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Abstract 

Marine environments represent a vast and largely untapped reservoir of unique 
glycoconjugates and extracellular polysaccharides (EPSs) with remarkable physicochemical 
and biological properties. These compounds hold promising potential for pharmaceutical, 
cosmetic, and biotechnological applications. The present study aimed to explore the structural 
diversity, chemical features, and potential bioactivities of polysaccharides from multiple marine 
organisms, including bacteria, red macroalgae, and microalgae. 

In second chapter, the surface polysaccharides of Shewanella vesiculosa HM13 nfnB, 
including capsular polysaccharides (CPS) associated with extracellular membrane vesicles, 
were investigated. Extraction and purification revealed a previously unreported disaccharide 
repeating unit consisting of a 4-substituted glucose alternated with a 3-substituted N-
acetylglucosamine. This unique CPS structure expands the known chemical diversity of marine 
bacterial polysaccharides and provides insights into the functional roles of surface 
glycoconjugates and their impact on vesicle cargo loading. 

The thrid chapter focused on the CPS of Vibrio crassostreae, a marine gram-negative 
bacterium potentially associated with Bald Sea Urchin disease. Detailed structural 
characterization demonstrated that the CPS is composed primarily of L-fucose, D-acetylated 
2-amino-2-deoxy-L-fucosamine, and D-mannose arranged in a trisaccharide repeating unit. 
Preliminary analysis of the LPS fraction revealed phosphorylated Kdo residues. These findings 
provide a molecular framework for understanding the role of surface polysaccharides in 
pathogenicity and host interactions, laying the groundwork for future functional studies. 

In the fourth chapter, the EPS produced by Alteromonas macleodii Mo169 was isolated and 
characterized. Chemical and NMR analyses revealed a linear disaccharide repeating unit 
composed of glucosamine and gulaminuronic acid, with an O-acetyl substitution at position 3 
of the gulaminuronic acid residue. The study provides a coherent structural description of this 
marine bacterial EPS, highlighting the occurrence of uronic acids and acetyl groups within 
Alteromonas polysaccharides and expanding knowledge of their structural diversity. 

The fifth chapter explored the polysaccharides of the red macroalga Ellisolandia elongata 
under three environmental conditions: submerged, exposed, and re-submerged. Aqueous and 
acidic extraction methods were compared, with the acidic procedure providing higher yield and 
purity. Structural analyses revealed the coexistence of α-1,4-glucan (Floridean starch) and a 
sulfated xylogalactan. Environmental stress influenced both polysaccharide yield and sulfation 
patterns. Functional assays demonstrated significant antioxidant and antibiofilm activities, 
supporting the potential of E. elongata extracts for biomedical and biotechnological 
applications. Furthermore, preliminary thermal analyses (DSC) and incorporation into sodium 
alginate films indicated that purified extracts exhibit defined thermal transitions and good 
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compatibility with polymeric matrices, highlighting their potential for material and functional 
applications. 

Finally, the sixth chapter focused on EPSs from three Tetraselmis strains, cultivated under 
autotrophic, heterotrophic, and mixotrophic conditions. Results highlighted strain- and trophic 
mode-dependent variability in biomass accumulation and EPS production. Tetraselmis chuii 
produced the highest EPS yield in mixotrophic conditions, with a galactan polysaccharide 
consisting of a linear 1,3-β-D-galactan backbone and sparsely distributed 3,6-linked branch 
points. Structural features were influenced by cultivation conditions, demonstrating the 
interplay between metabolism and polysaccharide biosynthesis, and supporting potential 
biotechnological applications. 

This work provides a comprehensive investigation of marine polysaccharides from diverse 
organisms, elucidating their chemical structures, environmental influences, and preliminary 
bioactivities. The findings contribute to expanding the understanding of marine glycobiology, 
offering new perspectives for sustainable biotechnological exploitation of marine biodiversity. 
The study was supported by the European Marine Biological Resource Centre (EMBRC), 
which promotes the discovery of novel marine resources while minimizing environmental 
impact. 
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1.1 Marine polysaccharides 
The marine environment is the largest ecosystem on Earth, covering 70% of its surface and 

hosting 50% of the whole globe’s biodiversity in a wide range of habitats and environmental 
conditions. A huge part of this ecosystem is still unexplored (Atanasov et al., 2021; Harris et 
al., 2007). Moreover, it is an exceptional reservoir of bioactive molecules due to its vast 
biodiversity and the unique conditions in which marine organisms thrive. It poses unique 
challenges, such as high salinity, fluctuating temperature, pressure, and nutrient availability, 
that have driven the evolution of biomolecules with specific adaptive features (Mayer et al., 
2011). Marine biomolecules show diverse molecular structures, many of which have a specific 
role in providing defence against predators, competitors, or pathogens (Mayer et al., 2011). 
These unique compounds are uncommon in terrestrial organisms and are proven to be superior 
in terms of chemical originality (Kong et al., 2010).   

Marine polysaccharides represent one of the major classes of organic macromolecules 
produced by both macro- and micro-organisms (Fig.1), and they constitute a substantial fraction 
of the organic carbon and structural biomass (Arnosti et al., 2021; Z.-Z. Sun et al., 2021). 
Commonly, polysaccharides are high-molecular-weight carbohydrates formed by the 
polymerization of monosaccharide units linked by glycosidic linkages. The structural 
composition of these polysaccharides varies markedly between organisms: branching degree, 
monosaccharide composition, presence of sulfate or uronic acid groups, and molecular weight. 

 

Figure 1. Overview of marine polysaccharides from bacteria, microalgae and seaweeds. 

Marine bacteria produce cell-associated polysaccharides such as capsular polysaccharides 
(CPS) and lipopolysaccharides (LPS) (Stevenson et al., 1996), as well as exopolysaccharides 
(EPS) as a defence mechanism (Al-Hussaniy et al., 2025). Extracellular polysaccharides can 
contribute to the formation of biofilms that provide survival in marine habitats (Flemming & 
Wingender, 2010). Seaweeds synthesize abundant structural polysaccharides (CWPS) in their 
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cell walls that give them structural support and flexibility (Hentati, Tounsi, et al., 2020; Shao 
& Duan, 2022). These polysaccharides differ among phyla: red algae (Rhodophyta) produce 
sulfated galactans such as agar and carrageenan; brown algae (Phaeophyceae) contain alginate 
and fucoidan; while green algae (Chlorophyta) possess ulvans and glucans (Alexander & 
Dalgleish, 2007; Popper et al., 2011). Marine microalgae produce polysaccharides both as 
structural components of the cell wall (CWPS), often forming scales, thecae, or mucilage, and 
as EPS released into the surrounding environment (Mariani et al., 1985). This comparative 
framework highlights how the marine biosphere offers a remarkable repertoire of structurally 
and functionally distinct polysaccharides, whose biological origin determines their chemical 
complexity and ecological role. Given their abundance, structural complexity, and functional 
versatility, marine polysaccharides are increasingly investigated for biotechnological 
applications (Sacramento et al., 2022; Y. Sun et al., 2021) and are considered as one of the 
promising marine-derived bioresources in the context of sustainability and marine biorefinery 
concepts (Y. Sun et al., 2021).  

 

1.2 Marine bacteria 
Bacteria are unicellular, prokaryotic microorganisms that constitute one of the most 

abundant and ecologically significant groups of life on Earth. The marine environment is 
teeming with bacterial life, with estimates ranging from 106 to 108 bacteria per millilitre of 
seawater, depending on the specific location and environmental conditions, both Gram-negative 
and Gram-positive thrive (Fuhrman et al., 2008). Gram-negative bacteria inhabit every 
environment, including extreme marine habitats such as deep-sea (Maruyama et al., 2000), 
hydrothermal vents (Cambon-Bonavita et al., 2002; Raguenes et al., 1997), hypersaline lagoons 
(Di Donato et al., 2018), and polar oceans (Bowman et al., 1997; D’Amico et al., 2006), 
demonstrating remarkable adaptability.  In the marine environment, bacteria are key drivers of 
biogeochemical cycles, indispensable for maintaining the health and functionality of marine 
ecosystems. Firstly, marine bacteria are critical mediators of nutrient cycling. They facilitate 
the decomposition of organic matter, thus recycling essential nutrients such as nitrogen and 
phosphorus back into the food web, not only supporting the microbial loop, a crucial process 
of marine food webs, but also enhancing the availability of nutrients to phytoplankton, which 
are primary producers in the ocean (Robertson et al., 2024; Urvoy et al., 2022). Secondly, 
bacteria play a pivotal role in carbon cycling, influencing the ocean’s role as a carbon sink 
(Pinhassi et al., 2022). The interaction of bacteria with other marine organisms enhances their 
ecological significance. They can form mutualistic relationships with phytoplankton that 
support productivity and community structure (Urvoy et al., 2022; Yang et al., 2024). Lastly, 
among marine Gram-negative bacteria, members of the genus Vibrio are particularly 
widespread and ecologically relevant, embracing both free-living (Raguenes et al., 1997) and 
host-associated species (Bruto et al., 2017). 
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Figure 2. Gram-negative cell-wall structure. 

From a structural perspective, the Gram-negative bacterial cell envelope builds up a 
characteristic architecture (Fig.2): an inner cytoplasmic membrane; an aqueous space called 
periplasm which contains a thin and rigid peptidoglycan layer, consisting in a network of 
alternating chains of N-acetylglucosamine and N-acetylmuramic acid that are cross-linked by 
penta-peptide chains; and the most external layer of the Gram-negative bacteria, the Outer 
Membrane (OM). The last consists of an asymmetrical lipid bilayer connected to the 
peptidoglycan by lipoproteins (Sankaran & Wu, 1994). The OM is composed of 
glycerophospholipids in the inner leaflet and LPSs on the outer leaflet, which act as a virulent 
factor and contribute to the OM integrity and permeability (Kamio & Nikaido, 1976). Finally, 
a wide range of bacterial species produce polysaccharides either as part of their cell envelope 
CPS or as secreted polymers EPS, that mediate interactions with their surroundings (Delbarre-
Ladrat et al., 2014).  

 

1.2.1 Gram-negative cell-wall polysaccharides 

The capsule is a layer of polysaccharide that is either covalently or non-covalently attached 
to the bacterial surface, so it can be found weakly attached to the surface or tightly bonded to it 
(Fresno et al., 2006; Whitfield, 1988). While lipopolysaccharides (LPS) are essential structural 
components of the outer membrane and participate in host recognition and membrane stability, 
CPSs often constitute the most structurally diverse and functionally exposed polysaccharide 
fraction at the bacterial surface. CPSs are high-molecular-weight polymers composed of 
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monosaccharide residues linked to each other by glycosidic bonds. CPS is highly variable and 
may include neutral, acidic, or sulfated sugars such as glucose, galactose, fucose, and uronic 
acids (Corbett & Roberts, 2008). Classified as homo- or heteropolymers, respectively 
constituted of one type or different types of monosaccharide, CPSs can be linear or branched 
and display different types of substituents. The CPS layer can extend for 100-400 nm from the 
cellular surface, and its glycan chains can have up to 200 sugars. A single species can produce 
structurally diverse CPSs, up to 80 found in Escherichia coli (Whitfield, 2006) and up to 90 
serotypes in Streptococcus pneumoniae (Van Selm et al., 2003). The genetic foundations of 
this diversity lie in the CPS synthesis locus, with numerous genetic variants contributing to 
differences in capsular thickness, composition, and virulence factors (Kolkman et al., 1997; 
Llull et al., 2001).  The roles of the CPS are multifold: i) it can act as a protective barrier that 
enhances resistance to environmental stress, desiccation; ii) it can host immune defences; iii) it 
promotes biofilm formation; iv) it mediates its interaction with the environment (Corbett & 
Roberts, 2008; Whitfield, 2006). Moreover, CPSs are among the bacterial virulence factors; in 
fact, they enhance the ability of bacteria to cause disease, avoiding phagocytosis and improving 
cell adhesion to host tissues (Costerton et al., 1987). This is particularly evident in members of 
the genus Vibrio, which include numerous species associated with marine organisms, ranging 
from commensals to opportunistic and pathogenic bacteria (Hewson, 2025; Hira & Stensvåg, 
2022). 

Psychrophilic marine bacteria, which thrive at temperatures typically below 5 °C, exhibit 
unique biochemical adaptations that enable survival and metabolic activity in these extreme 
environments (Methé et al., 2005). The composition of CPS in cold-adapted bacteria typically 
includes a variety of monosaccharides that can vary significantly across different species. For 
instance, the psychrophilic bacterium Colwellia psychrerythraea synthesizes a CPS 
characterized by a tetrasaccharide repeating unit composed of two amino sugar residues and 
two galacturonic acid units, one of which is further functionalized by an amide-linked 
threonine. This distinctive CPS architecture closely mimics structural features of antifreeze 
glycoproteins (Carillo et al., 2015). Cold-adapted bacterial CPSs provide significant protection 
against environmental stressors common in cold marine settings by enhancing cell integrity and 
stability (Methé et al., 2005). These polysaccharides form a protective barrier that shields 
bacterial cells from harmful agents, such as antimicrobial compounds and desiccation, thereby 
promoting survival under extreme conditions (Casillo et al., 2018). Moreover, these 
polysaccharides facilitate biofilm formation, a critical process that enables bacteria to adhere to 
surfaces such as ice, sediments, and marine debris; thus, the ability to form biofilms through 
CPSs supports colonization and nutrient acquisition in a competitive environment (Helmke & 
Weyland, 1995; Marx et al., 2009). The exploration of CPS from psychrophilic bacteria not 
only enhances our understanding of microbial life but also paves the way for novel 
biotechnological innovations.  
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1.2.2 Gram-negative exopolysaccharides 

Exopolysaccharides (EPS) are polysaccharides secreted into the extracellular environment, 
where they either form loose slime layers or contribute to the structured matrix biofilm (Casillo 
et al., 2018). Marine bacteria produce EPS in a variety of habitats: seawater sediments 
(Matsuyama et al., 2006), sea-ice (Nichols et al., 2005), hydrothermal vents (Delbarre-Ladrat 
et al., 2017), hypersaline ponds (Llamas et al., 2012), and as animal hosts (Concórdio-Reis et 
al., 2021). These niches impose stress conditions such as low temperature, high pressure, high 
salinity, metal toxicity, and low nutrients, which often are the main trigger for the abundant 
EPS production  (Casillo et al., 2018; Delbarre-Ladrat et al., 2014). EPS production is therefore 
useful to the gram-negative bacteria to help maintain hydration, protect from ice crystal 
damage, bind and sequester metal ions, and act as a barrier to predators or viruses (Casillo et 
al., 2018; De Carvalho, 2018; Poli et al., 2010). Moreover, EPSs enable bacteria to attach to 
surfaces and initiate biofilm formation (Lipsman et al., 2024). EPS produced by bacteria also 
represents a crucial component of microbial life. In fact, these molecules contribute to 
influencing carbon fluxes by taking part in the marine snow formation and microbial 
aggregates, and they serve as substrates for other microbes (Decho & Gutierrez, 2017). 

EPS are high molecular weight heteropolysaccharides mostly composed of two or more 
different monosaccharides arranged within repeating units of often 5-12 residues. Marine EPS 
exhibit exceptional structural diversity and often contain uronic acids, sulfate groups, and 
monosaccharides such as rhamnose or fucose (Alharbi et al., 2023; Zhang et al., 2015). The 
structural features of EPS strongly influence their function: higher molecular weight and 
branching may increase viscosity and structural stability of biofilms, or uronic acid and sulfate 
groups increase polyanionic charge and metal-binding capacity, enhancing protection and gel 
formation, and rare sugars and substituents may confer unique rheological properties desirable 
for biotechnological applications (Concórdio-Reis et al., 2022; Ibrahim et al., 2022; Zhang et 
al., 2015). The structural variability of EPS often leads to functional similarities with 
glycosaminoglycans (GAGs), such as hyaluronic acid, chondroitin sulfate, and heparan sulfate 
(Pomin & Mourao, 2008). These “GAG-like” EPS share structural motifs such as alternating 
uronic acid and hexosamine residues, sulfation patterns, and polyanionic nature, which confer 
biological activities including cell signalling, antioxidant, anticoagulant, and 
immunomodulatory effects (Delbarre-Ladrat et al., 2014; Casillo et al., 2018). Among the 
various types of marine bacterial EPS, those derived from the Alteromonas genus, particularly 
Alteromonas infernus, have garnered attention (Raguénès et al., 1997). These polysaccharides 
display structural features similar to naturally occurring GAGs. Moreover, the EPS known as 
diabolican produced by Vibrio diabolicus has been demonstrated to possess the capacity to 
mimic GAGs, offering advantages over traditional GAG sources derived from animals in 
reducing immunogenicity and ethical concerns associated with animal farming (Chong et al., 
2005; Liu et al., 2011; Restaino et al., 2017).  

 



  CHAPTER 1 
Introduction 

 

 7 

1.3 Seaweeds 
Seaweeds, also known as marine macroalgae, are multicellular, photosynthetic organisms 

found primarily in coastal marine environments. Seaweeds are classified into three major 
groups: Brown algae (Phaeophyceae), Red algae (Rhodophyceae), and Green algae 
(Chlorophyceae) (Belghit et al., 2017; Mohamed et al., 2012; Wan et al., 2019). This 
classification is based on photosynthetic pigments, with brown algae containing fucoxanthin, 
green algae containing chlorophylls a and b, and red algae containing a specific combination of 
pigments, such as chlorophylls a and d, carotenoids, and phycobiliproteins (Cian et al., 2015; 
Gurgel & Lopez‐Bautista, 2007). They play a fundamental ecological role as primary 
producers, oxygen generators, and habitat formers, sustaining coastal food webs and providing 
shelter for a wide range of marine organisms (De Clerck et al., 2013; Popper et al., 2011)  

The roles of polysaccharides derived from macroalgae fulfil critical functions within marine 
ecosystems, contributing significantly to ecological balance and ecosystem services. They are 
a fundamental component of the marine food web, supplying essential polysaccharide-derived 
carbon sources for herbivores. Additionally, they play a pivotal role in nutrient cycling through 
the utilisation of anionic polysaccharides, which function as biological filters by binding 
dissolved nutrients such as nitrogen and phosphorus, thereby enhancing water quality in coastal 
ecosystems (Xie et al., 2024).  

Polysaccharides present in seaweeds serve as storage polysaccharides and are renowned for 
their high content of CWPS. The functions of seaweed CWPS are diverse, including providing 
mechanical shear resistance, facilitating cell-cell adhesion (Shao & Duan, 2022), and enhancing 
flexibility (Hentati, Tounsi, et al., 2020). Additionally, they are utilized by the cell for 
photosynthetic storage or function as osmoprotectants (Iwamoto & Shiraiwa, 2005). The 
quantity and composition of these polysaccharides differ among various genera and are 
influenced by several factors, such as seasonal changes (Jothisaraswathi et al., 2006) and the 
growth stage of the algae (Falshaw & Furneaux, 1995). Furthermore, variations in 
polysaccharides may also result from abiotic factors like salinity and temperature, as well as 
biotic factors such as pathogens. These polysaccharides act as a barrier against these factors, 
providing a protective layer that helps prevent infections and mitigate stress conditions 
(Mokrosnop & Zolotariova, 2020). CWPS are one of the main cell wall components, reaching 
75% of the dry weight. They form microfibrillar scaffolds embedded in amorphous matrices of 
heterogeneous polysaccharides and glycoproteins. The compositional and structural diversity 
of CWPS is considerable: for example, brown algae are enriched in anionic polymers such as 
alginates and fucoidans (Beuder & Braybrook, 2023); red algae contain abundant sulfated 
galactans, including agar and carrageenan (Usov, 2011); and green algae synthesise ulvans and 
other sulfated rhamnose-rich polysaccharides (Rioux et al., 2017). These polymers differ not 
only in monosaccharide composition and linkage types, but also in degrees of sulfation, 
branching, molecular weight, and association with metals or mineral phases (Zhong et al., 
2020). 
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1.3.1 Coralline cell-wall polysaccharides 

Red algae are the largest group of seaweeds, with an amount of 6,000 different species. 
They thrive in a wide range of marine environments, from intertidal zones to depths up to 200 
m, aided by accessory pigments and specialized cell-wall matrices (Carpena et al., 2023). The 
polysaccharides comprising a major portion of their cell walls are sulfated galactans, notably 
agar and carrageenan, which may account for 40-50 % of dry matter in some species (Alfinaikh 
et al., 2025). Carrageenans are composed of linear, sulfated D-galactans consisting of a 
disaccharide repeating unit of 3-linked β-D-galactopyranose called G-units and 4-linked α-D-
galactopyranose called D-units, or 3,6-anhydro-α-D-galactopyranose called DA-units (Perez 
Recalde et al., 2016). The major commercial types are κ-, ι-, and λ-carrageenan (Campo et al., 
2009). Agar is composed of a disaccharide of alternating (1,3)-linked β-D-galactose and (1,4)-
linked 3,6-anhydro-α-L-galactose. Agar can be constituted by agarose and agaropectin. Agarose 
is a linear and neutral polysaccharide composed of β-D-galactose and 4-linked 3,6-anhydro-α-
L-galactose (Araki et al., 1967). Instead, agaropectin is an acid polysaccharide since agarobiose 
can be linked to sulfate groups, pyruvic acid, and D-glucuronic acid. The composition and yield 
of these polysaccharides are influenced by seasonal changes, species, harvest time, and 
extraction method (Abou Zeid et al., 2014; Ismail & Kanaan, 2022) 

Coralline red algae are a specialised clade within Rhodophyta characterised by deposition 
of calcium carbonate within their cell walls, thereby contributing to reef structure and substrate 
consolidation (Venuleo & Giordano, 2019). In fact, they act as ecosystem engineers in shallow 
marine habitats, forming biogenic crusts that stabilize sediments, create microhabitats for 
invertebrates, and contribute significantly to global carbonate budgets (Foster, 2001; Kamenos 
et al., 2013)  

 

 

Figure 3. Coralline seaweeds outward-facing cell-wall structure. 
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The cell wall of coralline red algae is typically stratified into multiple layers (Fig.3). These 
zones are organized from the inner to the outer surface as follows: the plasma membrane, a thin 
primary cell wall (PCW), and a thick secondary cell wall (SCW) (Bracchi et al., 2021; Nash et 
al., 2019), and the most external layer is the Outer Wall (OW), for those cells facing the 
extracellular environment, while an interfilamentous space is present between adjacent cells 
(Liyanage et al., 2023; Yermak et al., 2022). The PCW can be non-calcified or slightly 
mineralized, and it consists mainly of hydrated, amorphous polysaccharides and cross-linked 
fibrils that provide elasticity and permeability. This region serves as the primary site for crystal 
nucleation. The SCW is dominated by Insoluble Organic Matter (IOM), forming the fibrillar 
scaffolds rich in cellulose-like microfibrils, β-glucans, and acidic polysaccharides, due to the 
presence of uronic acids, which bind the Ca+ and Mg+ and allow the calcifications. In fact, Mg-
calcite crystals are also present and are embedded within or attached to the fibrillar matrix 
(Bergstrom et al., 2023; McCoy & Kamenos, 2015; Rahman & Halfar, 2014), providing both 
rigidity and flexibility to withstand hydrodynamic stress (Kamenos et al., 2013; Nash et al., 
2019). The OW is densely packed with calcite crystals embedded in a dense polysaccharidic 
matrix with highly sulfated galactans. The OW can be covered in a mucilage layer with soluble 
polysaccharides, which helps with cell adhesion and acts as a defence against environmental 
stress (Liyanage et al., 2023; Yermak et al., 2022). On the other hand, the interfilamentous 
space between cells is filled with Soluble Organic Matrix (SOM) rich in sulfated galactans and 
glycoproteins. In corallines, the CWPS thus contribute to dual functionality: they provide an 
organic scaffold for calcification and mechanical resilience. They differ from flashy red algae 
both in composition and structure (Venuleo & Giordano, 2019). In fact, they possess some 
specific cells highly specialized to the deposition of high-Mg calcite within an organic 
polysaccharide and protein matrix (Nash et al., 2019). Nonetheless, recent analyses have shown 
that the monosaccharide composition of CWPS among Coralline taxa varies considerably, 
probably due to environmental stress (Venuleo & Giordano, 2019). In terms of polysaccharides, 
the main differences with fleshy red algae are the presence of sulfated xylogalactan, which has 
high quantities of xylose (Malagoli et al., 2014), and 3,6-anhydrogalactose, which is absent in 
Coralline (Bilan & Usov, 2001). Nonetheless, the main polysaccharides found in Coralline 
algae, besides cellulose, hemicellulose, and pectin in the form of fibrils, are alginic acid, which 
bonds with calcium thanks to its high cation affinity for the calcification process, and xylo-
galanctans (Malagoli et al., 2014; Okazaki et al., 1982). 

