. radiata, 
(d) S. elegans and (e) S. cymosum fucoidans. 

 

The XRD analysis of the sodium alginates, in Figure 3.9, showed the presence of 

peaks at 2θ values of 13°, 18°, 22°, 28°,29°, 32.5°, 34°, and 40°, respectively, that are 

characteristic of sodium alginate (Belattmania et al., 2018). The diffraction peaks at 

13.5° and 22°, according to Belattmania and colleagues (2018), may correspond to the 

reflection of the (110) plane from the polyguluronate unit and (200) plane from the 
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polymannuronate unit, respectively. The additional unidentified crystalline peaks 

observed were also apparent in other studies (Belattmania et al., 2018; Hezma et al., 

2023), but, based on the findings of dos Santos Araújo et al. (2019), these are 

suspected to be peaks arising from sodium carbonate. Overall, the XRD patterns of 

the alginates showed that sodium alginates had a semi-crystalline structure. This has 

been reported for sodium alginate before (Hezma et al., 2023). 

 

Figure 3.9: Xray diffraction spectra of the (a) commercial, (b) E. maxima, (c) E. radiata, 
(d) S. elegans and (e) S. cymosum sodium alginates.  

 

3.5 Conclusion 

In conclusion, extractions from the brown seaweeds, Ecklonia spp. and Sargassum 

spp. resulted in the isolation of fucoidans with yields of 3-6% and >2% of the dry 

weights of the seaweeds, respectively, and alginates with yields of around 40%. This 

work performed in this chapter showed that the extracts fulfilled the chemical and 

structural criteria for fucoidans and sodium alginates. The chemical composition and 

structural profiles revealed the heterogeneity of fucoidans among the two brown 

seaweed species, Ecklonia and Sargassum, where, most notably, the fucoidans 

derived from Sargassum spp. showed a high fucose and sulphate content, while in the 

Ecklonia spp. the principal sugar unit of the fucoidans was glucose, accompanied by a 
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lower fucose and sulphate content. Moreover, an investigation of the structures of 

these fucoidans indicated some similarities and differences, but further investigations 

are required in order to fully define these structural features. In addition, all the 

extracted sodium alginates displayed a mannuronic acid dominant composition (M/G 

ratio >1), medium MWs and low viscosities, and differences in their polymer chain 

arrangement. Overall, this chapter confirms the successful extraction of fucoidans and 

sodium alginates, with a validation of their purity and structural features. The moderate 

to high yields observed suggest that supply issues might be less of a concern. These 

findings establish a solid foundation for investigating their biological activities, which 

will be covered in the next two chapters. 
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Chapter 4- Inhibiting starch-degrading enzymes for the treatment of 

Type 2 Diabetes: exploring the potential of fucoidans and sodium 

alginates 

 

4.1 Introduction 

Diabetes mellitus is a metabolic disorder that is characterised by high levels of blood 

glucose that may become so drastic as to result in chronic hyperglycaemia (Vinoth 

Kumar et al., 2015). This disease is classified as either Type 1 or Type 2 diabetes, with 

Type 2 accounting for ~ 90% of all diabetes cases. In T1DM, the body fails to produce 

insulin due to the autoimmune destruction of pancreatic cells. In contrast, T2DM is 

characterised by insulin resistance, where the body’s cells become less responsive to 

the effects of insulin. Initially, the pancreas compensates by producing more insulin to 

maintain normal glucose homeostasis. However, over time, the pancreas becomes 

unable to sustain this increased insulin output, resulting in an insulin deficiency. As a 

result, glucose released from dietary carbohydrates fails to enter cells efficiently, 

leading to elevated glucose levels in the bloodstream.  When inadequately controlled, 

untreated high levels of blood glucose can lead to several life-threatening 

consequences over time, which include damage to the blood vessels, the heart, eyes, 

kidneys and nerves (Lopes et al., 2017). The pharmacological interventions to treat 

hyperglycaemia are numerous and include using different classes of oral anti-diabetic 

drugs (insulin secretagogues, insulin sensitisers, α-amylase and α-glucosidase 

inhibitors). These agents operate through two main therapeutic strategies: one 

compensates for insulin resistance and insufficient insulin secretion, thereby 

enhancing glucose uptake by cells and reducing blood glucose levels; the other delays 

the digestion and absorption of carbohydrates, limiting the postprandial rise in blood 

glucose. 

Among these, the strategy of modulating digestion to slow glucose absorption is widely 

regarded as the preferred treatment approach (Attjioui et al., 2021). The majority of the 

glucose entering the bloodstream stems from the ingestion of various starches that are 

hydrolysed into absorbable glucose by numerous enzymes located along the 

alimentary canal (Lee et al., 2012; Attjioui et al., 2021). α-Amylase, present in the saliva 

and pancreas, is initially responsible for the conversion of the starches 

(polysaccharides) into disaccharides, while α-glucosidases hydrolyse these 
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disaccharides (maltose, sucrose) to release absorbable glucose. There are four 

classes of α-glucosidases located in the small intestine’s brush border membrane, 

namely maltase, glucoamylase, sucrase and isomaltase. These form two complexes 

maltase-glucoamylase (MGAM) and sucrase-isomaltase (SI), with different substrate 

specificities (Attjioui et al., 2021). Each of the intestinal α-glucosidase 

complex enzymes breaks down the consumed starches further into simpler sugars or 

monosaccharides. Maltase is the major enzyme responsible for the digestion and 

absorption of dietary starch. Among these, maltase is the enzyme, to a larger extent, 

responsible for the digestion and absorption of dietary starch by releasing glucose units 

from maltose residues. In addition, sucrase hydrolyses sucrose to release glucose and 

fructose (Lee et al., 2012; Attjioui et al., 2021). By inhibiting these enzymes in the 

gastrointestinal tract, a reduction in postprandial glucose levels is achieved by reducing 

the liberation of glucose from oligosaccharides and disaccharides. Targeting the 

starch-degrading enzymes α-amylase and α-glucosidase is a well-established 

approach and has been an effective treatment strategy (Lakshmanasenthil et al., 2014; 

Attjioui et al., 2021).  

4.2 Objectives 

The objectives of this chapter were to: 

• Identify the potential of the fucoidans and sodium alginates to inhibit the 

carbohydrate digestive enzymes (α-amylase, α-glucosidase, maltase and 

sucrase); 

• Investigate the mode of enzyme inhibition of the fucoidans and/or alginates. 

 

4.3 Materials and Methods 

4.3.1 Materials 

Acarbose (Cat. No. A8980), F. vesiculosus (Cat. No. F5631) and the commercial 

sodium alginate (Cat. No. W201502) were purchased from Sigma Aldrich. The 

carbohydrate-digesting enzymes; porcine pancreatic α-amylase (Cat. No. E-PANAA-

9G), maltase (Cat. No. E-MALTS) and sucrase (Cat. No. E-SUCR), were purchased 

from Megazyme™. The commercial Saccharomyces cerevisiae α-glucosidase (Cat. 

No. G5003) was purchased from Sigma Aldrich. These enzymes were selected for their 

widespread use in the preliminary screening of digestive enzyme inhibitory activity. 

Although they differ structurally and mechanistically from the mammalian counterparts 
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involved in human digestion, they offer a reliable model for the initial evaluation of 

inhibitory potential. The remainder of the reagents and kits utilised in this study were 

of analytical grade and were purchased from Sigma-Aldrich, MERCK and 

MegazymeTM. 

4.3.2 α-Amylase inhibition assay  

The inhibition of α-amylase (0.1 mg.ml−1) in the presence of the test compounds 

(fucoidan and alginates) or positive control (acarbose), at various concentrations (0.1 

– 1.0 mg.ml−1), was assayed in a reaction volume of 400 µl using 2% (w/v) potato 

starch in 50 mM sodium phosphate buffer (pH 7.0) as the substrate. The reaction was 

allowed to occur at 37°C for 30 minutes with gentle agitation at 70 rpm. The reaction 

was then terminated by the addition of DNS reagent and the reducing sugars released 

were measured according to the DNS method (see section 3.3.5.6). Inhibitor controls 

were included to account for any reducing sugars released due to the thermal lysis of 

the inhibitors during the DNS assay. A control reaction was prepared using the same 

procedure, replacing the inhibitor with buffer. Inhibition was expressed as a relative 

percentage of the control according to the following formula: 

%𝐸𝑛𝑧𝑦𝑚𝑒 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
(𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑠𝑢𝑔𝑎𝑟𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑠𝑢𝑔𝑎𝑟𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑡𝑒𝑠𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)

𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑠𝑢𝑔𝑎𝑟𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
  𝑥 100 

4.3.3 α-Glucosidase inhibition assay 

The inhibitory potential of the seaweed extracts (fucoidan and sodium alginate) 

[prepared in 50 mM sodium phosphate buffer (pH 7.0)] and positive control (acarbose) 

was assessed at various concentrations ranging from 0.1 - 1 mg.ml-1. Their inhibition 

of α-glucosidase (0.625 μg.ml-1) activity was investigated by monitoring the release of 

p-nitrophenol from the substate p-nitrophenyl-α-D-glucopyranoside (pNPG, 2.5 mM) in 

a reaction volume of 500 µl. The reaction was incubated at 37°C and the p-nitrophenol 

release was monitored in 1-minute intervals over 20 minutes at 405 nm (Epoch™ 2 

spectrophotometer from Bio-Tek with Gen 5™ software). The absorbance readings 

were corrected for the absorbance contribution of the buffer, enzyme, substrate and 

respective inhibitors, respectively. The p-nitrophenol release was interpolated from the 

p-nitrophenol standard curve (see Appendix Figure B10). The control reaction was 

allowed to proceed using the same procedure replacing the inhibitor with buffer. The 

α-glucosidase inhibitory activity was calculated as percentage inhibition: 
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% 𝐸𝑛𝑧𝑦𝑚𝑒 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
(𝑝 − 𝑛𝑖𝑡𝑟𝑜𝑝ℎ𝑒𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑝 − 𝑛𝑖𝑡𝑟𝑜𝑝ℎ𝑒𝑛𝑜𝑙  𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑡𝑒𝑠𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)

𝑝 − 𝑛𝑖𝑡𝑟𝑜𝑝ℎ𝑒𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
  𝑥 100 

4.3.4 Maltase inhibition assay 

The inhibitory activity of the test compounds (fucoidan and alginates) and positive 

control (acarbose) on maltase was determined by incubating the potential inhibitors at 

final concentrations ranging from 0.1 to 1.0 mg.ml−1, with maltase (0.175 U.ml-1) and 

isomaltotriose (15 mM) in a total reaction volume of 100 µl.   The reaction was allowed 

to proceed for 30 minutes at 37°C. Following this, the enzymatic activity was terminated 

by incubation at 100°C for 10 minutes. The glucose released by the reaction mixture 

was determined by the glucose oxidase/peroxidase (GOPOD) kit according to the 

manufacturer’s instructions using a glucose standard curve (see Appendix Figure B11). 

A control reaction monitored the activity of the enzyme without inhibitor. The 

percentage inhibition (%) was calculated using the following equation: 

%𝐸𝑛𝑧𝑦𝑚𝑒 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
(𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑎𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑡𝑒𝑠𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
  𝑥 100 

 

4.3.5 Sucrase inhibition assay 

The ability of the seaweed extracts (fucoidan and sodium alginate) and positive control 

(acarbose) to inhibit sucrase (0.001 U.ml-1) activity was assayed for inhibitor 

concentrations from 0.1 – 1 mg.ml-1 using a fixed concentration of sucrose (10 mM) in 

a 100 µl total reaction volume. The reaction was incubated for 30 minutes at 37°C and 

then at 100°C for a further 10 minutes to terminate the reaction. The glucose released 

by the reaction mixture was determined by the glucose oxidase/peroxidase (GOPOD) 

kit according to the manufacturer’s instructions using the glucose standard curve (see 

Appendix Figure B11). A control reaction monitored the activity of the enzyme without 

inhibitor. The percentage inhibition (%) was calculated using the following equation: 

𝐸𝑛𝑧𝑦𝑚𝑒 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 % =
(𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑎𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑡𝑒𝑠𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
  𝑥 100 

    

4.3.6 Determination of IC50 values 

Compounds which exhibited significant inhibition against α-glucosidase, maltase, and 

sucrase were screened using a broader concentration range (0.001-5 mg.ml-1). The 
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IC50 value [defined as the concentration (mg.ml-1) of each inhibitor required to inhibit 

half (50%) of the activity of the enzymes, was determined by nonlinear regression of 

the log-transformed inhibitor concentration (log [Inhibitor]) vs. the relative enzyme 

inhibition (% inhibition) at 2.5 mM pNPG,15 mM isomaltose and 10 mM sucrose using 

GraphPad Prism software (GraphPad Prism ver. 6, GraphPad Software, La Jolla, CA, 

USA). 

4.3.7 EnzymeML kinetic analysis of α-glucosidase activity 

Enzyme kinetic assays for α-glucosidase activity were conducted following the reaction 

conditions described in section 4.3.3, employing varying concentrations of pNPG (0.1, 

0.25, 0.5, 1, 2.5, and 5 mM). Product formation data monitored over 20 minutes were 

extrapolated from the p-nitrophenol standard curve (see Appendix Figures B18 to B24), 

including appropriate controls. Mr Max Häußler (collaborator at Stuttgart University, 

Institute for Biochemistry and Technical Biochemistry) performed the enzyme kinetic 

analysis on this experimental data to identify the type of inhibition, utilising the software 

program EnzymeML (initial workflow outlined in Mr. Häußler master’s thesis: Häußler, 

2023). Briefly, the data was put into EnzymeML documents, accessed, modified, and 

generated using Python API PyEnzyme (Range et al., 2021), facilitating the integration 

of EnzymeML data into Python-driven data analysis workflows for kinetic parameter 

estimation. The datasets were evaluated against various kinetic models, including 

product and substrate inhibition models, as well as enzyme inactivation models. The 

estimated parameters (Km, kcat, and kcat/Km) for the assessed/fitted models were 

determined. 

4.3.8 Kinetic analysis of maltase and sucrase 

Kinetic assays for maltase and sucrase were conducted by maintaining the maltase 

and sucrase activity at 0.175 U.ml-1 and 0.001 U.ml-1, respectively. The enzyme 

activities in the absence and presence of the inhibitor were assayed at varying final 

concentrations of the maltose (2.5, 5, 10, 15, 20 and 25 mM) and sucrose (2.5, 5, 10, 

15, 30 and 45 mM) substrates, as outlined in sections 4.3.4 and 4.3.5. The Michaelis–

Menten inhibition constant, Km, and the maximum rate, Vmax, were determined using 

non-linear regression analysis with GraphPad Prism 6.0 software. The initial velocity 

data were used to draw Lineweaver-Burk plots, plotting 1/[S] on the X-axis and the 1/v 

values on the Y-axis. 
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4.3.9 Statistical analysis 

Significant differences between the activities of the enzymes in the absence and 

presence of inhibitors were determined by one-way analysis of variance (ANOVA). The 

ANOVA test was performed using the data analysis feature in GraphPad Prism 

software version 6 (GraphPad Inc). The values were considered to be significantly 

different when p < 0.05. 

4.4 Results and Discussion 

4.4.1 Inhibitory effects of fucoidans and sodium alginates on α-amylase 

compared to acarbose 

The ability of the seaweed-derived fucoidan and sodium alginate extracts to inhibit the 

degradation of potato starch by α-amylase was assessed by monitoring the release of 

reducing sugars using the DNS assay (Miller,1959). In Figure 4.1, the inhibitory 

potential of fucoidans and sodium alginate against porcine α-amylase was compared 

to that of the commercial anti-diabetic agent acarbose. While there was a direct 

relationship between the acarbose concentration and the inhibition of the enzyme 

(indicating a dose-dependent effect inhibiting up to 80% of the α-amylase activity), 

neither the fucoidans nor the sodium alginates displayed any significant inhibitory effect 

on the activity of α-amylase.  

 

Figure 4.1: Inhibitory potential of acarbose compared to (A) fucoidans and (B) sodium 

alginates from the various brown seaweeds against α-amylase activity. Commercial 

fucoidan sourced from F. vesiculosus, source of the commercial sodium alginate unknown. 

The values are expressed as means ± SD (n=3). 

 

The lack of inhibition of α-amylase activity observed for the fucoidan standard from F. 

vesiculosus was anticipated, as a previous study by Kim et al. (2014) demonstrated 
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that this fucoidan does not inhibit this enzyme.  Similarly, previous studies (Daub et al., 

2020; Mabate et al., 2021) in our laboratory revealed that fucoidans extracted from E. 

radiata and E. maxima also lack inhibitory effects on porcine α-amylase. Therefore, the 

lack of inhibition noted for the other fucoidans is not surprising. Likewise, all sodium 

alginates did not display any effect on α-amylase activity. There is limited literature 

available on the inhibitory effects of sodium alginates on α-amylase, so it's difficult to 

ascertain the reasons for their observed lack of inhibition. While acarbose, a known α-

amylase inhibitor (Cho et al., 2011), inhibited the activity of this enzyme, it's worth 

noting that its apparent effectiveness decreased in a dose-dependent manner at 

concentrations above 0.3 mg.ml-1 during our initial assessments. Further investigation 

revealed that acarbose is susceptible to thermolysis at temperatures above 95°C, as 

noted by Singla et al. (2016). Therefore, it was vital to correct for the increased amounts 

of reducing sugars being released from the thermolysis of acarbose during the sugar 

quantification step to ensure accurate reporting of its inhibitory potential. In contrast, 

the fucoidans and alginates were not susceptible to thermolysis (data not shown).  

4.4.2 Inhibitory effects of fucoidans and sodium alginates on α-glucosidase 

compared to acarbose 

Next, the fucoidans and sodium alginates were evaluated for their inhibitory potential 

against α-glucosidase, the enzyme responsible for further breaking down the 

oligosaccharides produced during starch digestion by α-amylase into glucose (Figure 

4.2). For this assessment, a colourimetric assay using the synthetic model substrate 

p-nitrophenyl-α-D-glucopyranoside (pNPG) was employed. The results for the 

inhibitory effects of the fucoidans, as presented in Figure 4.2A, revealed that among 

the five fucoidans assessed, four exhibited higher maximal inhibitory effects against α-

glucosidase, compared to acarbose, which achieved a maximal inhibition of 68.25% at 

1 mg.ml-1. Three of these fucoidans (from F. vesiculosus, E. radiata, and S. elegans) 

exhibited inhibitory effects of up to ~96% in a dose-dependent manner on α-

glucosidase activity, achieving this level of inhibition at concentrations as low as 0.1 

mg.ml-1. The fourth fucoidan, from E. maxima, although it initially showed no inhibition 

of α-glucosidase at lower concentrations, surpassed the inhibitory effect of acarbose 

at 0.3 mg.ml-1, reaching a maximal inhibition of 87.63%. The inhibitory potential of S. 

cymosum fucoidan was much lower (<40%), demonstrating a dose-dependent 

response, inhibiting α-glucosidase significantly (p<0.05) only at high concentrations 

exceeding 0.6 mg.ml-1. In contrast to the majority of the fucoidans, the sodium alginates 
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(Figure 4.2B) exhibited weak and mostly insignificant inhibition in the concentration 

range assessed, with the degree of inhibition reaching only 26.28%. Overall, these 

findings highlight the strong inhibitory potential of fucoidans towards α-glucosidase 

(compared to sodium alginates), with many fucoidans exhibiting superior efficacy to 

acarbose. 

 

Figure 4.2: Inhibitory potential of acarbose compared to (A) fucoidans and (B) sodium 
alginates from various brown seaweeds against α-glucosidase activity. Commercial 
fucoidan sourced from F. vesiculosus, source of the commercial sodium alginate unknown. 
The values are expressed as means ± SD (n=3). 

 

4.4.3 Inhibitory effects of fucoidans and sodium alginates on maltase 

compared to acarbose 

Following the evaluation of α-glucosidase inhibition, we proceeded to assess maltase 

and sucrase inhibition each individually, to gain a more comprehensive understanding 

of how these seaweed extracts influence specific α-glucosidase enzymes involved in 

carbohydrate metabolism. The inhibition of maltase (Figure 4.3) showed that all 

fucoidan and sodium alginate extracts inhibited maltase to a varying degree. The 

maltase inhibitory effect of the five sodium alginate extracts, along with the E. maxima 

and S. cymosum fucoidans, was mild and irregular, with a maximum inhibition of 

between 20 and 40% (p<0.05) of the enzyme’s activity, within the tested concentration 

range. In contrast, the other three fucoidans exhibited a greater effect on the enzyme, 

especially E. radiata and S. elegans, which displayed a higher inhibitory effect than 

acarbose (Figure 4.3A). At higher inhibitor concentrations, the E. radiata and S. 

elegans fucoidans displayed a maximal inhibitory effect (>85%), matching that of 

acarbose. Among all the inhibitors screened, only the commercial sodium alginate 

displayed no significant (p<0.05) inhibition.  
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Figure 4.3: Inhibitory potential of acarbose compared to (A) fucoidans and (B) sodium 
alginates from various brown seaweeds against maltase activity. Commercial fucoidan 
sourced from F. vesiculosus, source of the commercial sodium alginate unknown. The values 
are expressed as means ± SD (n=3). 