 

1.4 Marine microalgae 
Microalgae are a diverse group of autotrophic microorganisms that play crucial functions 

in aquatic ecosystems. In the marine environment, they constitute the phytoplankton, a group 
of photosynthetic unicellular organisms that play an essential role as primary producers in the 
marine trophic chains. Although the term ‘microalgae’ lacks strict taxonomic meaning, it 
typically denotes organisms with a cell size between 0,2 to 200 µm in aquatic environments 
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(Gualtieri & Barsanti, 2022; Sieburth et al., 1978). Many microalgae are found in freshwater or 
marine systems and belong to various taxonomic groups, each with distinct cellular 
morphologies and adaptations (Liber et al., 2020). Morphologically, microalgae can exhibit 
various shapes, including spherical, rod-like, filamentous, and plate-like structures, which can 
influence their buoyancy and ability to capture light (Coêlho et al., 2019; Raven & Girard‐
Bascou, 2001). Microalgae are categorized into planktonic forms, which drift freely in the water 
column, and benthonic forms, which grow on submerged surfaces (Dolganyuk et al., 2020). 
Many of them, such as Clamydomonas and Tetraselmis, possess flagella, which aid in their 
motility and enable them to navigate through different water layers in pursuit of light and 
nutrients (Blanchard, 1990; Dolganyuk et al., 2020) 

Microalgae’s ecological roles are foundational. Besides being responsible for a large 
fraction of global primary production, they also contribute significantly to CO₂ fixation 
(Falkowski et al., 1998; Field et al., 1998), colonize benthic or biofilm niches, influencing 
habitat structure and nutrient flows (Azam et al., 1983; Juranek et al., 2020). Through the 
production of extracellular substances, including EPSs, they influence particle aggregation, 
marine snow formation, sediment stability, and therefore biogeochemical transport of carbon 
and nutrients (Alldredge & Silver, 1988; Decho & Gutierrez, 2017). 

Microalgae EPSs are synthesized via biosynthetic pathways that involve various metabolic 
processes, ultimately exuding these polysaccharides into the surrounding medium, and 
partially, they remain bonded to the external side of the cell wall (Cunha et al., 2019). The ratio 
of released to cell-associated vs EPS can vary significantly with the growth phase, salinity, and 
nutrient status (Boonchai et al., 2015; Guzmán-Murillo et al., 2007). Microalgae produce and 
secrete EPS for several reasons: utilize EPS to shield themselves against biotic stressors, such 
as predation by microzooplankton (Zhu et al., 2024), defence against pathogens and viruses 
(Pointcheval et al., 2025), and abiotic stresses such as desiccation and osmotic pressure (Li et 
al., 2023, 2022). Moreover, these polysaccharides can serve as a barrier to toxic substances, 
assisting in the detoxification of harmful compounds present in their environment (Freyria et 
al., 2024; Gongi et al., 2023). By forming a matrix through which nutrients and pollutants can 
be trapped, the EPS facilitates their absorption, thus enhancing nutrient retention and uptake 
(Agoun & Avci, 2025; Kronusová et al., 2022; Vergnes et al., 2019). Lastly, EPSs influence 
the stickiness of algal colonies. Thanks to these mucous aggregates, microalgae create a 
cohesive matrix that binds individual cells together to remain in the photic zone, maximizing 
light exposure and enhancing photosynthesis (Lee et al., 2023; Ye et al., 2024). EPSs not only 
change based on the species, but microalgae can modulate their production by nutrient 
limitations such as nitrogen or phosphorus deprivation, changes in light intensity, or other 
stresses (Moreira et al., 2022; Pierre et al., 2019). In fact, microalgae proved a high metabolic 
plasticity since they can grow in different culture conditions, such as autotrophic, mixotrophic, 
and heterotrophic, thanks to their capacity to modulate carbon allocation under stress or nutrient 
limitation (Brennan & Owende, 2010; Vásquez - Piñeros et al., 2012). Specifically, it was 
proven that in heterotrophic conditions, they produce highly valuable metabolites, including 
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EPSs (Choix et al., 2012; Gladue & Maxey, 1994; Parra-Riofrío et al., 2020).  Microalgae EPS 
are typically heteropolysaccharides, and their composition can vary widely among taxa and 
growth conditions. Some EPS are more complex and contain sulfated polysaccharides, while 
others are simpler in structure, composed mainly of neutral carbohydrates (Borjas Esqueda et 
al., 2022). Monosaccharides commonly found in microalgal EPS include glucose, galactose, 
rhamnose, and mannose, contributing to distinctive polysaccharide profiles (Costa et al., 2021). 

 

1.4.1 Tetraselmis Exopolysaccharides 

The genus Tetraselmis belongs to the class Chlorodendrophyceae, in the phylum 
Chlorophyta, with around 20 species identified to date. Phylogenetic analyses using nuclear 
ribosomal data indicate that Tetraselmis represents an early branching clade among green 
algae (Sun et al., 2016). Molecular studies have provided insights into the chloroplast genome 
of Tetraselmis, which has been found to lack several genes necessary for chlorophyll synthesis 
that are typically present in other core chlorophytes, contributing to the understanding of its 
evolutionary adaptations (Turmel et al., 2016). The Tetraselmis genus includes unicellular 
green microalgae species (10-20 μm) characterized by an ellipsoid or ovoid shape, four flagella 
in the apical depression of the cell (called pit), and a solid cell wall called theca made of 
different-shaped “scales” that fuse in the extracellular environment (Baudelet et al., 2017; Mata 
et al., 2023).  In the Tetraselmis genus, the cell wall organization and components of single 
layers vary strongly among species, making the identification extremely difficult. For instance, 
two different types of thecae were identified. The Type I is a simple bilayer theca; the Type II 
is a multilayered theca composed of up to 5 layers (Domozych et al., 1981; Hori et al., 1982). 
Briefly, a type II, three-layer theca layers are described as follow (Fig.4): a thick electron-dense 
inner layer is located just outside the plasma membrane; a thin, electron-dense middle layer 
with a fibrous or reticulate texture constituted by two sublayers, is a connection between the 
inner and outer parts; and then a thick, slightly electron-dense outer layer is composed of fused 
scales and rich in fibrils. Lastly, there is a really thin granular coat made of hairs and granules 
that form the cell’s characteristic spiny, alveolar, smooth, or ornamented surface (Becker et al., 
1998; Domozych et al., 1981). In terms of polysaccharides, the theca scales are mainly made 
of acidic polysaccharides, including 3-deoxy-D-manno-octulosonic acid (Kdo) as the main 
theca component reaching up to 60% (Becker et al., 1995), 3-deoxy-L-threo-heptulosaric acid 
(Dha), deoxy-5-O-methyl-manno-2-octulosonic acid (5OmeKdo), GalA, and natural ones like 
gulose, galactose, and arabinose (Amna Kashif et al., 2018; Becker et al., 1998; Mclachlan & 
Parke, 1967). 
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Figure 4. Tetraselmis type II cell-wall structure. 

In Tetraselmis spp., the extracellular space is often surrounded by a thin mucilaginous 
envelope, resulting from the secretion of EPS through vesicular transport or shedding of cell 
wall layers during growth and environmental stress (Domozych & LoRicco, 2023). EPS 
secretion can occur passively through diffusion or sloughing of the cell wall surface or actively, 
via exocytosis of vesicles containing polysaccharide precursors synthesized in the Golgi 
apparatus (Domozych et al., 1993; Domozych & LoRicco, 2023) 

When it comes to structural analysis and characterization of Tetraselmis EPS, little is still 
known. Reported EPS from Tetraselmis species show variable monosaccharide composition, 
including glucose, galactose, mannose, rhamnose, xylose, arabinose, and uronic acids 
(Gaignard et al., 2019), with the relative abundance of these sugars differing between species 
and strains. 

 

1.5 Polysaccharides biological activities and applications 
Many marine biomolecules, including polysaccharides, are classified as GRAS (Generally 

Recognized As Safe) and are thus biodegradable and biocompatible. Polysaccharides, thanks 
to their chemical diversity, have attracted growing biotechnological interest and potential 
applications in pharmaceuticals, cosmetics, aquaculture, and biotechnology (Fig. 5). 
Consequently, understanding the structural variability of marine polysaccharides is essential 
not only for understanding marine biology but also for sustainable biotechnology development. 
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Figure 5. Overview of polysaccharides’ biological activities and applications.  

1.5.1 Antioxidant activities 
 

A large body of literature shows that marine polysaccharides, including algal sulfated 
polysaccharides and microbial EPSs, have antioxidant activity. The antioxidant activity of 
polysaccharides is significantly influenced by factors such as their solubility, monosaccharide 
compositions, molecular weight, the presence of positively or negatively charged groups, the 
presence of proteins, and phenolic compounds that are covalently linked (Fernandes & 
Coimbra, 2023). 

Bacterial EPSs isolated from extreme marine environments, such as deep sea and 
hypersaline waters, showed strong antioxidant activity (Arun et al., 2017; Squillaci et al., 2016; 
Sun et al., 2014). The applications of antioxidant marine microbial EPSs are found in cosmetic, 
food, and medicine fields, showing not only antioxidant activity per se but also low toxicity, 
biocompatibility, and potential anticancer (El-Newary et al., 2017; Manivasagan et al., 2013; 
Ramamoorthy et al., 2018; Wang et al., 2018)  

Various studies have evaluated the antioxidant activities of EPS derived from different 
microalgae species, revealing that these microalgae can produce EPS with substantial 
antioxidant capabilities, often in correlation with other compounds (Azaman et al., 2017; 
Mousavian et al., 2022). Microalgae EPS high diversity has been attributed to the versatile 
regulation of polysaccharide biosynthesis to adapt to different environmental conditions, 
uncovering new antioxidant EPSs (Fimbres-Olivarria et al., 2018; Xie et al., 2024),  suitable 
for cosmetic and nutraceutical applications. In the former,  EPSs are utilized in cosmetic 
formulations to provide protection against environmental stressors and enhance skin health, 
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developing antioxidant therapies against degenerative diseases and oxidative stress (Burg & 
Oshrat, 2015; Gargouch et al., 2021), whereas in the latter, they promote health and prevent 
lifestyle-related diseases (Sun et al., 2009).  

A plethora of studies indicates that the antioxidant properties of seaweed polysaccharides 
can be attributed to their ability to scavenge free radicals, which is essential in fighting oxidative 
stress, an underlying factor in numerous chronic diseases (Wang et al., 2008; Yang et al., 2012). 
The structure, molecular weight, type of monomer residues, degree of sulfation, and the sulfate 
position within these polysaccharides significantly affect their antioxidant activity (Arunkumar 
et al., 2021). The extraction of these bioactive compounds can influence their antioxidant 
performance. Enzyme-assisted extraction has proven effective in isolating polysaccharides that 
maintain or even enhance antioxidant activities compared to traditional extraction methods 
(Wei et al., 2024). Polysaccharides from Laminaria japonica, Gracilaria spp., and Fucus 
vesiculosus exhibit strong antioxidant activities (Rupérez et al., 2002; Wang et al., 2008; 
Yangthong et al., 2009). Specifically, the ones extracted from brown algae generally possess 
superior properties (Bhuyar et al., 2021). Their ability to protect cells from oxidative damage 
has been documented in several models, including zebrafish, emphasizing their applicability in 
both healthcare and food preservation (Wei et al., 2024; Yang et al., 2012).   

 

1.5.2 Antimicrobial and antiviral activities 

Both bacterial CPS, EPS, and algal polysaccharides display antimicrobial and antiviral 
activities. Gram-negative bacterial surface polysaccharides can interfere with colonisation and 
biofilm formation by competitors or pathogens, while certain algal and microalgal EPS directly 
inhibit virus adsorption or replication (Wang et al., 2023). Specifically, bacterial EPSs have 
been found to inhibit the growth of drug-resistant pathogens such as Pseudomonas 
aeruginosa and Candida albicans (Abinaya et al., 2018; Wu et al., 2016). Isolated CPS from 
marine strains have been associated with antibiofilm and antimicrobial effects, modulation of 
host immunity in host-associated bacteria (Casillo et al., 2019; D’Amico et al., 2025). 

Microalgae exopolysaccharides exhibit significant antimicrobial and antiviral activities, 
providing a promising avenue for developing new therapeutic agents. EPSs from Tetraselmis 
suecica and Porphyridium cruentum showed activity against fish viruses (Parra-Riofrio et al., 
2023), while other Tetraselmis strains have exhibited antibacterial activity, specifically against 
antibiotic-resistant bacteria (Hussein et al., 2020). EPS derived from Chlamydomonas 
reinhardtii and Porphyridium marinum demonstrate potent antibacterial activities against a 
variety of pathogens, including both gram-negative and gram-positive bacteria, by disrupting 
bacterial membranes or interfering with their metabolic processes, pointing to their potential 
use as natural antibiotics (Gargouch et al., 2021; Vishwakarma & Vavilala, 2019). Microalgae 
EPS composition and structure are influenced by growth conditions, which can affect their 
bioactivity and efficacy as antimicrobial or antiviral agents (Jung et al., 2022; Pointcheval et 
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al., 2025). Microalgae can produce these bioactive compounds cost-effectively, while also 
utilizing waste materials and carbon dioxide for their cultivation, representing an 
environmentally sustainable approach as already explored with bacteria (Concórdio-Reis et al., 
2023; Costa et al., 2021).  

Polysaccharides like laminarin and ulvan, derived from different brown and green 
seaweeds, have shown promising antimicrobial activities that inhibit the growth and biofilm 
formation of pathogenic bacteria, further supporting their use as natural preservatives in food 
systems (Corino et al., 2021; Jun et al., 2018). Fucoidan, a sulfated polysaccharide 
predominantly found in brown algae, has been well-documented for its antimicrobial effects. 
For instance, fucoidan extracted from Sargassum wightii exhibits inhibitory activities against a 
range of human bacterial pathogens, including Staphylococcus aureus and Escherichia coli, 
thanks to the interaction of fucoidan with bacterial cell walls and membranes, which can lead 
to inhibition of growth and cell death (Marudhupandi & Kumar, 2013). Moreover, the 
combination of fucoidan with antibiotics has shown a synergistic effect in enhancing 
antibacterial efficacy against drug-resistant strains of Staphylococcus aureus (Choi et al., 2015; 
Poveda-Castillo et al., 2018). Polysaccharides from marine algae have shown promising 
antiviral effects, making them candidates for infection preventative measures (Saranya et al., 
2023). Relevantly, polysaccharides such as l carrageenan can inhibit the replication of 
influenza viruses and SARS-CoV-2, which can happen since sulfated polysaccharides disrupt 
viral life cycles by blocking viral entry into host cells, thus preventing infection (Conesa et al., 
2023; Jang et al., 2021). 

 

1.5.3 Anticancer and immunomodulatory activities 

Marine bacterial exopolysaccharides hold substantial promise as anticancer agents and 
immunomodulators. A pivotal study by Cao et al (Cao et al., 2018) highlighted the anticancer 
effects of a marine bacterial polysaccharide,  which was shown to inhibit growth in lung cancer 
cells by blocking cell adhesion and stimulating “anoikis”, a form of programmed cell death that 
occurs in detached cells. Another research study demonstrated the anti-metastatic properties of 
a different marine EPS derivative designed to mimic glycosaminoglycans GAG (Heymann et 
al., 2016). In addition to their direct cytotoxic effects, marine bacterial EPS have been identified 
for their immunomodulatory functions, which can further boost their anticancer potential. For 
instance, polysaccharides derived from Bacillus species have shown significant activity against 
human breast cancer cells, promoting apoptosis through the activation of pro-apoptotic factors 
(Vidhyalakshmi, 2013). This emphasizes how marine bacterial EPS can target critical cellular 
pathways to induce cell death in cancer cells. The specific molecular composition and structure 
of these polysaccharides can influence their biological activities. Uronic acids and neutral 
sugars in the structure of EPS contribute to their bioactive properties, facilitating interactions 
with cancer cells and immune components (Delbarre-Ladrat et al., 2022). The sulfation of EPS 
has been linked to enhanced biological activity, as sulfated polysaccharides have been observed 
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to exhibit stronger cytotoxic effects against various cancer cell lines compared to their non-
sulfated counterparts (Heymann et al., 2016). 

The exploration of microalgae-derived EPS has revealed significant anticancer and 
immunomodulatory activities. Research indicates that EPS from Porphyridium marinum 
demonstrates notable anticancer potential (Gargouch et al., 2021; Park et al., 2017; Xiao et al., 
2018). In the Tetraselmis genus, T. suecica has shown promise for its anticancer and 
immunomodulatory properties (Hussein et al., 2022). The structural characteristics of EPS play 
a pivotal role in their bioactivity. The molecular weight, branching degree, and specific 
structural features of EPS significantly influence their immunomodulatory and anticancer 
capabilities (Angelis et al., 2012). As an example, sulfated polysaccharides derived from the 
diatom Gyrodinium impudicum demonstrated that modifications in structure could enhance 
their immunostimulatory activity, impacting macrophage responses against tumour cells (Yim 
et al., 2005). Additionally, high-molecular-weight polysaccharides have been noted to better 
modulate immune functions and hold enhanced anticancer properties due to their interactions 
with immune cells and pathways (Pointcheval et al., 2025). Microalgae’s multifaceted roles in 
direct tumour inhibition and enhancing immune responses signify their potential as bioactive 
agents in modern therapeutic applications.  

The therapeutic benefits of seaweed-derived polysaccharides embrace both anticancer and 
immunomodulatory effects. Their capability to induce apoptosis, inhibit metastasis, and 
activate immune responses affirms their significance in cancer treatment strategies, both as 
standalone agents and as complementary therapies to enhance the effectiveness of conventional 
cancer treatments. It was reported that fucoidan exhibits substantial anticancer properties 
against various cancer cell lines, including human colon cancer cells (Hwang et al., 2017; Xue 
et al., 2012), and in addition to other chemotherapeutic agents, a synergistic effect was 
highlighted (Chen et al., 2022). Moreover, alginates, carrageenans, and laminarans showed 
anticancer properties as well, marking how seaweeds’ polysaccharides can be a remarkable 
reservoir of activities for human biotechnological and medical applications (Ko et al., 2012). 
Lastly, also ulvan polysaccharides from the green algae Ulva Lactuca showed antitumour 
activities (Maray et al., 2023). 

 

1.5.4 Other applications 

Beyond their biological and pharmacological activities, marine bacterial polysaccharides 
(both CPS and EPS) exhibit a wide range of physicochemical properties that make them 
valuable in biotechnological and industrial applications. Polysaccharides from psychrophilic 
bacteria modify the structure of ice, creating an organic network that enriches and retains 
microorganisms within ice matrices (Casillo, Parrilli, et al., 2017). These polysaccharides 
exhibit high flexibility, increased molecular weight, and a predominance of polar monomers, 
which enhances their ability to function effectively as cryoprotectants in low-temperature 
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environments (Casillo, Parrilli, et al., 2017). Such properties are crucial, as they facilitate EPS’s 
role in forming hydrated films that protect against desiccation and freezing damage, which is a 
key concern in both natural and industrial freezing processes. Moreover, researching the 
rheological properties of EPS from cold-adapted bacteria has shown promising applications in 
the food industry, suggesting that manipulating EPS can yield stable thickening agents for food 
products, which are necessary for maintaining texture during freezing and melting cycles 
(Radchenkova & Yaşar Yıldız, 2025). The ability of these EPS to form gels and stabilize 
mixtures enhances their utility in product preservation, especially in cold-chain food logistics. 
Recent studies have highlighted the potential of marine bacterial polysaccharides as 
biomaterials in drug delivery systems (Cha et al., 2025), primarily due to their structural 
similarities to mammalian GAGs. Recent advances have also focused on optimizing 
polysaccharide formulations to enhance their drug delivery efficiency by combining 
polysaccharides with other materials, such as biocompatible polymers, to the development of 
composite systems with improved drug release characteristics (Popa & Atanase, 2021).  
Furthermore, methods such as encapsulating drugs within polysaccharide nanoparticles or 
forming hydrogels can further enhance the stability and bioavailability and improve the 
controlled release of therapeutic agents (Daus & Heinze, 2010). Lastly, capsular 
polysaccharides derived from non-pathogenic cold-adapted marine species may offer novel 
antigenic structures with improved stability profiles, which could lead to safer vaccine 
development (Nakhamchik et al., 2010). 

The applications of microalgal exopolysaccharides span across various industries, from 
food to cosmetics. In the food industry, they serve as additives for texture and stability while 
also exhibiting health-promoting bioactivities. These polysaccharides are known to enhance 
food preservation due to their emulsifying properties and are recognized as functional 
ingredients believed to have prebiotic effects (Qian et al., 2021). In the cosmetics industry, the 
moisturizing and film-forming capabilities of microalgal EPS make them invaluable 
components in skincare products. Their ability to create protective barriers against 
environmental stressors, improve hydration and elasticity, and provide photoprotective effects 
supports anti-aging formulations (Puchkova et al., 2020). 