 

4.4.4 Inhibitory effects of fucoidans and sodium alginates on sucrase 

compared to acarbose 

Lastly, we investigated the inhibitory effects of the fucoidans and sodium alginates on 

sucrase activity (Figure 4.4). The fucoidans from F. vesiculosus and S. elegans were 

the most potent inhibitors of sucrase (with over 90% inhibition), surpassing the efficacy 

of acarbose at all concentrations. E. radiata fucoidan also exhibited a notable inhibitory 

effect, reaching its maximal inhibitory effect of over 70% at 0.6 mg.ml-1. However, E. 

maxima and S. cymosum fucoidan showed maximal inhibition of only around 30% 

(p<0.05). Interestingly, E. maxima and E. radiata fucoidan initially demonstrated some 

activation of the enzyme at lower concentrations before inhibiting sucrase activity at 

higher concentrations (Figure 4.4A). In contrast, the sodium alginates (Figure 4.4B) 

(except those from E. maxima and S. cymosum, which showed some limited inhibition 

of around 20% at 1 mg.ml-1 (p<0.05)) did not display any significant inhibition of sucrase 

activity.  
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Figure 4.4: Inhibitory potential of acarbose compared to (A) fucoidans and (B) sodium 
alginates from various brown seaweeds against sucrase activity. Commercial fucoidan 
sourced from F. vesiculosus, source of the commercial sodium alginate unknown. The values 
are expressed as means ± SD (n=3). 

 

4.4.5 Potency of fucoidan and sodium alginate extracts as inhibitors of α-

amylase, α-glucosidase, maltase and sucrase 

The half-maximal inhibitory concentrations (IC50), reflecting the potency of enzyme 

inhibition, were determined to compare the efficacy of our inhibitors against α-amylase, 

α-glucosidase, maltase, and sucrase. The inhibitory effect of our compounds on these 

enzymes was assessed under the same conditions as above but covering a wider 

concentration range (0.001-5 mg.ml-1). The IC50 values, depicted in Table 4.1 below, 

were derived from plots of the logarithm of inhibitor concentration versus percentage 

enzyme inhibition (see Appendix Figures B12 to 15).  

As is evident from the absence of reported IC50 values for α-amylase in Table 4.1, 

neither the fucoidans nor the sodium alginates displayed significant inhibition of this 

enzyme, even across the broader concentration range. This selective inhibition is 

desirable, as strong α-amylase inhibition, such as that observed with acarbose, is often 

linked to gastrointestinal side effects (e.g., bloating, diarrhoea) due to undigested 

starch fermentation in the colon (Proença et al., 2019). In contrast, acarbose, the 

positive control, showed a stronger inhibition of α-amylase than the α-glucosidases 

(Table 4.1), consistent with previous studies (Mabate et al., 2021). Interestingly, the 

IC50 values revealed distinct inhibition patterns among the fucoidans from the various 

seaweed species across the three α-glucosidase enzymes: α-glucosidase, maltase 

and sucrase (Table 4.1). When comparing their α-glucosidase inhibitory potentials, it is 

evident that the fucoidans from E. maxima, E. radiata, and S. elegans surpassed 

acarbose in efficacy but did not exceed the efficacy of the commercial F. vesiculosus 
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fucoidan. S. cymosum fucoidan extract exhibited the lowest α-glucosidase inhibitory 

potential among the fucoidan samples tested; however, it still achieved 50% inhibition 

over an extended concentration range, unlike the sodium alginates. As further 

illustrated in Table 4.1, E. maxima, E. radiata, and S. cymosum fucoidans, along with 

sodium alginate extracts from E. maxima and S. cymosum, exhibited the selective 

inhibition of maltase rather than sucrase.  

In contrast, commercial F. vesiculosus and S. elegans fucoidans appeared to be 

stronger inhibitors of sucrase compared to maltase. The strength of sucrase inhibition, 

as indicated by their IC50 values, followed the order: F. vesiculosus > S. elegans > E. 

radiata > Acarbose > E. maxima > S. cymosum. The inhibition of maltase activity by 

fucoidans decreased in the following order: E. radiata > S. elegans > Acarbose > F. 

vesiculosus > E. maxima > S. cymosum. The E. radiata and S. elegans fucoidans, 

therefore, appeared to be the most promising α-glucosidase inhibitors, given their 

particularly low IC50 values. While the higher inhibitory potency of E. maxima fucoidan, 

specifically against α-glucosidase activity compared to acarbose, would suggest it to 

be a good candidate, its relative lack of inhibition against maltase and sucrase may 

indicate a preference in specificity towards only the α-glucosidase enzyme.  

Table 4.1: IC50 values for the inhibition of α-amylase, α-glucosidase, maltase and 
sucrase enzymes by acarbose and the different seaweed extracts 

Compound IC50 (mg.ml-1) 

α-amylase α-glucosidase maltase sucrase 

Acarbose 0.051 0.714 0.108 0.130 
Fucoidans  
F. vesiculosus ND 0.021 0.161 0.056 
E. maxima ND 0.391 1.331 1.409 
E. radiata ND 0.049 0.045 0.112 
S. elegans ND 0.023 0.082 0.075 
S. cymosum ND 2.134 1.778 2.148 
Sodium alginate     
E. maxima ND ND 1.026 ND 
S. cymosum ND ND 0.876 ND 

ND-Not detectable 

Comparing the overall α-glucosidase, maltase, and sucrase IC50 values revealed a 

consistent trend: fucoidans from F. vesiculosus, E. radiata, and S. elegans exhibited 

stronger inhibitory effects on these enzymes compared to those from E. maxima, S. 

cymosum, and the sodium alginates. Numerous studies have highlighted the potent 

inhibitory activity of fucoidan extracts from various brown seaweed species against α-
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glucosidase and a few studies also for the maltase, and sucrase enzymes - with 

reported IC50 values typically falling within the range of 0.137 to 0.536 mg.ml-1 (Shan 

et al., 2016; Koh et al., 2020; Attjioui et al., 2021). By comparison, our fucoidans 

performed exceedingly well as inhibitors of these digestive enzymes and compare 

favourably to some of the most potent known fucoidans, for instance, Ascophyllus 

nodusum and F. vesiculosus fucoidans, which have been reported to exhibit IC50 

values of 0.047 mg.ml-1 and 0.049 mg.ml-1 on α-glucosidase, respectively (Kim et al., 

2014). Taken together, the fucoidans’ strong and selective inhibition of α-glucosidase, 

maltase, and/or sucrase, paired with minimal α-amylase activity, closely matches the 

inhibition profile sought in next-generation antidiabetic agents.  

Sodium alginates have been not well explored as inhibitors of carbohydrate-degrading 

enzymes, with limited studies conducted thus far. In our study, we observed inhibitory 

effects on maltase with sodium alginates derived from E. maxima and S. cymosum, 

demonstrating notable activity. While previous research by Nakamura et al. (2008) 

reported on the maltase inhibitory capacity of sodium alginate, specific IC50 values 

were not provided. Our findings can be compared to those of Samudra et al. (2017), 

who reported an IC50 of 1.55 mg.ml-1 for a sodium alginate extract inhibiting α-

glucosidase. Our study therefore represents the first comprehensive screening of 

various sodium alginates for their inhibitory potential against carbohydrate-degrading 

enzymes. 

4.4.6 Exploring the kinetic inhibition mechanisms of α-glucosidase by 

fucoidans using kinetic modelling 

To explore the mode of inhibition of α-glucosidase by fucoidans, we employed the 

traditional experimental procedure of measuring the enzyme activity at various 

substrate concentrations. Fucoidans, demonstrating higher inhibitory potencies than 

acarbose, including acarbose itself, were selected for an evaluation of their respective 

modes of inhibition. To identify their inhibition mechanism, we subjected the 

experimentally collected data to modelling using EnzymeML. The most appropriate 

model describing the inhibitor's mode of inhibition was determined by comparing the 

Akaike Information Criterion (AIC) values, which assess the relative quality of a model 

based on its goodness of fit. Controls of substrate, enzyme, and inhibitors were 

included throughout the experiment and were factored into the modelling process (see 

Appendix Figures B16-B19). 
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The parameter estimates for all evaluated kinetic models are provided in Tables 4.2-

4.6 below, while the fitted inhibition models of the best fit are visualised in Appendix 

Figures B20 to B23. The models listed in Table 4.4 suggest that E. maxima's fucoidan 

inhibitory mechanism is best described by the competitive inhibition model, as 

evidenced by the lowest AIC. Acarbose and the fucoidans from E. radiata, F. 

vesiculosus and S. elegans, as inhibitors, exhibited the best fit with a competitive model 

featuring uncompetitive substrate inhibition and time-dependent enzyme inactivation. 

Consequently, the Ki value for uncompetitive binding is higher than that for competitive 

binding for acarbose and these fucoidans, indicating their lower affinity for the enzyme-

substrate complex compared to the enzyme's active site. 

Table 4.2: Estimated kinetic parameters for the models of α-glucosidase inhibition by 
acarbose 

 

Table 4.3: Estimated kinetic parameters for the models of α-glucosidase inhibition by 
fucoidan from F. vesiculosus 
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Table 4.4: Estimated kinetic parameters for the models of α-glucosidase inhibition by 
fucoidan from E. maxima 

 

Table 4.5: Estimated kinetic parameters for the models of α-glucosidase inhibition by 
fucoidan from E. radiata 

 

Table 4.6: Estimated kinetic parameters for the models of α-glucosidase inhibition by 

fucoidan from S. elegans 
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It should be noted that EnzymeML significantly contributed to our study by facilitating 

the visualisation of measurement data alongside fitted kinetic models and identifying 

systematic deviations across all measured timepoints. It aided in detecting errors 

related to inhibitor, substrate, and enzyme concentrations, as well as temperature 

fluctuations, allowing us to address issues within the experimental design. However, in 

the case of the F. vesiculosus and S. elegans fitted data plots, systematic deviations 

between the model and the data persisted in the reactions with inhibitor concentrations 

of 0.1 and 0.15 mg.ml-1 (see Appendix Figures B20 and B23). Notably, the inhibitor 

appeared to exert a stronger inhibitory effect than predicted by the model, suggesting 

a potential excess of inhibitor in the reactions compared to the specified 

concentrations. This discrepancy may stem from the inherent heterogeneity of our 

fucoidans, which occasionally resulted in variations even when preparing 

concentrations from the same stock. Despite encountering time constraints and 

unresolved technical issues with the photometer, which hindered the possibility of 

conducting additional experiments, the robust fit of the other concentrations to the 

model provided valuable insights. While we acknowledge this anomaly, we remain 

confident in our findings but recognise the need for further investigation to fully address 

this inconsistency. 

In the context of our study, the application of EnzymeML proved most valuable in 

elucidating the individual inhibition mechanisms in more detail than traditional methods 

allowed for. Leveraging EnzymeML's modelling technique improved our understanding 

of the fucoidans' interaction with the enzymatic system under investigation. The 

characterisation of fucoidan from E. maxima revealed a competitive mode of inhibition, 

suggesting its ability to compete for occupancy of the enzyme's active site alongside 

the substrate and product (Koh et al., 2020), thereby decelerating enzymatic activity. 

In contrast, acarbose and the other fucoidans exhibited a mixed inhibition profile, 

combining competitive inhibition with uncompetitive substrate inhibition, indicating a 

more complex interaction mechanism. The Ki competitive value was smaller than the 

Ki uncompetitive value, which suggests that the binding affinity of these inhibitors to 

the α-glucosidase active site greatly exceeds that of the α-glucosidase-PNPG complex 

and they, therefore, predominantly acted as a competitive inhibitor. Interestingly, in 

addition to inhibition, we observed enzyme inactivation, which implies an additional 

inhibitory mechanism beyond mere binding to the enzyme or its enzyme-substrate 

complex. Enzyme inactivation can involve various mechanisms, including allosteric 
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modulation, induced conformational changes, covalent modification and competitive 

displacement or interference (Yadav et al., 2020). Our previous findings of direct 

interaction and conformational changes induced by these fucoidans support the 

possibility of induced conformational alterations leading to enzyme inactivation (Daub 

et al., 2020; Mabate et al., 2021). This suggests that fucoidans, as mixed inhibitors, 

may induce structural alterations in the α-glucosidase enzyme, also disrupting its 

catalytic function. While the mechanism of mixed inhibition by fucoidans has been 

reported previously (Mabate et al., 2021), this study, to the best of our knowledge, is 

the first to identify uncompetitive substrate inhibition and enzyme inactivation as 

elements of this mixed inhibition. 

4.4.7 Exploring the kinetic inhibition mechanisms of maltase and sucrase by 

fucoidans 

Next, inhibition kinetic studies of maltase and sucrase were performed relying on 

traditional Michaelis-Menten and Lineweaver-Burk plot analysis (Figures 4.5 and 4.6). 

Only the extracts showing significant inhibitory potential for the respective enzymes 

were investigated for their mode of inhibition. The Lineweaver-Burk double reciprocal 

plot of 1/v versus 1/[S] facilitated the initial identification of the mechanism of enzyme 

inhibition by acarbose and the fucoidans. For further confirmation of their mechanism 

of inhibition, Michaelis-Menten and Lineweaver-Burk plots were used to derive the 

kinetic parameters of the digestive enzymes. These analyses were conducted using 

GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA, USA), and the 

results are summarised in Table 4.7. 

The Lineweaver-Burk plot (Figure 4.5B) depicting the inhibition mechanism of 

acarbose on maltase showed straight lines sharing a y-intercept but differing in slopes 

and x-intercepts, indicating competitive inhibition of maltase (Pesaresi, 2023). The 

value of the Michaelis constant (Km) decreased while the maximal reaction rate (Vmax) 

remained unchanged (see Table 4.7), which is consistent with the characteristics of 

competitive inhibition (Koh et al., 2020). This finding agrees with existing literature, 

which widely reports the competitive inhibitory mode of acarbose (Shan et al., 2016).  

The inhibition mechanisms of maltase and sucrase by the F. vesiculosus, E. radiata 

and S. elegans fucoidans can be deduced from Figures 4.5B and 4.6B. Lineweaver-

Burk plots for both enzymes in the presence of these fucoidans suggested that their 

inhibitions were of the mixed inhibition type (Adisakwattana et al., 2009, Pesaresi, 
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2023). Such inhibition is characterised by decreasing Vmax and fluctuating Km values. 

In the presence of the various fucoidans, there was a decrease in the value of Vmax, 

while the Km values of maltase predominantly increased (Table 4.7). Mixed inhibitors 

typically bind to both the free enzyme and the enzyme-substrate complex, but with 

varying affinities (Rouzbehan et al., 2017). In this context, the Km values of maltase 

from the fucoidans (Table 4.7) appeared to increase with increasing fucoidan 

concentration, indicating a preference for the free enzyme by the fucoidans classifying 

them as mixed-competitive inhibitors (Li et al., 2019). Furthermore, results from our 

kinetics analyses presented in Figure 4.6 and Table 4.7, indicated that acarbose acts 

as a mixed-competitive type inhibitor of sucrase. This form of inhibition, although rarely 

reported for acarbose, was noted in a study by Son and Lee (2013).  

 

 

Figure 4.5: (A) Michaelis-Menten plots and (B) Lineweaver-Burk plots with maltase in 
the presence of the inhibitors acarbose and fucoidans. 
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Figure 4.6: (A) Michaelis-Menten plots and (B) Lineweaver-Burk plots with sucrase in 
the presence of the inhibitors acarbose and fucoidans. 
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Table 4.7: Km and Vmax values and mechanism of inhibition of maltase and sucrase by 
acarbose and fucoidan extracts 

Enzyme Inhibitor 

(mg.ml-1) 

Km Vmax Type of inhibition 

Maltase [Acarbose] 

No inhibitor 

0.075  

0.1  

0.15  

0.2 

 

12.76 

17.14 

19.93 

23.07 

24.40 

 

443 

505 

521 

541 

472 

Competitive 

[F. vesiculosus] 

No inhibitor 

0.075  

0.1  

0.15  

0.2 

 

22.07 

23.86 

26.77 

27.23 

30.23 

 

910 

906 

813 

707 

564 

Mixed 

[E. radiata] 

No inhibitor 

0.0125  

0.025 

0.05  

0.1 

 

22.69 

25.32 

25.16 

29.70 

22.09 

 

529 

509  

535 

430  

317 

Mixed 

[S. elegans] 

No inhibitor 

0.0125  

0.025 

0.05  

0.1 

 

17.09 

24.29 

23.69 

29.71 

31.62 

 

533  

489  

440 

441 

132 

Mixed 

Sucrase [Acarbose]  

No inhibitor 

0.05 

0.075  

0.1 

0.2  

 

7.76 

8.99 

12.76 

12.29 

10.48 

 

813  

606 

557 

422 

309 

Mixed 

[F. vesiculosus] 

No inhibitor 

0.025 

0.075  

0.1 

0.2 

 

10.11  

9.87 

11.18  

8.16 

6.22 

 

1222  

1034  

989  

974  

530 

Mixed 

[E. radiata] 

No inhibitor 

0.1 

0.2  

0.3 

0.5  

 

8.84 

9.89 

8.16 

6.51 

7.01 

 

815 

867 

580 

482  

312 

Mixed 

[S. elegans] 

No inhibitor 

0.05 

0.075  

0.1 

0.2 

 

7.91 

14.62 

11.73 

7.72 

5.87 

 

830 

648 

504 

353 

172 

Mixed 
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When functioning as a competitive inhibitor, acarbose mimics the substrate of the 

enzyme, thereby competing for binding to the enzyme's active site (Proença et al., 

2017). Unlike other forms of inhibition, competitive inhibition can be fully overcome by 

increasing the substrate concentration (Koh et al., 2020). Therefore, the mixed 

inhibition profiles observed for fucoidans in our study suggest a distinct advantage for 

their potential use, as it implies that their inhibitory activity would not be impeded by 

higher substrate concentrations. This is not the case for competitive inhibitors like 

acarbose, which may struggle to effectively compete at elevated substrate levels, 

necessitating larger doses when administered with meals (Rouzbehan et al., 2017). As 

our findings indicate a mixed inhibition pattern for fucoidans, fucoidans are expected 

to bind to the active sites of α-glucosidase enzymes. The structural resemblance of 

fucoidan molecules to biologically active mammalian glycans, as noted by Bilan and 

Usov (2008), further supports the notion that fucoidans are likely to interact with the 

active sites of these enzymes. 

 

4.5 Conclusion 

In conclusion, this chapter provides compelling in vitro evidence demonstrating that 

various South African brown seaweeds may serve as sources of potent α-glucosidase 

inhibitors. Our findings highlight the diverse inhibitory capabilities among brown 

seaweed species and extracts, with fucoidans clearly outperforming sodium alginates 

in inhibiting the carbohydrate digestive enzymes involved in postprandial glycaemia. 

Fucoidans strongly inhibited α-glucosidase, maltase, and sucrase activities, while α-

amylase activity remained unaffected, an inhibition profile considered desirable due to 

the gastrointestinal issues associated with strong amylase inhibition. Among the 

fucoidans tested, those derived from E. radiata and S. elegans displayed particularly 

robust inhibition of these enzymes, surpassing the inhibition observed with the positive 

control acarbose. Moreover, our study reveals the selective and distinct inhibition 

profiles of the three major α-glucosidases by these fucoidans. Furthermore, we 

provided a detailed analysis of their kinetic inhibition patterns. The implementation of 

EnzymeML, a modern and versatile tool for enzyme kinetics analysis, enabled the 

accurate determination of the mode of inhibition of α-glucosidase by fucoidans. Our 

findings indicate that the fucoidans act as mixed inhibitors, with contributions from 

competitive inhibition, uncompetitive substrate inhibition and enzyme inactivation. 
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Traditional kinetic analysis of fucoidan extracts for sucrase and maltase suggests a 

mixed inhibition pattern that for maltase more closely resembled a competitive-like 

behaviour. This broader mixed inhibitory mechanism offers advantages over purely 

competitive inhibition, as its efficacy is less affected by dietary carbohydrate levels and 

remains consistent regardless of carbohydrate intake. In summary, the findings in this 

chapter offer valuable insights into the therapeutic potential of fucoidans from South 

African brown seaweeds as effective α-glucosidase inhibitors for managing 

postprandial glycaemia, for example in Type 2 Diabetes. Building on these promising 

results, the next chapter shifts the focus to exploring the anti-cancer activity of these 

fucoidans and sodium alginates. 
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Chapter 5- Evaluating anti-cancer potential: investigating the effects 

of fucoidans and sodium alginates on a colon cancer cell line 

 

5.1 Introduction 

Cancer is a complex, multifaceted disease characterised by the uncontrolled 

proliferation of abnormal cells leading to malignant tumour formation (Atashrazm et al., 

2015). Among the various types of cancer, colorectal cancer (CRC) stands out for its 

widespread occurrence and significant global mortality rates. Globally, CRC ranks third 

in incidence but second in mortality (Han et al., 2022). With over 1.85 million new cases 

reported annually, accounting for 9.8% of total cancer diagnoses, CRC leads to an 

estimated 850,000 deaths yearly (Chhikara & Parang, 2023). Within the South African 

context, the incidence of CRC is projected to increase further, driven by factors such 

as urbanisation, rising obesity and diabetes prevalence (Lala et al., 2024). Most of the 

morbidity and mortality associated with CRC arises from metastatic disease (Rajput et 

al., 2008). While patients with early-stage disease typically undergo surgery without 

chemotherapy, those with advanced stages often receive adjuvant chemotherapy to 

reduce recurrence risk (Han et al., 2022). However, standard chemotherapy drugs like 

5-fluorouracil (5-FU), commonly selected for CRC treatment, exhibit limited efficacy in 

advanced CRC, with monotherapy response rates of only 10-15%. Furthermore, 

chemotherapy is associated with varying degrees of side effects (Wang et al., 2022). 

In this study, 5-FU was selected as a positive control due to its widespread use in CRC 

treatment. Despite advancements in traditional toxic chemotherapeutics that have 

prolonged disease-free survival, the overall survival rates for patients with metastatic 

disease remain disappointingly low. Therefore, there is an urgent need for therapeutic 

strategies which prevent or suppress the progression to metastatic cancer, highlighting 

the critical importance of addressing this process as a therapeutic target (Han et al., 

2022; Andersen et al., 2019). 

Dysregulation of various cellular processes and signalling pathways contributes to the 

acquisition of metastatic traits by cancer. In the early stages of the metastatic cascade, 

cancer cells display a tendency to migrate and invade surrounding tissues, a crucial 

step in their journey to enter the bloodstream and spread to distant sites, facilitating 

metastasis (Massagué & Obenauf, 2016). Cells undergo dynamic changes in their 

cytoskeleton, particularly through the reorganisation of actin filaments, to facilitate 
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movement (Massagué & Obenauf, 2016). Cell adhesion molecules, such as integrins 

and cadherins, are essential in coordinating these migration events. Integrins, for 

instance, serve as cell-ECM adhesion receptors, bridging the actin cytoskeleton to the 

ECM and transmitting signals that modulate single-cell migration (Janiszewska et al., 

2020). Meanwhile, cadherins mediate cell-cell adhesion through adherens junctions, 

facilitating the collective migration by enabling the coordinated movement of cell 

groups (Janiszewska et al., 2020).  

Additionally, β-catenin, a key component of the cadherin-catenin complex, is involved 

in regulating cell-cell adhesion and functions as an effector in the activation of the 

Wnt/β-catenin signalling pathway that influences cell migration and invasion (Sato et 

al., 2001; Brabletz et al., 2001). The involvement of the Wnt/β-catenin signalling 

pathway in the proliferation, invasion, and metastasis of CRC cells has been well 

established. 

The ECM normally acts as a barrier, impeding cell movement. However, cancer cells 

can breach this barrier with the help of enzymes known as matrix metalloproteinases 

(MMPs). Expressed on the cell surface, MMPs locally degrade ECM components, 

facilitating the loosening of the matrix structure for cancer cells to migrate through 

(Mustafa et al., 2022). This ECM breakdown allows cancer cells to invade surrounding 

tissues and join the bloodstream to spread to more distant sites (Mustafa et al., 2022). 

Consequently, during metastasis, cancer cells require the ability to grow independent 

of anchorage, to allow for proliferation and survival without substrate or ECM 

attachment, thereby facilitating metastasis by promoting survival in circulation (Sant 

and Johnston, 2017). The intermediate filament vimentin, acquired during EMT, 

strengthens a migrating cell's ability to withstand stress by creating an elastic 

meshwork that protects it against compressive and shear stress (Castaneda et al., 

2022). As tumour metastasis is a hallmark of cancer, targeting fundamental metastatic 

processes presents a plausible strategy to alleviate tumour progression (Anderson et 

al., 2018).  

Fucoidan and sodium alginate are both recognised for their diverse bioactive 

properties. As dietary fibres, they undergo minimal digestion in the upper 

gastrointestinal tract and accumulate in the lumen within the large intestine over 

extended periods of time (Zhang et al., 2022). Given their resistance to digestion, they 

may prove to be excellent candidates for the treatment of colon carcinogenesis, if they 
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exert anti-carcinogenic effects in the colon. Therefore, in this chapter, we screened the 

fucoidans and sodium alginates for their anti-cancer efficacy, using the HTC116 colon 

cancer cell line as a model system that fulfils the rate-limiting steps of local invasion 

and distant colony formation in metastasis (Rajput et al., 2008). 

5.2 Objectives 

The objectives of this chapter were to: 

• Determine the cytotoxic effects of fucoidan and sodium alginate extracts on the 

HCT116 colon cancer cell line. 

• Explore the effects of the fucoidan and sodium alginates on various cellular 

aspects, including tumour growth, adhesion, migration, invasion and anchor 

independent growth implicated in metastasis. 

• Investigate the possible mechanisms that underpin these effects. 

 

5.3 Materials and Methods 

5.3.1 Materials 

All experiments were performed using the HCT116 human colon cancer cell line 

purchased from the American Type Culture Collection (ATCC CCL-247).  The analytical 

kits specific to each experiment are described in the methods section below. All 

reagents and antibodies, alongside their supplier information, are listed in Appendix 

Tables A1 and A2. 

5.3.2 Cell culture maintenance 

The cell line was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 

GlutaMAX™-I, 10% (v/v) fetal bovine serum (FBS), and 1% (v/v) penicillin, 

streptomycin and amphotericin (PSA), and was maintained at 37°C with 9% CO2 in a 

humidified atmosphere. 

5.3.3 Cytotoxicity screening  

The sensitivity of the cell lines to fucoidan and sodium alginate extracts was assessed 

using the resazurin assay, as previously described by Mabate et al. (2023). Briefly, 

cells were seeded in DMEM growth medium into the wells of a 96 well plate at a density 

of 1 x 105 cells/well. The cells were allowed to adhere overnight before treatment with 

the extracts at various concentrations (0.00128 - 2500 µg.ml-1). The plate was 

incubated at 37°C in an atmosphere of 9% CO2 for 72 hours. Subsequently, resazurin 



83 
 

(0.54 mM) was added to each well and the plate was incubated for another 3 hours. 

Thereafter, fluorescent measurements (excitation = 560 nm and emission = 590 nm) 

were taken on a SynergyTM MX Microplate Reader (BioTek Instruments Inc., Winooski, 

VT, USA). All experiments were performed in triplicate. 5-Fluorouracil (5-FU) was 

included as a positive control. The half maximum response concentration (IC50) was 

calculated by non-linear regression using Graph Pad Prism Software version 6.0 

(GraphPad Inc., San Diego, CA, USA). 

5.3.4 Cell proliferation 

Cell proliferation was evaluated by resazurin assay. The untreated cells, alongside 

fucoidan and sodium alginate treated (100 – 500 µg.ml-1) cells, were seeded at 6000 

cells/well into 96 well plates for different periods of time (24, 48, 72 and 96 hours). The 

resazurin reduction assay was performed as outlined above (section 5.3.3). 

5.3.5 Scratch assay to measure cell migration 

The HCT116 cells were seeded onto 24 well plates at 7 × 105 cells/ml and grown to 

100% confluence. After aspirating the medium, a wound was made by scratching the 

cells' monolayer with a sterile micropipette tip. Displaced cells were removed by 

washing with medium. Thereafter, fresh medium with and without treatments at various 

concentrations (0.1 – 0.5 mg.ml-1) was added and plates were incubated for 24 hours. 

The wound area was imaged at 4x magnification using a Zeiss Primovert inverted light 

microscope (Carl Zeiss, Jena, Germany) at the time of initiation of the wound (t=0) and 

again after 6, 12 and 24 h of cell migration at the same position as the premigration 

images. The area of the wound was measured using Fiji/ImageJ software’s wound 

healing plugin (Suarez-Arnedo et al., 2020) and cell migration was estimated by 

expressing % wound closure as wound area in relation to wound area at t=0 h. 

5.3.6 Transwell migration assay to measure cell migration 

Serum starved HCT116 cells in serum-free cell culture medium containing 0.1 % (w/v) 

bovine serum albumin (BSA) were seeded onto the top surface of 0.4 µm 

polycarbonate membrane transwell inserts in 6-well plates (CoStar, PID0522959) at a 

density of 1x106 cells/well. The lower chambers of the transwell system were filled with 

1 ml of medium containing 50 ng.ml-1 vascular endothelial growth factor (VEGF), 25 

µM tamoxifen (TMX) or 0.25 mg.ml-1 fucoidan. For each treatment, replicate wells 

without transwell inserts were included to determine the percentage of total cells that 

migrated (control). The plates were incubated for 24 hours at 37°C in a 9% CO₂ 
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atmosphere. After incubation, the non-migrated cells on the upper surface of the 

polycarbonate membranes were gently removed by scraping and rinsing the 

membranes to avoid damage. Migrated cells were quantified by staining the 

membranes with 50 ng/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) solution for 4 hours at 37°C. For wells without inserts, 600 µl of media 

was collected, centrifuged at 15,000 rpm for 1 minute, and the pellet was retained for 

solubilisation with 100% dimethyl sulfoxide (DMSO). For wells with inserts, the 

polycarbonate membranes were excised and solubilised in DMSO. The solubilised 

solution from all wells was centrifuged at 15,000 rpm for 1 minute, and the supernatant 

was collected. A 1:10 dilution of each treatment in DMSO was prepared, and 200 µl 

was transferred in triplicate into a 96-well plate. The absorbance at 540 nm was 

measured using a plate reader. Relative migration was calculated by normalising the 

absorbance of treatment groups to their corresponding control groups to account for 

differences in cell viability.  

5.3.7 Cell adhesion 

5.3.7.1 Cell adhesion: treatment at the time of seeding 

Cells (6x104 cells/well) were seeded into wells of a 96 well plate with concurrent 

treatment with EDTA (0.25- 1.25 mM), fucoidan or sodium alginate (0.1-1 mg.ml-1), and 

left to adhere over 8 hours under tissue culture conditions. Unattached cells were 

removed by aspirating the medium and washing thrice with sterile PBS [137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4, pH 7]. Adherent cells were fixed 

with methanol: acetic acid (3:1) for 15 min at room temperature. The fixative was 

discarded, and the cells were washed with dH2O and blotted dry. Cells were stained 

with 0.1% (w/v) crystal violet dye at room temperature for 20 minutes with gentle 

agitation. The crystal violet stain was discarded, the wells washed four times with dH2O 

and blotted dry. The stained cells were imaged using a Zeiss Primovert inverted light 

microscope (Carl Zeiss, Jena, Germany) at 10x magnification. After imaging, the 

crystal violet dye was solubilised overnight in 1% (w/v) SDS and the absorbance 

measured at 590 nm using the Epoch™ 2 Microplate Spectrophotometer (BioTek with 

Gen 5™ software) 

5.3.7.2 Cell adhesion: seeding post-treatment   

Cells seeded (1x106 cells/well) into the wells of a 12 well plate, containing EDTA (0.25 

- 1.25 mM), fucoidan or sodium alginate at concentrations ranging from 0.1 - 1 mg.ml-
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1, were allowed to adhere over 12 hours under tissue culture conditions. Non adherent 

cells were removed by washing thrice with PBS. The adherent treated and untreated 

cells were detached from the cell culture plate with trypsin, enumerated by trypan blue 

staining and seeded at a density of 6x104 cells/well in a 96 well plate. The pre-treated 

cells were then allowed to adhere over 8 hours and cell adhesion was assessed as 

described in section 5.3.7.1 above. 

5.3.7.3 De-adhesion of stably attached cells 

To assess the detachment of cells in the presence of the various treatments (EDTA, 

fucoidan and sodium alginate), HCT116 cells were seeded, as for the other adhesion 

assays, at a density of 6x104 cells/well into wells of a 96 well plate but left to fully 

adhere for 12 hours. Adherent cells were then left untreated or treated with EDTA (0.25 

- 1.25 mM), fucoidan and sodium alginate at 0.1 - 1 mg.ml-1. To quantify detachment, 

the cells were incubated for a further 8 hours, after which the detached cells were 

removed by three washes with PBS, and the adherent cells were stained, imaged, and 

quantified as described above in section 5.3.7.1. 

5.3.7.4 Time-dependent cell adhesion 

For this, the adhesion assays (section 5.3.7.1) were carried out using single 

concentrations of 0.05 mg.ml-1 of fucoidan and sodium alginate. The cells (6x104 

cells/well) were treated as noted above and incubated for 8 - 32 hours at 37°C, 9% 

CO2. Plates were sampled at various time points and processed as outlined.  

5.3.8 Immunofluorescent staining of monolayer cultures 

HCT116 cells (20 x 104 cells/ml) were cultured on ethanol-sterilised glass coverslips 

overnight and treated as described in the figure captions. Cells on coverslips were 

washed with sterile PBS (137 mM NaCl, 10 mM Na2HPO4, 1.76 mM KH2PO4 2.7 mM 

KCl, pH 7.4), fixed with ice-cold methanol and air-dried. Following fixation, cells were 

permeabilised for 15 minutes with 0.1% (v/v) Triton X-100/PBS and blocked for 1 hour 

at room temperature using 1% (w/v) BSA in PBS-T (1% v/v Tween-20 in TBS). Cells 

were incubated with primary antibodies in 0.1% (w/v) BSA/TBS-T, washed twice with 

0.1% (w/v) BSA/TBS and subsequently incubated with fluorescently conjugated 

species-matched secondary antibodies for 1 hour in the dark. Cells were washed again 

with 0.1% (w/v) BSA/TBS and nuclei were stained by a brief wash with Hoescht-33342 

(1 µg/ml in dH2O). The coverslips were mounted on to microscope slides using Dako 
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mounting medium. Images were captured on the Olympus BXM fluorescence 

microscope (Olympus life science, Tokyo, Japan) and analysed using ZEN blue 

software (Carl Zeiss, Jena, Germany) and ImageJ software 1.50i (NIH freeware). 

Antibodies and dilutions used are specified in Appendix Table A2.  Colocalisation was 

performed using the Image J colocalisation plug-in (National Institutes of Health [NIH]). 

5.3.9 Gelatin zymography 

Cells seeded at a density of 1x 105 cells/ml in 12 well plates were grown to a confluency 

of 80%, after which the medium was replaced with serum-free DMEM, and the cultures 

were left untreated (control) or treated with 0.1 – 0.5 mg.ml-1 fucoidan, 50 ng.ml-1 VEGF 

or 25-125 mM TMX for 48 hours. Serum-free culture supernatant fractions were 

collected and clarified by centrifugation at 300 xg, and protein concentration was 

determined using the bicinchoninic acid (BCA) assay (Walker, 2009). Samples (10 µg 

total protein) mixed with non-reducing 2x Laemmli sample buffer without prior boiling 

were electrophoresed on 7.5% SDS-polyacrylamide gels containing 0.1% (w/v) gelatin 

at 150 V for 90 minutes.  The gels were washed twice for 30 min in washing buffer [50 

mM Tris- HCl, pH 7.5, 5 mM CaCl2, 1 µM ZnCl2, 2.5% Triton-X 100] to remove SDS 

and allow the protein to renature, and then immersed in developing buffer [50 mM Tris- 

HCl, pH 7.5, 5 mM CaCl2, 1 µM ZnCl2, 1% (v/v) Triton-X 100] for a 24-hour incubation 

at 37 °C. After that, the gels were stained with 0.5% (w/v) Coomassie Blue R250 in 

40% (v/v) methanol and 10% (v/v) glacial acetic acid for 1 hour and subsequently 

destained (40% (v/v) methanol, 10% (v/v) acetic acid) until the desired contrast was 

achieved. The areas of gelatinolytic activities were visualised as transparent lysis 

zones against the blue stained background using a Chemi Doc™ XRS+ with Lab™ 

Software (BioRad, USA) and the bands’ densities were measured using Image J (NIH 

freeware). A pre-stained broad range molecular weight marker (10-250 kDa) (BIOKÉ, 

Leiden, Netherlands) was run concurrently to approximate the molecular size of the 

bands displaying gelatinase activity.  In addition, gelatin zymograms were run for the 

fucoidan extracts at various concentrations to ensure that no gelatin proteases were 

present within the extracts themselves. Parallel SDS-PAGE gels lacking gelatin, which 

had not been renatured or developed, were incubated directly in Coomassie stain to 

serve as a protein loading control. 
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5.3.10 Quantitative real-time PCR of MMP-9 and MMP-2 

Total RNA was extracted from HCT116 cells (3x 106 cells/ml) left untreated and treated 

with fucoidan (0.25 mg.ml-1) for 24 hours using a commercial kit (Direct-zol™ RNA 

Miniprep kit Cat. No. 2080 from Zymo Reasearch, Irvine, CA, USA) according to the 

manufacturer's instructions. The RNA was cleaned and concentrated using the RNA 

Clean and ConcentratorTM-5 kit (Cat. No. R1013/1014 from Zymo Research, Irvine, 

CA, USA) and equal amounts of total RNA concentration were converted to cDNA 

using the LunaScript RT SuperMix Kit (Cat. No.  E3010 from Biolabs Inc., Cambridge, 

MA, USA). PCR primers for human MMP-9 and MMP-2 were as follows: MMP9 5′-

TACCGAGAGAAAGCCTATT-3′ (sense) and 5′-CACCTGGTTCAACTCACT-3′ 

(antisense); MMP2 5′-CTTCCAAGTCTGGAGCGATGT-3′ (sense) and 5′-

TACCGTCAAAGGGGTATCCAT-3′ (antisense). GAPDH (sense 5′-

TGTAGTTGAGGTCAATGAAGGG -3′ and antisense 5′-ACATCGCTCAGACACCATG-

3′) was used as the reference gene to nominalise expression between the different 

samples. Real time qPCR was performed on a CFX Connect Real-Time PCR Detection 

System (BioRad, USA) in a total volume of 20 µl using the Luna Universal qPCR 

Master Mix with 2 µl cDNA and 10 µM primers. The amplification conditions for the RT-

qPCR were set as follow: 95°C for 1 min for one cycle, followed by 40 cycles of 95°C 

for 15 seconds and 60°C for 30 seconds. The relative quantification of mRNA 

abundance (ΔCt) was performed by nominalising MMP to GAPDH according to the 

equation ΔCt = Ct Target Gene - Ct Reference Gene and converting to normalised fold 

expression (ΔΔCt) relative to the control sample (untreated HCT116) according to the 

equation ΔΔCt = ΔCt Test - ΔCt Control (Dhanani et al., 2017). The amplification of a 

single PCR product was confirmed by melting curve analysis. 

5.3.11 Fluorescent gelatin degradation assay 

Coverslips were coated with 0.1 mg.ml-1 Oregon Green-488 conjugated gelatin and 

cross-linked with 0.5% glutaraldehyde as per the published protocol by Díaz (2013). 

Cells were seeded at a density of 20 x 104 cells/ml onto the OG-488-gelatin-coated 

glass coverslips and allowed to adhere overnight. Cells were left untreated or treated 

with 0.25 mg.ml-1 fucoidan (E. maxima and S. cymosum) for 24 hours at 37°C. After 

that, cells were fixed with freshly prepared 4% (w/v) paraformaldehyde and co-stained 

with Hoechst 33342 and Wheat Germ Agglutinin conjugated to Alexa Fluor 555 (WGA-

555). Coverslips were prepared for fluorescent imaging, omitting the permeabilisation 

step, and imaged as described previously in section 5.3.8. 
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5.3.12 Spheroid formation 

HCT116 spheroids were generated in agarose-coated 96 well plates. For plate coating, 

1% (w/v) agarose stock solution was prepared in autoclaved dH2O. The agarose was 

dissolved by heating, and 100 µl liquid agarose was dispensed into each well under 

sterile conditions. The coated plates were cooled to room temperature until a solid 

agarose layer was obtained. Cells were seeded at a density of 5000 cells/well and 

treated with various concentrations of EDTA (0.25 – 1.25 mM), fucoidan (0.01 - 1 

mg.ml-1) and sodium alginate (0.01 - 1 mg.ml-1). Cells were allowed to aggregate 

undisturbed into spheroids over 3 days at 37°C in an atmosphere of 9% CO2. On day 

3, 50 μl of the old medium was supplemented by 40 μl of the fresh medium in each well 

and 10 μl treatment. Spheroids were imaged on days 3, 5 and 7 at 4X magnification. 

The spheroid area was measured by Fiji/ImageJ software.77 (NIH freeware). 

5.3.13 Immunofluorescent staining of spheroids 

After culturing the spheroids for 3 or 7 Days in agarose coated 96 well plates, as 

described in section 5.3.6, spheres were transferred to glass coverslips and fixed with 

ice cold methanol for 5 minutes. Then, immunofluorescent staining was performed, 

permeabilising the cells and incubating with the coverslips with antibodies as 

previously outlined in section 5.3.8.  