 
Seaweed-derived polysaccharides offer a promising array of applications in the form of 

hydrogels, bioinks for 3D bioprinting, and advanced wound dressings. Their unique properties 
enable the development of innovative materials that support tissue engineering and regenerative 
medicine. Alginate hydrogels are widely explored. They can be easily crosslinked using 
divalent cations like calcium ions, resulting in highly hydrated structures to support cell 
adhesion and proliferation, making them suitable for applications in tissue engineering (Axpe 
& Oyen, 2016). Hydrogels based on red algae polysaccharides exhibit unique structural and 
functional characteristics that are beneficial for wound dressing applications. The ability to 
form gels in response to temperature changes allows for easy application and removal of 
dressings, while its gelation properties contribute to efficient moisture retention, which is 
essential for maintaining a suitable wound healing environment (Deng et al., 2018).  Moreover, 
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these hydrogels have been shown to support the sustained release of bioactive compounds 
(Jiang et al., 2021), and the antimicrobial properties of certain red algae polysaccharides 
contribute to their effectiveness as wound dressings, making them suitable candidates for 
developing antimicrobial wound care products (Cunha & Grenha, 2016; Deng et al., 2018). 
Recent studies highlight the potential for alginate-based bioinks in creating 3D vascularized 
tissues and organoids, opening new avenues in regenerative medicine  (Jovic et al., 2019; Liu 
et al., 2022).  

 

1.6 Aim of this work  

Marine environments represent an exceptional source of unique glycoconjugates with 
remarkable physicochemical and biological properties, offering promising applications in the 
pharmaceutical, cosmetic, and biotechnological fields. Thanks to its vastness, a lot of organic 
compounds are still unexplored. With this study, we explored: 

• The CPS produced by a mutated psychrophilic Gram-negative bacterium Shewanella 
vesicula nfnB, was investigated as a representative model of Gram-negative surface 
glycoconjugates adapted to extreme marine environments. The study of its altered 
capsular structure provides valuable insight into the plasticity of bacterial surface 
polysaccharides, their role in cold adaptation, and their potential for generating novel 
glycan architectures with biotechnological interest. 

• A marine Gram-negative bacterium Vibrio Crassostreae associated with Bald Sea 
Urchins Disease in Paracentrotus lividus, was investigated to provide a molecular 
framework for understanding the role of surface polysaccharides in host-pathogen 
interactions in marine environments. The structural characterization of the CPS, 
together with the preliminary analysis of the LPS, offers insight into the chemical 
diversity of Vibrio surface glycoconjugates and represents a crucial step toward 
elucidating their involvement in pathogenicity and host colonization processes. 

• A Gram-negative bacterium, Alteromonas macleodii EPS, which possesses 
glycosaminoglycan (GAG)-like properties, was structurally characterized. Driven by 
the necessity for a biotechnological alternative to GAGs sourced from animals or 
pathogens, as their extraction presents significant biosafety and ethical challenges. 

• CWPSs extracted from a red Coralline alga, Ellisolandia elongata, were studied as an 
underexplored class of marine glycans with unique sulfation patterns and mineral-
associated matrices that revealed novel bio functionalities.  

• The EPS secreted by Tetraselmis species, were investigated since microalgae are an 
emerging and largely unexplored source of bioactive polymers, given their ecological 
significance and their promising antioxidant, antimicrobial, and immunomodulatory 
properties. 
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This study focuses on the isolation, extraction, and purification of polysaccharides from 
three main marine biological sources. Particular attention has been given to optimizing 
extraction and purification protocols to preserve the native structure of the molecules. The 
isolated polysaccharides were then characterized through chemical and analytical techniques 
such as mass spectrometry, 1H, and 2D Nuclear Magnetic Resonance (NMR) spectroscopy, to 
elucidate their primary structure. Moreover, the present work aims to investigate the potential 
biological activities of these new marine polysaccharides in order to identify novel bioactive 
compounds with possible biotechnological relevance. Overall, this study contributes to the 
understanding of the relationship between the structure and potential bioactivity of marine 
polysaccharides, to expanding the current knowledge on marine glycobiology, and to valorising 
marine biodiversity as a sustainable source of bioactive compounds. 

This work was founded by the European Biological Resource Center (EMBRC), which 
actively contributes to the advancement of marine biology and ecology knowledge through 
academic and research institutions. It intends to discover novel marine resources while 
significantly mitigating environmental risks, a primary objective of the blue economy. 
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2.1 Shewanella vesiculosa HM13 nfnB 
Bacteria produce extracellular membrane vesicles (EMVs) that play important roles in 

intercellular communication, nutrient acquisition, self-defence, and other functions (Bomberger 
et al., 2009; Chattopadhyay & Jaganandham, 2015; Schwechheimer & Kuehn, 2015). From an 
application point of view, EMVs are expected to be useful as a platform for the secretory 
production of proteins, including membrane proteins. Two different mechanisms for generating 
EMVs by Gram-negative bacteria have been identified up to now. One has been identified as a 
blebbing from the outer membrane, whereas the other has been characterized by explosive cell 
lysis (Roier et al., 2016; Saggese et al., 2022; Schwechheimer & Kuehn, 2015; Turnbull et al., 
2016).  

Shewanella vesiculosa HM13 is a psychrotrophic Gram-negative bacterium isolated from 
the intestine of a horse mackerel (Trachurus japonicus) and able to produce many EMVs 
containing a single major cargo protein, named P49 (Chen et al., 2020). It was previously 
reported that S. vesiculosa HM13 produces EMVs via blebbing and pinching off the outer 
membrane (Chen et al., 2020), carrying a single major cargo protein named P49. In vitro 
transport assay suggested that P49 is associated with the surface of EMVs. Accordingly, it is 
essential to reveal the structure of the surface components of EMVs to understand how P49 
interacts with EMVs and to develop a recombinant protein production system in which foreign 
proteins are secreted as cargoes of EMVs. It was demonstrated that the gene coding for P49 is 
in a gene cluster. This gene cluster contained genes encoding a non-canonical type II secretion 
system (T2SS), homologs of surface polysaccharide-chain synthesis proteins, including a 
homolog of a flippase involved in bacterial extracellular polysaccharide synthesis, Wzx, and 
genes involved in the biosynthesis of surface glycans. The deletion of one of these genes 
determined the non-association of P49 onto the EMVs. These results suggested that these genes 
are essential for the synthesis of surface components of EMVs required for P49 loading onto 
EMVs 

To investigate the role of surface polysaccharides in the P49 association, the surface 
glycoconjugates from the cells and EMVs have been isolated and characterized, starting from 
S. vesiculosa HM13 wild type (Di Guida, Casillo, Yokoyama, et al., 2020; Kamasaka et al., 
2020). The cells and the EMVs from S. vesiculosa HM13 have been demonstrated to be 
wrapped by a CPS forming a “corona” layer, the structure of which has been recently 
characterised (Casillo et al., 2022). Surface polysaccharides may be involved in the adhesion 
of both cells and EMVs to biotic or abiotic surfaces (Ignatovich, 1975). Since a previous study 
suggested that the affinity between surface polysaccharides and P49 is reduced in the mutant 
that lacks nfnB, which codes for a nitro-reductase homolog and is in the close vicinity of the 
P49 gene (Kamasaka et al., 2020), the aim of this work is to characterize surface glycans from 
this mutant. Here, the isolation, the purification, and the detailed structural determination of a 
CPS from the cells of the nfnB mutant strain of S. vesiculosa HM13 are reported. The structure 
has been determined by using both chemical analysis and NMR spectroscopy. 
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2.2 Results and discussion 
The cells of the nfnB-mutant of S. vesiculosa HM13 were subjected to extraction by the 

PCP method, followed by the phenol/water extraction on the cell debris. The precipitation by 
water from the ExPCP allowed the pure LPS fraction (yield 1.4%) (Fig. 6). 

 

 
Figure 6. Schematic representation of S. vesiculosa HM13 nfnB CPS extraction. 

 The glycosyl analysis was identical to the LPS isolated and characterized from S. 
vesiculosa wild-type cells (Di Guida, Casillo, Yokoyama, et al., 2020)(Fig.7). 

 

 

Figure 7. AMG of S. vesiculosa HM13 nfnB LPS. Peaks identified as impurities are marked with an X. 

Furthermore, the ExPCP phenol phase was dialysed and analyzed by GC-MS. The 
chromatogram revealed the presence of monosaccharides of LPS and the presence of rhamnose 
(Rha), suggesting the presence of the CPS already isolated from the wild type (Fig. 8).  
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Figure 8. AMG of S. vesiculosa HM13 nfnb ExPCP phenol phase. Peaks identified as impurities are marked 
with an X. 

Finally, the GC-MS chromatogram of ExWP water phase extract from the phenol/water 
extraction revealed the presence of ribose (Rib), usually attributed to the contamination of 
nucleic acids, glucose (Glc), and traces of 2-amino-2-deoxy-D-glucose (GlcN) and heptose 
(Hep) (Fig. 9).  

 

 

Figure 9. AMG of S. vesiculosa HM13 nfnB ExWP extract. Peaks identified as impurities are marked with an 
X. 

The dialysed phenol phase was subjected to mild acetic acid hydrolysis and gel filtration 
chromatography. The fractions were collected and analysed by 1H NMR. The NMR spectrum 
revealed the presence of the previously characterized CPS (Figure 10a) (Casillo et al., 2022). 

 
Finally, the dialysed water extract ExWat was subjected to enzymatic hydrolysis with Dnase, 

Rnase, and proteinase to remove nucleic acids and proteins. Thereafter, the obtained fraction 
was subjected to mild acid hydrolysis to remove the remaining LPS, followed by size exclusion 
gel chromatography. The purified fraction was analysed using chemical analyses and NMR 
spectroscopy. Overlapped 1H NMR spectra of the CPS corona isolated from the ExPCP, and the 
polysaccharide material purified from ExWat revealed that the nfnB-mutant of S. vesiculosa 
HM13 produces a new polymer (Figure 10b).  
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Figure 10. Overlapped 1H NMR spectra of the polysaccharide material produced by the nfnB-mutant of S. 
vesiculosa HM13. A) CPS “corona” purified from ExPCP and b) CPS isolated from ExWat of the nfnB-mutant 

strain of S. vesiculosa HM13. The signal marked with an asterisk refers to a contaminant. 

Monosaccharide compositional analysis after derivatisation to obtain acetylated methyl 
glycoside (AMG) and acetylated 2-octyl glycosides (AOG) disclosed the presence of D-glucose 
(Glc) and 2-amino-2-deoxy-D-glucose (GlcN). Preliminary inspection of 1H detected β-
configured residues, along with a signal at δ 2.02 ppm consistent with the glucosamine N-acetyl 
group (Figure 10b), confirmed by 13C NMR spectrum (Figure 11).  
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Figure 11. 13C NMR spectrum of the polysaccharide material produced by the nfnB-mutant of S. vesiculosa 
HM13. 

The precise structure was obtained by 2D NMR spectroscopy, and assignments were 
performed with homo- and heteronuclear 2D NMR spectra (Fig. 12) and are summarized in 
Table 1. The β anomeric configurations of residues A and B were deduced from the 1JC,H 
coupling constant values measured in a 2D F2-coupled HSQC spectrum (166 Hz and 168 Hz, 
respectively). Finally, the gluco-configuration of both residues was established through the 
diagnostic correlations in COSY and TOCSY spectra.  

 

Figure 12. Expanded region of a) 1H-13C DEPT-HSQC and b)1H-13C HMBC spectra of CPS isolated from 
the nfnB-mutant strain of S. vesiculosa HM13. Spectra were acquired at 298 K by using a 600 MHz in D2O. The 

cross-peak signed with a circle is a contaminant. 

Residue A was identified as β-3-GlcNAc with the anomeric proton chemical shift of 4.56 
ppm. The full spin system has been assigned by COSY and TOCSY spectra. The H-2 signal at 
δ 3.85 ppm, correlating in the HSQC spectrum with a nitrogen-bearing carbon at δ 54.4 ppm 
(Figure 12a), confirmed the hypothesis. Moreover, the linkage position of this residue was 
suggested by the glycosylation shift of its C-3 at δ 82.5 ppm with respect to the value of 75.2 
ppm of the C-3 of the unsubstituted residue (Bock & Pedersen, 1974). Residue B with an 
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anomeric 1 H chemical shift at δ 4.48 ppm was identified as a 4-substituted Glc since its C-4 
carbon signal was downfield shifted at δ 79.9 ppm (Bock & Pedersen, 1974).  

Table 1. 1H and 13C NMR chemical shifts of polysaccharide isolated from the nfnB-mutant strain of S. 
vesiculosa HM13 were determined at 298 K by using a 600 MHz instrument. 1JC1,H1 values are given in Hertz in 
square brackets. Acetyl group, (CH3) 2.02/22.4 ppm, (CO) 175.0 ppm. 

Residue 

 
H1 
C1 

 

H2 
C2 

H3 
C3 

H4 
C4 

H5 
C5 

H6a, 6b 
C6 

β-D-3-GlcpNAc 
A 

 
4.56 
100.5 
[166] 

 

3.85 
54.4 

3.72 
82.5 

3.52 
68.4 

3.49 
75.0 

3.77 3.92 
60.5 

β-D-4-Glcp 
B 

4.48 
103.0 
[168] 

 

3.35 
72.4 

3.59 
73.4 

3.75 
79.9 

3.75 
75.8 

3.56 3.62 
62.7 

 

Besides the effect of glycosylation on the 13C chemical shift values, glycosidic bonds were 
also identified based on NOE contacts in a NOESY spectrum and long-range connectivity in 
an HMBC experiment. Residue A was found linked to residue B based on a long-range 
correlation between the H-1 of A at δ 4.56 ppm and the C-4 of residue B at δ 79.9 ppm (Fig. 
12b) and between H-1 of B at δ 4.48 ppm and C-3 of A at δ 82.5 ppm.  

Based on the above-described data, the repeating unit structure of the capsular polymer 
isolated from the nfnB mutant strain of S. vesiculosa HM13 is reported in Fig.13. 

 

Figure 13. Repeating unit structure of the capsular polymer isolated from the nfnB mutant strain of S. 
vesiculosa HM13 reported to be →4)-β-D-Glc-(1→3)-β-D-GlcNAc-(1→. 

2.3 Conclusion 
The surface envelopes of S. vesiculosa HM13, from both cells and EMVs, are enriched by 

a CPS “corona” the structure of which was recently elucidated. In this work, the cells of the 
nfnB mutant of S. vesiculosa HM13 have been analysed. Together with the polysaccharide 
corona already found in its parental strain, HM13-Rifr, the extraction and purification 
procedures allowed the recovery of an additional CPS. The repeating unit consists of a 
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disaccharide where a 4-substituted glucose is alternated with a 3-substituted N-
acetylglucosamine. The same structure has never been reported for other bacterial CPS, 
although the disaccharide →3)-β-D-GlcNAc-(1→4)-β-D-4-Glc-(1→ occurs as a sub-structure 
in the pentasaccharide repeating unit of Shewanella oneidensis MR4 CPS, leaving the chance 
to speculate the close similarity of the species S. vesiculosa with S. oneidensis (Vinogradov et 
al., 2005). Future studies will be devoted to the comprehension of the role of this polymer on 
the cell surface and how the mutation of the nfnB gene impacts the loading of cargo onto the 
vesicles. 
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3.1 Vibrio crassostreae 
Vibrio crassostreae is a marine Gram-negative bacterium belonging to the family 

Vibrionaceae, a group that includes several species associated with marine invertebrates 
(Romalde et al., 2014) and, in some cases, with pathogenic interactions (Bruto et al., 2017). 
Members of the genus Vibrio are well known for their ability to establish close relationships 
with echinoderms (Hewson, 2025; Hira & Stensvåg, 2022), often mediated by surface-
associated macromolecules such as CPS and LPS, which play key roles in host recognition, 
immune evasion, and virulence.  

Bacterial diseases affecting sea urchin populations have gained increasing attention in 
recent years due to their ecological relevance and potential impact on coastal ecosystems and 
aquaculture facilities. Among these, Bald Sea Urchins Disease (BSUD) represents a 
pathological condition characterized by spine loss, epidermal erosion, and progressive tissue 
damage, ulcer formation (Fig. 14), and has been documented in natural populations of the 
purple sea urchin Paracentrotus lividus in the Mediterranean Sea (Carella et al., 2025). Within 
this context, V. crassostreae, along with two other Vibrio species, was isolated from P. lividus 
individuals collected in the Bay of Naples (Point Schiavone: 40°45′52″N, 14°02′13″E). 
Bacterial isolates were obtained from spines and internal tissues of symptomatic individuals 
and identified by 16S rRNA gene sequencing (Carella et al., 2025). Among the recovered taxa, 
members of the Vibrio splendidus clade, including Vibrio crassostreae, were frequently 
associated with advanced stages of the disease.  

 

Figure 14. Graphical representation of a sea urchin with BSUD typical symptoms. 

CPSs are known to contribute to bacterial persistence in the host environment by protecting 
host defence mechanisms and by modulating host immune responses (Maue et al., 2013). 
Similarly, LPS constitute a fundamental component of the outer membrane of Gram-negative 
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bacteria and act as a potent immunomodulatory molecule, with its lipid A and carbohydrate 
domains playing distinct biological roles (Zhang et al., 2013). Variations in fatty acid 
composition and glycosylation patterns of LPS can significantly influence host-pathogen 
interactions and inflammatory responses (Matsuura, 2013). Given the established role of CPS 
and LPS, the structural investigation of these macromolecules represents a crucial step toward 
understanding their possible involvement in host colonization, immune stimulation, and 
pathogenicity. 

In this chapter, the CPS of V. crassostreae isolated from P. lividus was isolated and 
structurally characterized in detail. In parallel, LPS was extracted and subjected to preliminary 
chemical analyses, providing initial insights into its compositional features. Lastly, the LPS 
sample isolated in this study is under investigation for in vivo experiments on sea urchins to 
evaluate its potential role in eliciting host responses and contributing to the disease symptoms. 

 Together, the results presented in this chapter provide a molecular insight for interpreting 
the biological activity of V. crassostreae virulent factors and their possible involvement in Bald 
Disease affecting P. lividus. 

3.2 Results and discussion 
V. crassostreae cells were treated with PCP solution (ExPCP) to precipitate the LPS, 

followed by water/phenol extraction to recover the aqueous phase (ExWP) containing the 
capsular polysaccharides (Fig. 15). The WP was subjected to an enzymatic digestion using 
RNase, DNase, and protease to remove residual nucleic acids and protein.  

 

Figure 15. Schematic representation of V. crassostreae LPS and CPS extraction. 
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The purified extract was visualised after 14% DOC PAGE analysis, stained with Alcian 
blue and silver nitrate (Fig. 16).  

 

Figure 16. 14% DOC PAGE analysis. (A) Escherichia coli O55:B5 LPS used as standard; (B) V. 
crassostreae LPS; (C) V. crassostreae WP extract. 

DOC-PAGE analysis revealed low-molecular-weight bands related to V. crassostreae 
rough-LPS (LOS) in PCP extract (lane B). Furthermore, the WP extract, dyed with alcian blue, 
showed high-molecular-weight bands associated with CPS (lane C), allowing for the 
identification of CPS in addition to LOS.  

 

Figure 17. AMG of V. crassostreae WP extract. Peaks identified as impurities are marked with an X. 

Monosaccharide composition analysis by acetylated methyl glycoside (AMG) revealed the 
presence of mainly fucose (Fuc), ribose (Rib), 2-amino-2-deoxy-L-fucosamine (FucN), and 
mannose (Man), with minor amounts of uronic acids and amino sugars (Fig.17).  

3.2.1 CPS isolation and structural characterization 

To selectively remove residual LPS and obtain a purified CPS fraction, the water phase was 
subjected to mild acid hydrolysis (1% AcOH), followed by gel filtration chromatography.  
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Figure 18. S-400 gel filtration chromatogram of the WP after enzymatic digestion and mild acid hydrolysis. 
Fraction A is identified as the CPS; the second peak indicates the saccharide portion of LPS. 

 The chromatographic profile (Fig. 18) showed two fractions, which were collected and 
analysed by 1H NMR spectroscopy. The fraction A eluted at lower retention times was assigned 
to the CPS, and the second peak at higher retention times was attributed to the saccharide 
portion of LPS. 

 

Figure 19. AOG chromatogram analysed at GC-MS of V.crassostreae purified CPS. Peaks identified as 
impurities are marked with an X. 

Further AMG and acetylated 2-octyl glycosides (AOG) analyses were performed to 
determine the absolute configuration. The monosaccharides belonging to V. crassostreae 
purified CPS were confirmed to be L-fucose, 2-amino-2-deoxy-L-fucosamine, and D-mannose 
(Fig. 19). 
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Figure 20. 1H Selected region of 1H, 13C DEPT-HSQC spectrum of V. crassostreae CPS. Panel shows a) 
anomeric region, b) carbinolic region, and c) methyl region. The spectrum was recorded at 298 K, in D2O. 

The chemical shifts of the 1H and 13C NMR resonances of the sugar residues were assigned 
by 2D NMR experiments (Fig. 20). The 1JC1, H1 coupling constant values were measured with 
the 2D F2-coupled HSQC of the CPS and indicated that all the residues (A-C) were α-
configured (Bock & Pedersen, 1985).  

Residue A was assigned to a manno-configured residue based on the presence of the 
correlations in the TOCSY spectrum from H-1 to H-2. In detail, residue A with H-1/C-1 signals 
at δ 5.12/102.7 ppm was assigned to a 6-substituted α-mannose. The remaining proton signals 
were sequentially assigned based on through-bond scalar correlations observed in the 1H-1H 
COSY experiment. The downfield chemical shift displacement of the C-6 resonance at δ 65.1 
ppm identified its substitution position (Bock and Pedersen, 1983; Casillo et al., 2021). The 
spin systems B and C were recognized as galacto-configured residues, due to the presence of 
cross-peaks in the TOCSY spectrum from H-1 to H-4. Residue B, with H-1/C-1 signals at δ 
5.07/100.9, was identified as a 3-substituted α-fucose residue. COSY and TOCSY spectra 
suggested a correlation between the H-5 proton at δ 4.18 ppm and a methyl signal at δ 1.21 
ppm. The downfield shift of the C-3 carbon resonance at δ 77.9 ppm compared with an 
unsubstituted residue indicated glycosylation at this position (Bock and Pedersen, 1983). 

The residue C with H-1/C-1 signals at δ 4.87/96.9 ppm was identified as a 3-substituted α-
N-acetyl-2-amino-2-deoxy-L-fucosamine due to the correlation in the DEPT-HSQC 
experiment of its H-2 proton at δ 4.40 ppm with a nitrogen-bearing carbon at δ 48.3 ppm. 
Furthermore, both COSY and TOCSY spectra suggested a correlation between the H-5 proton 
at δ 4.18 ppm and a methyl signal at δ 1.27 ppm. In the HMBC spectrum, the H-2 proton 
correlated with a CO signal at δ 175.1 ppm. The downfield shift of the C-3 carbon resonance at 
δ 76.3 ppm compared with an unsubstituted residue indicated glycosylation at this position 
(Bock & Pedersen, 1983). The complete set of 1H and 13C chemical shift assignments is reported 
in Table 2. 
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Table 2. 1H and 13C NMR chemical shifts (ppm) of CPS from V. crassostreae. Spectra were recorded in D2O 

solution at 298 K (600 MHz). 

Residue  H-1/C-1 
1JCH 

H-2 
C-2 

H-3 
C-3 

H-4 
C-4 

H-5 
C-5 

H-6 a,b 
C-6 

-NAc 

A 
6-α-D-Man 

5.12 
102.7 

(170 Hz) 

4.11 
69.9 

3.93 
70.7 

3.92 
66.1 

3.84 
71.5 

4.08, 
3.60 
65.1 

- 

B 
3-α-L-Fuc 

 

5.07 
100.9 

(166 Hz) 

3.83 
67.4 

4.01 
77.9 

3.91 
71.5 

4.18 
66.8 

1.21 
15.3 - 

C 
3-α-D-FucNAc 

4.87 
96.9 

(187 Hz) 

4.40 
48.3 

4.00 
76.3 

3.88 
71.4 

4.18 
66.9 

1.27 
15.3 

2.05 
175.1 

 

The sequence of the sugar residues within the CPS repeating unit was established based on 
1H-1H NOESY and 1H-13C HMBC experiments.  

 

Figure 21.  Overlay of 1H–1H TOCSY (red) and 1H–1H NOESY (blue) spectra of the CPS repeating unit 
from V. crassostreae. Panel a) shows the anomeric regions and correlations for residues A and B, while panel b) 

displays the corresponding correlations for residue C. 

In the NOESY spectrum, the anomeric proton of residue A showed a clear correlation with 
H-3 (δ 4.01 ppm) and H-4 (δ 3.91 ppm) of residue B. Furthermore, the anomeric proton H-1 of 
residue B exhibited a NOE correlation with H-5 (δ 4.18 ppm) of residue C. In addition, the 
anomeric proton H-1 (δ 4.87 ppm) of residue C showed correlations with H-6a and H-6b (δ 
4.08 ppm and 3.60 ppm, respectively) of residue A (Fig. 21). 

Further evidence was provided by the HMBC experiment, which revealed a long-range 
correlation between C-1 of residue A and C-3 of residue B, as well as a correlation between C-
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1 of residue B and C-3 of residue C (δ 76.4 ppm). Based on these data, the CPS repeating unit 
from V. crassostreae was shown to consist of a trisaccharide arranged in the sequence α-D-
Manp-(1→3)-α-L-Fucp-(1→3)-α-D-FucNAcp, with the FucN residue further linked at C-6 to 
the Man unit of the adjacent repeating unit (Fig. 22). 

 

→6)-α-D-Manp-(1→3)-α-L-Fucp-(1→3)-α-D-FucNAcp-(1→ 

Figure 22. Repeating trisaccharide unit of the CPS from Vibrio crassostreae. 

3.2.2 LOS preliminary characterization 
The saccharide composition of V. crassostreae LOS was investigated by GC-MS after derivatization 

of the sugars as acetylated methyl glycosides (AMGs). Following the initial analysis, 3-deoxy-D-
manno-oct-2-ulosonic Acid (Kdo), a characteristic sugar of bacterial LPS, was not detected. This 
observation led to the hypothesis that Kdo might be phosphorylated. For this reason, the LOS was 
subjected to hydrofluoric acid (HF) hydrolysis. The treated sample was subsequently derivatised as 
acetylated methyl glycosides and analysed again by GC-MS. Acetylated methyl glycoside (AMG) 
analysis of the HF-treated sample was then performed by GC-MS (Fig. 23).  

 

Figure 23. AMG of V. crassostreae LOS. Peaks identified as impurities are marked with an X. 

The chromatographic profile revealed characteristic monosaccharide peaks consistent with the 
presence of Kdo, confirming the occurrence of a phosphorylated Kdo moiety in the LOS inner-core 
region. 

The total fatty acid composition was determined by GC-MS analysis of LPS after derivatization into 
methyl ester derivatives (FAMEs) (Fig. 24).  
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Figure 24. Fatty acid composition of LOS after derivatization into methyl ester derivatives (FAMEs). 

Fatty acid analysis mainly indicated 3-hydroxydodecanoic acid [C12:0(3-OH)] and 3-
hydroxytetradecanoic acid [C14:0(3-OH)] as the predominant hydroxylated species. The analysis also 
revealed the presence of dodecanoic acid (C12:0), tetradecanoic acid (C14:0), and hexadecanoic acid 
(C16:0). Long-chain fatty acids such as heptadecanoic acid (C17:0), octadecanoic acid (C18:0), and 
eicosanoic acid (C20:0), most likely associated with phospholipids, were also detected (Phillips et al., 
2011).  

3.3 Conclusions 
In this chapter, V. crassostreae CPS was successfully isolated and characterized. The CPS 

was shown to be composed primarily of L-fucose, 2-acetamido-2-deoxy-D-fucose, and D-
mannose, arranged in a trisaccharide repeating unit with the sequence 6)-α-D-Manp-(1→3)-α-
L-Fucp-(1→3)-α-D-FucNAcp-(1. NMR spectroscopy confirmed the α-configuration of all 
residues and defined the linkage positions, providing the first detailed structural description of 
the CPS of V. crassostreae. The bacterium displays a lipooligosaccharide on its surface, and a 
preliminary characterization of this molecule revealed the presence of phosphorylated Kdo 
residues. Although the LOS characterization is not yet complete, these preliminary data 
represent an important step for future structural and functional studies. 

The results presented here provide a comprehensive molecular framework for 
understanding the surface polysaccharides of V. crassostreae, laying the foundation for further 
functional in vivo assays to assess the contribution of CPS and LPS to the pathogenicity of Bald 
Sea Urchins Disease. The structural characterization of these macromolecules represents a 
critical step toward elucidating the mechanisms of host colonization and immune interaction in 
marine Vibrio species. 
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Chapter 4 
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4.1 Alteromonas macleodii Mo169 
Alteromonas macleodii is a marine Gram-negative bacterium belonging to the class 

Gammaproteobacteria (López-Pérez et al., 2012), widely distributed in marine environments 
and frequently associated with marine organisms (Varasteh et al., 2025). Members of the genus 
Alteromonas are recognized for their metabolic versatility and their ability to produce 
exopolysaccharides (EPSs), which play important roles in surface adhesion, environmental 
adaptation, and interactions with biotic and abiotic components of the marine ecosystem. These 
EPSs are often characterized by high molecular weight and complex chemical compositions, 
making them of particular interest from both a structural and biotechnological perspective. 

As already described in section 1.2.2, marine bacterial EPSs have attracted increasing 
attention due to their structural resemblance to glycosaminoglycans (GAGs), thanks to their 
chemical features, including their monosaccharide composition, molecular weight, and 
functional substitutions, which are directly linked to their biological activity. Since the 
production of GAGs from animal tissues or pathogenic microorganisms raises ethical and safety 
concerns, marine bacteria represent a promising and still underexplored reservoir of structurally 
diverse sources of GAG-like polymers. Several EPSs produced by Alteromonas species, 
including those isolated from deep-sea environments, have been reported to exhibit GAG-like 
structural motifs and biological properties (Zhang et al., 2017), particularly in applications 
related to tissue engineering (Delbarre-Ladrat et al., 2014b). These findings highlight the 
relevance of Alteromonas spp. as producers of functional polysaccharides with potential 
biomedical value. 

The Alteromonas macleodii strain investigated in this chapter was isolated from a marine 
giant clam collected in French Polynesia (Concórdio-Reis et al., 2021). The strain was 
cultivated by Prof. Filomena Freitas (Department of Chemistry, NOVA School of Science and 
Technology, Caparica, Portugal). The EPS produced by this strain is currently protected by a 
patent; therefore, specific applications cannot be disclosed at this stage. In this chapter, the EPS 
produced by A. macleodii was isolated and chemically characterized in order to provide 
structural insights into this GAG-like marine bacterial polysaccharide and to expand current 
knowledge on EPS diversity within the genus Alteromonas. 

4.2 Result and discussion  
The crude EPS was obtained by ultrafiltration of the culture media and was then analysed 

by 14% DOC-PAGE electrophoresis and stained with Alcian blue (Fig. 25).  
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Figure 25. 14% DOC-PAGE of A. macleodii Mo169 EPS crude extract stained with alcian blue. 

The analysis showed the presence of high molecular bands attributable to the EPS and a 
fast-migrating band that can probably be due to residual rough-lipopolysaccharide (LOS).  

GC-MS chromatogram of acetylated methyl glycosides (AMG) disclosed the presence of 
rhamnose (Rha), mannose (Man), glucose (Glc), galactose (Gal), 2-amino-2-deoxy-guluronic 
acid (GulNA), 2-amino-2-deoxy-glucose (GlcN), and 3-deoxy-manno-oct-2-ulosonic acid 
(Kdo), thus confirming the presence of residual LOS in the sample (Fig. 26). 

 

Figure 26. AMG analysis of A. macleodii Mo169 crude EPS 

To remove the residual LOS, a mild acid hydrolysis was performed, and the sample was 
then purified through gel filtration chromatography. The purified EPS was subjected to glycosyl 
analysis again, and the GC-MS results indicated that only 2-amino-2-deoxy-glucose (GlcN) 
and 2-amino-2-deoxy-guluronic acid (GulNA) were present.  
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Figure 27. 1H NMR spectrum of the EPS from A. macleodii Mo169 purified EPS. The spectrum was 
recorded at 298 K, in D2O. 

A ¹H NMR spectrum of the purified EPS was also recorded (Fig.27). Acetylated 2-octyl 
glycosides (OGA) GC-MS analysis of the sample revealed that the GlcN was D-configured, 
while the GulNA resulted in being L-configured. 

4.2.1 EPS structural characterization 

In order to better study and identify the punctual structure of A. macleodii Mo169, 2D NMR 
spectra were collected on the purified extract and after the performing a de-O-acetylation by an 
alkaline treatment with aqueous NH3. The combination of 1D and 2D NMR spectra analysis of 
both samples was necessary to obtain the final structure.  

The 1H,13C DEPT-HSQC NMR experiment of purified EPS showed three correlations in 
the anomeric region, of which only two were attributable to anomeric signals (at δ 4.95/97.7 
and 4.45/101.8 ppm) (Table 4). The third correlation at δ 5.25/69.3 ppm suggested the presence 
of an O-acetyl group. Furthermore, the up-field region of the 1H spectrum showed signals 
attributable to N- and O-acetyl groups in the range 1.8-2.2 ppm (Table 3).  

Table 3. 1H,13C-NMR assignments of the EPS obtained from A. macleodii Mo169. All the chemical shifts are 
referred to those of the acetone, used as the internal standard (1H = 2.225 ppm, 13C = 31.45 ppm). The spectra 
were recorded at 298 K. Acetyl groups, O-acetyl (CH3) 2.08/ 20.5 ppm, (CO) 173.2 ppm; N-Acetyl, (CH3) 1.98/ 
22.0 ppm, (CO) 173.4, (CH3) 1.90/ 21.9 ppm, (CO) 173.5. 

  Residue  H-1  
C-1  

H-2  
C-2  

H-3  
C-3  

H-4  
C-4  

H-5  
C-5  

H-6a,b  
C-6  

A  α-L-GulNAc3OAcA  4.93  4.36  5.25  4.06  4.72  -  
    96.8  44.5  69.3  76.2  66.1  175.4  
B  3-β-D-GlcNAc  4.49  3.63  3.66  3.42  3.39  3.78  
    101.8  55.2  78.7  68.5  75.7  60.8  
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At this stage, the EPS was de-O-acetylated by an alkaline treatment with aqueous NH3, 
purified through S400 gel filtration chromatography, and analysed by 1H NMR to verify the 
occurrence of the reaction (Fig.28). 

 

Figure 28. 1H NMR spectrum of the O-deacetylated A. macleodii Mo169 EPS. Spectrum was recorded at 
298 K, in D2O. 

The spectrum revealed only a few signals compared to the previous one, thus proving the 
occurrence of the reaction.  Finally, the purified EPS was subjected to 1D and 2D homo- and 
heteronuclear NMR experiments. After the acquisition of 2D NMR spectra, the study indicated 
the assignments of two spin systems (Fig. 29, Table 4).   

 

Figure 29. Selected region of 1H, 13C DEPT-HSQC spectrum of the O-deacetylated EPS. The spectrum was 
recorded at 298 K, in D2O. 
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Residue A was recognised as a 2-acetamido-2-deoxy-gulopyranuronic acid (GulNAcA). 
The total spin system was assigned through the COSY and TOCSY spectra connectivity. 
Starting from the H-1 in the COSY spectrum, the H-2 proton at δ 4.16 ppm was found. This 
proton, in turn, correlated in the DEPT-HSQC experiment with a C-2 resonance occurring at δ 
45.8 ppm, which was typical of gulo-configured monosaccharide (Di Guida, Casillo, & 
Corsaro, 2020). Moreover, in the HMBC experiment, the H-5 proton signal at δ 4.82 ppm 
showed a long-range scalar connectivity with the C-6 carboxyl signal at δ 174.0 ppm, thus 
confirming the presence of a uronic acid residue. Finally, the carbon chemical shifts were 
indicative of a substitution at C-4, as demonstrated by a downfield shift of this carbon signal at 
δ 78.7 ppm when compared with that of the unsubstituted residue (Bock & Pedersen, 1983).   

Residue B, with H-1/C-1 signals at δ 4.45/101.8, was identified as a 3-substituted GlcNAc 
residue. The occurrence of strong scalar correlations in both COSY and TOCSY experiments 
suggested gluco-configuration.  The 1H,13C-HSQC spectrum revealed that the H-2 signal at 
3.74 ppm correlated with a nitrogen-bearing carbon at 55.4 ppm (Table 4). The downfield 
chemical shift of the C-3 resonance to 78.7 ppm identified its substituted position (Zhang et al., 
2017). The sequence of residues was obtained by the long-range scalar correlations observed 
in the HMBC spectrum between C-1 of A and H-3 of B, and H-4 of A and C-1 of B.  

 
Table 4.1H,13C-NMR assignments of the O-deacetylated extracellular polysaccharide obtained from A. 

macleodii Mo169. All the chemical shifts are referred to acetone used as an external standard (δH = 2.225 ppm; 
δC = 31.45 ppm). The spectra were recorded at 298K. 

  Residue  H-1  
C-1  

H-2  
C-2  

H-3  
C-3  

H-4  
C-4  

H-5  
C-5  

H-6a,b  
C-6  

A      4-α-L-GulNAcA  4.95  4.16  4.03  4.04  4.82  -  
    97.7  45.8  67.6  78.7  65.8  174.0 
B      3-β-D-GlcNAc  4.45  3.74  3.61  3.40  3.36  3.61, 3.76 
    101.8  55.4  78.7  68.3  75.6  60.3  

 

The difference between the chemical shift of H-3 of residue A in the polymer before and 
after the alkaline treatment definitively indicated the O-acetylation at this position. The HMBC 
spectrum of the native polymer confirmed this assignment since a long-range connectivity was 
found between the signal at δ 5.25 and the carbonyl signal at δ 173.2 ppm (Table 3).  

The collected data indicated that the EPS isolated from A. macleodii Mo169 consists of a 
disaccharide repeating unit reported below: 

 
→4)-α-L-GulNAc3OAcA-(1→3)-β-D-GlcNAc-(1→. 

 

4.3 Conclusion 
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In this chapter, EPS produced by Alteromonas macleodii Mo169 was isolated and 
structurally characterized through a combination of chemical, chromatographic, and 
spectroscopic approaches. 

Chemical analyses of the purified EPS showed that it is composed exclusively of 
glucosamine and gulaminuronic acid, with D- and L-configurations, respectively. The 
combination of 1D and 2D NMR spectroscopy, performed before and after de-O-acetylation, 
enabled the assignment of the monosaccharide residues, their substitution positions, and the 
sequence within the repeating unit. NMR data also demonstrated the presence of an O-acetyl 
group located at position O-3 of the gulaminuronic acid residue. 

Based on the collected data, the EPS produced by A. macleodii Mo169 was shown to consist 
of a linear disaccharide repeating unit with the structure →4)-α-L-GulNAc3OAcA-(1→3)-β-
D-GlcNAc-(1→. These results provide a coherent and complete structural characterization of 
this marine bacterial EPS and contribute to the broader understanding of the chemical diversity 
of extracellular polysaccharides produced by Alteromonas species. 
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5.1 Ellisolandia elongata 

Ellisolandia elongata is an articulated, calcified red macroalga belonging to the family 
Corallinaceae, a taxonomic placement supported by molecular phylogenetic analyses of the 
Corallineae (Hind & Saunders, 2013). The species is widely distributed in the Mediterranean 
Sea and along temperate Northeast Atlantic coasts. It commonly forms dense intertidal and 
shallow subtidal turfs, thus contributing to the habitat complexity (Nannini et al., 2015). 
Morphologically, the species produces segmented articulated thalli composed of calcified 
intergenicula, which are composed of densely calcified cell walls made of high-Mg 
calcite deposited onto the organic polysaccharide wall; and flexible genicula made of one row 
of elongate cells composed of polysaccharides, cellulose, phenolics, proteins, and very low 
CaCO₃ content compared to intergenicula (Fig. 30). This articulated architecture confers both 
mechanical resistance and flexibility under hydrodynamic forcing, and contributes to the 
structural complexity of shallow coastal ecosystems, where it supports diverse benthic 
assemblages (Couto et al., 2014; Ragazzola et al., 2017). 

 

Figure 30. Graphical representation and morphological characteristics of Ellisolandia elongata.  

In addition to its ecological relevance, E. elongata exhibits a complex cell wall architecture 
enriched in sulfated galactans as reported in Corallineae algae (previously described in section 
1.3.1), whose composition and sulfation degree may vary with environmental conditions and 
tissue differentiation. These polysaccharides are increasingly recognized for their biological 
and functional properties, making them of interest in multiple biotechnological fields. Sulfated 
polysaccharides from red algae have been widely reported to exhibit bioactivities such as 
antioxidant activity and, in some cases, antibiofilm or antimicrobial effects. Despite their 
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biological relevance, algal polysaccharides often present significant challenges for structural 
characterization. Their complexity is influenced by multiple factors, including algal taxonomy, 
cellular localization, extraction and purification procedures, and the occurrence of secondary 
modifications such as methylation and acetylation, which can generate a wide diversity of 
structural motifs (Wijesekara et al., 2011). 

E. elongata samples analysed in this study were collected in the Marine Protected Area 
“Parco Sommerso della Gaiola” (Naples, Italy) during an exceptional low-tide event, which 
enabled direct access to intertidal patches dominated by E. elongata. In this work, cell wall 
polysaccharides extracted from E. elongata were purified and structurally characterized. Their 
biological activity was evaluated through antioxidant and antibiofilm assays, and their film-
forming potential was preliminarily assessed via casting experiments to explore possible 
applications in biomaterials development.  

This study aims to provide a comprehensive characterization of E. elongata 
polysaccharides, linking their chemical features to potential biological activities and functional 
properties, in order to explore their suitability for future biotechnological applications. 

 

5.2 Results and discussion 

5.2.1 Polysaccharides extraction 
 
Three samples of E. elongata were collected in the ‘Parco Sommerso di Gaiola’, a Marine 
Protected area in Naples, Italy (40°47′36.5″N, 14°11′18.2″E), during an unusual low tide event. 
The samples were collected two times: the first sampling was conducted in February 2023 by 
collecting submerged (S) and exposed (E) algae at the end of the low tide event. The second 
sampling was conducted in May 2023, when the low tide event ended, and the sea level was 
restored, submerging the once-exposed algae again (re-submerged R) (Fig. 31).  
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Figure 31. Representation of the collected E. elongata samples. From left to right: Submerged conditions 
(S), Exposed conditions (E), Re-submerged conditions (R). 

All samples were washed, dried, reduced to powder, and subjected to polysaccharide 
extraction (Fig. 32).  

  

Figure 32. Schematic representation of E. elongata pre-treatment and polysaccharides extraction 
techniques. 

The samples were first subjected to a pretreatment (PTR) with ethanol to remove lipids, 
pigments, and apolar compounds. GC-MS chromatogram of fatty acids obtained during PTRE 
procedure, showed the presence of several fatty acids (Table 5) including, tetradecanoic acid 
(C14:0), pentadecanoic (C15:0), hexadecenoic acid (C16:1), hexadecanoic acid (C16:0), 
octadecenoic acid  (C18:1 oleic acid), octadecanoic acid (C18:0), eicosanoic acid (C20:0) and 
the presence of eicosapentaenoic acid (C20:5 EPA) and arachidonic acid (C20:4). In all 
conditions the fatty acid composition was largely dominated by C16:0, which accounted for 
approximately 46–51% of total fatty acids. However, variations were observed within the 
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unsaturated fraction in response to the different environmental conditions. In the exposed (E) 
samples, oleic acid (C18:1) and arachidonic acid (C20:4) increased, reaching 13.67% and 
13.55%, respectively, compared to S conditions (8.14% and 10.42%). Conversely, EPA (C20:5) 
decreased markedly in E (5.39%) compared with S thalli samples (12.62%). Following in the 
R samples, EPA showed a strong increase, reaching the highest value among the tested 
conditions (15.59%), while arachidonic acid decreased again (9.77%). At the same time, a 
reduction in several saturated fatty acids, including C18:0 and C20:0, was observed, suggesting 
a re-adjustment of lipid metabolism during recovery. These results indicate that environmental 
stress and subsequent re-submersion influence fatty acid composition, particularly long-chain 
polyunsaturated fatty acids. 

Table 5. Presence of several fatty acids in E. elongata PTRE in S (blue), E (red), and R (green) conditions.  

 

After the pretreatment, two different parallel extractions were performed on all three 
samples to extract polysaccharides: a water extraction (WE) and an acidic extraction (AE) 
(Fig.32). The two extraction methods showed no significant differences in terms of extracted 
polysaccharides, as confirmed by 1H NMR spectra and AMG showing the same profile and the 
same monosaccharide composition, respectively. Therefore, the structural characterization will 
be discussed only for the polysaccharide obtained through the acidic extraction.  

After the AE extraction, the supernatant was subjected to an ethanol precipitation (AEP), 
and the collected pellets were analysed. The yields of polysaccharides extracted from E. 
elongata AEP under different conditions ranged from 1.09% (S), 1.15% (E), up to 1.46% (R) 
of the initial dry biomass. The highest yields were obtained under R conditions. 
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Figure 33. 14% DOC PAGE analysis. Silver staining showed high bands indicating polysaccharides 
presence in all three samples: a) S conditions; b) E conditions; c) R conditions. 

 

14% DOC PAGE analysis visualised after silver staining (Fig. 33) showed the presence of 
bands at high molecular weight, suggesting the presence of high molecular weight polymers, 
mainly for condition E. 