5.3.14 Soft agar clonogenic assay  

The soft agar colony formation assay was performed as previously described by 

Borowicz et al. (2014). In brief, 1x 104 cells, treated with 0.25 mg.ml-1 fucoidan or 

sodium alginate or without treatment (control), were suspended in 1 ml DMEM (10% 

FBS, 1% GlutaMAX™-I, 1% PSA, 1% sodium pyruvate, 3.7 g/l sodium bicarbonate) 

containing 0.35% agarose and plated onto a DMEM base agar layer containing 0.5% 

agar in a 12 well plate. The cultures were maintained at 37°C in a 9% CO2 incubator 

for 23 days and fed every 3 days with cell culture medium. The resulting colonies were 

stained with 0.05% crystal violet for 15 minutes, destained with autoclaved dH2O and 

imaged using the ChemiDocTM XRS+ imaging system (BioRad, USA). The number of 

colonies were counted using Fiji/Image J software.  
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5.3.15 Western blot analysis 

The expression level of proteins in untreated and 24-hour fucoidan (E. maxima or S. 

cymosum) treated HCT116 cells was assessed by discontinuous Sodium Dodecyl 

Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) (Laemmli,1970) followed 

by Western blot analysis (Towbin et al., 1979) using standard modified protocols. 

Briefly, cells were washed with PBS and lysed in RIPA lysis buffer (1% (v/v) Igepal® 

CA-630, 0.5% (w/v) sodium deoxycholate, 0.15 M NaCl, 0.5% (w/v) SDS, 50 mM Tris, 

pH 8.0) supplemented with 1% (v/v) PIC (Protease inhibitor cocktail solution) for 15 

min on ice using a plastic cell scraper. Total protein extracted was quantified using the 

BCA assay (section 5.3.9). Equal amounts of protein (50 µg) boiled in Laemmli sample 

buffer supplemented with 5% (v/v) β-mercaptoethanol for 5 minutes, were separated 

using a 4% (v/v) stacking gel (0.5 M Tris-Cl, pH 6.8) and either a 10 or 12% (v/v) 

resolving gel (1.5 M Tris-Cl, pH 8.8) electrophoresed at 120 V for 90 minutes in SDS-

PAGE running buffer (0.25 mM Tris, 192 mM glycine, 1% (w/v) SDS, pH 8.3). 

Resolved proteins were electro-transferred to a nitrocellulose membrane (Bio-Rad 

Laboratories, Hercules, CA, USA). Membranes were stained with Ponceau S stain 

(0.5% (w/v) Ponceau S, 1% (v/v) glacial acetic acid) to confirm protein transfer from 

the gel to the membrane. The membranes were blocked with 5% (w/v) BLOTTO in 

Tris-Buffered Saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.5) for 1 hour and probed 

with the indicated primary antibodies at 4°C overnight. The membranes were washed 

three times with TBST (TBS containing 1% (v/v) Tween 20) and incubated with species-

matched HRP-conjugated secondary antibodies for 1 h at room temperature. After 

washing with TBST, the protein’s chemiluminescent signal was developed with the 

Clarity Western Enhanced Chemiluminescence (ECL) substrate and detected using 

the ChemiDoc™ XRS+ imaging system (BioRad, USA). The intensity of the 

immunoreactive bands was analysed using ImageJ software 1.50i (NIH freeware) and 

normalised to the expression of GAPDH. Western blotting was used to explore the 

levels of pan-cadherin, β-catenin, p-β-catentin, p-Akt, FAK, p-FAK, MOB, p-MOB 

expressed in the HCT116 human colon cancer cells. Details on the antibodies used 

can be found in Appendix Table A2. 
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5.3.16 Statistical analysis 

Data presented in this section were obtained from three technical replicates with values 

represented as mean ± standard deviation (SD), unless otherwise stated. Where 

relevant, one-way analysis of variance (ANOVA) was used to assess significant 

differences between the treated groups and controls.  P values of less than 0.05 

(p < 0.05) were considered statistically significant. The different levels of statistical 

significance are denoted by a different number of asterisks and are indicated as 

follows: ***p <0.001, **p <0.01, *p <0.05. All statistical analyses were performed using 

Graph Pad Prism Software version 6.0 (GraphPad Inc., San Diego, CA, USA). 

5.4 Results and Discussion 

5.4.1 Effect of fucoidan and sodium alginate treatment on HCT116 cell line 

viability 

The effect of fucoidan and sodium alginate treatment on the viability of HCT116 colon 

cancer cells was examined using a standard resazurin assay and compared to the 

chemotherapeutic drug 5-fluorouracil (5-FU). The reduction in cell viability ascribable 

to the fucoidan and sodium alginate extracts was expressed as the percentage of 

viable cells remaining after treatment compared to the untreated control cells. The half-

maximal inhibitory concentrations (IC50) were determined using a non-linear regression 

equation in GraphPad Prism 6. The 5-FU treatment induced an expected significant 

dose-dependent reduction in cell viability, with an IC50 of 5.02 μM (see Appendix Figure 

B25). As shown in Figures 5.1A and 5.1B, none of the sodium alginate extracts or the 

fucoidan extracts from E. radiata, S. elegans and S. cymosum displayed any significant 

effect on the HCT116 cells viability (Figure 5.1.). However, treatment with F. 

vesiculosus and E. maxima fucoidan concentrations of 1250 μg.ml-1 and above 

significantly (p <0.001) suppressed the viability of HCT116 cells in a dose-dependent 

manner (Figure 5.1A). The IC50 values of F. vesiculosus and E. maxima were predicted 

to be 1432 μg.ml-1 (R2=0.972) and 1690 μg.ml-1 (R2= 0.630), respectively (see 

Appendix Figure B25). This suggests that both fucoidans may be toxic to cells at high 

concentrations, however the poor fit of the survival curve for E. maxima means that 

this data must be interpreted with caution, as it is likely unreliable because we did not 

achieve a concentration that induced 100% cell death. 
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Figure 5.1: Cell viability of HCT116 cells following 72 hour treatment with (A) fucoidan 
and (B) sodium alginate extracts. % Cell viability was assessed by the resazurin assay in 
relation to untreated HCT116 cells. Commercial fucoidan sourced from F. vesiculosus, source 
of the commercial sodium alginate unknown. Values are represented as mean values ± SD 
(n=3). 

Compared to 5-FU, the F. vesiculosus and E. maxima fucoidans were mildly cytotoxic 

towards the HCT116 cells. The observed lack of significant cytotoxicity in most of our 

fucoidan extracts, as well as all sodium alginate extracts, agrees with previous studies 

indicating their non-toxic nature (Bittkau et al., 2019; Gao et al., 2019; Lin et al., 2020; 

Mabate et al., 2023). Notably, previous studies have indicated that fucoidans lacking 

cytotoxic effects still exhibit inhibitory actions against carcinogenic activities, 

suggesting potential anti-cancer properties even without inducing cytotoxicity (Mabate 

et al., 2023). While some fucoidans showed activity at relatively high concentrations 

compared to conventional anticancer drugs (which typically act in the low µg/mL to 

ng/mL range), their modest potency could potentially be offset by their local delivery to 

the colon. However, the absence of a non-cancerous cell line in this study limits our 

ability to evaluate the selectivity and safety of these compounds. Therefore, all extracts 

were further tested to determine their effects on various cancer hallmark processes. 

5.4.2 Effect of fucoidan and sodium alginate treatment on the cell proliferation 

of HCT116 cells 

We proceeded to assess the effects of the extracts on the growth of HCT116 cells, 

employing the resazurin assay to monitor cell proliferation over a period of 96 hours.  

Cells were treated with non-toxic concentrations of fucoidan and sodium alginate 

ranging from 0.1 - 0.5 mg.ml-1. The effects of the addition of the various fucoidans and 

sodium alginates on the proliferation of HCT116 cells were analysed by normalisation 

to untreated cells (taken as a 100%) as depicted in Figure 5.2.   
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Treatment of HCT116 cells with all concentrations of E. maxima, S. elegans and S. 

cymosum fucoidan (0.1, 0.25 and 0.5 mg.ml-1) significantly inhibited the rate of 

proliferation compared with the untreated control after 96 hours by between 13 and 

20% (Figure 5.2A). A treatment time of 72 hours and less, however, showed no 

significant effect on cell proliferation. In contrast, treatment with E. radiata fucoidan 

also affected cell proliferation after 96 hours. Compared to the untreated cells, E. 

radiata fucoidan, however, caused an increase in cell proliferation to 115.64 ± 4.34% 

and 122.29 ± 4.85%, when cells were treated with 0.25 mg.ml-1 and 0.5 mg.ml-1, 

respectively. Song et al. (2014), who also reported increased cell proliferation following 

fucoidan treatment, noted that high glucose levels could increase cell growth. It is, 

therefore, possible that the high glucose levels accounting for up to 76.03 ± 1.53% of 

the E. radiata fucoidan’s composition played a role in the increased proliferation of 

HCT116 cells. Importantly, treatment with the various sodium alginates led to no 

significant changes in the proliferation of HCT116 cells (Figure 5.2B). 
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Figure 5.2:  Dose-and time-dependent effects of (A) fucoidan and (B) sodium alginate 
treatment on the proliferation of HCT116 colon cancer cells. Cell proliferation of HCT116 
cells incubated for 24 - 96 hours with various concentrations of fucoidan and sodium alginate 
was quantified by measuring the resorufin fluorescence intensities of cells. Commercial 
fucoidan sourced from F. vesiculosus, source of the commercial sodium alginate unknown. 
Values are expressed as the mean ± standard error of the mean (n>5) from three independent 

experiments (***p <0.001, **p <0.01, *p <0.05 vs. untreated cells). 
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The ability of fucoidans to inhibit proliferation, as seen in this study, has been reported 

in numerous cancer cell lines, including HepG2, CCD-25Sk, A549, DLD-1, T24 cells 

and HT29. The results of these previous in vitro studies have shown that fucoidan can 

exert anti-proliferation effects by arresting cell cycle progression, suppressing the 

activity of epidermal growth factor and/or affecting the expression of cell-cycle 

regulatory proteins (Arumugam et al., 2019; Lin et al., 2020; Song et al., 2014; 

Vishchuk et al., 2013). While the initial lack of proliferation inhibition by our fucoidans 

at earlier time points may suggest a delayed cytostatic effect, the eventual suppression 

of proliferation after prolonged treatment indicates a time-dependent response to 

fucoidan. This delayed effect may reflect the time required for fucoidan to exert its 

inhibitory effects on cell cycle progression or signalling pathways involved in cell 

proliferation (Lin et al., 2020). Prolonged delays in the later stages of cell cycle events, 

such as prolonged prometaphase duration during mitosis, have been shown to inhibit 

cancer cell proliferation (Colin et al., 2015). Cells can typically tolerate being held in 

mitosis for 12 - 48 hours before slippage into interphase occurs (Uetake and Sluder, 

2010). The observed inhibition of proliferation after 72 hours could therefore possibly 

be due to fucoidan’s interference with mitotic processes. In fact, fucoidan has been 

shown to suppress cancer cell proliferation by disrupting normal mitotic processes and 

modulating the cell cycle, particularly by arresting cells in the G1 or G2 phases (Lin et 

al., 2020), which may explain the delayed effects on cell growth observed in this study. 

5.4.3 Effect of fucoidan and sodium alginate treatment on HCT116 cell 

migration 

Cell migration is a process critical to both cancer development and tumour metastasis 

(Al-Menhali et al., 2014). To determine if the extracts affected the migratory capacity of 

HCT116 cells, the wound healing assay was performed initially. The HCT116 cells 

migration into a wound, created by scratching a confluent cell monolayer, was 

estimated with or without fucoidan at various concentrations (0.1, 0.25 and 0.5 mg.ml-

1) and time points (6, 12 and 24 hours). Figures 5.3A and 5.3B show the effect of 

treatment on migration after 24 hours calculated as percentage wound closure relative 

to wound area at 0 hours, as at this timepoint the greatest migration was observed. In 

addition, the proliferation assay indicated no significant differences in cell proliferation 

after 24 hours, meaning that wound closure was not due to the stimulation of cell 

growth (Figure 5.2). While the majority of the fucoidan and sodium alginate extracts 

did not affect the migratory capacity of HCT116 cells significantly at 24 hours, the cells 
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treated with E. maxima and S. cymosum fucoidan showed a dose-dependent reduction 

in migration that was significant at higher concentrations (Figure 5.3A). Notably, this 

decrease in migration was observed as early as 12 hours following fucoidan treatment 

(data not shown). An opposing trend was observed for F. vesiculosus fucoidan, which 

reduced wound area closure only at the lowest concentration (0.1 mg.ml-1) tested – 

which was unexpected. This result could be indicative of a chemokine-like action. 

Chemokines typically guide cell migration through concentration gradients, with cells 

moving toward higher concentrations of the chemokine (Petrie & Aronin, 2017). 

However, when the concentration of the chemokine or related substances becomes 

too high, it can overwhelm the receptors on the migrating cells, resulting in the 

saturation or desensitisation of receptors causing reduced migration (Petrie & Aronin, 

2017). In the case of F. vesiculosus fucoidan, this could explain why higher 

concentrations lose their ability to inhibit cell migration. This behaviour mirrors the way 

chemokines require an optimal concentration gradient for effective migration (Petrie & 

Aronin, 2017). 

Our next objective was to confirm the reduced cell migratory effects of these fucoidans 

on HCT116 cells, by examining their effect on migration using the Boyden transwell 

migration assay. For this migration assay, the HCT116 cells were incubated for 48 

hours in a transwell assay system, after which the number of live cells that had 

migrated through the membrane of the chamber was quantified by MTT assay. The 

results showed that fucoidan from S. cymosum fucoidan inhibited the migration of 

HCT116 cells in the transwell chamber by around 10% compared with the control group 

(p < 0.03) (Figure 5.3C). Interestingly, E. maxima fucoidan treated cells showed no 

significant effect on migration compared to untreated control cells (denoted as DMSO), 

contrary to the results of the previous wound healing assay. VEGF and TMX, included 

as positive controls, showed the expected effects on HCT116 cell migration (Figure 

5.3C) Collectively, the data demonstrated that S. cymosum fucoidan suppressed the 

migratory properties of HCT116 colon cancer cells in the transwell assay, while E. 

maxima did not show similar effects. 
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Figure 5.3: Effects of fucoidan and sodium alginate on the migration of HCT116 cells.  
Percentage of wound area closed by HCT116 migration following treatment with fucoidans (A) 
and sodium alginates (B) determined by scratch assay at 24 hours (n=9). (C) Quantification of 
migration in the transwell assay for HCT116 cells treated with 0.25 mg.ml-1 E. maxima or S. 
cymosum fucoidan, DMSO (vehicle control), 25 µM tamoxifen (TMX= positive control) and 50 
ng/ml vascular endothelial growth factor (VEGF= positive control). Data are presented as mean 
± SD (n=3). Statistical significance compared to migration of vehicle control treated HCT116 
cells was determined using a one-way ANOVA in GraphPad Prism 6 (* p<0.05, ** p<0.01, *** 
p < 0.001, ns = not significant). 

 

Overall, our findings suggest that fucoidan from S. cymosum inhibited both linear and 

transwell migration of HCT116 colon cancer cells, which is consistent with previous 

studies demonstrating the anti-migratory effects of fucoidan in various cancer cell lines 

(Li et al., 2016). In contrast, E. maxima fucoidan inhibited only linear migration, 

suggesting a different mechanism of action.  
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5.4.4 Effect of fucoidan and sodium alginate treatment on cell adhesion 

Adhesion to the ECM is a dynamic intrinsic cellular process that plays a major role in 

the survival of cancer cells (Yayan et al., 2024). To investigate the effect the fucoidans 

and sodium alginates had on cell adhesion we examined the effect of these treatments 

on the cells’ ability to attach the plate surface (Figure 5.4A), to re-adhere following 

treatment (Figure 5.4B) and to remain adherent to the plate surface upon treatment 

(Figure 5.4C).  

As a control, EDTA, a metal ion chelator preventing cell adhesion, significantly reduced 

cell adhesion and led to cell detachment in a concentration-dependent manner at 2.5 

mM and 5 mM (see Appendix Figure B26 A and C). The adhesion assays also showed 

that all fucoidans and sodium alginates reduced the attachment of HCT116 cells to the 

culture plate surface to some extent (Figure 5.4). However, significant differences were 

observed among the fucoidan and alginate treatments. The adhesion assays (Figure 

5.4A) confirmed that treating cells at the time of seeding resulted in the strongest 

reduction in cell adhesion to the plate. While the fucoidans inhibited cell adhesion to a 

greater extent than the sodium alginates, a significant inhibition was noted for all 

treatments, albeit not at all concentrations (p<0.05) (Figure 5.4A). Notably, fucoidans 

from F. vesiculosus, E. maxima, and S. elegans were the most potent inhibitors, 

preventing up to 70% of seeded cells from adhering. This decrease in cell adhesion 

persisted even over longer periods, as assessment over 32 hours (Figure 5.4D) 

demonstrated that prolonged treatment further decreased cell adhesion. 

Upon reseeding treated adherent cells after removal of the treatments through 

numerous washes, several cell treatments were able to resume inhibition of cellular 

adhesion (Figure 5.4B). Again, significant inhibition of adhesion was observed, 

particularly with F. vesiculosus and E. maxima fucoidans, although fucoidan from S. 

elegans as well as the commercial, E. maxima and S. cymosum sodium alginates also 

significantly reduced cell adhesion (p<0.05). These findings suggest a persistent 

negative effect of fucoidans and alginates on HCT116 cell adhesion, even after 

removal. However, it is important to note that cells treated with EDTA were able to re-

adhere (see Appendix Figure B26B). Regarding the resistance of cells to detach from 

plate wells (de-adhesion), shown in Figure 5.4C, the data demonstrated that the 

commercial fucoidan and sodium alginate did not detach cells, while all fucoidan and 

alginate extracts, regardless of concentration, resulted in approximately 40% cell de-



98 
 

adhesion. Visual imaging throughout confirmed the graphical representation of the 

effect on cell adhesion (Figure 5.4E). 

There are three main stages to cell adhesion: the initial attachment, followed by the 

spreading of the cell body and lastly, the organisation of the actin cytoskeleton with the 

formation of focal adhesions (Murphy-Ullrich, 2001). The initial attachment of cells to 

the TC plastic was shown to be the most affected by the fucoidans and alginates 

(Figure 5.4A). This stage of adhesion is regulated by integrins that act as ties to the 

ECM (Murphy-Ullrich, 2001). Considering that fucoidans and alginates are anionic 

polysaccharides and integrins require cations such as Ca2+ or Mg2+ as a cofactor for 

adhesion, it is reasonable to suggest that this could have led to the reduced cell 

attachment observed above (Fuhrmann and Engler, 2015; Shi et al., 2023). However, 

Liu et al. (2005) noted that the inhibition of cell adhesion by fucoidan was not due to 

changes in integrin subunit expression, but rather due to fucoidan binding to 

fibronectin's heparin-binding domain. This binding prevents integrins on the cell 

surface from interacting with fibronectin, thereby disrupting cell adhesion. Since 

fucoidan is known to interact with attachment factors like fibronectin, it is plausible that 

in our experiments, fucoidan and/or sodium alginates interfered with attachment 

factors provided by FBS in the DMEM. These factors, including fibronectin and other 

ECM proteins, adsorb onto the culture surface and are essential for supporting cell 

adhesion and spreading (Bax, 2021). Consequently, if our treatments disrupted these 

interactions, this could have impaired the cells' ability to adhere to the surface during 

treatment. 
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Figure 5.4: Fucoidans and sodium alginates reduce the adhesion of HCT116 cells.  
Quantification of the effect of fucoidan and sodium alginate treatments on HCT116 adhesion 
after 8 hours when; (A) cells were treated during seeding, (B) pre-treated adherent cells were 
reseeded, (C) treatments were added to already adhered cells. (D) Adhesion of HCT116 cells 
treated with 0.05 mg.ml-1 fucoidan or sodium alginate and 2.5 mM EDTA at the time of seeding 
when observed over 32 hours.  Adhesion was measured by quantifying the SDS solubilised 
crystal violet stain inferred to the amount of adhered HCT116 cells and normalising to untreated 
cells (taken as a 100%). (E) A visual representation of crystal violet stained adhered untreated 
cells (UNT) and treated adhered HCT116 cells. Images were captured using the Zeiss Inverted 
light microscope with the 20x objective and represent triplicate independent experiments.  
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Nonetheless, the observation that some extracts inhibited cell adhesion to the plate 

surface even in their absence from the medium (Figure 5.4B) suggests that 

mechanisms other than attachment factor or cation sequestration may also be 

involved. Particularly since in the control reaction with EDTA it was apparent that once 

EDTA was removed from the medium cell adhesion was no longer inhibited (see 

Appendix Figure B26B). One possibility is that fucoidans and alginates bind to cell 

surfaces or are internalised, as supported by studies showing that these polymers can 

interact with cell membranes and be taken up by cells (Liu et al., 2005; Karthikeyan et 

al., 2023). If these molecules bind to adhesion-related surface receptors, they may 

form stable complexes that are not easily removed by washing, leading to a prolonged 

anti-adhesion effect. Studies on heparin and heparan sulphate, which share structural 

similarities with fucoidans, show that these molecules can bind directly to integrins 

(Ballut et al., 2012). Fucoidan itself has also been reported to bind several ECM 

proteins (Lin et al., 2020b). In addition to interactions with surface receptors, the 

internalisation of these polysaccharides could potentially alter intracellular signalling 

pathways, leading to the reprogramming of cell adhesion processes. This 

reprogramming may result in the reduced expression or impaired functionality of 

adhesion molecules or even generate a less adhesive phenotype (Smith, 2008). 