 

Figure 34.  AMG spectra of E. elongata AEP polysaccharide extracts in S (blue), E (red), and R (green) 
conditions.  
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Monosaccharide composition of the AEP extracts of the three conditions was obtained by 
GC-MS analyses after derivatization into acetylated O-methyl glycosides (AMG) (Fig. 34). The 
chromatograms of the AEP polysaccharides in all three conditions show the presence of glucose 
(Glc) and galactose (Gal) as the main monosaccharides, and traces of rhamnose (Rha), xylose 
(Xyl), fucose (Fuc), mannose (Man), and 2-acetamido-2-deoxy-glucose (GlcN). The relative 
amount of Glc and Gal varies among the conditions; notably, in the R conditions (green 
spectra), galactose (56%) is slightly more abundant than glucose (46%). In the S and E 
conditions, Glc is more abundant with 59% and 69%, respectively, compared to Gal, which 
reaches 43% in S and 30% in E conditions. The AEP samples were analysed by 1H NMR 
spectra, revealing the same profile for all conditions (Fig.35).  

 

Figure 35. 1H NMR spectra, recorded in D2O, of E. elongata AEP polysaccharides in S (blue), E (red), and 
R (green). 

5.2.2 Structural characterization of E. elongata CWPS in R condition  

Since the highest yield was obtained in R condition (1.46 % of the powder) and since the 
1H NMR spectra of AEP of all conditions showed no significant differences, along with the 
AMG monosaccharides analysis, the structural characterization was performed on the re-
submerged AEP extract (R-AEP).  

R-AEP extract was analysed by homo- and heteronuclear 2D NMR spectra (Fig.36).  
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Figure 36. 1H Selected region of 1H, 13C DEPT-HSQC spectrum of E. elongata R-AEP a-1,4-glucan. 

The inspection of 1H and 1H, 13C HSQC spectra indicated the presence of one anomeric 
signal at δ 5.33 ppm attributable to glucose unit. Starting from the anomeric signal at δ 5.33 
ppm, all 1H resonances were assigned on the basis of COSY and TOCSY experiments. Based 
on the 13C chemical shifts, the residue was identified as an α-glucose, substituted at C-4 (77.0 
ppm) (Table 6).  

Table 6. 1H and 13C NMR chemical shifts (ppm) of E. elongata R-AEP a-1,4-glucan. Spectra were recorded 
in D2O solution at 298 K (600 MHz). 

Residue  H-1/C-1 
1JCH 

H-2 
C-2 

H-3 
C-3 

H-4 
C-4 

H-5 
C-5 

H-6a,b 
C-6 

 
A 4-α-D-Glc 

 
5.33 
99.7 

(170 Hz) 

3.55 
71.7 

3.88 
73.1 

3.57 
77.0 

3.75 
71.7 

3.78, 3.70 
60.2 

 

This polysaccharide is identified as Floridean starch, a storage polysaccharide already found 
in red algae (Navarro & Stortz, 2008), but has never been identified in E. elongata so far. 
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Figure 37. FT-IR spectra of E. elongata AEP polysaccharides extract in S (blue), E (red), and R (green). 
Absorbing bands around 1260 cm⁻¹ highlight the presence of sulfate in all conditions. 

The polysaccharide obtained after AEP extraction for all three conditions was further 
analysed by FT-IR, showing the typical absorption features of marine algal polysaccharides, 
confirming the carbohydrate nature of the extracts (Fig. 37). In all samples, a broad absorption 
band in the 3600-3200 cm⁻¹ region was observed, corresponding to O-H stretching vibrations 
associated with extensive intra- and intermolecular hydrogen bonding, characteristic of 
polysaccharides. The intensity and breadth of this band varied among conditions, being more 
pronounced in the E, suggesting differences in hydration and hydrogen-bonding networks 
likely associated with stress-induced modifications of the cell-wall polysaccharides. Weak 
bands in the 3000-2800 cm⁻¹ region were attributed to C-H stretching vibrations of the sugar 
ring. Absorption bands in the 1650-1600 cm⁻¹ regions were assigned to H-O-H bending of the 
residual water. A distinct absorption band in the 1260-1220 cm⁻¹ region was detected in all 
conditions and attributed to the asymmetric stretching vibration of sulfate ester groups (S=O). 
Additional bands in the 850-820 cm⁻¹ region further supported sulfate substitution on the sugar 
rings. Notably, the E condition exhibited the highest intensity of sulfate-related bands, while a 
partial decrease was observed in the R condition, indicating a modulation of sulfation degree 
in response to environmental stress. Lastly, strong absorption bands between 1150 and 1000 
cm⁻¹ were assigned to C-O-C and C-O stretching vibrations of glycosidic linkages and pyranose 
rings, confirming the integrity of the polysaccharidic backbone (Gieroba et al., 2023). 

All the analyses performed on AEP extracts clearly indicated that the Floridian starch was 
not the only polymer produced. To purify the other polysaccharides, an α-amylase hydrolysis 
was performed to remove the α-1,4-glucan. The sample was then purified through Sephacryl S-
300 and P-100 size exclusion chromatography. The occurrence of the reaction was proved by 
1H NMR.  



  CHAPTER 5 
Ellisolandia elongata 

 

 53 

 

Figure 38. 1H NMR spectra, recorded in D2O, of E. elongata R-AEP: a-glucan (blue spectrum), and the 
second polysaccharide uncovered after α-amylase hydrolysis (pink spectrum). 

Indeed, 1H NMR revealed a different profile compared to the a-glucan (Fig. 38). The 
elucidation of the structural features of the second polysaccharide extracted from E. elongata 
R-AEP was achieved by a comprehensive carbohydrate analysis.  

 

Figure 39. AMG spectra of E. elongata R-AEP polysaccharides post-hydrolysis. All impurities are marked 
with an X. 

Firstly, the GC-MS chromatogram of AMGs disclosed the presence of mainly galactose 
(Gal) and xylose (Xyl), with traces of 2-amino-2-deoxy-D-glucose (GlcN), fucose (Fuc), 
glucose (Glc), mannose (Man), and rhamnose (Rha) (Fig. 39).  

Furthermore, monosaccharides derivatised as acetylated alditols (AA) revealed that 
galactose residues were predominantly O-methylated at position O-2, and potentially 
methylated at position O-3, suggesting partial substitution at these hydroxyl groups. The 
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absolute configuration of the monosaccharides, determined by (+) and (+/-) acetylated 2-octyl 
glycosides (OGA) analysis, indicated the presence of D-xylose as well as both D- and L-
galactose. 

Linkage analysis by PMAA showed a complex and heterogeneous distribution of glycosidic 
linkages. Terminal xylose (t-Xyl, 12.9%) and terminal galactose (t-Gal 3.4%) residues were 
detected, together with several substituted galactose units, including 4-linked Gal (19,7%), 3-
linked Gal (12.9%), 6-linked Gal (2.4%), 3,4-linked Gal (7.2%), 2,4-linked Gal (12.8%), 3,6-
linked Gal (22.8%), 3,4,6-linked Gal (2.9%), and 2,3,6-linked Gal residues (3%) (Table 7).  

 

Table 7. Linkage analysis of E. elongata R-AEP second polysaccharides based on GC–MS analysis of 
PMAAs. 

Monosaccharides Glycosidic linkage PMAAs derivates Percentage 
(%) 

Xyl terminal 2,3,4-tri-O-methyl 1,5 di-O-
acetyl-xylopyranose 

12.9% 

Galp terminal 2,3,4,6-tetra-O-methyl 1,5 di-
O-acetyl-galactopyranose 

3.4% 

Galp →4)-linked 2,3,6-tri-O-methyl-1,4,5-tri-
O-acetyl-galactopyranose 

19.7% 

Galp →3)-linked 2,4,6-tri-O-methyl-1,3,5-tri-
O-acetyl-galactopyranose 

12.9% 

Galp →6)-linked 2,3,4-tri-O-methyl-1,5,6-tri-
O-acetyl-galactopyranose 

2.4% 

Galp →3,4)-linked 2,6-di-O-methyl-1,3,4,5-tetra-
O-acetyl-galactopyranose 

7.2% 

Galp →2,4)-linked 3,6-di-O-methyl-1,2,4,5-tetra-
O-acetyl-galactopyranose 

12.8% 

Galp →3,6)-linked 2,4-di-O-methyl-1,3,5,6-tetra-
O-acetyl-galactopyranose 

22.8% 

Galp →3,4,6)-linked 2-O-methyl-1,3,4,5,6-penta-
O-acetyl-galactopyranose 

2.9% 

Galp →2,3,6)-linked 4-O-methyl-1,2,3,5,6-penta-
O-acetyl-galactopyranose 

3% 

 

The linkage distribution indicates that the polysaccharide is highly branched, with the most 
abundant 3,6-linked galactose residues (22.8%) defining the main branching points. Additional 
multiply substituted residues, such as 2,4-linked Gal (12.8%) and minor tri-substituted units, 
further contribute to the complexity. The backbone is primarily composed of 4-linked (19.7%) 
and 3-linked Gal (12.9%), while terminal xylose (12.9%) residues are confined to the branches, 
highlighting the structural heterogeneity of the polysaccharide. Comparable patterns, including 
β-(1→3), α-(1 → 4) backbones, 3,6-linked side chains, D and L-Gal with, and additional sulfate 
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or methoxy modifications, have been documented for sulfated xylogalactans isolated from 
Jania rubens and  Lithothamnion heterocladum, supporting the relevance of these linkage types 
in coralline red algal polysaccharides (Navarro et al., 2011; Navarro & Stortz, 2008). Moreover, 
comparable backbone and branching features, together with sulfate and methoxy substitutions, 
have also been reported for xylogalactans isolated from Jania adhaerens, further supporting 
the assignment of the R-AEP polysaccharide from E. elongata as a structurally complex and 
highly branched xylogalactan (Hentati, Delattre, et al., 2020). 

The purified sample was then analysed by 1H,1H COSY, TOCSY, NOESY, and 1H,13C 
DEPT-HSQC NMR experiments (Fig.40). 

 

Figure 40. 1H Selected region of 1H, 13C DEPT-HSQC spectrum of E. elongata R-AEP xylogalactan. 

The 2D NMR experiments further highlighted the structural complexity of the 
polysaccharide, which hampers the definition of a unique and fully resolved repeating unit. The 
spectra displayed multiple overlapping correlations in both the anomeric and ring regions, 
consistent with the heterogeneous linkage pattern revealed by the PMAA analysis. In agreement 
with the chemical data, additional resonances attributable to methoxy groups at δ 3.41/60.2 and 
δ 3.45/58.1 ppm were found. Sulfate substitution of C6 of galactose residues was revealed by 
the signal of CH2 at δ 4.10/67 ppm. Altogether, the combined NMR and chemical analyses 
describe a highly heterogeneous galactan, characterized by variable substitution, branching, and 
chemical modifications. 

Despite extensive linkage, configuration analyses, and 2D NMR analysis, the high degree 
of heterogeneity, the coexistence of multiple linkage types, and the lack of a dominant repeating 
unit prevent the assignment of a precise and regular repeating structure. The data suggest a 
polysaccharide composed of a b-galactan backbone variably substituted with xylose residues 
and branched with galactose units. 
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Lastly, the a-amylase hydrolysis was also performed on the E and S conditions AEP extract 
and FT-IR spectra were obtained to detect differences in sulfate content in the xylogalactan. As 
shown in Fig. 41, the FT-IR spectra of the xylogalactan obtained from E. elongata AEP under 
the three experimental conditions displayed even stronger typical sulfate absorption bands 
around 1260-1220 cm⁻¹ compared to the AEP crude extract, which is attributed to the S=O 
stretching vibration. The presence of these bands confirms that the xylogalactan backbone is 
highly sulfated, which is a characteristic feature in some of the red algal polysaccharides (Pei 
et al., 2021; Soto-Vásquez et al., 2022). Moreover, the intensity of the absorption band 
corresponding to the S=O stretching vibration of sulfate esters was found to be higher in the 
sample obtained under E conditions. This increased band intensity suggests that a higher 
sulfation of the xylogalactan occurs during the E condition, while the R condition showed 
intermediate features between S and E. 

 

Figure 41. FT-IR spectra of E. elongata AEP second polysaccharides in S (blue); E (red), and R (green). 
Absorbing bands around 1260 cm⁻¹ highlight the presence of a strong band due to the sulfate groups in E 

condition. 

3.3 Functional characterization and application-oriented assessment 

5.3.1 Antibiofilm assays 

The antibiofilm activity of E. elongata samples was evaluated against two different strains 
of Staphylococcus epidermidis O47, an agr-mutant characterized by enhanced biofilm 
production, and RP62A, a reference strain. The samples tested are powders (P), pre-treated 
extracts (PTRE), and acid extraction precipitated polysaccharides (AEP), obtained from 
submerged (S), emerged (E), and re-submerged (R) algal conditions (Fig. 42). 
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Figure 42. Antibiofilm activity of E. elongata samples: powder (P), pre-treated extracts (PTR), and acid 
extraction precipitated polysaccharides (AEP) obtained from submerged (S), exposed (E), and re-submerged (R) 
algal conditions, tested against S. epidermidis reference strain O47, and the clinical isolate RP62A biofilms in 

formation. 

All powder samples showed a moderate antibiofilm effect, with stronger inhibition 
observed against S. epidermidis RP62A strain compared to the O47 strain. In S-P RP62A, 
biofilm formation was reduced to approximately 40%, whereas O47 showed only a moderate 
decrease. In contrast, the E-P induced a reduction of 50% of biofilm for the RP62A strain. 
Finally, for R-P conditions, the reduction in biofilm formation was observed only against 
RP62A. This suggests that R-P shows an activity that is strain-specificity. PTRE samples 
exhibited the strongest antibiofilm activity across all conditions, particularly against the RP62A 
strain, for which residual biofilm values dropped to very low levels in both S-PTRE and E-
PTRE conditions. The O47 strain was also significantly inhibited, though to a lesser extent. 
Notably, the R-PTRE showed reduced antibiofilm performance against both strains, indicating 
that the R condition negatively affects the antibiofilm components preserved during pre-
treatment. AEP fractions showed limited or strain-dependent antibiofilm activity. For both 
strains, S-AEP and E-AEP displayed residual biofilm values close to 100%, indicating the 
absence of an inhibitory effect. However, R-AEP induced a moderate reduction in biofilm 
formation for both strains, with a slight effect against RP62A. 

The results revealed a clear strain-dependent response, with the RP62A strain being 
systematically more sensitive to the algal samples than the reference strain O47. Moreover, 
these findings highlight the selective antibiofilm potential of E. elongata PTRE against 
clinically relevant S. epidermidis strains, supporting their possible application as antibiofilm 
agents and a potential anti-adhesive in biomedical materials to prevent the biofilm formation of 
S. epidermidis. 

5.3.2 Antioxidant assays 

The antioxidant activity of E. elongata samples was evaluated using both H₂O₂ scavenging 
activity and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assays (Fig. 43), at three 
incubation times (T0, T15, T30). 



  CHAPTER 5 
Ellisolandia elongata 

 

 58 

 

Figure 43. Antioxidant activities 1) hydrogen peroxide (H₂O₂) scavenging and 2) DPPH radical scavenging 
assays of E. elongata samples: powder samples (P), acid extraction precipitated polysaccharides (AEP), 

obtained from submerged (S), exposed (E), and re-submerged (R) conditions; and purified polysaccharide 
fractions (α-glucan and xylogalactan) obtained from re-submerged (R) condition. 

All samples exhibited moderate to significant H₂O₂ scavenging activity (Fig. 43-1), with 
clear differences among environmental conditions and level of purification. The antioxidant 
activity generally increased from powders (P) to AEP extracts. S-AEP and R-AEP showed the 
highest scavenging efficiencies, reaching values above 30% at longer incubation times. The re-
submerged α-glucan (R-α-glucan) and xylogalactan (R-xylogalactan) fractions also displayed 
remarkable antioxidant activity, comparable to AEP extracts. Powder samples showed the 
lowest antioxidant effectiveness, especially in the E-P, suggesting that polysaccharide 
extraction significantly enhances antioxidant performance. Time-dependent behaviour was 
observed for most samples, indicating a progressive interaction between the polysaccharides 
and reactive oxygen species. The DPPH assay revealed a strong activity observed for AEP 
fractions and purified re-submerged polysaccharides (Fig. 43-2). While S-P showed high 
scavenging values, E-P exhibited almost no activity, suggesting that environmental exposure 
strongly affects the antioxidant behaviour of raw biomass. AEP extracts displayed consistently 
high inhibition percentages, particularly R-AEP, R-α-glucan, and R-xylogalactan, which 
reached values close to 100% already at early time points. 

These results confirm that structural purification enhances redox activity, likely due to 
higher accessibility of electron-donating groups within the polysaccharide backbone. 
Moreover, it is possible to assume that environmental stress associated with E and subsequent 
R stimulates the biosynthesis of protective polysaccharides, potentially involved in oxidative 
stress defence and structural reinforcement of the algal cell wall. 

5.3.3 Physicochemical characterization and Film-forming properties 

The thermal behaviour of E. elongata powder (P) samples and their AEP extracts was 
investigated by Differential Scanning Calorimetry (DSC) to evaluate the effect of physiological 
condition and purification on their thermal properties.  

During the first heating run, all P samples exhibited a broad endothermic event associated 
with water evaporation (Fig. 44a).  
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Figure 44. DSC thermograms of ground E. elongata samples: S-P, E-P, R-P recorded during the first (I) heating run 
(a), and the second (II) heating run (b). 

However, clear differences were observed among samples. In particular, the E-P sample 
showed a slightly lower evaporation temperature and a reduced evaporation enthalpy compared 
to S-P and R-P (Table 8), suggesting a lower stability of bound water.  

Table 8. Evaporation temperature (Tev) and enthalpy of evaporation (ΔHev) of E. elongata S-P, E-P, and R-P, 
determined by DSC during the first (I) heating run, representing the energy associated with water loss from the samples. 

 Tev (°C) 
 

DHev (J/g) 
 

S-P 82 6.99 
E-P 75 4.41 
R-P 91 11.56 

 

This indicates that water molecules in E-P are less strongly associated with the algal matrix 
and are therefore more readily released. Following water removal, the second heating run did 
not show the endothermic band related to water evaporation, confirming its complete 
elimination during the first run (Fig. 44b). No significant differences were observed among 
samples, except for S-P, where a possible glass transition around 188 °C was detected, which 
may suggest the presence of residual amorphous organic material. 

DSC analysis was also performed on the E. elongata AEP extracts, and more pronounced 
differences were observed. During the first heating run, all extracts displayed a similar 
endothermic event related to water evaporation (Fig. 45a), with comparable evaporation 
temperatures.  
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Figure 45. DSC thermograms of E. elongata extracts recorded during the first (I) heating run (a), highlighting water 
evaporation, and the second (II) heating run (b), showing melting and thermal degradation events. 

However, a lower evaporation enthalpy was observed for R-AEP (Table 9), suggesting a 
reduced amount or a different organization of retained water. 

Table 9. Evaporation temperature (Tev), evaporation enthalpy (ΔHev), melting temperature (Tf), and decomposition 
temperature (Td) of S-AEP, E-AEP, and R-AEP, determined by DSC during the first (I run) and second (II run) heating runs. 
Tev and ΔHev correspond to water evaporation in the first run, while Tf and Td represent melting and thermal degradation 

events observed in the second run. 

 I run II run 
 Tev (°C) DHev (J/g) Tf (°C) Td (°C) 

S-AEP 97.3 184.6 173.2 199.5 
E-AEP 95.5 182.0 - 199.6 
R-AEP 94.6 174.9 176.0 195.8 

Significant distinctions emerged during the second heating run (Fig. 45b). S-AEP exhibited 
an intense endothermic peak followed by an exothermic event, which can be attributed to the 
melting of organic components enriched during purification and their subsequent thermal 
degradation. In contrast, R-AEP displayed only the exothermic transition, while no significant 
thermal events were detected for E-AEP, indicating the absence or depletion of thermally active 
components under stress conditions. 

Although E. elongata does not possess intrinsic gel- or film-forming properties, the observed 
thermal behaviour prompted further investigation of its incorporation into a polymeric matrix. 
Based on the DSC results, which highlighted more defined and reproducible thermal transitions 
for S-P and S-AEP, these samples were selected for subsequent film preparation. Both S-P and 
S-AEP were therefore incorporated into a sodium alginate matrix as a model biopolymer to 
evaluate their compatibility and potential applicability in film-based formulations. 
Representative images of the obtained films are reported in Fig. 46. 
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Figure 46. Representative images of sodium alginate (AlgNa) films loaded with E. elongata S-P(a) and S-AEP (b) at 5 
wt% with respect to alginate (w/w). 

The AlgNa-S-P (Fig. 46a) film showed a relatively homogeneous dispersion of insoluble 
algal particles within the polymeric matrix, whereas the AlgNa-S-AEP (Fig. 46b) film appeared 
transparent and highly uniform, reflecting the complete solubility of the extract and its 
improved compatibility with alginate. 

To further investigate the effect of purification and physiological condition on the material 
properties, the samples were subjected to thermal and structural characterization by DSC and 
FTIR-ATR, in order to evaluate their thermal behaviour and the nature of chemical interactions 
within the material. FTIR-ATR spectra of E. elongata S-P, S-AEP, and alginate-based films 
loaded with both components (AlgNa-S-P, AlgNa-S-AEP) are shown in Fig. 47. The 
comparison between the powder (S-P) and its purified extract (S-AEP) (Fig. 47a) highlights 
marked compositional changes induced by the purification process. 

 

Figure 47. FTIR-ATR spectra of a) the S-P and S-AEP samples; b) the S-AEP sample, neat sodium alginate (AlgNa), 
and AlgNa film loaded with S-AEP; c) the S-P sample, neat sodium alginate (AlgNa), and AlgNa film loaded with S-P, 
highlighting the main vibrational features of the organic and inorganic components and their interactions within the 

polymeric matrix. 

The spectrum of S-P is characterized by broad NH and OH stretching bands at approximately 
3309 cm⁻¹, associated with amino acids and polysaccharides, and weak aliphatic C-H stretching 
bands at around 2929 cm⁻¹, attributable to -CH₃ and -CH₂ groups. A band at 1652 cm⁻¹ can be 
assigned to C=O stretching and asymmetric N=O stretching of ester groups and pectic 
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complexes (El-Sayed & Ismail, 2022). The spectrum is dominated by the inorganic matrix, as 
evidenced by intense absorption bands at approximately 1401, 877, and 721 cm⁻¹, 
corresponding to the fundamental vibrational modes of carbonate ions in calcite (Al-Hosney & 
Grassian, 2005). 