Studies have shown that fucoidan can interact with various cell surface receptors, 

triggering signalling changes that inhibit cell adhesion (Lin et al., 2020b). Therefore, 

direct cell interactions or intracellular signalling alterations induced by these 

polysaccharides might underlie the prolonged anti-adhesion effects observed, even in 

the apparent absence of the treatments. 

Given the prominent role the cytoskeleton plays in maintaining and stabilising cell 

adhesion, changes to the expression and distribution of cytoskeletal components as a 

result of the treatments could have also led to reduced cell adhesion (Murphy-Ullrich, 

2001). Indeed, the literature has reported changes to the polymerisation and 

organisation of actin following fucoidan treatment, together with an effect on cell 

adhesion (Zhang et al., 2018). The fact that we also noted that the fucoidan and 

alginate extracts caused the cells to actively detach from the plate surface, suggests 

that they stimulated the cells to detach themselves from the ECM. For cell detachment 

to occur, cells have to degrade the ECM, a process that is primarily managed by matrix 

metalloproteases (Zahariev et al., 2023). It remains to be investigated whether either 

of these cell adhesion mechanisms contributed to the inhibition of cell adhesion. It 
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should be emphasised that, considering the complexity of the cell adhesion process, 

we need to take into account that other targets of fucoidan and sodium alginate may 

be causing the observed effects. Additionally, the differential effects observed between 

our extracted fucoidans and alginates versus the commercial variants on cell de-

adhesion (Figure 5C) raise the possibility that residual salts or chemicals used during 

our extraction process could have influenced our results. While these chemicals were 

carefully removed before testing, their potential contributions to the observed effects 

cannot be entirely ruled out. Future studies should include an analysis of residual 

extraction reagents to determine their potential impact on cell adhesion. 

5.4.5 Fucoidan and sodium alginates effect on the HCT116 cells adhesion is not 

due to changes in cellular distribution of integrin β-1 

After observing the significant impact of fucoidans and sodium alginates on cell 

adhesion, we investigated the potential role of integrin interactions in this process. Two 

fucoidans and two sodium alginates were selected for this, based on their differing 

effects on cell adhesion. Integrins function as heterodimers at the cell surface, 

mediating interactions with the ECM. Integrin β-1, the most common subunit in integrin 

heterodimer complexes, which associates with a variety of different α-subunits to form 

heterodimers that predominantly mediate attachment to the ECM, was selected for this 

analysis (Howe and Addison, 2012; Riopel et al., 2013). From Figure 5.5A, we 

observed an even punctate distribution pattern of the β1 integrin throughout the cell, 

with some accumulation at cell–cell contact sites in both the untreated and treated 

cells. Quantification of the occurrence frequency of these cell-cell contact sites, which 

we defined as strong cellular connections, showed that the sodium alginate treatments 

increased the occurrence of these slightly, while the fucoidan treatments did not (Figure 

5.5B). In contrast, the EDTA control treatment, which blocks integrin-based adhesions 

by chelation of divalent cations, showed substantially rounded cells consistent with loss 

of cell adhesions. Consequently, the data suggests that the inhibition of cell adhesion 

resulting from the fucoidan and alginate treatments did not involve significant changes 

in the distribution of β1 integrin-based adhesion. 
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Figure 5.5: Expression of β1 integrin in untreated (UNT), EDTA, fucoidan and sodium 
alginate treated HCT116. (A) Immunofluorescence analysis of the localisation of the β1 
integrin in untreated (UNT), (1 mM) EDTA, fucoidan and sodium alginate at 0.25 mg.ml-1 
treated HCT116 cells. White arrows indicate selected areas of notable β1 integrin accumulation 
at cell–cell contact sites. Images were captured at 100x magnification and are representative 
of triplicate images captured from randomly selected fields. Scale bar represents 10 µm. (B) 
Quantification of the number of cells showing a high level of β1 integrin concentrated at cell-
to-cell contact sites denoted as strong cellular connections and presented as a percentage of 
all cellular connections analysed. Analysis of the strong cellular connections was conducted 
using ImageJ cell counting analysis (n>62). 
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5.4.6 Effect of fucoidan and sodium alginate treatment on cytoskeletal 

organisation and cell morphology 

Cell morphology and cytoskeleton dynamics play an important role in regulating both 

cell adhesion and migration processes. We therefore used fluorescence microscopy to 

assess the cell morphology and the organisation and distribution of the cytoskeletal 

actin and intermediate filament vimentin in HCT116 cells treated with fucoidan or 

sodium alginate (Kim et al., 2015; Klimaszewska-Wiśniewska et al., 2018). In Figure 

5.6A, both untreated and treated cells exhibited a uniform distribution of actin and 

vimentin throughout the cytoplasm, with actin filaments appearing to be concentrated 

at points along the cell membrane. From the consistent intense staining of actin and 

vimentin in both the treated and untreated cells seen in Figure 5.6A, it was apparent 

that the treatments did not affect the polymerisation of vimentin or actin, which had 

previously been noted as a mechanism which was disrupted in treated HCT116 cells, 

causing them to lose their ability to adhere (Zhang et al., 2018).  

Actin and vimentin, both major cytoskeletal components, form two coexisting separate 

networks that are mutually influenced by the disruption or reorganisation of either one 

of these networks (Esue et al., 2006). To assess for any changes in the organisation 

of these networks, we examined the colocalisation of actin and vimentin. The 

colocalisation analysis to quantify the level of colocalisation between actin and 

vimentin was conducted using ImageJ. Pearson’s correlation coefficient, (Rr), ranges 

from -1 to 1, where -1 indicates total exclusion and +1 signifies perfect colocalisation. 

The Intensity Correlation Quotient (ICQ) value measures the synchronicity between 

the signals and if these vary together, with a value of -0.5 indicting segregated staining, 

a value of 0 represents random staining, and a value of 0.5 represents dependent 

staining (Li et al., 2004). The colocalisation analysis shown in Table 5.1 indicated that 

there was a high level of dependent colocalisation between actin and vimentin in 

HCT116 cells. As is evident from Table 5.1, the various treatments appeared to have 

no real effect on their colocalisation.  
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Figure 5.6: Effects of EDTA, fucoidans, and sodium alginates on the cell morphology 
and actin-vimentin cytoskeletal organisation of HCT116 cells. (A) Representative images 
of actin and vimentin distribution and colocalisation in HCT116 cells were obtained by 
fluorescence microscopy after 24 hours. Treatment with EDTA was performed at 2.5 mM, while 
fucoidan and sodium alginate treatment concentrations were 0.25 mg.ml-1. The white arrows 
in indicate the locations of actin-rich pseudopodia and lamellipodia-like membrane ruffles, 
highlighting key morphological changes in the treated cells. The images represent images 
captured from four randomly selected fields at 100x magnification. Colocalisation analysis was 
conducted using ImageJ. PDM panels show colocalisation where an orange colour indicates 
colocalisation and blue indicates exclusion. Scale bars are 10 µm. (B) Graph showing the cell 
index of untreated and treated HCT116 cells. Cell index was quantified using ImageJ, based 
on individual cell measurements of length and width. The data represent individual values from 
a minimum of 25 cells per condition, with the mean ± SD shown. Cell index measurements of 
HCT116 cells were quantified using ImageJ.   
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Table 5.1. Colocalisation analysis for actin and vimentin in HCT116 cells. Analysis was 
performed using four independent frames. Data are presented as mean ± SD (n>25).  

HCT116 cells 
treatment 

Rr R ch1:ch2 ICQ 

Untreated 0.871 ± 0.042 0.921± 0.027 0.964 ± 0.032 0.464 ± 0.010 

EDTA 0.944 ± 0.014 0.960 ± 0.013 0.507 ± 0.098 0.412 ± 0.025 

E. maxima 
fucoidan 

0.792 ± 0.051
   

0.905 ± 0.013 0.962 ± 0.038
  

0.424 ± 0.017 

S. cymosum 
fucoidan 

0.910 ± 0.017 0.953 ± 0.005 0.818 ± 0.121 0.427 ± 0.013 

E. radiata sodium 
alginate 

0.862 ± 0.020 0.925 ± 0.019 0.967 ± 0.034 0.437 ± 0.018 

S. elegans sodium 
alginate 

0.882 ± 0.026 0.925 ± 0.012 0.721 ± 0.156 0.431 ± 0.018 

 

While examining the cytoskeletal networks, we observed notable changes in the 

treated cells morphology that suggest altered cellular behaviour (Figure 5.6A). In the 

cells treated with E. maxima and S. cymosum fucoidan, distinct actin-rich pseudopodia 

were noted and are indicated with white arrows in Figure 5.6A. These finger-like 

projections are characteristic of amoeboid motility, which is typically associated with 

the more rapid and less adhesive movement of cells (Titus and Goodson, 2017). In 

contrast, cells treated with E. radiata sodium alginate showed the appearance of 

lamellipodia-like membrane ruffles filled with vimentin, also indicated by white arrows 

in Figure 5.6A. Supporting this observation, previous studies have shown that vimentin 

is localised within lamellipodia and plays a key role in their formation (Helfand et al., 

2011). Lamellipodia are generally linked to slower, mesenchymal migration and require 

stronger adhesion to the extracellular matrix than amoeboid motility (Titus and 

Goodson, 2017). The appearance of these distinct morphological features in the 

treated cells would suggest a shift toward more migratory phenotypes (Titus and 

Goodson, 2017). Interestingly, despite the appearance of these migratory structures, 

we did not observe a corresponding increase in cell migration for either of these 

treatments (Figure 5.3). In fact, treatment with E. maxima fucoidan and S. cymosum 

fucoidan resulted in a decrease in cell migration. This would suggest that although 

fucoidan and sodium alginate treatments may promote cellular morphological changes 

associated with migration, the actual migratory capacity may be impaired or remain 

unaltered under these specific conditions.   
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To further assess the noted changes in cell morphology, we evaluated the cell shape 

changes using the cell index function, dividing the cell length by the cell width across 

multiple cells and images (Figure 5.6A). Cell index (CI) values close to 1 represent 

round cells, while values greater than 1 indicate a more elongated cell shape. HCT116 

cells had lower cell index values when treated with EDTA (CI= 1.07 ± 0.11), compared 

to untreated cells (CI= 2.36 ± 1.01). This decrease in cell index values showed that the 

cells became more rounded in the presence of EDTA. No additional cell elongation 

was observed following treatment with E. maxima fucoidan (2.00 ± 0.78), S. cymosum 

fucoidan (2.04 ± 1.03), E. radiata sodium alginate (CI= 2.39 ± 0.92) and S. elegans 

sodium alginate (CI= 1.88 ± 0.57), as indicated by the CI values, which showed no 

significant difference compared to untreated cells. This suggests that, while 

pseudopodia and lamellipodia structures, typically associated with migration, were 

present, the CI values indicate a lack of significant elongation, meaning that the treated 

cells did not undergo the characteristic shape changes typically required for active 

migration (Schmidt and Friedl, 2009). Although the exact link between the 

morphological changes induced by these treatments and the alterations in HCT116 cell 

behaviours observed in other assays is unclear, it is evident that these behavioural 

changes are associated with the treatments affecting cell morphology rather than 

causing changes in cytoskeletal organisation. 

5.4.7 E. maxima fucoidan enhances MMP-9 activity in HCT116 cells  

Matrix metalloproteinases (MMPs) play a crucial role in degrading the ECM, which is 

essential for cellular migration and is implicated in tumour invasion and metastasis 

(Vinnakota et al., 2017). Given this role, the effects of E. maxima and S. cymosum 

fucoidans on cell adhesion and/or migration may involve changes in MMP activity. To 

explore this possibility, we analysed the impact of fucoidan on MMP activity and 

expression using three distinct methods, namely FITC-gelatin degradation, gelatin 

zymography, and real-time qPCR analysis. 

We initially used the FITC-gelatin degradation assay to investigate ECM degradation 

by HCT116 cells treated with fucoidan. In this assay, cells were cultured on coverslips 

coated with fluorescent 488-Oregon Green conjugated gelatin, enabling visualisation 

of ECM degradation as dark spots. As depicted in Figure 5.7A, punctuate areas of 

gelatin degradation were observed adjacent to both the untreated and fucoidan-treated 

HCT116 cells. Notably, the areas of gelatin degradation appeared more pronounced in 
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cells treated with E. maxima fucoidan compared to untreated cells and S. cymosum 

fucoidan-treated cells. However, upon closer examination across multiple fields of 

view, we did not observe a statistically significant difference in the rate of occurrence 

of fluorescent ECM degradation between the untreated and E. maxima fucoidan-

treated cells. This lack of clear differentiation prompted further investigation using 

gelatin zymography to achieve a more detailed assessment of MMP activity. 

We next utilised gelatin zymography, which offers a more quantitative approach to 

assess the effect of fucoidan on MMP activity, particularly the secretion of MMP-2 and 

MMP-9 into the surrounding medium. These experiments were conducted without 

serum to eliminate any activity from MMPs in serum.  HCT116 cells exhibited low basal 

levels of MMP-9 and MMP-2 secretion (Figure 5.7B). Interestingly, we observed a 

significant dose-dependent increase in MMP activity following treatment with E. 

maxima fucoidan (Figure 5.2B+C), while the MMP activity in S. cymosum fucoidan-

treated cells remained unchanged (see Appendix Figure B27). The molecular size of 

the bands displaying enzymatic activity on the gelatin zymography corresponded to 

both the pro and active forms of MMP-9 and MMP-2 (Edwards et al., 2003). To ensure 

that the observed increase in MMP activity was not due to direct denaturation of gelatin 

by the E. maxima fucoidan, we performed gelatin zymography of the treatment 

concentrations of fucoidan. No degradation of gelatin was observed at any of the tested 

fucoidan concentrations, indicating that the increase in MMP activity was indeed 

attributed to the cells' response to treatment with E. maxima fucoidan (see Appendix 

Figure B27). In addition, positive (TMX) and (VEGF) controls were included in the 

analysis; however, no significant changes in MMP expressions were observed for 

either control in the HCT116 cell line (see Appendix Figure B27). 

To elucidate the underlying mechanism for the observed apparent increase in MMP 

secretion, we conducted real-time PCR analysis to investigate the mRNA expression 

levels of MMP-9 and MMP-2 in response to E. maxima fucoidan treatment. We found 

that, in both the control and fucoidan-treated samples, MMP-9 was expressed, while 

transcripts for MMP-2 were not detectable in either the fucoidan-treated or control 

samples (data not shown). Specifically, treatment of HCT116 cells with E. maxima 

fucoidan led to a reduction in the level of MMP9 mRNA, whereas the abundance of 

MMP9 mRNA in S. cymosum-treated cells showed no significant change compared to 

untreated HCT116 cells (Figure 5.7C).  
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Figure 5.7: Gelatin degradation activity of HCT116 cells in response to E. maxima and 
S. cymosum fucoidans. (A) Representative images showing the gelatinase activity of 
untreated and fucoidan-treated cells plated on Oregon Green 488 conjugated gelatin for 24 
hours. Nuclei were stained with Hoechst (blue) and the cell membrane was stained with WGA 
(red). The dark spots against the fluorescent background marked by white arrows represent 
areas of gelatin degradation. Representative fields of view are shown at 100x magnification 
with the scale bar = 10 μm.  (B) Gelatin zymography of supernatants harvested from HCT116 
cells treated with the indicated concentrations of fucoidan for 48 hours. (C) Quantification of 
the MMP band density using the ImageJ software relative to MMP expression of untreated 
HCT116 cells. Data are presented as mean ± SD (n=3). Statistical significance compared to 
control was determined using a one-way ANOVA in GraphPad Prism 6 (* p<0.05, ** p<0.01, 
*** p < 0.001, ns = not significant). (D) RT-qPCR analysis of the MMP-9 mRNA expression 
levels in untreated (UNT) and fucoidan treated HCT116 cells nominalised to GAPDH mRNA 
expression.    
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Given the elevated levels of active MMP-9 and MMP-2 identified in the gelatin 

zymography assay, the more specific holes observed in the gelatin matrix surrounding 

the E. maxima fucoidan-treated cells in the FITC-gelatin assay (Figure 5.7A) are 

potentially a result of localised gelatin degradation mediated by these enzymes. 

However, the resolution of the FITC-gelatin assay may have limited the accurate 

quantification of this degradation. Additionally, differences in assay durations - 24 hours 

for the FITC-gelatin assay versus 48 hours for zymography - could have impacted the 

observed results. Furthermore, it is also possible that other factors, such as the 

presence of regulatory mechanisms within the cellular environment, may have 

contributed to the observed variations between the degradation in the FITC-gelatin 

assay and gelatin zymography (Toth and Fridman, 2001). Notably, the decrease in 

MMP-9 mRNA levels suggests that E. maxima fucoidan regulates MMP-9 activity 

through post-translational mechanisms, such as influencing its secretion or activation. 

This regulatory effect has been previously reported in fucoidan-treated U937 cells by 

Sun et al. (2010).  

It has to pointed out that despite the elevated MMP-9 and MMP-2 activity observed in 

zymography E. maxima fucoidan treatment inhibited HCT116 cell migration, a result 

that contradicts the typical association of MMP activity with enhanced migration 

(Vinnakota et al., 2017). This discrepancy could be explained by the activity of tissue 

inhibitors of metalloproteinases (TIMPs). While MMPs like MMP-9 and MMP-2 are 

typically associated with enhanced cell migration due to their role in degrading the 

extracellular matrix, TIMPs can regulate and inhibit MMP activity (Toth and Fridman, 

2001). Notably, TIMP-2 has been shown to hinder the invasion and migration of 

HCT116 cells by regulating the activity of MMP-9 (Shoari et al., 2024). Gelatin 

zymography, while valuable, has the limitation of not accounting for tissue inhibitors of 

metalloproteinases (TIMPs) (Toth and Fridman, 2001). The denaturing conditions used 

in zymography, such as SDS during electrophoresis, dissociate MMP-TIMP 

complexes, allowing only the intrinsic MMP activity to be measured, without reflecting 

the regulatory effects of TIMPs on MMP function (Toth and Fridman, 2001). Senni et 

al. (2006) reported that fucoidan increases the association rates of MMPs with their 

specific inhibitors, TIMPs, suggesting a potential mechanism for this observed 

phenomenon. Considering the inhibitory effects of TIMPs on MMP activity, it is 

plausible that TIMPs could be limiting gelatin degradation despite the increased MMP 

levels induced by E. maxima fucoidan treatment. To investigate this, assays assessing 
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MMP-TIMP interactions, such as ELISA or Western blot analysis using antibodies 

specific to MMP-TIMP complexes (Sun et al., 2010; Ren et al., 2017), are necessary. 

Additionally, reverse zymography could be utilised to assess the activity of endogenous 

TIMPs, which would provide insights into the regulation of MMP activity and help 

confirm whether TIMPs are influencing the observed gelatin degradation (Ren et al., 

2017).  

5.4.8 Specific fucoidans and sodium alginates impact HCT116 cells anchorage-

independent growth 

The impact of the fucoidans and sodium alginates on the anchorage-independent 

colony formation ability of the HCT116 colon cancer cell line was evaluated using the 

soft agar assay, a well-established method for characterising this capability in vitro 

(Borowicz et al., 2014). The results revealed a notable reduction in the number of 

medium-to-large colonies following treatment with E. maxima fucoidan and S. elegans 

sodium alginate (Figure 5.A) by 51.35 ± 7.46% and 43.23 ± 7.63%, respectively, 

compared to the untreated cells (Figure 5.8B). Microscopy images in Figure 5.8C 

provide a magnified view of these reductions, offering a clearer illustration of the 

decrease in the number of medium-to-large colonies. Additionally, these magnified 

images also show a visible reduction in the number of small colonies in the treated 

groups. Together, the results indicate a significant (p ≤ 0.001) degree of inhibition of 

colony formation by E. maxima fucoidan and S. elegans sodium alginate. 
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Figure 5.8: Effect of fucoidans and sodium alginates on the anchorage-independent 
growth of HCT116 cells in soft agar. (A) Images showing colony formation of HCT1116 cells 
in soft agar following treatment with the denoted fucoidan and sodium alginates at 0.25 mg.ml-
1. Images of plate wells were taken 21 days after seeding and are representative of three 
biological replicates. (B) Graphic representation of the total number of colonies classified as 
medium-large sized (>20 µm) colonies quantified using Image J. Data are presented as means 
± SD (n=3). Statistical significance compared to untreated was determined using one-way 
ANOVA in GraphPad Prism 6 (*** p < 0.001). (C) Magnified light microscopy images taken with 
4x objective showing that the formation of untreated and E. maxima fucoidan and S. elegans 
sodium alginate treatment reduced the formation of all sizes of colonies.  

 

This observed decrease in the number of colonies following treatment with E. maxima 

fucoidan and S. elegans sodium alginate suggests an inhibitory effect on anchorage-

independent growth of cancer cells. Anchorage-independent growth is a hallmark of 

carcinogenesis and is indicative of cancer cells transformed and malignant nature 

(Borowicz et al., 2014). Cancer cells with enhanced anchorage-independent growth 

are more likely to exhibit tumourgenic and metastatic potential (Mori et al., 2009). 

Therefore, the reduction in colony formation in response to these specific fucoidan and 

sodium alginate treatments indicates their ability to suppress this critical aspect of 

colon cancer cell behaviour. This finding is consistent with previous studies 
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demonstrating the anti-anchorage-independent growth properties of fucoidan on colon 

cancer cell lines (Usoltseva et al., 2018). The decrease in colony formation suggests 

that fucoidan interferes with the ability of these cancer cells to survive and proliferate 

independently of anchorage to the extracellular matrix, thereby potentially impeding 

tumour growth and metastasis. 

5.4.9 Effects of fucoidan and sodium alginate treatment on spheroid formation 

The colon cancer cells HCT116 were analysed for their spheroid formation capacity, 

alongside the fucoidans and alginates, in agarose-coated round bottom 96-well plates. 

This assay was selected as the self-assembly of the tumour spheroids predominantly 

depends on cell-cell interactions (Sant and Johnston, 2017). The spheroid morphology 

was investigated over seven days. After three days, untreated HCT116 cells had 

formed compact multicellular spheroids of regular round shape, that decreased in size 

over the next few days as the cells within the spheroid appeared to become more 

compacted (Figure 5.8B). Adherens junctions initiate and maintain cell-cell adhesion 

complexes and contain the Ca2+ required for the formation of tight junctions (Walzl et 

al., 2014). EDTA, included as a positive control, is a chelator of divalent cations and 

thus disrupts the establishment of close cell-cell interactions. Strikingly, spheroids 

treated with EDTA showed this loss in cell-cell interactions in a dose-dependent 

manner that prevailed over seven days, with further cell shedding shrinking the dense 

core spheroid over time (see Appendix Figure B28).  

The initial screening of the fucoidans and sodium alginates identified E. maxima 

fucoidan as the sole treatment capable of disrupting spheroid formation (see Appendix 

Figure B28). Figure 5.9A showed that, during the cultivation of the spheroids with 

various concentrations of E. maxima fucoidan, there was a difference in the effect 

observed. At lower concentrations, cells were able to form compact spheroids by day 

3 - these were indistinguishable from the untreated spheres but demonstrated cell 

detachment from the surface that progressed with time. In contrast, when treated with 

higher E. maxima fucoidan concentrations, the HCT116 cells formed less compact 

irregular aggregates by day 3 that compacted over time to form a spheroid core with a 

relatively large proportion of cells remaining unincorporated (Figure 5.9A). This 

resembled the observed effect noted after EDTA treatment (used as a positive control). 

To confirm our observation that the fucoidan treatment hindered the formation of tight 

cell-cell contacts (like EDTA), we performed immunofluorescent staining of the cell 
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membrane with fluorescently labelled wheat germ agglutinin (WGA), a conventional 

marker of the plasma membrane and Golgi apparatus (Chazotte, 2011). To determine 

the role adherens junctions may have played, we co-stained for β-catenin which serves 

as an integral binding component of numerous adherens junction molecules (Valenta 

et al., 2012). Following treatment with E. maxima fucoidan and EDTA, the 

immunofluorescent images revealed detailed changes to the spheroid surface 

morphology, particularly in the cell surface shape, when compared to untreated control 

(Figure 5.9C). The untreated spheroid displayed cell-to-cell compactness and an 

overall condensed spherical morphology with an intact and smooth outer spheroid 

surface. However, upon exposure to EDTA or fucoidan, spheroids displayed irregular 

surface protrusions and an overall more heterogeneous spheroid surface shape. At the 

highest concentration of fucoidan treatment, a noticeable loss in cell-to-cell 

compactness within the spheroid structure was evident. This loss of compactness was 

characterised by outer cells appearing to leak from the spheroid, leading to increased 

intercellular spacing and reduced cohesion between adjacent cells within the structure. 

Interestingly, the localisation of the β-catenin protein in the spheroids was uneven and 

more intense on the surface of all spheroids (Fig 5.9C). However, from visual 

examination of these images, we were unable to discern any specific alterations in the 

expression or localisation of β-catenin within the spheroids. For a more detailed view 

of the individual cells within the spheroids, the cell membranes were stained with 

fluorescently labelled WGA during the process of spheroid formation (Figure 5.9D). 

From this, it was evident that cell-cell adhesion was densest within the core but 

diminished towards the periphery of fucoidan-treated spheroids. Taken together, these 

changes in spheroid morphology suggest a potential impact of fucoidan treatment on 

the spheroid’s structural integrity and organisation of cells within the spheroid 

microenvironment. Notably, the observed alterations suggest a potential impact of 

fucoidan treatment on cell-cell adhesion dynamics within the spheroid structure. 
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Figure 5.9: Effect of EDTA and E. maxima fucoidan treatment on the morphology of 
HCT116 tumour spheroids. (A) Brightfield images of the HCT116 spheroid morphology 
changes in response to EDTA and E. maxima fucoidan treatment over days 3 to 7. Images 
were captured using a Zeiss Inverted light microscope with the 4x objective and are 
representative of triplicate independent experiments (n=9). (B) Plot showing the changes of 
spheroid area on days 3, 5 and 7 quantified using Image J software. Depicted are mean values 
± SD (n≥9).  (C) Immunofluorescence images depicting the morphology of spheroids stained 
with Alexa-fluor 555 conjugated WGA (red) and β-catenin (green) on days 3 and 7 of spheroid 
formation, comparing untreated samples with those treated with either EDTA or fucoidan. 
Nuclei are stained with Hoechst 33352 (blue). These images represent data from at least 4 
spheroids at 20x magnification. (D) Immunofluorescence images of spheroids formed in the 
presence of WGA (red) staining the individual cell membranes on day 7. Nuclei stained with 
Hoechst 33352 (blue). Images were captured at 20x magnification. 
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As a three-dimensional (3D) in vitro tumour model, spheroids offer valuable insights 

into cancer cell behaviour by more closely resembling aspects of in vivo tumour growth 

and its microenvironment (El Harane et al., 2023). Leveraging the HCT116 cell line's 

known ability to form tightly cohesive spheroids with pronounced three-dimensionality 

(Stadler et al., 2018), our study effectively evaluated the impact of E. maxima fucoidan 

treatments. While our investigation is among the first to explore fucoidan's effects on 

spheroid formation in this context, a study by Han et al. (2015) reported inhibition of 

sphere formation for HT-29 colon carcinoma cells by fucoidan in a time-dependent 

manner. As mentioned above, the self-assembly of spheroids relies on the 

establishment of close cell-cell interactions, which are primarily mediated by adherens 

junction proteins such as β1 integrin and cadherins and dependent on activation of 

signalling pathways, including β-catenin and actin-mediated cell-cell contacts (Ryu et 

al., 2019). As our previous examination in 2D culture, shown in Figures 5.5 and 5.6, 

demonstrated no changes in β1 integrin distribution or total actin expression, the 

observed effects in spheroid formation may suggest that alterations in cadherin or β-

catenin expression play a more prominent role in driving these changes. However, it is 

important to acknowledge that the 3D spheroid microenvironment introduces factors 

not present in 2D cultures, and we did not assess β1 integrin or actin in 3D conditions. 

Furthermore, while we examined total actin expression, we did not investigate F-actin 

filament organization, which may be particularly relevant in 3D models.  

5.4.10 Treating HCT116 cells with fucoidan results in the redistribution of β-

catenin from the cytoplasm to the membrane and increases p-β-catenin levels 

To investigate the potential role of β-catenin in HCT116 spheroid compactness, we 

assessed β-catenin subcellular localisation in 2D culture with fucoidan treatment. It is 

important to note that HCT116 cells are heterozygous for β-catenin, expressing one 

wild-type and one mutant oncogenic β-catenin. The mutant β-catenin escapes 

phosphorylation and degradation, leading to cytoplasmic accumulation and 

constitutive WNT/β-catenin pathway activation (Kaler et al., 2012). To understand β-

catenin localisation, we co-stained the plasma membrane and Golgi apparatus with 

fluorescently labelled WGA.  

This 2D immunofluorescence microscopy showed that untreated HCT116 cells 

predominantly exhibited β-catenin localisation in the Golgi, where it colocalised with 

WGA, with this strong signal visible in the PDM. A secondary localisation was observed 
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at the plasma membrane, while cytoplasmic and nuclear staining were minimal in 

comparison to these two primary sites (Figure 5.10A). In contrast, fucoidan-treated 

cells exhibited a noticeable increase in β-catenin localisation at the plasma membrane, 

as evidenced by the enhanced PDM signal in Figure 5.10A, where the membrane is 

now clearly visible in orange (indicated with white arrows). While the Golgi apparatus 

remained the primary site of β-catenin localisation, the enhanced membrane-

associated signal suggests a redistribution of β-catenin in response to the treatment. 

Western blot analysis (Figure 5.10B), showed no significant changes in total β-catenin 

levels after fucoidan treatment, indicating that the observed increased membrane 

localisation was due to the recruitment of existing β-catenin pools rather than changes 

in expression levels. Notably, there was an increase in phosphorylated β-catenin (p-β-

catenin) levels upon treatment. It is important to note that p-β-catenin and total β-

catenin were measured on separate Western blots due to issues with the stripping 

buffer, which may limit direct comparisons between their levels. 
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Figure 5.10: Effect of fucoidan on β-catenin localisation and the expression levels of β-
catenin and p-β-catenin in untreated and fucoidan treated HCT116 cells.  (A) 
Representative images showing the subcellular localisation of β-catenin (green) and the 
plasma membrane and Golgi apparatus marker Alexa fluor 555 conjugated WGA (red) for 
untreated and 0.25 mg.ml-1 fucoidan (from E. maxima or S. cymosum) treated HCT116 cells 
after 24 hours, as determined using fluorescence microscopy. Nuclei were stained with 
Hoechst 33352 (blue).  White arrows mark the areas where the PMD signal in orange co-
localises with β-catenin and WGA at the cell membrane. Images were captured at 100x 
magnification and are representative of triplicate images captured from randomly selected 
fields. Scale bar represents 10 µm. Colocalisation analysis was performed using ImageJ. (B)  
Western blot analysis of β-catenin and p-β-catenin expression in untreated HCT116 cells 
compared to those treated with 0.25 mg.ml-1 of fucoidan for 24 hours. The densitometry 
analysis represented with the western blots was determined using ImageJ. Statistical 
significance represents the difference between β-catenin levels in untreated and fucoidan-
treated HCT116 cells, which was assessed by one-way ANOVA where * p<0.05 and ns = not 
significant. 

 

Given the critical role of β-catenin in maintaining cell-cell adhesion at the membrane, 

where it links cadherins to the actin cytoskeleton (Valenta et al., 2012), the observed 

loss of spheroid compactness due to disrupted cell-cell adhesion (Figure 5) does not 

appear to be directly caused by β-catenin. However, the increased membrane 

localisation and elevated levels of phosphorylated β-catenin (p-β-catenin), could 
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suggest a potential modulation of the Wnt/β-catenin pathway activation status. 

Typically, phosphorylation of β-catenin leads to its inactivation and degradation, 

inhibiting its transcriptional activity in the Wnt/β-catenin signalling pathway (Kaler et al., 

2012). The antibody used in this study specifically targets the phosphorylation sites at 

Ser33, Ser37, and Thr41, which are known to be phosphorylated by GSK3β and NEK2 

(Shah et al., 2022). These phosphorylation events mark β-catenin for degradation via 

the ubiquitin-proteasome pathway and inhibit its nuclear translocation thereby 

preventing transcriptional activation of Wnt/β-catenin target genes (Shah et al., 2022). 

Although p-β-catenin and total β-catenin were analysed on separate gels due to 

technical limitations, the observed increase in p-β-catenin at these key sites suggests 

a potential shift towards β-catenin degradation. In line with our observations, Zhu et al. 

(2024) found that fucoidan treatment increased p-β-catenin levels and upregulated the 

expression of GSK-3β, while also decreasing total β-catenin levels, leading to a 

reduction in β-catenin accumulation in the nucleus. These findings support the idea 

that fucoidan may promote β-catenin degradation which could lead to a change in 

activation status of the Wnt/β-catenin signalling pathway. While the changes here are 

clearly not linked to the noted loss of cell-cell interactions in spheroids they might 

explain the inhibition of migration from S. cymosum and E. maxima treatments. As 

such, the inactivation of the Wnt pathway generally reduces cell migration by limiting 

pro-migratory gene expression (Shah and Kazi, 2022). However, additional assays 

investigating the cytoplasmic and nuclear distribution of β-catenin are required to fully 

confirm the impact these fucoidan treatments had on the activation status of the Wnt/β-

catenin pathway in HCT116 cells.  

5.4.11 Fucoidan increased cadherin expression levels and its recruitment to the 

cell membrane 

Following the observed changes in β-catenin localisation and expression, we next 

assessed alterations in cadherin expression levels and localisation, as cadherins are 

the main binding partners of β-catenin in adherens junctions (Valenta et al., 2012; 

Benthani et al., 2018). The expression and localisation of cadherins in HCT116 cells 

were analysed by fluorescence microscopy and western blot analysis using a pan-

cadherin antibody. To define where cadherins were localised, we again co-stained with 

the plasma membrane and Golgi apparatus marker WGA. In untreated HCT116 cells, 

cadherins were primarily localised in the Golgi apparatus, and, to a lesser extent, at 

the cell membrane (Figure 5.11A). Consistent with the increased β-catenin localisation 
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at the cell periphery, the addition of fucoidan also increased the cell membrane 

localisation of cadherins in both the E. maxima- and S. cymosum-fucoidan-treated 

cells. From the observed pan-cadherin expression levels, it was evident that this 

increase coincided with an overall increase in total cadherin protein levels (Figure 

5.11B). Colocalisation analysis further highlighted this as the appearance of orange in 

the PDM images, which implies that colocalisation of WGA and pan-cadherin increased 

upon fucoidan treatment (Figure 5.11A).  

 

Figure 5.11: Fucoidan induced cadherin accumulation at the cell membrane and 
increased the cadherin expression levels in HCT116 colon cancer cell. (A) Representative 
images showing the subcellular localisation of pan-cadherin (green) and the plasma 
membrane and Golgi marker Alexa fluor 555 conjugated WGA (red) in untreated and 0.25 
mg.ml-1 fucoidan (E. maxima or S. cymosum) 24 hour treated HCT116 cells determined using 
fluorescence microscopy. Nuclei were stained with Hoechst 33352 (blue). Images were 
captured at 100x magnification and are representative of triplicate images captured from 
randomly selected fields. Scale bar represents 10 µm. Colocalization analysis was done using 
ImageJ. (B) Western blot analysis of pan-cadherin expression in untreated and 24-hour 
fucoidan-treated HCT116 cells. The densitometry analysis represented alongside the western 
blots was determined using ImageJ. GAPDH was used as a loading control. Statistical 
significance represents the difference between pan-cadherin levels in untreated and fucoidan-
treated HCT116 cells nominalised to GAPDH, which was assessed by one-way ANOVA where 
* p<0.05 and ns = not significant. 
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The HCT116 cell line expresses both epithelial E-cadherin and mesenchymal N-

cadherin (Yue et al., 2018). With pan-cadherin detecting E-, N-, P-, and R-cadherin 

(George et al., 2022), the increase in pan-cadherin levels at the cell membrane raises 

questions about fucoidan affecting the balance between E-cadherin and N-cadherin 

expression. Given the known effects of fucoidans from E. maxima and S. cymosum on 

cell adhesion and migration, along with E-cadherin's association with epithelial 

characteristics and N-cadherin's role in increased migration and invasion (Loh et al., 

2019), the observed decrease in migration might indicate a reduction in N-cadherin 

expression. While the increase in E-cadherin levels may appear contradictory to the 

observed reduction in cell-cell adherence observed during spheroid formation assay 

following treatment with E. maxima fucoidan, it's noteworthy that the loss of cell-cell 

adhesion in HCT116 spheroid formation is independent of E-cadherin expression and 

rather relies on P-cadherin (Stadler et al., 2018). In addition, the absence of E- 

cadherin can increase the free pool of β-catenin (Zhu et al., 2024) and a loss of E-

cadherin in the HCT116 cell line is known to release β-catenin from the cell membrane 

(Kim et al., 2019). Since we observed an increase in β-catenin levels at the cell 

membrane along with cadherin levels, it is therefore unlikely that E-cadherin levels 

decreased. Instead, the elevated pan-cadherin levels at the cell membrane are likely 

due to an increase in E-cadherin expression, which may have compensated for the 

loss of P-cadherin. A shift in the cadherin balance, with an increase in E-cadherin 

expression and a reduction in P-cadherin, could explain the observed loss of cell-cell 

adhesion in the 3D spheroid model, as well as the increased pan-cadherin and β-

catenin levels at the cell membrane. This would also be consistent with other studies 

indicating that fucoidan upregulates E-cadherin while downregulating N-cadherin 

protein levels (Chan et al., 2023). However, further studies focusing on the effects of 

fucoidan on E-cadherin, N-cadherin, and P-cadherin expression levels and their 

cellular distribution will be required to confirm this. 

5.4.12 Alterations in cell signalling markers FAK, AKT, and MOB1 induced by 

fucoidan treatment 

To begin to understand the potential mechanism underlying the observed anti-cancer-

relevant effects of E. maxima and S. cymsosum fucoidan, we investigated the 

expression of some relevant cellular signalling pathway markers using western blot 

analysis (Figure 5.12).  Protein kinase B (AKT) and focal adhesion kinase (FAK) have 

well known roles in modulating β-catenin signalling and cadherin-mediated cell 
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adhesion, with active AKT promoting β-catenin stability and nuclear translocation, and 

FAK influencing signalling mechanism linked to β-catenin and cadherin localisation at 

cell-cell junctions (Fang et al., 2007; Quadri, 2012). On the other hand, MOB1, as a 

key signalling molecule in the Hippo pathway, indirectly regulates β-catenin signalling 

by activating LATS1/2 kinases (Kim et al., 2016; Qin et al., 2023). LATS1/2 

phosphorylates YAP/TAZ, leading to their inhibition and retention in the cytoplasm (Qin 

et al., 2023). Elevated levels of YAP/TAZ have been shown to bind β-catenin, 

suppressing its transcriptional activity without affecting its stability or degradation, 

suggesting that YAP/TAZ act as modulators of β-catenin. Notably, when Wnt signalling 

is inactivated, YAP/TAZ bind β-catenin as part of the destruction complex, promoting 

its phosphorylation and subsequent degradation (Qin et al., 2023). The activation of 

these pathways involves the phosphorylation of specific signalling intermediates; 

hence, we also evaluated their phosphorylation status. The western blot analysis 

revealed significant alterations in the phosphorylation status of AKT, FAK, and MOB 

following fucoidan treatment (Figure 5.12). Specifically, treatment with E. maxima 

fucoidan led to a significant increase in the levels of phosphorylated AKT (pAKT) at 

the Ser473 residue (Figure 5.12A). In contrast, treatment with S. cymosum fucoidan 

had no significant effect on pAKT levels. Due to the unavailability of an AKT antibody 

at the time of the study, it remained unclear whether total AKT levels were also 

upregulated or if the change was specific to pAKT. Levels of phosphorylated FAK 

(pFAK) at Tyr576/577 did not significantly change following E. maxima fucoidan 

treatment, but reduced following S. cymosum treatment, as shown in Figure 5.12C. 

However, the total levels of FAK remained unchanged following fucoidan treatment - 

therefore, the overall abundance of FAK protein was not affected (Figure 5.12B). This 

suggests that the proportion of total FAK that is phosphorylated at the specific site was 

reduced. Furthermore, we observed a significant increase in the phosphorylation of 

MOB1 (pMOB1) at Thr35 following E. maxima and S. cymosum fucoidan treatment, 

with unchanged total MOB levels, as is evident from Figures 5.12D and 5.12E, which 

suggests an increase in the proportion of MOB1 that is phosphorylated.  