In contrast, the FTIR-ATR spectrum of the purified extract S-AEP shows a substantial 
reduction of the mineral component and a clear enrichment of the organic fraction. A sharp and 
intense band at approximately 1022 cm⁻¹, assigned to C-O and C-C stretching vibrations of 
pyranose rings, indicates an increased polysaccharide content. This is further supported by the 
broad and intense OH stretching band around 3300 cm⁻¹. Compared to the S-P, the extract also 
exhibits improved resolution in protein-related regions, with a more clearly defined Amide I 
band at ~1650 cm⁻¹. The appearance of bands in the aliphatic C-H stretching region (2920–
2850 cm⁻¹) further supports the enrichment in organic components, including possible lipid 
fractions or hydrocarbon chains of cell wall polymers. As widely reported in the literature, the 
FTIR-ATR spectrum of sodium alginate (AlgNa) is characterized by a broad OH stretching 
band in the 3600-3000 cm⁻¹ region, typical carboxylate absorption bands with asymmetric and 
symmetric C=O stretching at 1596 and 1408 cm⁻¹, respectively, and a characteristic C-O-C 
saccharide band at approximately 1026 cm⁻¹ (Flórez-Fernández et al., 2019). In alginate films 
loaded with S-P and S-AEP (Figure 47b), a slight shift of the alginate carbonyl band toward 
higher wavenumbers was observed (1592, 1594, and 1595 cm⁻¹ for AlgNa, AlgNa-S-P, and 
AlgNa-S-AEP, respectively), suggesting a partial modification of the hydrogen-bonding 
network between alginate chains and residual water upon incorporation of the algal 
components. 

Lastly, DSC thermograms of alginate-based films, both unloaded and loaded with S-P and 
S-AEP, are shown in Fig. 48.  
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Figure 48. DSC thermograms of E.elongata S-P and S-AEP samples, neat sodium alginate (AlgNa) films, and AlgNa 
films loaded with S-P and S-AEP at 5 wt%, recorded during the first heating run (a, c) and the second heating run (b, d). 

During the first heating run, all alginate-containing films exhibited a pronounced 
endothermic peak associated with water evaporation, which was markedly more intense than 
that observed for S-P alone, reflecting the higher water affinity of the alginate matrix. Upon the 
second heating run, the endothermic evaporation peak was no longer detected, confirming the 
complete removal of water during the first run. At higher temperatures, thermal events 
appearing around 200 °C were observed for all alginate-based films and can be attributed to the 
onset of polymer degradation. The presence of S-P or S-AEP did not introduce additional 
thermal transitions in this temperature range, indicating that the thermal behaviour of the films 
is mainly governed by the alginate matrix. 

5.4 Conclusion 

In this study, Ellisolandia elongata samples collected under three different environmental 
conditions, submerged (S), exposed (E), and re-submerged (R), were investigated to evaluate 
the impact of environmental stress on lipid and polysaccharide composition, yield, and 
structural features. Polysaccharides were extracted using both aqueous (WE) and acidic 
procedures (AEP), revealing comparable monosaccharide compositions and spectroscopic 
profiles. However, AEP provided higher purity and polysaccharide recovery and was therefore 
selected for subsequent analyses. Polysaccharide yields ranged from 1.09% (S) and 1.15% (E) 
to 1.46% (R) of the initial dry biomass, with the highest yield consistently obtained under R 
conditions. Significant compositional differences among the three conditions were observed. 
Lipid analysis revealed marked variations in long-chain polyunsaturated fatty acids. In 
particular, exposed samples (E) were characterized by higher relative amounts of arachidonic 
acid (C20:4) and oleic acid (C18:1), while eicosapentaenoic acid (EPA, C20:5) decreased 
compared to submerged (S) thalli. Conversely, re-submerged samples (R) showed the highest 
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EPA content together with a reduction of arachidonic acid, suggesting a recovery-associated 
remodelling of membrane lipids. 

Given the higher polysaccharide yield and, at the same time, the absence of major structural 
differences among the AEP extracts as assessed by AMG analysis and 1H NMR spectroscopy, 
the R-AEP extract was selected for detailed structural characterization. Structural analyses 
revealed the co-extraction of two polysaccharides: an α-1,4-glucan, reported in literature as 
Floridean starch, and a sulfated heteropolysaccharide. Enzymatic removal of the α-1,4-glucan 
allowed the isolation and characterization of the second polysaccharide, which was identified 
as a structurally heterogeneous xylogalactan. The combinations of FT-IR, linkage, and 
configuration analyses demonstrated a branched galactan backbone variably substituted with 
xylose residues, multiple galactose linkage types, the coexistence of both D- and L-galactose, 
and the sulfated substitutions. The high degree of heterogeneity and the lack of a dominant 
repeating unit prevented the definition of a single, well-defined structural motif. FT-IR analysis 
confirmed the sulfated nature of the xylogalactan and revealed condition-dependent differences 
in sulfate content. Polysaccharides obtained under E conditions showed a higher degree of 
sulfation compared to those extracted from S and R samples, indicating that environmental 
stress influences not only polysaccharide yield but also chemical features such as sulfation. 

E. elongata samples were tested for antibiofilm and antioxidant activities. Assays against 
S.epidermidis demonstrated a strain-dependent response, with the clinical isolate RP62A being 
consistently more sensitive than the reference strain O47. Pre-treated extracts (PTRE) exhibited 
the strongest antibiofilm activity across all conditions, particularly against the clinical isolate, 
while AEP fractions showed limited or moderate, condition-dependent effects. Notably, PTR-
R samples displayed reduced antibiofilm activity, suggesting that the sample negatively affects 
the antibiofilm-active components preserved during the pre-treatment step.  

Antioxidant assays further highlighted the functional relevance of polysaccharide extraction 
and purification. While powder samples exhibited limited scavenging activity, especially under 
exposed conditions, AEP extracts and purified polysaccharides showed significantly enhanced 
antioxidant performance. R-AEP, R-α-glucan, and R-xylogalactan displayed high DPPH 
radical scavenging activity, reaching near-complete inhibition at early incubation times, and 
moderate to strong hydrogen peroxide scavenging capacity. These results indicate that R 
favours the production of highly bioactive antioxidant polysaccharides and that purification 
enhances redox activity, likely by increasing the accessibility of electron-donating functional 
groups within the polysaccharide backbone. 

In addition to the biological activities, the thermal and structural characterization provided 
further insight into the material properties of E. elongata. DSC analyses revealed condition-
dependent differences in water organization and thermal transitions, highlighting the 
submerged condition (S) as the most thermally defined and reproducible, both for the powder 
and the corresponding AEP extract. FTIR-ATR analyses confirmed that purification effectively 
reduced the inorganic fraction and enriched the organic components, improving the 
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compatibility of the extracts with polymeric matrices. Although E. elongata does not exhibit 
intrinsic gel- or film-forming properties, its incorporation into a sodium alginate matrix resulted 
in homogeneous and stable films, particularly when using the purified extract. These results 
support the suitability of E. elongata polysaccharides as functional additives in biopolymer-
based films and further strengthen the link between environmental conditions, extraction 
strategy, and potential material applications. 

This study demonstrates that environmental stress and subsequent re-submerged 
significantly influence the chemical composition, structural features, thermal behaviour, and 
biological activities of E. elongata polysaccharides. The observed correlations between 
environmental conditions, polysaccharide sulfation, structural heterogeneity, and bioactivity 
provide new insights into the adaptive role of algal polysaccharides and support their potential 
application as antioxidant and antibiofilm agents in biomedical and biotechnological contexts. 
In addition, preliminary thermal and structural investigations, together with film-forming 
assays, indicate that E. elongata derived polysaccharides, although not intrinsically film-
forming, can be effectively incorporated into biopolymeric matrices such as sodium alginate, 
yielding homogeneous and stable films. These results further expand the functional relevance 
of E. elongata polysaccharides and highlight their potential as bioactive components in 
multifunctional, sustainable material formulations. 
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6.1 Tetraselmis 

Tetraselmis is a genus of unicellular eukaryotic marine and freshwater microalgae that 
belongs to the family of Chlorodedroaceae, first described in 1959 by Robert William Butcher 
(Lund & Butcher, 1960). These flagellated green microalgae display a distinctive morphology 
as described in detail in section 1.4.1 and a widespread ecological distribution across marine 
and freshwater environments, where they act as primary producers in the photic zones of the 
water column (Zhou et al., 2022).  

This genus is widely used as a model organism in marine research and bioremediation, and 
also in aquaculture. For instance, Tetraselmis species can absorb heavy metals, showcasing 
their potential in restoring ecosystem health (Goswami et al., 2022), are used as live feed for 
larval fish and shellfish, thanks to their fatty acids and protein content (Martino et al., 2023; 
Sandeep et al., 2021), and promising in the field of biotechnology, particularly in biofuel 
production, due to their lipid content. Furthermore, microalgae of the genus Tetraselmis have 
garnered considerable scientific and industrial interest due to their metabolic versatility. Species 
belonging to this genus can adjust their metabolism in response to environmental prompts, 
switching between autotrophic, heterotrophic, and mixotrophic growth modes, which enables 
them to optimise carbon utilisation and biomass accumulation under varying nutrient and light 
conditions (Azma et al., 2010). This metabolic plasticity, paired with rapid growth rates, makes 
Tetraselmis valuable for studies in marine physiology, carbon cycling, and sustainable 
production systems. Finally, Tetraselmis species are known to produce a complex array of 
extracellular and cell wall-associated polysaccharides as previously described in section 1.4, 
which contribute to cellular defence mechanisms, mediate interactions with the surrounding 
environment, and exhibit promising bioactivities (Parra-Riofrío et al., 2020). Despite increasing 
interest in their biological roles, detailed structural characterisation of Tetraselmis 
polysaccharides remains limited, particularly regarding linkage patterns, monosaccharide 
composition, and functional groups, which are critical for understanding their functional 
properties and potential applications. 

Three different Tetraselmis strains were purchased from Culture Collection of Algae and 
Protozoa (CCAP) and investigated in this study: Tetraselmis suecica (CCAP 66/4) isolated 
from 10 miles south of La Spezia, Italy; Tetraselmis suecica (CCAP 66/22D) isolated from 
Bembridge, Isle of Wight, England, UK; and Tetraselmis chuii (CCAP 8/6) collected in 
Millport, Isle of Cumbrae, Scotland, UK. This strain selection enables a comparative analysis 
of polysaccharide secretion and composition under autotrophic, heterotrophic, and mixotrophic 
conditions. 

The main objective of this chapter is to characterize the polysaccharides from the three 
Tetraselmis species under autotrophic, heterotrophic, and mixotrophic conditions, isolated from 
three different habitats. The aim was to evaluate how the growth conditions influence both the 
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production and structural complexity of Tetraselmis polysaccharides. Furthermore, 
polysaccharides would be further analysed for their potential immunomodulatory activity.  

 

6.2 Result and discussion 

6.2.1 Strains growth 

Three Tetraselmis strains were purchased from Culture Collection of Algae and Protozoa 
(CCAP) SAMS Limited in axenic conditions: Tetraselmis suecica 66/4 (isolated from Italy), 
Testraselmis suecica 66/22D (isolated from the UK), and Tetraselmis chuii 8/6 (isolated from 
the UK) (Fig.49).  

 

Figure 49. A) Tetraselmis suecica 66/4; B) Tetraselmis suecica 66/22D; C) Tetraselmis chuii 8/6. Scale bar 
of 5μm. 

T. suecica 66/4, T. chuii 8/6, and T. suecica 66/22D were grown in Nutribloom medium. 
Each strain was inoculated in three conditions: heterotrophic conditions (HC), mixotrophic 
conditions (MixC), both with glucose as a carbon source, and autotrophic conditions (AC) as a 
control. The growth rates were controlled by measuring the OD at 750 nm. The structural and 
morphological changes expected in different growth conditions were analysed by using an 
Inverted Fluorescence Microscope. The microalgae from autotrophic to heterotrophic 
conditions presented some visible morphological differences. More specifically, in 
heterotrophic conditions, the cells appeared with no flagella visible, a round cell shape, and a 
green to yellowish color due to the absence of light and degradation of pigments (Lu et al., 
2017). 
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Figure 50. Growth of T. suecica, T. suecica 22D, T. chuii in three conditions was monitored by measuring 
absorbance at 750nm. 

The growth curves of T. suecica, T. suecica 22D, and T. chuii cultivated in flasks under AC, 
HC, and MixC conditions revealed distinct species and condition-dependent trends (Fig. 50). It 
is important to note that all heterotrophic cultures (HC) were subjected to a progressive 
reduction of the photoperiod, from L:D (Light: Dark) 12:12 → 8:16 → 4:20 → 2:22 → 0:24, a 
strategy designed to shift the cells towards full heterotrophy gradually. This reduction in light 
availability directly influenced the growth behaviour observed under HC and must be 
considered when comparing the three trophic regimes (Azma et al., 2010). For T. suecica, the 
three trophic conditions produced clearly distinct growth profiles. The AC culture showed the 
most pronounced increase over time, with a steady rise in OD₇₅₀ that became more marked after 
the mid-experiment phase, ultimately reaching the highest final absorbance. The MixC 
condition also supported sustained growth, although at a slower rate, resulting in intermediate 
OD₇₅₀ values throughout the cultivation period. In contrast, the HC curve displayed an initial 
increase followed by a much slower progression, stabilizing at significantly lower OD₇₅₀ values 
compared to both AC and MixC. This reduced performance is consistent with the progressive 
removal of light, which likely decreased the photosynthetic contribution over time in a species 
that remains predominantly photoautotrophic. T. suecica 22D showed a markedly different 
response. The HC condition supported the most rapid and substantial increase in OD₇₅₀, with 
cells reaching a plateau earlier and at a higher density than both AC and MixC. The strong 
heterotrophic performance of this strain suggests an enhanced ability to metabolize organic 
carbon efficiently, allowing sustained growth even as illumination was progressively reduced. 
MixC displayed an intermediate pattern, whereas AC resulted in the slowest growth, indicating 
that the 22D strain relies predominantly on external carbon sources to maximize cell 
proliferation. Finally, T. chuii demonstrated the highest heterotrophic performance among the 
three species. Under HC, the culture showed a steep increase in OD₇₅₀ during the first week, 
rapidly reaching a high-density plateau despite the sequential reduction of the photoperiod. 
MixC followed a similar early trend but stabilised at slightly lower values. Conversely, the AC 
culture exhibited very limited biomass accumulation throughout the experiment, confirming the 
species’ strong preference for heterotrophic metabolism and its limited efficiency under purely 
photoautotrophic conditions. It should be noted that these growth profiles are presented for 
descriptive purposes only, to provide context for the polysaccharide extraction. No statistical 
comparisons were performed on the OD₇₅₀ data, since the focus of this study is the chemical 



  CHAPTER 6 
Tetraselmis  

 

 70 

characterization of the extracted polysaccharides rather than the growth differences among 
species or trophic conditions. 

The medium of each culture was recovered and treated to extract Extracellular polymeric 
material (EPMs). 

Table 10. Amount (mg) of EPMs by T. suecica, T. sucecica 22D, and T. chuii (500 ml) in three different 
growth conditions. 

EPM 
(mg) 

T.suecica T. suecica 22D T. chuii 

AC 33.2 12.3 35.2 

HC 45.2 88.3 93 

MixC 116.6 180 153.6 

 

EPM production varied considerably with both strain and growth condition (Table 10). AC 
produced the lowest amounts of EPM, ranging from 12.3 mg (T. suecica 22D) to 45.2 mg (T. 
suecica). Under HC, EPM content increased markedly, with values up to 93 mg (T. chuii AC), 
indicating that organic carbon availability enhances polysaccharide secretion. MixC led to the 
highest overall EPM production (116.6-180 mg), suggesting a synergistic effect of combined 
autotrophic and heterotrophic metabolism on EPM synthesis.  

Table 11. Biomass (mg) by T. suecica, T. sucecica 22D, and T. chuii (500 ml) in three different growth conditions. 

BIOMASS 
(mg) 

T. suecica T. suecica 
22D 

T. chuii 

 
AC 251.2 142.1 89.7 
HC 153.3 375.4 339.8 
MixC 99.2 304.5 304.1 

 

The three microalgal strains displayed distinct growth patterns depending on the cultivation 
conditions (Table 11). In AC, biomass ranged from 89.7 mg for T. chuii to 251.2 mg for T. 
suecica, whereas HC generally promoted higher biomass accumulation, reaching up to 375.4 
mg in T. suecica 22D. MixC resulted in intermediate to high biomass levels (99.2–304.5 mg) 
across the strains, suggesting that both organic and inorganic carbon sources contributed to 
growth. 
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Figure 51. T. chuii cultivation in a 2-L bench-top bioreactor (Biostat B-plus Exclusive Flow, Sartorius 
Stedim, Germany) MixC. 

As a next step, T. suecica 22D and T. chuii were the two species selected for bioreactor 
scale-up (Fig. 51). The MixC was chosen as the trophic condition for both species since it 
proved to be the fastest method to achieve more EPM.  

 

 

Figure 52. Growth curves of T. suecica 22D and T. chuii in 2L bioreactors. 

In Fig. 52, the OD₇₅₀ of T. suecica 22D increased gradually, reaching a final value of 
approximately 0.12 by Day 10. The growth trend was linear and steady, with no evident 
exponential phase. This suggests that, during the growth in the bioreactor, the strain 
experienced moderate but stable growth, likely limited by light availability and/or carbon 
supply. The absence of a sharp increase in biomass indicates that the strain may have adapted 
slowly to the controlled environment or maintained a predominantly autotrophic metabolic 
regime. In contrast, T. chuii exhibited a markedly different behaviour. After a slow initial phase, 
the culture entered a clear exponential growth phase starting from Day 7, ultimately reaching 
an OD₇₅₀ of ~1.0 by Day 9. This indicates that T. chuii responded much more efficiently to the 
bioreactor conditions than T. suecica 22D. The sharper growth curve suggests higher 
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photosynthetic efficiency, better adaptation to mixing and aeration, or a greater ability to utilize 
the carbon supplied through aeration. The amount of EPM extracted from the two bioreactors 
is reported in Table 12.  

Table 12. Amount (g) of EPS extracted from T. suecica 22D and T. chuii after two weeks of bioreactor assays. 

Bioreactors MixC T.suecica 22D 2L T. chuii 2L 

Biomass (g) 1,660  2,280 

EPM (g) 0.7 1.2 
 

6.2.2 T. chuii EPMs in three trophic conditions  

Based on the results obtained at both flask and bioreactor scale, T. chuii was selected for 
further investigation since it showed the most consistent and robust performance under MixC 
and HC conditions, combining high biomass productivity with the highest EPM yields. The 
EPM obtained from the three trophic conditions of T.chuii were dialysed against water. The 
EPMs of T. chuii, were preliminarily analysed by 14% DOC PAGE. The gel was visualised 
after Alcian blue and silver nitrate and showed the presence of well visible bands at low 
molecular weight polysaccharides and less pronounced bands at higher molecular weight in all 
conditions (Fig. 53).  

 

Figure 53. 14% DOC PAGE of T. chuii EPMs grown in AC (blue), HC (orange), and MixC (green). Dyed 
with A) alcian blue staining, B) silver staining. 

An inspection of the 1H NMR spectra of all EPM samples revealed the same profile for HC 
and MixC polysaccharides in the anomeric and carbinolic regions. Instead, the 1H NMR profile 
of AC was found to be different (Fig. 54).  
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Figure 54. 1H NMR spectra, recorded in D2O, of T. chuii EPMs crude extract from AC (blue), HC (orange), 
and MixC (green). 

The FTIR spectra of the EPM extracted from T. chuii cultivated under AC, MixC, and HC 
exhibited the characteristic features of polysaccharidic materials, confirming the carbohydrate 
nature of the extracts (Figure 55).  

 

Figure 55. FT-IR spectra of T. chuii EPMs in AC (blue), HC (orange), and MixC (green). Absorbing bands 
around 1260 cm⁻¹ highlight the presence of sulfate in HC (orange) and MixC (green). 

All spectra showed a broad absorption band in the 3600-3000 cm⁻¹ region, attributed to the 
stretching vibrations of hydroxyl (-OH) groups, indicative of extensive intra- and 
intermolecular hydrogen bonding typical of polysaccharides. Minor differences in band 
intensity and width among the samples suggest variations in hydration depending on the trophic 
condition. Weak bands observed in the 3000-2800 cm⁻¹ range correspond to C-H stretching 
vibrations of the polysaccharide ring, confirming the aliphatic backbone. Absorption features 
in the 1600-1400 cm⁻¹ region were assigned to the asymmetric and symmetric stretching 
vibrations of carboxylate groups (-COO⁻), indicating the presence of acidic functionalities 
within the EPM, which may contribute to their overall negative charge. A characteristic band 
detected in the 1270-1200 cm⁻¹ region was attributed to the asymmetric stretching vibration of 
sulfate ester groups (-OSO₃⁻), and additional bands in the 900-800 cm⁻¹ region are consistent 
with C-O-S vibrations as already reported by (Fimbres-Olivarria et al., 2023), confirming the 
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presence of sulfated polysaccharides in MixC and HC conditions, whereas no significant 
absorption sulfate bands were shown in AC. Variations in band intensity suggest that the trophic 
regime influences the degree of sulfation. Moreover, the intense absorption bands between 1150 
and 1000 cm⁻¹ are associated with C-O-C and C-O stretching vibrations of glycosidic linkages 
and pyranose rings, confirming the integrity of the polysaccharide backbone.  

The EPM samples from T. chuii were analysed by HPLC with RID detection to assess their 
carbohydrate profiles (Fig. 56).  

 

Figure 56.  HPLC profiles of T.chuii EPMs in AC (blue) HC (orange), and MixC (green). 

The chromatograms showed that the EPM from HC and MixC conditions exhibited highly 
similar profiles, with overlapping peaks and comparable retention times, suggesting that the 
polysaccharide composition is conserved under these two culture conditions. In contrast, the 
AC’s EPM has a different chromatographic pattern, characterized by shifts in peak retention 
times and the presence of unique peaks not observed in HC or MixC samples. In all cases, the 
broad, multi-peak profiles revealed a high degree of heterogeneity across the EPM fractions, 
but differences likely reflect the influence of trophic conditions on EPM production. The altered 
retention times in AC samples may indicate variations in molecular weight distribution or 
monosaccharide composition, possibly resulting from changes in metabolic pathways under 
different nutritional regimes. 

6.2.3 Structural characterization of T. chuii EPS in MixC 

Based on the comparative analyses of EPM production and composition across trophic 
conditions, the EPM produced by T. chuii under MixC was selected for detailed structural 
characterization, as it provided sufficient, reproducible material and also displayed a 
comparable compositional profile to the EPM obtained under heterotrophic conditions. 

A sugar analysis on T. chuii EPM in MixC was performed using GC-MS techniques after 
derivatization of monosaccharides as acetylated methyl glycosides (AMGs) (Fig. 57). 
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Figure 57. AMG spectrum of T. chuii EPM in MixC. 