 



122 
 

Figure 5.12: Fucoidan mediated effects on pAKT, FAK, pFAK, MOB and pMOB protein 
expression levels. After treating the HCT116 cells with 0.25 mg.ml-1 fucoidan from E. maxima 
or S. cymosum for 24 hours, whole cell lysates (50 µg) were analysed for expression level 
changes by western blot analysis using specific antibodies for (A) p-Akt, (B) FAK, (C) p-FAK, 
(D) MOB and (E) p-MOB. The densitometry analysis of the western blot bands presented 
alongside the western blots was performed using ImageJ software. GAPDH was used as a 
loading control. Statistical significance was determined by comparing the expression levels 
between untreated and fucoidan-treated HCT116 cells, normalised to GAPDH, using one-way 
ANOVA. Statistical significance levels are denoted as follows: * for p < 0.05, ** for p < 0.01, *** 
for p < 0.001, and ns for not significant. 
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The Akt signalling pathway is widely acknowledged for its critical involvement in tumour 

development and progression, typically associated with promoting cell growth and 

survival (Cho et al., 2014). Phosphorylation at the Ser473 residue of AKT is mediated 

by the mTORC2 complex (mammalian target of rapamycin complex 2) and is 

necessary for Akt's activation (Gulhati et al., 2009). Increased phosphorylation of Akt 

at Ser473 in colon cancer has been linked to more aggressive tumour behaviour and 

enhanced cell survival (Gulhati et al., 2009). Furthermore, the phosphorylation of AKT 

at this site has also been noted to correlate with the downregulation of membranous 

E-cadherin and β-catenin in nasopharyngeal carcinoma cells (Yip and Seow, 2012). 

Given these associations, it was unexpected that treatment with E. maxima fucoidan 

stimulated Akt phosphorylation. This outcome contradicts the anticipated decrease, 

considering the mild anti-proliferation and inhibited colony formation activity and 

increase in β-catenin and E- cadherin attributed to this fucoidan. While previous studies 

on fucoidan have often suggested Akt inhibition as a mechanism for decreasing cell 

growth and migration of cancer cells (Cho et al., 2014), insights from the study of Han 

et al. (2015) on fucoidan's effects in HT-29 colon cancer cells suggest the opposite. 

Han and co-workers linked Akt activation with fucoidan-induced inhibition of cell growth 

through G1-phase arrest, particularly via p21WAF1 expression. These contrasting 

literature results indicate a context-dependent role of Akt activation in mediating the 

anti-cancer effects of fucoidan. Considering this, the observed Akt activation could 

potentially underpin the anti-cancer activity of E. maxima fucoidan. 

 Furthermore, the above results suggest the potential involvement of focal adhesion 

kinase (FAK) in our fucoidan-mediated effects.  Phosphorylation at Tyr576/577 is 

particularly crucial for FAK's full catalytic activity and this phosphorylation is achieved 

following Src binding and activation (Al-Ghabkari et al., 2019).  Gayerd et al. (2018), 

demonstrated that Src-dependent FAK activation is required for E-cadherin relaxation 

and β-catenin nuclear translocation. When FAK is activated, it can phosphorylate β-

catenin, leading to its dissociation from the cell membrane. This also causes E-

cadherin to relax, which allows cells to detach from their neighbours - a crucial step in 

migration (Gayrard et al., 2018). The change in pFAK expression observed in this study 

therefore could have had implications for the localisation and expression of cadherins 

and β-catenin. We observed a notable decrease in the expression levels of pFAK 

following S. cymosum fucoidan treatment, while E. maxima fucoidan did not 

significantly affect pFAK expression. In the case of E. maxima fucoidan, where no 
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significant change in pFAK expression was noted, the upregulation of pan-cadherin 

and β-catenin at the cell membrane suggests that other signalling pathways might be 

involved. However, in the case of S. cymosum fucoidan, the reduction in pFAK levels, 

along with the observed increased cadherin and β-catenin (Figures 5.10A and 5.11A), 

may indicate that decreased pFAK activity contributed to the increased cadherin and 

β-catenin localisation at the membrane. Furthermore, Pei et al. (2017) found that 

downregulation of FAK promotes E-cadherin expression in melanoma cells, and that 

decreased E-cadherin expression facilitates cancer cell migration. In our study, both E. 

maxima and S. cymosum fucoidan treatments resulted in increased pan-cadherin 

expression at the cell membrane and inhibited migration. However, only S. cymosum 

fucoidan treatment was associated with reduced pFAK levels and decreased migration 

in the transwell assay. This could suggest that the inhibition of migration observed with 

S. cymosum fucoidan may be linked to the downregulation of pFAK, pointing to a 

reason for the different mechanisms of migration inhibition we observed between the 

two fucoidan treatments.   

The increase in pMOB1 levels following E. maxima and S. cymosum fucoidan 

treatment may indicate a potential activation of the Hippo pathway, as phosphorylation 

of MOB1 at Thr35 (and Thr12) is a critical step in converting MOB1 from its 

autoinhibited form to an active state that binds and activates LATS1/2, which 

subsequently phosphorylates and retains YAP/TAZ in the cytoplasm, activating the 

pathway (Kim et al., 2016). This would agree with findings by Xue et al. (2020), who 

reported activation of the Hippo pathway with increased phosphorylation levels of both 

upstream and downstream effectors of MOB1 in colorectal cancer cells following 

fucoidan treatment.  Furthermore, Xue et al. (2020) proposed that the activation of the 

Hippo pathway could suppress canonical Wnt/β-catenin signalling, through YAP-

mediated β-catenin degradation. Given the observed increase in both pMOB1 and p-

β-catenin levels following these fucoidan treatments, it could be speculated that these 

effects are linked, with increased pMOB1 levels potentially playing an indirect role in 

the noted β-catenin phosphorylation.  Overall, these findings demonstrate that fucoidan 

treatment affects key signalling pathways in a complex and context-dependent 

manner. Different fucoidans result in the activation of different pathways key signals, 

which may explain the variation in anti-metastatic activities observed between them.  
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5.5 Conclusion 

In conclusion, the findings of this chapter demonstrate that certain fucoidans and 

sodium alginates exhibit anti-cancer activities in vitro against HCT116 colon cancer 

cells by targeting essential cellular processes involved in metastasis. Our findings 

indicate that most of the fucoidan and sodium alginate extracts tested partially hinder 

the adhesion of HCT116 cells, a critical step in cancer cell migration and invasion. Of 

particular importance is the additional inhibition of anchorage-independent colony 

growth by S. elegans sodium alginate, suggesting its potential to impede the 

proliferation of detached cancer cells and hinder metastatic spread. However, E. 

maxima fucoidan stood out prominently in our study, showcasing a multifaceted 

inhibitory effect on various metastasis-related processes, including cell proliferation, 

cell adhesion, cell migration, spheroid formation, and anchorage-independent colony 

growth. These effects were associated with significant changes in the expression 

and/or cellular localisation of key markers, including changes such as increased β-

catenin and cadherin expression, and a decrease in pMOB1, that could potentially 

contribute to the observed inhibition of certain cell metastatic processes. However, E. 

maxima fucoidan also led to increased expression of MMP2 and MMP9, accompanied 

by morphological changes suggestive of a more migratory phenotype, alongside 

elevated AKT phosphorylation. These alterations are typically associated with 

enhanced cell migration and invasion, indicating that the anti-metastatic effects of this 

fucoidan may involve complex and potentially opposing mechanisms. In addition, S. 

cymosum fucoidan demonstrated notable anti-cancer activity by inhibiting cell 

proliferation, cell adhesion and cell migration potentially through the suppression of the 

FAK pathway, modulating the Wnt/β-catenin pathway and inducing alterations in 

cadherin expression and increased phosphorylation of MOB1. Notably, the rise in 

pMOB1 may be indirectly connected to the increased levels of p-β-catenin. Overall, it 

is evident that these fucoidans affect the activation of key signalling markers in a 

complex and context-dependent manner, with different fucoidans inducing distinct 

changes in the activation of these markers to exert their anti-metastatic effects. 
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Chapter 6- General discussion, future perspectives and concluding 

remarks 

In this study, we investigated the potential of fucoidans and sodium alginates derived 

from South African seaweeds as bioactive compounds for the treatment of cancer and 

diabetes. By examining the compositional attributes and biological activities of these 

compounds, we contributed to the expanding body of knowledge surrounding the 

bioactive potential of these compounds. Each of the chapters in this thesis focused on 

identifying specific aspects, such as the composition, structure, and bioactivities of 

these compounds, providing a foundation for a comprehensive overall discussion of 

the significance and relevance of these findings. 

The extraction and characterisation of fucoidans and sodium alginates from the four 

selected South African brown seaweed species was a crucial first step in this study, 

ensuring the purity and identity of the polysaccharides for subsequent bioactivity 

screening. The extraction processes employed yielded relatively high-purity crude 

fucoidans and sodium alginates, with minimal contamination that could have interfered 

with subsequent bioactivity screening studies. This was followed by a thorough 

investigation of the chemical and structural characteristics of these compounds, 

recognising the crucial role of composition and structural features in understanding 

bioactivity. Previous studies have highlighted that the bioactivity of fucoidans is 

intricately linked to their diverse structural characteristics, such as monosaccharide 

composition, molecular weight, the presence of branches, and the content of sulphate 

and acetyl groups (Usoltseva et al., 2018). 

Our analyses provided valuable insights, particularly into the monosaccharide 

compositional profiles, molecular weights, acetylation status, and sulphate contents of 

the fucoidans obtained (Chapter 3). We observed variations in some of these 

characteristics among the fucoidans, particularly with respect to their monosaccharide 

profiles and sulphate content. The monomeric composition of the Ecklonia and 

Sargassum fucoidans significantly differed with respect to L-fucose, D-glucose, and D-

arabinose content, unlike the sulphate content, which was substantial in all but the E. 

radiata fucoidan. As higher fucose and/or sulphate contents did not necessarily lead to 

better bioactivity (Li et al., 2008), our data suggest that they may be necessary but not 

critical determinants of fucoidan bioactivity. In addition, a lower molecular weight did 

not seem to correlate with enhanced bioactivity (Li et al., 2008), as was evident by the 
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fact that S. cymosum fucoidan had the lowest molecular weight while S. elegans 

fucoidan displayed the highest. As all fucoidans were acetylated, it was challenging to 

draw conclusions regarding the effect of acetylation on bioactivity. 

However, fully elucidating the structural features of the fucoidans posed challenges, 

particularly when using 1H NMR spectroscopy, due to the complexity and overlapping 

signals inherent in this polysaccharide. Although the aim of our study was to decipher 

detailed structural differences, the 1H NMR data presented limitations in drawing 

definitive conclusions. Nevertheless, our 1H NMR findings underscore the substantial 

diversity in the compositional and structural complexity of bioactive seaweed fucoidans 

across these different species. Despite the challenges, the distinct signals observed in 

the 2.7 - 3.2 ppm region of the fucoidans from E. maxima and S. cymosum spectra 

were particularly interesting. These signals were noted in the fucoidans that exhibited 

less anti-diabetic but enhanced anti-cancer activity. This intriguing observation might 

suggest a potential link between the structural characteristics represented by these 

signals and the biological activities of these fucoidans. Future exploration of these 

structural motifs and their relationship with the observed bioactivities could provide 

valuable insights. While our study did not fully elucidate the precise structural details, 

it does emphasise the need for further investigation into the structure-function 

relationships of fucoidans. 

The characterisation of the sodium alginate extracts in this study allowed us to 

elucidate their chemical composition and structural profiles. Using chemical analysis, 

FTIR spectroscopy, and NMR spectroscopy, we observed strong resemblances 

between the extracts and both the commercial sodium alginate and previously reported 

alginate compositions and structures (Belattmania et al. 2020; Lorbeer et al., 2017). 

Our investigations showed a notable predominance of D-mannuronic acid (M) over L-

guluronic acid (G), with M/G ratio values spanning from 2.78 to 3.95. In addition, proton 

nuclear magnetic resonance spectroscopy provided insights into the heteropolymeric 

diads (MG, GM) and triads (GGM, MGM), outlining the sequential distribution of M and 

G within each species' alginate polymer. To the best of our knowledge this study marks 

the first characterisation of sodium alginate from S. elegans and S. cymosum, as well 

as the fucoidan from S. cymosum. 

Carbohydrate digestion plays a pivotal role in the pathophysiology of Type 2 Diabetes 

Mellitus (T2DM), where dysregulated glucose metabolism results from impaired insulin 
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function or inadequate insulin production (Sapra and Bhandari, 2023; Bonsembiante 

et al., 2021). Enzymatic activity is central to carbohydrate digestion, making it a prime 

target for interventions which are aimed at managing hyperglycaemia (Lopes et al., 

2017). In light of this, our study investigated the potential anti-diabetic activity of 

fucoidans and sodium alginates through the inhibition of key enzymes involved in 

carbohydrate digestion. In this study, the evaluated sodium alginate extracts 

demonstrated limited potential as inhibitors of the key glucose-liberating enzymes 

compared to the fucoidans extracted from the same seaweed species. While the 

decrease in postprandial blood glucose linked to sodium alginate intake is typically 

attributed to its viscosity, which slows intestinal glucose absorption, more recent 

studies have highlighted its additional potential to inhibit digestive enzymes such as α-

glucosidase and/or α-amylase, thereby complementing its role in slowing glucose 

absorption (Torsdottir et al., 1991; Zaharudin et al., 2018). However, our findings 

suggest that the efficacy of sodium alginates as enzyme inhibitors may be less 

significant than previously proposed, indicating that their anti-diabetic potential may lie 

primarily in their viscosity-related mechanisms. Hence, despite our study concluding 

them as not having much potential in inhibiting enzymes as a mode of anti-diabetic 

activity, our sodium alginate extracts may still possess anti-diabetic activities that 

warrant further evaluation. 

In contrast, selected fucoidans extracts were shown to have promising inhibition 

profiles, by inhibiting the α-glucosidases while sparing α-amylase activity. This 

specificity is crucial, as excessive α-amylase inhibition, as seen with medications like 

acarbose, can lead to undigested carbohydrates reaching the colon where their 

bacterial fermentation causes gastrointestinal discomfort (Proença et al., 2019). 

Furthermore, our study differentiated between sucrase and maltase inhibition, in 

addition to the traditional screening assay for α-glucosidase inhibition, which facilitated 

a deeper understanding of the inhibitory effects of our fucoidans on carbohydrate 

digestion. Targeting multiple α-glucosidase enzymes, given the variability in sucrose 

and maltose content in individuals' diets, could enhance the effectiveness of inhibiting 

postprandial hyperglycemia (Attjioui et al., 2021). Therefore, the fucoidan extracts from 

F. vesiculous, E. radiata, and S. elegans that exhibited potent inhibition of all three 

enzymes—α-glucosidase, maltase, and sucrase— may hold the key for more effective 

regulation of postprandial glucose levels by these fucoidans compared to the other 

fucoidans, for example the fucoidan from E. maxima.  
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The determination of the type of enzyme inhibition is important in understanding the 

intricate interplay between the fucoidans and enzymes, that ultimately leads to them 

modulating enzyme activity. Our investigation revealed a spectrum of inhibition 

mechanisms among fucoidans sourced from different seaweed species. While 

fucoidan from E. maxima exhibited competitive inhibition, those from E. radiata, S. 

elegans, and F. vesiculosus demonstrated a mixed inhibition pattern for α-glucosidase, 

integrating elements of competitive, uncompetitive inhibition, and enzyme inactivation. 

Similarly, for maltase and sucrase, the mode of inhibition noted for fucoidan from E. 

radiata, S. elegans, and F. vesiculosus was also mixed in nature. This mixed mode of 

inhibition provides comprehensive control over enzyme activity, enabling the fucoidans 

to regulate the rate of carbohydrate digestion even in the presence of high substrate 

concentrations (Koh et al., 2020). Consequently, the enzyme inhibition profiles and 

mechanisms of these fucoidans confirm their ability to slow the rate of glucose release, 

offering promise in the management and prevention of hyperglycaemia (Vinoth Kumar 

et al., 2015). 

The fucoidan and alginate extracts were also screened for their potential anti-cancer 

activity. Previous studies have demonstrated the broad spectrum of anti-cancer 

activities exhibited by fucoidan and sodium alginates (Jin et al., 2022; Chen et al., 

2017). Given the significant metastatic potential of colon cancer cells, which contribute 

to approximately 90% of fatalities (Yue et al., 2018), our investigation focused on 

assessing the impact of these compounds in vitro on key metastasis-related cellular 

processes, such as cell adhesion, migration, spheroid formation, and anchorage-

independent colony growth. 

In our initial screening of the various fucoidans and sodium alginates extracts, we 

observed distinct activities across different cellular processes. The S. cymosum 

fucoidan showed potency by inhibiting HCT116 cell adhesion, proliferation as well as 

migration, while the E. maxima fucoidan showed superior activity by also disrupting 

spheroid formation and inhibiting anchorage-independent colony growth.  

Notably, all fucoidan and sodium alginate extracts however demonstrated an inhibitory 

effect on cancer cell adhesion. This process, crucial for tumour cell migration and 

invasion, involves the coordinated action of the cytoskeleton and various adhesion 

molecules and receptors, such as integrins, selectins, glycoproteins, immunoglobulins, 

and proteoglycans (Kim et al., 2015b; Bendas and Borsig, 2012). In this study, we 
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found that the reduced cell adhesion observed with fucoidans and sodium alginates is 

not attributable to changes in the cytoskeleton or integrin β1 expression or distribution 

(Figure 5.4). While integrin β1 levels remained unchanged in our experiments, HCT116 

cells express other major integrins, such as αvβ5 and αvβ4 (Bendas and Borsig, 2012; 

Jia et al., 2013), which may have been affected by our treatments. It would be valuable 

to explore whether these integrins undergo changes in expression or localisation 

following fucoidan treatment, as they could potentially contribute to the observed anti-

adhesion effects. 

Rather than altering integrin expression, our results suggest that these compounds 

play a role in preventing initial adhesion, inhibiting re-adhesion, and promoting 

detachment of cancer cells. This indicates that fucoidans and sodium alginates may 

interfere with cell-matrix interactions by disrupting both the initial attachment and 

subsequent adhesion processes. The observed anti-adhesion effects likely involve 

mechanisms beyond traditional integrin-mediated pathways. Specifically, we propose 

that fucoidans and sodium alginates could interfere with adhesion through direct 

interactions with extracellular matrix (ECM) proteins or by binding to specific cell 

surface receptors. Such interactions could trigger signalling pathways that modulate 

cell adhesion, including those involving Src kinase, Rho GTPase, FAK, and PI3K/Akt 

pathways (Brunton et al., 2004). Such reprogramming may involve reduced expression 

or impaired functionality of adhesion molecules or the induction of a less adhesive 

phenotype. 

 Migration inhibition was observed in cells treated with both S. cymosum and E. 

maxima fucoidans, through distinct mechanisms. S. cymosum fucoidan inhibited both 

linear and transwell migration, whereas E. maxima only impaired linear migration 

(Figure 5.3). It is worth noting that cells treated with both fucoidans exhibited actin-rich 

pseudopodia, characteristic of amoeboid motility (Titus and Goodson, 2017). 

Amoeboid migration is typically associated with rapid and less adhesive movement 

(Titus and Goodson, 2017) however, the observed inhibition of migration suggests that 

these pseudopodial structures were not functional for motility. While the inhibition of 

migration caused by these fucoidans could be in part linked to adhesion loss, the 

differences in their effects suggest that further distinct underlying mechanisms may be 

responsible. 
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Cell adhesion and migration are closely interconnected through focal adhesion 

turnover, a process regulated in part by focal adhesion kinase (FAK). The reduction in 

phosphorylated FAK (pFAK) levels observed in S. cymosum-treated cells suggests that 

its anti-adhesion and anti-migration effects are mediated via focal adhesion signalling. 

As a key component of integrin-mediated signalling, FAK phosphorylates multiple 

substrates and facilitates focal adhesion assembly and disassembly, thereby 

regulating cytoskeletal remodelling and traction force generation (Zhang et al., 2020). 

Its inhibition by S. cymosum fucoidan likely impaired focal adhesions, disrupting the 

integrin-ECM interactions required for directional migration. This is consistent with 

previous studies showing that FAK suppression limits cancer cell motility and promotes 

an anti-adhesive phenotype (Zhang et al., 2020). 

In contrast, E. maxima fucoidan did not affect pFAK levels, suggesting that its anti-

adhesion and migration effects are likely mediated through alternative pathways. The 

PI3K/AKT pathway plays a crucial role in regulating matrix metalloproteinase (MMP) 

expression in cancer cells, with elevated pAKT levels commonly being associated with 

increased MMP-2 and MMP-9 expression (Van Weelden et al., 2019). The increase in 

MMP-2 and MMP-9 following E. maxima fucoidan treatment is therfore likely linked to 

the corresponding rise in pAKT levels. However, the relationship between pAKT, MMP 

activity, and cancer progression is highly context-dependent, as fucoidans have shown 

contrasting effects on this pathway. For instance, fucoidan derived from F. vesiculosus 

inhibits migration and invasion by reducing MMP-2 expression and lowering pAKT 

levels (Van Weelden et al., 2019). In bladder cancer cell lines, fucoidan suppressed 

cell growth and migration despite an increase in pAKT, through the downregulation of 

MMP-9 expression (Van Weelden et al., 2019). Whereas, in colorectal cancer fucoidan 

treatment upregulated pAKT and induced G1-phase arrest, suppressing cell growth via 

p21WAF1 expression (Han et al., 2015). These findings suggest that elevated pAKT 

or MMP levels may not always correlate with enhanced migration or invasion, and may, 

in fact, contribute to anti-cancer effects depending on the broader regulatory context. 

While MMPs are generally associated with promoting migration and invasion through 

ECM degradation, their activity is tightly regulated by tissue inhibitors of 

metalloproteinases (TIMPs). Fucoidans are known to upregulate TIMPs, counteracting 

MMP activity and preventing excessive ECM degradation that could drive invasive 

phenotypes (Zhang et al., 2020). Thus, the observed increase in MMP-2 and MMP-9 
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in our study may have been offset by TIMPs, resulting in an overall anti-migratory 

effect. This dual regulation of MMPs and TIMPs could also explain why E. maxima 

fucoidan treatment, despite enhancing MMP activity, did not promote migration or 

invasion. These findings underscore the complexity of the PI3K/AKT signalling 

pathway and its downstream effects. Instead of uniformly promoting a pro-migratory 

phenotype, the observed increase in pAKT and MMP activity following E. maxima 

fucoidan treatment may reflect a regulatory mechanism that inhibits migration or 

adhesion via ECM remodelling and adhesion reprogramming. This interpretation aligns 

with reports that AKT activation can lead to context-dependent outcomes, including 

anti-migratory effects when coupled with compensatory upregulation of TIMPs (Zhang 

et al., 2020; Van Weelden et al., 2019). Future studies should focus on quantifying 

TIMP expression in response to fucoidan treatment and further investigating the 

interplay between pAKT, MMPs, and TIMPs to fully understand their role in the anti-

cancer effects of E. maxima. 

The disruption of adhesion and migration may also be linked to changes in cell-cell 

adhesion molecules, such as cadherins and β-catenin (Janiszewska et al., 2020; Sato 

et al., 2001). The phosphorylation of β-catenin is often associated with the deactivation 

of the Wnt/β-catenin signaling pathway, which plays a critical role in regulating cell-cell 

adhesion and motility (Shah and Kazi, 2022). This pathways deactivation could have 

contributed to the observed loss of adhesion. The simultaneous increase in β-catenin 

and pan-cadherin at the membrane could reflect a compensatory response by the cells 

to maintain some level of adhesion, though it could also indicate a disrupted balance 

in adhesion dynamics, contributing to a less stable adhesion phenotype. Furthermore, 

the upregulation of p-MOB, a marker of Hippo pathway activation, suggests that the 

loss of adhesion may be linked to this pathway's activation. The Hippo pathway plays 

a pivotal role in regulating cell growth, differentiation, and migration. It exerts control 

over various cellular processes by modulating key transcriptional co-activators that 

influence genes involved in proliferation and motility. By suppressing excessive cell 

growth and migration, the Hippo pathway maintains tissue homeostasis under normal 

conditions (Fu et al., 2022). Taken together, these changes in the phosphorylation 

status of important markers of the Wnt/β-catenin and Hippo pathways likely contribute 

to the observed anti-adhesion and anti-migration effects. 
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Anchorage-independent growth and spheroid formation are also critical hallmarks of 

metastatic potential, enabling cancer cells to survive and proliferate in non-adherent 

environments (Borowicz et al., 2014; Mori et al., 2009). E. maxima fucoidan impaired 

both spheroid formation and anchorage-independent growth, suggesting its broader 

impact on tumorigenic behaviours. Spheroid formation relies on robust cell-cell and 

cell-ECM adhesion (El Harane et al., 2023), both of which were disrupted by E. 

maxima. Notably, the observed increase in β-catenin and pan-cadherin at the 

membrane appears contradictory, as these molecules are typically associated with 

stabilising adherens junctions (Martin et al., 2013; Valenta et al., 2012). The loss of P-

cadherin, a known factor in the loss of cell-cell adhesion in HCT116 cells (Stadler et 

al., 2018), alongside potential compensation by E-cadherin at the membrane, could 

explain this contradiction. For now, it can only be speculated that the loss of P-cadherin 

at the membrane might be compensated by upregulation of E-cadherin or other 

cadherin family members. Thus, further investigation is needed to clarify this potential 

compensation. Additionally, the observed increase in phosphorylated β-catenin may 

reduce its transcriptional activity, potentially limiting the expression of genes necessary 

for anchorage-independent survival (Arensman et al., 2014). Furthermore, Hippo 

pathway activation, as indicated by increased pMOB, may further suppress anchorage-

independent growth by inhibiting YAP/TAZ activity. YAP/TAZ are critical regulators of 

cell survival and proliferation in non-adherent conditions, and their inhibition could drive 

anoikis, a form of apoptosis induced by detachment from the ECM (Warren et al., 

2018). Further experiments, such as quantifying YAP/TAZ activity, could help clarify the 

specific contributions of these signaling events. 

The distinct fucoidan variants tested appear to activate different signalling cascades, 

which likely contribute to the observed variation in their anti-metastatic effects. 

Specifically, the activation of pathways such as Akt, FAK, and the Hippo pathway, along 

with their interplay with key markers like β-catenin and cadherins, suggests that 

fucoidan modulates cell behaviour of HCT116 cells through multiple mechanisms. 

While these observations provide valuable insights into the potential anti-cancer 

properties of fucoidan, further investigation is required to fully elucidate the exact 

molecular mechanisms at play. The continued exploration of these pathways will be 

crucial for understanding how fucoidans work. 
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While our study utilised a concentration range of 0.001–1 mg.ml-1 for fucoidans and 

sodium alginates, it is worth noting that these concentrations are lower than typical oral 

dosages used in medicinal products. For instance, adult single doses of sodium 

alginate typically range from 500 to 1000 mg, taken up to four times daily (Food 

Standards Agency & Food Standards Scotland, 2024), and clinical studies have 

demonstrated beneficial effects of fucoidans at doses of up to 4 g per day (Abe et al., 

2013). The concentrations we tested fall within a range that could be comparable to 

amounts encountered through regular consumption, suggesting that the observed 

biological effects may be relevant for human applications. 

In conclusion, this study demonstrated that South African seaweed extracts exhibit a 

range of biological activities relevant to the diabetes and cancer. Fucoidans extracted 

from E. radiata and S. elegans showed promise as potent enzyme inhibitors, effectively 

inhibiting key enzymes involved in carbohydrate digestion, including α-glucosidase, 

maltase and sucrase. The mechanisms of action were mixed, involving competitive 

inhibition, uncompetitive substrate inhibition, and enzyme inactivation—attributes that 

are highly desirable for anti-diabetic agents. 

Additionally, fucoidans from E. maxima and S. cymosum exhibited notable anti-cancer 

effects by inhibiting critical processes involved in cancer metastasis. While a single 

underlying mechanism could not be identified, our findings suggest that the anti-cancer 

effects of E. maxima fucoidans may involve the modulation of MMP activity and AKT 

signalling, whereas S. cymosum fucoidan likely exert their effects through the 

suppression of focal adhesion kinase (FAK). Both fucoidans appear to interfere with 

key signalling pathways, including Wnt/β-catenin and the Hippo pathway, which are 

pivotal regulators of cell adhesion and migration. The combined effects on multiple key 

signalling markers and cell adhesion molecules are likely responsible for their anti-

metastatic effects. 

However, it is important to note that these findings are based solely on in vitro assays, 

and the lack of a non-cancerous cell line limits the evaluation of fucoidan selectivity 

and safety. Although the concentrations tested fall within ranges potentially achievable 

through human consumption, the translational relevance of these results should be 

interpreted cautiously. Future research should prioritise in vivo models to 

comprehensively assess both the anti-diabetic and anti-cancer efficacy and safety of 

these extracts. Moreover, detailed mechanistic studies are needed to identify specific 
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bioactivity markers. Overall, this study contributes to the growing body of evidence 

supporting the therapeutic potential of seaweed-derived polysaccharides and offers 

valuable insights into their mechanisms of action. 
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APPENDIX A: List of reagents and antibodies 

Table A1: List of the reagents and kits utilised and their suppliers 

Reagent name  Supplier (Catalogue number) 

α-Amylase porcine pancreatic  Megazyme™ (E-PANAA)  

Acarbose  Sigma-Aldrich (A8980)  

Acetone  MERCK (8.22251.2500)  

Acetonitrile Sigma-Aldrich (34851) 

Acrylamide/Bis solution Biorad (1610148) 

Ammonium persulphate (APS) Sigma Aldrich (A3678) 

Barium chloride dihydrate  Sigma-Aldrich (217565)  

Bovine serum albumin (BSA)  Sigma (A7906)  

Bradford reagent  Sigma (B6916)  

Calcium chloride  Saarchem (1524920EM)  

Clarity Western Enhanced 

Chemiluminescence substrate 

Bio-Rad Laboratories (170506) 

Coomassie Brilliant Blue R250  Merck (1.12553) 

DAKO flourecent mounting medium Agilent Technologies (S3023) 

3,5-Dinitrosalicylic acid  Sigma (D0550)  

D2O  Sigma-Aldrich (151882)  

Ethanol  MERCK (8.18700)  

5-Fluorouracil  Sigma-Aldrich (04541)  

Formaldehyde  Sigma-Aldrich (47670)  

Folin-Ciocalteu reagent  Sigma-Aldrich (F9252)  

Formic acid  MERCK (1038392)  

D-Fructose  

Fucoidan from F. vesiculosus  Sigma-Aldrich (F5631)  

L-Fucose  Sigma (F2252)  

L-Fucose kit  Megazyme™ (K-FUCOSE)  

Gelatine  Fluka (48723)  

Glacial acetic acid  Sigma-Aldrich (A6283) 

α-Glucosidase from Saccharomyces 

cerevisiae  

Sigma-Aldrich (G5003)  

D-Glucose Saarchem (2676020) 
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D-Glucuronic acid kit  Megazyme™ (K-URONIC)  

Glutaraldehyde Sigma (G5882) 

GOPOD  Megazyme™ (K-GLUC)  

Hoechst 333542  Sigma-Aldrich (875756-97-1)  

Hydrochloric acid  MERCK (1047705)  

Isomaltotriose Megazyme™ (O-IMO3) 

Luna Universal qPCR Master Mix  Biolabs Inc (M3003E) 

Maltase Megazyme™ (E-MALTS) 

2-mercaptoethanol  Fluka (63700) 

Methanol  Sigma-Aldrich (34860)  

D-Mannose, D-Fructose & D-Glucose kit  Megazyme™ (K-MANGL)  

Nuclease free water Biolabs Inc (B1502A) 

Phosphate buffered saline  Sigma-Aldrich (P4417)  

Phenol  Sigma-Aldrich (P1037)  

p-nitrophenol  Sigma (42,575-3)  

p-nitrophenyl-α-D-glucopyranoside  Sigma (N1377)  

Potato starch  Sigma (54501)  

Protease inhibitor cocktail (PIC) P8340-5ML 

RIPA lysis buffer Sigma-Aldrich (R0278) 

Sodium alginate Sigma-Aldrich (W201502) 

Sodium azide  MERCK (8.22335)  

Sodium borohydride Sigma-Aldrich (452882) 

Sodium carbonate  Sigma-Aldrich (223484)  

Sodium chloride Sigma-Aldrich (S9888) 

Sodium dodecyl sulphate (SDS) BDH biochemicals (301754) 

Sodium hydroxide  MERCK (1.06469.1000)  

Sodium metabisulfite  Sigma-Aldrich (255556)  

Sodium phosphate dibasic  Sigma-Aldrich (71640)  

Sodium sulphate  Saarchem (8525200EM)  

Sucrase Megazyme™ (E-SUCR) 

Sucrose MERCK (107651) 

Sulphuric acid  Sigma (30743) 
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N,N,N′,N′-Tetramethylethylene diamine 

(TEMED) 

Sigma (T22500) 

Tris(hydroxymethyl)aminomethane Sigma- Aldrich (252859) 

Tween™ 20  Merck (Cat. No. 8.22184.0500) 

Trichloroacetic acid  Sigma-Aldrich (T9159)  

Triton X-100 Sigma-Aldrich (Cat. No. T-8787) 

Trifluoroacetic acid  Sigma-Aldrich (T6508)  

D-Xylose Sigma (X3877) 

D-Xylose kit Megazyme™ (K-XYLOSE) 

Zinc chloride Sigma-Aldrich (208086) 
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Table A2: List of the antibodies detailing their supplier and individual experimental details 

Antibody Species Type Supplier (Catalogue number) Experimental 
details* 

Anti-human β-Actin [EPR21241]  Rabbit Primary antibody Abcam (ab213262) F: 1:3000 

Anti-human Vimentin [D21H3] Rabbit Primary antibody Cell signalling technology 
(5741S) 

F: 1:250 

Anti-human Integrin β1 (ITGB1) [JB1B] Mouse Primary antibody  Santa Cruz Biotechnology 
(SC59829) 

1:200 

Alexa-Fluor-550 conjugated Wheat 
Germ Agglutinin  

- Directly conjugated Invitrogen (W32464) IF: 1:1000 

Anti-human Pan-cadherin [C1821]  Mouse Primary antibody Sigma (047M4806V) F: 1:200;       
WB: 1:1000 

Anti-human β-Catenin [H-102] Rabbit Primary antibody Santa Cruz Biotechnology 
(SC7199) 

F: 1:200;       
WB: 1:500 

Anti-human Phospho-β-Catenin [9561] Rabbit Primary antibody Cell signalling technology 
(9561L) 

WB: 1:1000 

Anti-GAPDH antibody [EPR6256] Rabbit Loading control Abcam (ab185059) WB: 1:10 000 

Anti-human Phospho-Akt [D9E] Rabbit Primary antibody Cell signalling technology 
(4060L) 

WB: 1:2000 

Anti-human Phospho-FAK   Rabbit Primary antibody Cell signalling technology 
(3281S) 

WB: 1:1000 

Anti-human FAK Rabbit Primary antibody Cell signalling technology 
(3285S) 

WB: 1:1000 
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Anti-human Phospho-MOB1 [D2F10] Rabbit Primary antibody Cell signalling technology 
(8699P) 

WB: 1:1000 

Anti-human MOB 1 [CST 3281S] Rabbit Primary antibody Cell signalling technology 
(13730S) 

WB: 1:1000 

Anti-rabbit 488 Donkey Fluorescent secondary 
antibody 

Abcam (ab96891) F: 1:500 

Anti-rabbit DY550 Donkey Fluorescent secondary 
antibody 

Abcam (ab96892) F: 1:500 

Anti-mouse DY488 Donkey Fluorescent secondary 
antibody 

Abcam (ab96875) F: 1:500 

Anti-mouse DY550 Donkey Fluorescent secondary 
antibody 

Abcam (ab96876) F: 1:500 

HRP-conjugated anti-mouse Donkey Secondary antibody Abcam (ab9702S) WB: 1:5000 

HRP-conjugated anti-rabbit Donkey Secondary antibody Abcam (ab9706A) WB: 1:10000 

* WB= Western Blot Analysis, F= Fluorescence Microscopy 



166 
 

APPENDIX B: Supplementary results 
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Figure B1: Protein standard curve constructed for the Bradford assay. Data points are 
presented as mean values ± SD (n=3). 
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Figure B2: Phenolics (Gallic acid equivalents) standard curve for the Folin-Ciocalteu 
assay. Data points are presented as mean values ± SD (n=3). 
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Figure B3: Total carbohydrate L-fucose standard curve for the phenol-sulphuric acid 
assay. Data points are presented as mean values ± SD (n=3). 
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Figure B4: Sulphate standard curve for the gelatine-barium method. Data points are 
presented as mean values ± SD (n=3). 
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Figure B5: Total reducing sugar glucose standard curve for the DNS assay. Data points 
are presented as mean values ± SD (n=3). 

 

 

Table B1: Linearity of sugar monomers analysed by HPLC- RID 

Sugar monomer Linearity range Equation Coefficient of 

determination 

(R2) 

Fucose 0.05 - 1 Y=154134*X-2140 0.99 

Arabinose 0.05 - 1 Y=144338*X-12427 0.98 

Fructose 0.05 - 1 Y=218176*X-963.1 0.99 

Mannose 0.05 - 1 Y=129886*X-8856 0.99 

Glucose 0.05 - 1 Y=185923*X+3973 0.99 

Galactose 0.05 - 1 Y=114880*X-5812 0.99 
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Figure B6: HPLC-RID chromatogram for the separation of the sugar monomer standards 
(0.5 mg/ml, injected 20 μl) on a Fortis Amino column. 1- fucose; 2- arabinose; 3- fructose; 
4- mannose; 5- glucose; 6- galactose. 

 

 

 

 

Figure B7: Standard curves of the (A) D-mannuronic acid and (B) L-guluronic acid 
standards analysed by HPLC-UV. Data points are presented as mean values ± SD (n=6). 
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Figure B8: HPLC-UV chromatogram for the simultaneous detection of D-mannuronic 
acid (M) and L-guluronic acid (G). The chromatographic separation was performed using 
a Hypersil GoldTM Sax column. 
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Figure B9: Calibration curve Log MW vs. retention time for pullan standards using a 
Shodex OHpak SB-806M HQ (8.0 x 300 mm) column. Data points are presented as mean 
values ± SD (n=4). 
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Figure B10: p-nitrophenol standard curve. Data points are presented as mean values ± SD 
(n=3). 
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Figure B11: Glucose standard curve for the GOPOD assay. Data points are presented as 
mean values ± SD (n=3). 
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Figure B12: Dose response curves and IC50 values of α-amylase inhibition. Data points 
are presented as mean values ± SD (n=5). 
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Figure B13: Dose-response curves and IC50 values of α-glucosidase inhibition. Data 
points are presented as mean values ± SD (n=3). 
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Figure B14: Dose-response curves and IC50 values of maltase inhibition. Data points are 
presented as mean values ± SD (n=3). 
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Figure B15: Dose-response curves and IC50 values of sucrase inhibition. Data points are 
presented as mean values ± SD (n=3). 

 

 

 



176 
 

 

Figure B16: Time-course data illustrating the change in absorbance of the controls, as 
well as the uncorrected and corrected reactions for the six substrate concentrations 
and four inhibitor concentrations of the modelled reactions for E. radiata fucoidan. Each 
measurement consisted of three replicates. 

 

  

 

Figure B17: Time-course data illustrating the change in absorbance of the controls, as 
well as the uncorrected and corrected reactions for six substrate concentrations and 
four inhibitor concentrations of the modelled reactions for E. maxima fucoidan. Each 
measurement consisted of three replicates. 
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Figure B18: Time-course data illustrating the change in absorbance of the controls, as 
well as the uncorrected and corrected reactions for six substrate concentrations and 
four inhibitor concentrations of the modelled reactions for E. radiata fucoidan. Each 
measurement consisted of three replicates. 

 

 

 

Figure B19: Time-course data illustrating the change in absorbance of the controls, as 
well as the uncorrected and corrected reactions for six substrate concentrations and 
four inhibitor concentrations of the modelled reactions for S. elegans fucoidan. Each 
measurement consisted of three replicates. 
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Figure B20: Measurement data set with and without F. vesiculosus inhibitor fitted 
against the kinetic model selected for parameter estimation of α-glucosidase reactions. 
Each measurement consisted of three replicates, with the data points representing each 
individual replicate shown. 

Figure B21: Measurement data set with and without E. maxima inhibitor fitted against 
the kinetic model selected for parameter estimation of α-glucosidase reactions. Each 
measurement consisted of three replicates, with the data points representing each individual 
replicate shown. 
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Figure B22: Measurement data set with and without E. radiata inhibitor fitted against the 
kinetic model selected for parameter estimation of α-glucosidase reactions. Each 
measurement consisted of three replicates, with the data points representing each individual 
replicate shown. 

Figure B23: Measurement data set with and without S. elegans inhibitor fitted against 
the kinetic model selected for parameter estimation of α-glucosidase reactions. Each 
measurement consisted of three replicates, with the data points representing each individual 
replicate shown. 
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Figure B24: BSA standard curve for the BCA assay. Data points are presented as mean 
values ± SD (n=3). 
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Figure B25: Dose response curves and IC50 values of the (A) positive control 5FU, (B) 
commercial fucoidan from F. vesiculosus and (C) E. maxima fucoidan. Data points are 
presented as mean values ± SD (n=3). 
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Figure B26: EDTA reduces the adhesion of HCT116 cells. Quantification of the effect of 
EDTA treatment on HCT116 adhesion after 8 hours when; (A) cells were treated during 
seeding, (B) pre-treated adherent cells were reseeded, (C) treatments were added to already 
adhered cells. Data points are presented as mean values ± SD (n=3). 
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Figure B27: Gelatin zymography analysis of matrix metalloproteinase (MMP) activity. (A) 
Supernatants collected from HCT116 cells treated for 48 hours with VEGF and Tamoxifen. (B) 
Supernatants collected from HCT116 cells treated for 48 hours with S. cymosum fucoidan. (C) 
Direct analysis of E. maxima fucoidan treatment concentrations. 
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Figure B28: Representative images of the effect EDTA (A) and the various fucoidan (B) 
and sodium alginate (C) extracts had on HCT116 spheroid formation. Images were 
taken at 4x magnification. 