GC-MS analysis revealed the presence of mannose (Man), galactose (Gal), glucose (Glc), 
and 2-amino-2-deoxy-D-glucose (GlcN). Traces of rhamnose (Rha), xylose (Xyl), glucuronic 
acid (GlcA), and galacturonic acid (GalA) were detected. Lastly, 3-Deoxy-D-manno-oct-2-
ulosonic acid (Kdo) was observed, which is reported to be a known component of Tetraselmis 
cell wall (Kermanshahi-pour et al., 2014). 

 To purify the sample, P-10 gel filtration chromatography was performed. 

 

Figure 58.  P-10 chromatographic column spectrum of T. chuii EPM in MixC. The green arrow highlights 
the presence of the purified EPS sample. 

Figure 58 shows the chromatogram obtained from the gel filtration chromatography. The 
green arrow highlights the presence of the purified EPS (Fraction A), while the second peak is 
attributed to the presence of salts. For the same fraction, a 14% DOC-PAGE electrophoresis on 
polyacrylamide gel was performed (Fig. 59).  
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Figure 59. 14% DOC PAGE analysis on T.chuii P10 Fraction A. A) dyed with Alcian blue, B) dyed with 
silver staining. 

The sample was dyed first with Alcian blue (A) and then with silver staining (B). The 
sample showed low molecular weight bands visible both in Alcian and silver staining, and high 
molecular weight bands more visible in Alcian blue (A). The FT-IR spectra of the EPM and the 
EPS after purification were obtained and compared; the EPS revealed clear differences 
attributable to the purification process (Fig. 60). 

 

Figure 60. FT-IR spectra of the T. chuii EPSs (MixC). Crude EPM (green) and the purified EPS (red) 
showing an intense sulfated absorbing band at around 1240 cm -1. 

Precisely, the absorption bands associated with sulfate ester groups in the 1270-1200 cm⁻¹ 
and 900-800 cm⁻¹ regions were more clearly defined in the purified EPS, suggesting an 
enrichment of sulfated polysaccharide fractions following purification. The persistence and 
sharpening of the intense bands between 1150 and 1000 cm⁻¹, attributed to C-O-C and C-O 
stretching vibrations of glycosidic linkages, further confirmed the structural integrity of the 
polysaccharide backbone. 

The HPLC profile in Fig. 61 of the purified EPS exhibited multiple absorption peaks, 
indicating a still unresolved mixture rather than a single homogeneous component. 
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Figure 61. HPLC profile of T.chuii purified EPS (MixC). 

The presence of distinct peaks signals across the chromatogram clearly reflects the 
heterogeneity of the sample. Nonetheless, the AMG analysis of the purified EPS showed the 
only presence of galactose (Fig. 62), suggesting that T. chuii EPS is a galactan. 

 

Figure 62. AMG spectrum of T. chuii purified EPS in MixC. 

To better identify the structural features of this EPS, a desulfation was performed, and a 
1H NMR spectrum was obtained to verify the occurrence of the reaction (Fig. 63). 
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Figure 63.1H NMR spectrum of T.chuii purified EPS (red) and desulfated sample (pink). Dimethyl sulfoxide 
(DMSO) is present as a contaminant after desulfation. 

The NMR spectrum after the elimination of the sulfate groups appeared to be less complex 
(pink line in Fig. 63). The lack of signals at 4.8 ppm suggested that these protons could be on a 
carbon carrying an O-sulfate group. Acetylated octyl glycosides (AOG) chemical analysis 
allowed to obtain the sugars’ absolute configuration which resulted in only the D-galactose 
configuration. Lastly, PMAA’s chemical analysis of the samples was performed, and Table 13 
shows that the galactose present in the sample is linked as follows: t-D-Gal, D-Gal-3-linked, 
and D-Gal-3,6-linked. 

Table 13. Linkage analysis of the EPS from Tetraselmis chuii based on GC–MS analysis of PMAAs. 

Monosaccharides  Glycosidic linkage PMAAs derivates  
Galp terminal 2,3,4,6-tetra-O-methyl 1,5 di-O-acetyl- 

galactopyranose 
Galp à3-linked 2,4,6-tri-O-methyl-1,3,5-tri-O-acetyl-

galactopyranose 
Galp à3,6-linked 2,4-di-O-methyl-1,3,5,6-tetra-O-acetyl-

galactopyranose 
 

The 1H,1H COSY, TOCSY, NOESY and 1H,13C DEPT-HSQC NMR experiments of 
purified EPS were collected (Fig. 64) and confirmed the presence of a galactan polysaccharide.  
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Figure 64. 1H Selected region of 1H, 13C DEPT-HSQC spectrum of T. chuii desulfated EPS (MixC). DMSO 
is highlighted as a contaminant after chemical desulfation.  

The presence of anomeric signals at 103-104 ppm indicated β anomeric configurations for 
all the residues (Table 14). All the chemical shifts of the three different galactose units were 
identified. The downfield shift of the C-3 signals for units A at 82.0 ppm indicated its 
substitution (Bock & Pedersen, 1983). Residues C were recognised to be 3,6-substituted units 
due to the downfield shifts of both C3 and C6, at 82.0 and 69.0 ppm, respectively. Residues B 
were found to be terminal non-reducing ends since none of the carbons were downfield shifted. 
The study of the 2D NMR also revealed that some of the 3-linked galactose units are substituted 
at position O-2 by a methyl group (A’ units, Table 14). This was revealed by the signal at δ 
3.36 ppm that displayed a long-range correlation with the shifted C2 of the A’ units at 81.6 
ppm. Integration of the ¹H NMR signals suggested an approximate ratio of one methylated 
galactose unit every six galactose residues. These structural features deduced from the NMR 
analysis are aligned with previously described extracellular polysaccharides from marine 
microalgae, which are commonly reported as β-galactans or galactose-rich polymers dominated 
by 3-linked and 3,6-substituted β-D-galactopyranose residues (Laroche, 2022).  For instance, 
EPS produced by red microalgae such as Porphyridium spp. have been extensively described 
as high-molecular-weight, anionic polysaccharides with significant galactose content and 
structural features comparable to marine algal galactans (Percival & Foyle, 1979). In addition, 
substituents such as methyl ethers, sulfate groups, and other functional groups have been 
reported as recurrent modifications in algal and marine polysaccharides, supporting the 
identification of methyl-substituted galactose units in the present EPS (Ciancia et al., 2020). 

 
Table 14. 1H and 13C NMR chemical shifts (ppm) of EPS from T. chuii in MixC. Spectra were recorded in 

D2O solution at 298 K (600 MHz) 
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Residue  H-
1/C-11JCH 

H-2 
C-2 

H-3 
C-3 

H-4 
C-4 

H-5 
C-5 

H-6 a,b 
C-6 

O-CH3 

A 
3-b-D-Galp 

4.60 
103.8 

3.69 
70.2 

3.76 
82.0 

4.11 
68.3 

3.63 
74.6 

3.63 
60.9 

- 

A’ 
3-b-D-Galp 

2-OCH3 

4.60 
103.8 

3.69 
81.6 

3.76 
82.0 4.11 

68.3 

3.63 
74.6 

3.63 
60.9 

3.36 
58.1 

B 
t-b-D-Galp 

4.54 
104.2 

3.53 
70.9 

3.58 
72.5 

3.84 
66.8 

3.84 
73.3 

3.59 
72.0 

- 

C 
3,6-b-D-Galp 

4.41 
103.0 

3.60 
70.1 

3.83 
82.0 

4.11 
68.4 

3.82 
73.9 

3.95 
69.0 

- 

 

Linkage analysis via PMAA and the analysed 2D NMR spectra indicated that the EPS from 
T. chuii is a β-galactan, composed predominantly of 1,3-linked galactose units forming a linear 
backbone. Occasional 3,6-linked galactose residues introduce branch points, with 
approximately one branch per five backbone units. A schematic representation of the EPS using 
the symbol nomenclature for glycans SNFG (Fig. 65) highlights the galactan backbone and its 
sparse branching, illustrating the overall architecture of this polysaccharide. 

 

Figure 65. Final structure of T. chii EPS using symbol nomenclature for glycans (SNFG), highlighting the 
1,3-linked β-D-galactan backbone, occasional 3,6-linked branching points, and the presence of 2-O-methylated 

galactose units. 

6.3 Conclusion 
Across the three Tetraselmis strains, the results of this study demonstrate a clear strain- and 

trophic mode-dependent variability in all growth and EPS production. AC favoured T. suecica, 
whereas T. suecica 22D and T. chuii performed better under HC, reflecting their stronger 
reliance on organic carbon sources. The progressive reduction of light in HC likely amplified 
these differences by limiting photosynthetic contribution and promoting strains with robust 
heterotrophic metabolism. EPM production was markedly influenced by both strain and growth 
conditions. MixC consistently yielded the highest EPM amounts, suggesting a synergistic effect 
of combined autotrophic and heterotrophic metabolism on polysaccharide synthesis. While AC 
cultures produced lower EPM amounts, HC significantly enhanced secretion. In MixC 
bioreactor cultivations, the strain-dependent response was further confirmed under controlled 
conditions, with T. chuii showing higher biomass and EPS yields (2.28 g and 1.2 g, 
respectively) compared to T. suecica 22D (1.66 g biomass and 0.8 g EPS), reflecting the 
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differential growth dynamics and polysaccharide production observed across cultivation 
systems. Overall, these findings highlight the metabolic plasticity of Tetraselmis strains and 
underscore how trophic mode, light availability, and cultivation system jointly shape biomass 
accumulation and, more specifically, polysaccharide production. 

The preliminary data of T. chuii EPMs revealed a highly heterogeneous polysaccharide 
composition that varies according to the cultivation conditions. DOC-PAGE analysis 
highlighted the presence of both low and high molecular weight components under all 
conditions, whereas ¹H NMR and FT-IR spectra indicated that EPMs obtained under HC and 
MixC conditions share similar structural features, while the AC-derived polysaccharides 
displayed different profiles, suggesting a diverse composition and/or sulfation pattern. In 
particular, the absence of significant sulfate bands in AC EPM, compared to HC and MixC, 
indicates that organic carbon availability and combined trophic growth influence the chemical 
features of T. chuii EPM. 

Purification of T. chuii MixC EPS by gel filtration, DOC-PAGE analysis, and HPLC 
revealed an intrinsic heterogeneity of the sample; however, monosaccharide analysis identified 
galactose as the sole monosaccharide, confirming the galactan nature of the EPS. Further 
structural elucidation, including desulfation and PMAA linkage analysis, demonstrated that the 
polysaccharide is a β-galactan mainly composed of 1,3-linked galactose units forming a linear 
backbone, with occasional 3,6-linked residues introducing branch points at approximately one 
branch every five backbone units. 2D NMR experiments further confirmed the galactan 
structure and revealed the presence of 2-O-methylated galactose units, occurring approximately 
once every six galactose residues. Overall, the combined NMR and linkage analysis data 
indicate that the EPS consists of a linear 1,3-β-D-galactan backbone with sparse branching and 
minor structural modifications, consistent with reported extracellular galactans from marine 
microalgae. 

These findings indicate that T. chuii EPS grown in MixC exhibits a galactan backbone with 
controlled branching, and that its structural features, such as sulfation, are influenced by 
cultivation conditions, highlighting the interaction between metabolism and polysaccharide 
biosynthesis. Since T. chuii EPM grown in HC showed the most similar HPLC and 1H NMR 
profiles compared to MixC, it is possible to speculate that no significant differences in its 
backbone are present. On the other hand, T. chuii EPM grown in AC can be further studied to 
identify the punctual structural differences. This chemical characterization provides a 
foundation for understanding the potential functional and biotechnological applications of these 
EPSs. 



  CHAPTER 7 
Experimental  

 

 82 

Chapter 7 

Experimental 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  CHAPTER 7 
Experimental  

 

 83 

 

7.1 Shewanella vesiculosa  

7.1.1 Bacterial cells growth 

The cells of S. vesiculosa HM13 nfnB mutant strain (Chen et al., 2020) were grown at 18°C 
in an LB medium, and the cells at the stationary phase (OD600 = 2.0-3.0) were recovered after 
centrifugation. A rifampin-resistant mutant of this strain (HM13-Rifr) was used as the parental 
strain for the construction of gene-disrupted mutants. 

7.1.2 Isolation and purification of capsular polysaccharide 

Dried cells (1.5 g) were first extracted with phenol/chloroform/petroleum ether (PCP) 
procedure and then by hot water/phenol extraction, as already reported  (Galanos et al., 1969; 
Hendrickson & Ward, 1975). The water extract was extensively dialyzed against milli-Q water 
(cut-off 3500 Da) and freeze-dried (150 mg). The water extract was firstly subjected to 
enzymatic digestion with DNase, RNase, and protease, and dialysed against water (cut-off 1000 
Da) (Di Guida et al., 2022). Then, it was hydrolyzed with 1% aqueous CH3COOH (9 mL, 100 
°C, 3 h), and the resulting suspension was centrifuged (11.5 g, 4 °C, 30 min). The pellet was 
washed twice with water, and the supernatant layers were combined and fractionated on a 
Biogel P-10 column (Bio-Rad, 1.50 cm X 90 cm, fraction volume 2.5 mL), eluted with water. 
The CPS fraction (1 mg) was lyophilized and analysed using chemical analyses and NMR 
spectroscopy. 

7.2 Vibrio crassostreae 

7.2.1 Bacterial cells growth  

Vibrio crassostreae isolates were cultivated under laboratory conditions in LB medium 
supplemented with NaCl (35 g L⁻¹) to mimic marine salinity. Cultures were incubated overnight 
at 25-28 °C under aerobic conditions. Cells were harvested by centrifugation and immediately 
stored at low temperature before further analyses. 

7.2.2 CPS and LPS extraction and purifications  

1,4 g of V. crassostreae bacterial dried cells were extracted using the PCP 
(phenol/chloroform/petroleum ether, 2:5:8 v/v/v) method (Galanos et al., 1969). After 
removing chloroform and petroleum ether, LPS was precipitated by adding water. The cell 
debris was then extracted using the hot phenol-water method (Hendrickson & Ward, 1975). The 
obtained aqueous phase (WP) was purified from proteins and nucleic acids by treatment with 
DNase and RNase from bovine pancreas at 37°C for 16 h, followed by Proteinase K from 
Streptomyces griseus (Sigma Aldrich®, St. Louis, MO, USA) at 60 °C for 2 h (Nguyen et al., 
2019). The mixture was dialyzed against water (cut-off 1000 Da) and freeze-dried. The sample 
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was then hydrolysed with 1% aqueous CH3COOH (15 mL, 100° C, 3 h). The resulting 
suspension was then centrifuged (4° C, 60min), and the supernatant portion was fractionated 
on a Sephacryl S-400HR (Sigma, 110 × 0.75 cm, flow rate 10.0 mL/h, fraction volume 2.5 mL), 
eluted with 0.05 M ammonium bicarbonate. The elution was monitored with a refractive index 
detector (Knauer K-2301). 

7.3 Alteromonas macleodii 

7.3.1 Bacterial cells growth 

The EPS was produced by the bacterium Alteromonas macleodii Mo169 (CNCM I-5374), 
cultivated in a 2 L bioreactor, using   (60 g/L) as a carbon source, as described by Concórdio-
Reis et al. (Concórdio-Reis et al., 2023). At the end of the cultivation run, the EPS was 
recovered from the cell-free supernatant, obtained by centrifugation (13,000 ×g, 45 min, 4°C), 
through dia/ultrafiltration (Sartocon Slide Holder equipped with a 100 kDa Hydrosart 
ultrafiltration cassette, Sartorius), as previously described (Concórdio-Reis et al., 2020). 

7.3.2 EPS purification   

To eliminate residual lipopolysaccharides (LPS) present in the sample, mild acid hydrolysis 
was performed with 1% aqueous CH3COOH (10 mg mL-1, 100 °C, 3 h) (Fresno et al., 2007). 
The resulting suspension was centrifuged (4500 g, 4 °C, 30 min), and the supernatant was 
purified through a Biogel P-10 column (Bio-Rad, 78 × 0.50 cm, flow rate 9.6 mL h-1, fraction 
volume 2.5 mL) eluted with water. The fraction eluted in the void volume was further purified 
on a Sephacryl S-300 (Sigma, 176 × 0.75 cm, flow rate 10.8 mL h-1, fraction volume 2.5 mL) 
eluted with ammonium hydrogen bicarbonate 50 mM. The purified EPS was subjected to an 
alkaline treatment with aq. NH3 for 1 h at room temperature and purified through Sephacryl S-
400 column (Sigma, 176 × 0.75cm, flow rate 10.8 mL h-1, fraction volume 2.5 mL) eluted with 
ammonium bicarbonate 50 mM. 

7.4 Ellisolandia elongata 

7.4.1 Sampling 

The samples were collected and kept in marine water to prevent degradation. Then each 
sample was washed with milli-Q water to remove epiphytes and other organisms that are 
usually located on the algae. Samples were dried in an oven at 37°C for 48 h and reduced to 
powder using liquid nitrogen.  

7.4.2 Polysaccharides extraction and purification 

A pretreatment (PTR) was performed by adding 98% ethanol 10 g·L⁻¹ to the powder, 
followed by magnetic stirring at room temperature for 4 hours. Subsequently, the solution 
underwent centrifugation at 7000 rpm at 4°C for 30 minutes.  
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After the pretreatment, a water extraction (WE) was performed on the pellet. The 
polysaccharides were extracted from 4g of cells using 50 g·L⁻¹ water at 75°C for 4 hours under 
magnetic stirring. Then the solution was centrifuged at 4°C, 7000 rpm for 30 minutes. The 
supernatant was collected, and 4 volumes of ethanol 98% (v/v), -20°C, O.N. (WEP). The 
extraction was performed another two times by adding a solution of Na2CO3 1% at 60°C the 
first time, and 2% the second time. The second and third supernatants were collected, unified, 
and this time they were put on a dialysis bag (cut-off of 3.5KDa) against water (WED). 

The acidic extraction (AE) was performed by adding water to the pellet 100 g·L⁻¹ and 
keeping them at 95°C, with magnetic stirring for 3 hours. The cells were resuspended with HCl 
solution (pH 6), R.T., on magnetic stirring for 3h. The last time the extraction was performed 
by adding water again to the cells at 95°C for 3h. To facilitate polysaccharide precipitation, two 
volumes of absolute ethanol 98% (v/v) were added to the supernatant, and the mixture was 
incubated at -20°C overnight. The solution was then centrifuged, and the polysaccharides 
(AEP) were freeze-dried. The samples were then purified through a Sephacryl S-400 (Sigma, 
78x 0.50cm, flow rate 8,4 mL/h, fraction volume 2.5 mL) eluted with ammonium bicarbonate 
50 mM.  

Enzymatic hydrolysis was performed using α-amylase to cleave the α-(1→4) glycosidic 
linkages of α-glucans. An enzymatic solution was prepared at a concentration of 30 g·L⁻¹ α-
amylase from Aspergillus oryzae (Sigma Aldrich®, St. Louis, MO, USA), in distilled water. 
This solution was then added to approximately 20 mg of the sample, and the mixture was 
incubated at 40 °C for 2 h under continuous stirring. After incubation, the enzyme was 
inactivated by heating the mixture at 90 °C, and the sample was subsequently loaded onto a 
Sephacryl S-300 chromatographic column (Sigma, 40 x 0.50cm, flow rate 8,4 mL/h, fraction 
volume 2.5 mL) eluted with ammonium bicarbonate 50 mM for isolation of the other 
polysaccharide. The fraction eluted in the void volume was further purified on a Biogel P-100 
column (Bio-Rad, 78 x 0.75 cm, flow rate 9.6 mL/h, fraction volume 2.5 mL) eluted with water.  

7.5 Tetraselmis strains  
Three Tetraselmis strains were purchased from Culture Collection of Algae and Protozoa 

(CCAP) SAMS Limited in axenic conditions: Tetraselmis suecica 66/4 (isolated from Italy), 
Testraselmis suecica 66/22D (isolated from the UK), and Tetraselmis chuii 8/6 (isolated from 
the UK)  

50 ml of T. suecica 66/4 and T. chuii 8/6 arrived on liquid media F/2, and under a flow 
chamber, 10 ml of each culture were immediately inoculated in 100ml T-flasks with air caps in 
two different media: F/2 and a media solution with 1ml of Nutribloom Plus (Necton S.A., 
Portugal). T. suecica 66/22D arrived on an agar plate; in this case, a small number of cells were 
taken and added to the two media in 100ml T-flasks. 1mL of T. suecica 66/4 and T. chuii 8/6, 
and a small amount of cells from T. suecica 66/22D were added to the agar plates. All samples 
were located under autotrophic conditions at 12:12 light and dark (L:D) cycle. All optical 
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density (OD) measurements were acquired using a Single Beam Scanning UV–Vis M509T 
spectrophotometer, monitoring absorbance at 750 nm.  

T. suecica 66/4 and T. chuii 8/6 growing on Nutribloom medium showed higher OD than 
the inocula growing on F/2 media. At this stage, T. suecica 66/4 and T. chuii were moved to 1L 
T-flasks, adding 100ml of media, and the L:D cycle was increased to 18:6. T. suecica 66/22D 
OD was still low due to the lower amount of cell inoculated, so no scale-up in T-flasks was 
performed, and the L:D cycle was increased to 18:6.  

7.5.1 Microalgae cells growth in different trophic conditions 

Microalgae were cultivated in 500-mL flasks with a working volume of 500 mL. For each 
condition (autotrophic, heterotrophic, and mixotrophic), 25 mL of an actively growing pre-
culture were inoculated into fresh Nutrbloom medium. Autotrophic cultures were grown in 
sterile seawater with a decrease in salinity from 36 to 30 to facilitate the future EPS purification 
steps, enriched with Nutribloom at a final concentration of 1 mL·L⁻¹. No external organic 
carbon source was added. Cultures were maintained under constant shaking (150 rpm). Cultures 
were illuminated with 8 W T5 LED lamps (T5 TUVE 8W/32, 0.5 W/LED, 30 cm) with a color 
temperature of 3500 K following a 12:12 L:D photoperiod. Lamps were positioned above the 
cultures to provide uniform illumination. Heterotrophic cultures were supplemented with 
glucose as the carbon source. A stock solution of 20 g glucose in 100 mL was prepared, and 
4.2 mL were added to each 500-mL flask to obtain a C/N ratio of 24, based on the nitrate content 
of Nutribloom (2.800% in 5 L). To minimise bacterial contamination, ampicillin (1 mg·mL⁻¹ 
in sterile water) and rifampicin (1 mg·mL⁻¹ dissolved in 2 mL ethanol) were added at the 
respective working concentrations. Cultures were kept in complete darkness and shaken at 150 
rpm. Mixotrophic cultures received the same glucose supplementation and antibiotic treatment 
as the heterotrophic ones. In addition, they were subjected to a gradual reduction of light 
availability, following the sequence of photoperiods: L:D 12:12 → 8:16 → 4:20 → 2:22 → 
0:24. Each photoperiod was maintained for an equal duration before transitioning to the next. 
Cultures were continuously shaken at 150 rpm. Once a week, a small amount of each culture 
was sampled to measure the OD at 750nm, and all cultures were checked under Zeiss AXIO 
Observer Z1 Inverted Fluorescence Microscope (100x) to compare the expected changing cell 
morphology of the microalgae in three different conditions. Biomass was harvested only at the 
end of the assay, and no statistical analyses were performed on growth data, since the primary 
objective of this work is the extraction and chemical characterization of polysaccharides. All 
EPMs were recovered from each strain by centrifuging at 4°C, 11000 ×g for 45 minutes. The 
pellet was washed with ammonium formate 0.5 M solution, and the supernatant was 
sequentially concentrated, dialyzed with dialysis bags (cut-off 3.5KDa), and freeze-dried. 

7.5.2 Bioreactor scale-up 

Microalgal cultures were grown in a 2-L bench-top bioreactor (Biostat B-plus Exclusive 
Flow, Sartorius Stedim, Germany). 2 mL of NutriBloom was added to 1.7 L of autoclaved 
Milli-Q water, along with 200 mL of each culture. Lastly, 30 mL of HEPES buffer (10 g/L) 
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was added to prevent foaming, 100 mL of glucose (200 g/L) was used as a carbon source, and 
20 mL of Penicillin and Streptomycin solution (Gibco Thermo Fisher, USA) was added to 
prevent contamination. The culture temperature was set at 25 °C, and stable thermal conditions 
were maintained with a Julabo CORIO CD-BC4 immersion circulator. The pH was controlled 
at 8 through automatic addition of HCl 1M and NaOH 1M. Mixing was provided by magnetic 
stirring at 200 rpm. Cultures were exposed to natural light throughout the experiment. Aeration 
was supplied at 1 SLPM (Standard Liters Per Minute) (0.5 vvm) through a sterile PTFE 0.22-
µm filter; this aeration rate corresponds to 0.5 volumes of air per volume of culture per minute 
for a 2-L working volume. All parameters were continuously recorded through the integrated 
bioreactor control system. All EPMs were recovered from each strain by centrifuging at 4°C, 
11000 ×g for 45 minutes. The pellet was washed with ammonium formate 0.5 M solution, and 
the supernatant was sequentially concentrated, dialyzed with dialysis bags (cut-off 3.5KDa), 
and freeze-dried. 

7.5.3 T. chuii EPS in MixC extraction and purification 

The EPS was recovered from each strain by centrifuging at 4°C, 11000 ×g for 45 minutes. 
The pellet was washed with ammonium formate 0.5 M solution, and the supernatant was 
sequentially concentrated, dialyzed with dialysis bags (cut-off 3.5KDa), and freeze-dried. The 
sample was then purified through P-10 gel filtration chromatography (BioRad, 160 × 1.50 cm, 
flow rate 9.6 mL h-1, fraction volume 2.5 mL) eluted with degassed water. The sample was then 
desulfated as already described (Farias et al., 2000). 

7.6 Other analysis 

7.6.1 Deoxycholate-Polyacrylamide Gel Electrophoresis (DOC-PAGE) 

Polyacrylamide gel electrophoresis (PAGE) was performed using the system of Laemmli 
(Laemmli & Favre, 1973) with sodium deoxycholate (DOC) as detergent. Polysaccharide bands 
were visualized after Alcian blue staining and silver staining (Tsai & Frasch, 1982). The 
separating gel contained final concentrations of 14% acrylamide, 0.1% DOC, and 375 mM 
Tris/HCl (pH 8.8); the stacking gel contained 4% acrylamide, 0.1% DOC, and 125 mM 
Tris/HCl (pH 6.8). All samples were prepared at a concentration of 0.05% in the sample buffer 
(2% DOC and 60 mM Tris/HCl [pH 6.8], 25% glycerol, 14.4 mM 2-mercaptoethanol, and 0.1% 
bromophenol blue). All concentrations are expressed as mass/vol percentage. The electrode 
buffer was composed of sodium dodecyl sulfate (SDS) (1 g·L-1), glycine (14.4 g·L-1), and Tris 
(3.0 g·L-1). Electrophoresis was performed at a constant amperage of 30 mA. Gels were fixed 
in an aqueous solution of 40% ethanol and 5% acetic acid.  

7.6.2 FT-IR  

FT-IR spectra were recorded using a Jasco 3000 FT-IR spectrometer. For each 
measurement, 1 mg of dried sample was thoroughly mixed with approximately 100 mg of 
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potassium bromide (KBr, EMSURE®, ACS reagent, Ph. Eur. grade; Merck KGaA) and pressed 
into transparent pellets using a hydraulic press. Spectra were collected in the range of 4000-400 
cm⁻¹, with a resolution of 4 cm⁻¹ and an average of 32 scans per sample. 

7.6.3 FT-ATR 

E. elongata samples and alginate-based films were analyzed using the Attenuated Total 
Reflectance (ATR) mode. FTIR-ATR spectra were recorded using a Thermo Fischer Scientific 
Nicolet 6700 spectrometer equipped with a universal-ATR accessory, featuring a diamond 
crystal and ZnSe focusing elements. Measurements were performed at room temperature with 
a single reflection at an incident angle of 45°. For each sample, 16 scans were collected over 
the 4000-650 cm−1 spectral range at a resolution of 4 cm−1. 

7.6.4 High-performance liquid chromatography (HPLC) 

HPLC analyses were performed using an Agilent 1100 Series system equipped with a 
G1312A binary pump and a refractive index detector (RID). Separation was carried out on an 
A6000 aqueous column (300 × 8 mm). The eluent consisted of 0.1 M NaNO₃ containing 0.02% 
(w/v) NaN₃, delivered at a flow rate of 0.5 mL·min⁻¹. Samples were filtered prior to analysis, 
and an injection volume of 100 µL was used for all runs. 

7.7 Chemical analysis  

7.7.1 Acetylated O-methyl glycosides (AMG) 

Monosaccharides were derivatized as acetylated methyl glycosides (AMGs) and analyzed 
by gas chromatography-mass spectrometry (GC-MS). Samples (1 mg) were methanolyzed in 
HCl/MeOH (1.25 M, 1 mL) at 80°C for 16 h (Abid et al., 2019), followed by hexane extraction. 
The hexane layer was directly analyzed for fatty acid methyl esters (FAMEs), while the 
methanol phase was dried and acetylated (Ac₂O/pyridine, 100°C, 30 min). GC-MS was 
conducted on an Agilent 7820A instrument with a 5977B MS detector and HP-5 capillary 
column (30 m×0.25 mm i.d.; He, 1 mL/min) (Artini et al., 2019). 

7.7.2 Acetylated Alditols (AA) 

A portion of the freeze-dried material (1 mg) was subjected to hydrolysis with 2 M TFA at 
120 °C for 2 h. The hydrolysate was evaporated under a gentle air stream, and the released 
monosaccharides were reduced in ethanol using NaBH₄ to generate alditols. These were 
subsequently acetylated with acetic anhydride (25 µL) in pyridine (25 µL) at 80 °C for 30 min. 
After removal of solvents under airflow, the acetylated alditols were resuspended in 100 µL of 
acetone and analyzed by GC-MS (Corsaro et al., 1997). 

7.7.3 Octyl-glycosides (OGA) 
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The absolute configuration of the sugars was determined by gas-chromatography analysis 
of their acetylated (-)-2-octyl glycosides (Leontein et al., 1978). Acetylated octyl glycosides 
were then analysed at the GC-MS. 

7.7.4 Partially Methylated Alditol Acetates (PMAA) 

Linkage positions were determined after derivatization of the sample into partially 
methylated acetylated alditols. The sample was methylated with 100 µL of CH₃I and 
subsequently hydrolyzed with 2 M TFA at 120 °C for 2 h. Following neutralization, the 
hydrolysate was reduced with NaBD₄, acetylated, and injected into the GC-MS system.  

7.7.5 Dephosphorylation of LPS by hydrofluoric acid (HF) treatment  

LPS (1 mg) was treated with 100 µL of 48% aqueous hydrofluoric acid (HF) (Sigma 
Aldrich®, St. Louis, MO, USA) at 4 °C for 16 h in order to remove phosphate groups. The 
reaction mixture was kept in an ice bath throughout the treatment. After incubation, the HF was 
carefully evaporated to dryness under a fume hood at low temperature. The HF-treated residue 
was then dissolved in distilled water and lyophilized. 

The resulting dephosphorylated sample was subsequently analyzed as acetylated methyl 
glycosides (AMG), following the procedure described in section 7.7.1. This treatment enables 
the detection of phosphorylated Kdo and heptose residues by GC-MS, since HF cleavage 
efficiently removes phosphate groups without degrading the sugar backbone. 

7.7.6 Gas Chromatography Mass Spectrometry (GC-MS) 

All analyses were performed using an Agilent Technologies 7820A Gas Chromatograph 
equipped with a 5977B mass selective detector and an HP-5 capillary column (Agilent, Milan, 
Italy; 30 m×0.25 mm). Helium was used as the carrier gas at a flow rate of 1 mL/min. 

For AMG and OGA analysis, the temperature program was set as follows: initial 
temperature of 140°C held for 3 min, followed by a ramp from 140 °C to 240°C at 3°C/min. 

For PMAA analysis, the program was: 90°C for 1 min, ramped from 90 C to 140°C at 
25°C/min, then from 140°C to 200°C at 5°C/min, followed by an increase from 200°C to 280°C 
at 10°C/min, with a final hold at 280°C for 10 min. 

For FAMEs analysis, the temperature program was: 150°C for 5 min, ramped from 150°C 
to 280°C at 3°C/min, with a final hold at 280°C for 5 min. 

 

7.8 Nuclear Magnetic Resonance spectroscopy (NMR) 

7.8.1 NMR spectroscopy in solution 

One- and two-dimensional ¹H and ¹³C NMR spectra were recorded in deuterium oxide 
(D₂O) at pD 7.0. Experiments were performed at 298 K using a Bruker DRX-600 MHz 
spectrometer equipped with a cryoprobe, and at 307 K using a Bruker Avance 600 MHz 
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instrument. ¹³C NMR experiments were also carried out on a Bruker DRX-400 MHz 
spectrometer. Chemical shifts were calibrated using acetone as an internal reference (δH = 2.225 
ppm; δC = 31.45 ppm). 

A complete set of 2D NMR experiments was acquired to assign spin systems and establish 
connectivity. Homonuclear spectra included double-quantum-filtered correlation spectroscopy 
(DQF-COSY), total correlation spectroscopy (TOCSY), and Nuclear Overhauser enhancement 
spectroscopy (NOESY) or rotating frame Overhauser enhancement spectroscopy (ROESY). 
TOCSY experiments were acquired with mixing (spin-lock) times of 100 ms, while 
NOESY/ROESY experiments used mixing times ranging from 100 to 300 ms (typically 150 
ms), acquiring 16 scans per increment. 

Data sets (t₁ × t₂) consisted of 4096 × 256 points for TOCSY and NOESY/ROESY, and 
4096 × 512 points for DQF-COSY. The t₁ and t₂ time domains were converted by double 
Fourier transformation into the F1 (indirect) and F2 (direct) frequency axes, producing 2D 
spectra in which cross-peaks indicate correlations between nuclei. Homonuclear experiments 
(COSY, TOCSY) reveal scalar couplings, whereas NOESY and ROESY highlight through-
space proximities. In NOESY/ROESY, the intensity of cross-peaks is inversely proportional to 
the sixth power of the internuclear distance: 

 

𝐼!"# ∝
1
𝑟$	

 
                                                                                                                                                          
This relationship provides qualitative distance information, which is particularly useful for 

mapping spatial proximities within the oligosaccharide structure. 
The data matrix for all homonuclear experiments was zero-filled to 4K×2K points and 

resolution-enhanced in both dimensions using a cosine-bell window function prior to Fourier 
transformation. Coupling constants were determined from phase-sensitive DQF-COSY spectra. 

Heteronuclear experiments included ¹H, ¹³C HSQC, and HMBC. HSQC spectra were 
recorded in phase-sensitive mode using echo/antiecho gradient selection and multiplicity 
editing during the selection step. HMBC experiments were optimized for long-range coupling 
constants and employed a low-pass J-filter to suppress one-bond correlations, using gradient 
pulses for selection. A 60-ms relay was used for the evolution of long-range correlations. Data 
sets for HSQC and HMBC consisted of 2048 × 256 points, with proton detection and broadband 
decoupling in the ¹³C domain. DEPT-HSQC and F2-coupled HSQC were also acquired for 
improved assignment of proton–carbon connectivities. 

All spectra were processed using standard Bruker software with zero-filling and apodization 
to enhance resolution. Experimental conditions and acquisition parameters were chosen 
according to established procedures. 

 

7.9 Functional Characterization and Application-Oriented Assessment 
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The biological experiments were conducted as a preliminary; no additional statistical 
analyses were carried out. Future work will include independent replicates and statistical 
analyses to confirm the observed trends.  

7.9.1 Antibiofilm assays  
Biofilm formation was assessed according to Christensen et al., with minor modifications. 

Sterile 96-well flat-bottom polystyrene plates were inoculated with S. epidermidis RP62A 
(Gowrishankar & Pandian, 2017) or O-47 (Raue et al., 2020) at initial OD₆₀₀ values of 
approximately 0.1 and 0.001, respectively, in BHI medium. 

The analysed samples were resuspended in different buffers according to their nature. The 
crude sample was resuspended in bidistilled water, the polysaccharidic extract in BHI medium, 
and the lipid extract in 8% DMSO diluted in water. All samples were sterilised by filtration 
through a 0.22 μm pore-size filter and tested at final concentrations of 0.5 or 0.25 mg/mL. 

Plates were incubated at 37 °C for 24 h. Biofilm biomass was quantified by crystal violet 
staining, and the bound dye was solubilised in a solution of 20% (v/v) glacial acetic acid and 
80% (v/v) ethanol before measuring absorbance at 590 nm using a microplate reader 
(Benchmark Plus Microplate Spectrophotometer). All conditions were tested in six technical 
replicates and repeated at least twice in independent experiments. 

7.9.2 Hydrogen Peroxide Scavenging Assay 

The hydrogen peroxide stability was measured by following the absorbance at 240 nm of 
1 mL of fresh hydrogen peroxide solution (50 mM Potassium Phosphate Buffer, pH 7.0; 
0.036% (w/w) H2O2). Quantitative determination of H2O2 scavenging activity of all samples 
was measured by the loss of absorbance at 240 nm as previously described (Vittoria et al., 
2023). More specifically, 1mg/ml of each sample were incubated in 1 mL of 0.036% hydrogen 
peroxide solution at RT. After 15 and 30 minutes, the hydrogen peroxide concentration in the 
supernatant was determined by measuring the absorbance at 240 nm. The percentage of 
peroxide removed was calculated as reported below: 

H2O2 removed (%) = (1 − Asample/Acontrol) × 100 

7.9.3 α,α-diphenyl-β-picrylhydrazyl (DPPH) Assay 

The α,α-diphenyl-β-picrylhydrazyl (DPPH) free radical scavenging method was used to 
evaluate the potential antioxidant activity of all samples following the protocol reported in 
(Vittoria et al., 2023), with some modifications. 2mg/ml of each sample was incubated in a final 
volume of 1 mL of 50 mM citrate phosphate buffer (pH 7) containing 0.1 mM of freshly 
prepared DPPH (giving absorbance ≤ 1.0). The reaction was allowed to proceed in the dark at 
room temperature, taking different times at 15, 30, 60, and 90 minutes. The DPPH free radical 
scavenging activity was then monitored by determining the absorbance at 515 nm and 
calculated according to the following equation:  
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DPPH radical scavenging activity (%) = (1 − Asample/Acontrol) × 100 

where Asample is the absorbance of the reacted mixture of DPPH with the extract sample, and 
Acontrol is the absorbance of the DPPH solution. 

7.9.4 Differential Scanning Calorimetry (DSC) 

Thermal properties of Ellisolandia elongata samples and their corresponding extracts were 
investigated by Differential Scanning Calorimetry (DSC) using a Q2000 TA Instruments 
apparatus equipped with a TA Instruments DSC cooling system, under a nitrogen flow rate of 
20 mg/mL. Approximately 5 mg of each sample was sealed in aluminum pans and analyzed 
under an inert nitrogen (N₂) atmosphere. Heating/cooling rate was fixed to 10 °C/min in all the 
measurements. 

The thermal program was set as follows: 

• First heating run (I run): 20 → 150 °C at 10 °C·min⁻¹ 

• Cooling: 150 → 20 °C at 10 °C·min⁻¹ 

• Second heating run (II run): 20 → 150 °C at 10 °C·min⁻¹ 

7.9.5 Alginate-Based Films  

The samples were added to a 2% (w/v) aqueous sodium alginate solution at a concentration 
of 5% (w/w) with respect to alginate. Due to its insolubility, E. elongata S was dispersed using 
an Ultra-Turrax® T25 homogenizer (Janke & Kunkel, Germany) for 30 s at 16,000 rpm to 
ensure a homogeneous distribution within the polymeric matrix, whereas S-AEP was dissolved 
under magnetic stirring until complete solubilization. 

The AlgNa-S dispersion and the AlgNa-S-AEP solution were cast into Petri dishes, and 
films were obtained by solvent casting. Mild heating was applied to facilitate solvent 
evaporation and to remove air bubbles formed during mixing. 
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This PhD work was focused on the isolation, purification, and structural characterization of 
marine polysaccharides derived from different biological sources, including Gram-negative 
bacteria, red macroalgae, and microalgae. By integrating chemical, chromatographic, and 
spectroscopic approaches, this study highlights the extraordinary structural diversity of marine 
glycans and their close relationship with environmental adaptation and potential biological 
functionality. 

The investigation of Shewanella vesiculosa HM13 nfnb mutant provided insight into the 
plasticity of bacterial surface polysaccharides in response to genetic and physiological 
variations. In addition to the previously described CPS corona, the nfnB mutant strain produced 
an additional capsular polysaccharide composed of a disaccharide repeating unit never been 
reported so far. This finding underlines the remarkable capacity of marine bacteria to modulate 
their surface glycan architecture and suggests a potential role of CPS structural variability in 
membrane vesicle formation and cargo loading, opening new perspectives for functional and 
mechanistic studies. 

The capsular polysaccharide of Vibrio crassostreae, was structurally elucidated for the first 
time. The CPS consists of a well-defined trisaccharide repeating unit composed of fucose, N-
acetylfucosamine, and mannose, all in α-configuration. In parallel, preliminary analyses of the 
lipooligosaccharide revealed phosphorylated Kdo residues, providing the first molecular 
information on the surface glycoconjugates of this species. Together, these results establish a 
chemical framework for understanding the role of surface polysaccharides in host-pathogen 
interactions and represent a necessary step toward future in vivo and functional studies 
addressing V. crassostreae pathogenicity in BSUD. 

The extracellular polysaccharide produced by Alteromonas macleodii Mo169 was fully 
characterized and shown to consist of a linear disaccharide repeating unit composed of N-
acetylglucosamine and O-acetylated gulaminuronic acid. The presence of specific substitutions, 
such as O-acetyl groups, further emphasizes the chemical diversity of EPSs produced by marine 
bacteria and their potential to mimic glycosaminoglycan-like structures. These results support 
the relevance of marine microbial EPSs as promising alternatives to animal- or pathogen-
derived glycans, with potential biotechnological and biomedical applications. 

The study of the red coralline alga Ellisolandia elongata demonstrated how environmental 
conditions strongly influence polysaccharide yield, composition, sulfation degree, and 
biological activity. Structural analyses revealed the coexistence of Floridean starch and a highly 
heterogeneous sulfated xylogalactan, characterized by complex branching patterns, mixed D- 
and L-galactose configurations, and variable sulfation. Although the high structural 
heterogeneity prevented the definition of a unique repeating unit, the observed correlations 
between environmental stress, sulfation degree, and antioxidant and antibiofilm activities 
highlight the adaptive role of algal polysaccharides and support their potential application in 
biomedical and biotechnological fields. Furthermore, preliminary thermal analyses (DSC) and 
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incorporation of purified extracts into sodium alginate films demonstrated well-defined thermal 
transitions and good compatibility with polymeric matrices, suggesting additional opportunities 
for the development of functional materials and bioactive formulations. 

Finally, the investigation of EPSs secreted by Tetraselmis species demonstrated the strong 
influence of strain selection, trophic mode, and cultivation conditions on biomass accumulation 
and polysaccharide production. Tetraselmis chuii emerged as the most promising strain in terms 
of EPS yield and structural consistency. Detailed analyses showed that its EPS is a β-galactan 
with a mainly linear 1,3-linked backbone and sparse 3,6-linked branching points, whose 
chemical features are modulated by cultivation conditions. These findings confirm microalgae 
as a versatile and tenable source of marine polysaccharides and highlight the tight interplay 
between metabolism and glycan biosynthesis. 

The results presented in this thesis open several avenues for future research. From a 
chemical standpoint, further fractionation strategies and advanced analytical approaches could 
help to better resolve the intrinsic heterogeneity of complex marine polysaccharides, 
particularly those derived from macroalgae and microalgae. New approaches may also assist in 
elucidating structure-function relationships, enabling a deeper understanding of how specific 
structural features contribute to biological activity. From a biological and biotechnological 
perspective, the structurally characterized bacterial CPSs and EPSs provide a solid foundation 
for functional studies. In particular, Vibrio crassostreae CPS and LPS will be evaluated through 
in vivo assays to determine their direct role in Bald Sea Urchins Disease and to clarify whether 
these surface polysaccharides are contributing agents of pathogenicity. Additionally, 
immunomodulatory assays will be conducted to assess the potential activity of Tetraselmis 
chuii EPS, investigating its ability to modulate immune responses and highlighting its relevance 
as a biotechnological and biomedical tool. Algal extracts and polysaccharides, including 
sulfated galactans and xylogalactans, demonstrated significant antibiofilm and antioxidant 
activities, respectively, highlighting their potential as functional biomaterials. Preliminary 
investigations into film formation by solvent casting using Ellisolandia elongata 
polysaccharides are ongoing, and it can be speculated that the combination of antioxidant, 
antibiofilm, and film-forming properties may open promising avenues for biotechnological 
applications, including biomedical coatings, functional materials, and sustainable bio-based 
products. Further studies are expected to elucidate the structure-activity relationships and 
optimize these properties for practical implementation. 

Overall, this work contributes to expanding current knowledge on marine glycobiology by 
providing new structural and functional data on underexplored bacterial, algal, and microalgal 
polysaccharides. It highlights that structural heterogeneity, rather than being a limitation, 
represents an intrinsic and functionally relevant feature of marine glycans. The integration of 
chemical characterization with functional and application-oriented research demonstrates the 
potential of these molecules not only as bioactive compounds but also as versatile materials for 
biotechnological applications. In the broader context of the blue economy, this work 
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underscores the valorisation of marine biodiversity as a sustainable source of novel polymers, 
bridging rigorous chemical analysis with practical applications in biotechnology, biomedicine, 
and sustainable materials development. 
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