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RESUMO

Os exopolissacarideos (EPS) sdo macromoléculas promissoras com grande potencial para
o desenvolvimento de produtos sustentaveis de base bioldgica em varios setores. Os ambien-
tes marinhos, com as suas condic¢des Unicas e pouco exploradas, constituem fontes valiosas de
microrganismos capazes de produzir EPS. Estes polimeros, especialmente aqueles que contém
agUcares raros, acidos uronicos e grupos sulfatados, destacam-se pela sua elevada solubili-
dade, bem como pelas suas propriedades antioxidantes, fotoprotetoras e gelificantes, tor-
nando-os ideais para aplicagdes nas industrias cosmética, de salde e alimentar.

O objetivo deste estudo parte por investigar as propriedades funcionais e biolégicas de
cinco EPS com composig¢des distintas. O EPS RA19, rico em fucose, foi o Unico avaliado quanto
as suas propriedades funcionais, demonstrando um comportamento nao-Newtoniano e shear-
thinning, uma forte capacidade de emulsificacdo com 6leo de parafina e a aptiddo para formar
filmes estaveis, com ou sem plastificante, além de formar géis com Fe®*. Estas caracteristicas
tornam-no adequado para aplicacdo em cosméticos e entrega de farmacos. No entanto, as
suas propriedades biologicas foram limitadas a fotoprotecao em queratindcitos, sem apresen-
tar atividades antioxidantes ou cicatrizantes significativas.

O EPS SC4 demonstrou um excelente desempenho nas atividades fotoprotetora, antio-
xidante e cicatrizante, destacando o seu potencial para uso em cosméticos e engenharia de
tecidos. O EPS AB5 evidenciou uma atividade fotoprotetora significativa, enquanto o EPS RD5,
mostrou uma capacidade notavel na cicatrizacdo de feridas. Por fim, o EPS Mo169, apesar de
ndo ter demonstrado propriedades fotoprotetoras ou cicatrizantes, revelou uma forte ativi-

dade antioxidante, sugerindo a sua aplicacdo na mitigagdo do stress oxidativo.

Palavas chave: Exopolissacarideos (EPS), Propriedades Funcionais, Propriedades Biologi-

cas, Fucose, Sulfatos, Aplicacdes
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ABSTRACT

Exopolysaccharides (EPS) are promising macromolecules with significant potential for
developing sustainable bio-based products across various sectors. Marine environments, with
their unique conditions, serve as valuable but underexplored sources of novel EPS-producing
microorganisms. EPS featuring rare sugar, uronic acid moieties, and sulfation are particularly
attractive due to their enhanced solubility, antioxidant activity, photoprotection, and gelling
capabilities, making them ideal for applications in cosmetics, healthcare, and food industries.

This study investigates the functional and biological properties of EPS RA19, a fucose-
rich polymer. This polymer displayed non-Newtonian shear-thinning behavior, strong emulsi-
fication with paraffin oil, and the ability to form stable films with and without plasticizer, and
Fe?*-crosslinked gels, making it suitable for cosmetic and drug delivery applications. However,
its biological activity was limited to photoprotection in keratinocytes, showing no antioxidant
and wound healing activity.

Moreover, the bioactivity of four other EPS with previously demonstrated interesting
functional properties was investigated. EPS SC4 exhibited superior photoprotective, antioxi-
dant, and wound-healing properties, highlighting its potential in cosmetics and tissue engi-
neering. EPS AB5 showed significant photoprotective activity, while EPS RD5, rich in uronic
acids, demonstrated strong wound-healing capabilities. Finally, EPS Mo169, while lacking pho-
toprotective or wound-healing properties, showed strong antioxidant activity, suggesting its

use in oxidative stress reduction.

Keywords: Exopolysaccharides (EPS), Functional properties, Biological properties, Fu-

cose, Sulfate, Applications
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MOTIVATION AND BACKGROUND

1.1 Polysaccharides

Polysaccharides are the most prevalent high molecular weight polymers found in nature.
They are formed by monosaccharides linked through glycosidic bonds. These fundamental
building blocks define the structure of polysaccharides, which can be categorized into two
main types: homopolysaccharides and heteropolysaccharides. Homopolysaccharides, like cel-
lulose and pullulan, consist of repeating units of a single type of monosaccharide. In contrast,
heteropolysaccharides, such as xanthan and hyaluronic acid, are made up of various monosac-
charides, typically containing up to ten different types [1,2]. Common examples of monosac-
charides often found in nature include simple sugars like D-galactose, L-fructose and D-glu-
cose.

In addition, various derivatives of monosaccharides have been identified, such as amino
sugars like D-galactosamine and D-glucosamine, and their derivatives. Simple sugar acids, in-
cluding galacturonic and glucuronic acids, are also present, along with neutral sugars such as
L-rhamnose, L-arabinose, and L-fucose. Polysaccharides can also contain organic acyl groups,
such as acetyl, succinyl, and pyruvyl groups, and/or inorganic compounds (e.g., sulfate, fosfate)
[2].

Polysaccharides can be further classified according to three key characteristics: the level
of branching, the nature of glycosidic bond, and extension of their chains. Along with the wide
array of monomeric combinations the glycosidic linkages themselves are highly versatile. They
can exist in various configurations of the anomeric carbon, including o or B anomers, and the
chosen carbon atom engaged on the bond. This originates polysaccharides that vary from hav-
ing linear structures with a single type of monosaccharide to more complex structures with

multiple branches and different types of monosaccharides [3]. Linkages such as B-1,4 or B-1,3



result in regions that are relatively stiffer. In contrast, a-1,2 and a-1,6 linkages facilitate a

greater degree of flexibility in the backbone [4,5].

1.2 Microbial Polysaccharides

Microbial polysaccharides are classified into three distinct categories based on their cel-
lular location and functional roles: intracellular polysaccharides, stored in the cytoplasm as vital
reserves of carbon and energy (e.g., glycogen); cell wall polysaccharides, such as chitin, crucial
for maintaining cellular structural integrity; and extracellular polysaccharides (EPS), which in-
clude free exopolysaccharides (EPS) and capsular polysaccharides (CPS). EPS are secreted by
cells and play a multitude of essential roles in microbial physiology and interactions with the
environment [5,6].

Free exopolysaccharides and capsular polysaccharides are found in the outer layer of the
cell and bestow it with a protective barrier established between the environment and the cel-
lular membrane. Whereas CPS are defined as polymers that interact with the surface of the cell
via covalent bonds with phospholipids or lipid A molecules, EPS are expelled to the surface of
the cell and are usually sloughed off as slime. Notwithstanding, these definitions are not so
disconnected as they might seem, since some CPS are at times completely secreted from the
cell and some EPS might be found loosely associated with the surface [3].

In comparison to plants and algae, microorganisms excel in polysaccharide production
due to their rapid growth rates and adaptability. This allows for the manipulation of growth
conditions in favor of enhancement of growth and production [7]. Given the wide variety of
polysaccharides, encompassing both sugar monomers and non-carbohydrate groups, the

chemical and physical characteristics of microbial polysaccharides show significant differences

[5].

1.3 Exopolysaccharides

CPS primarily contribute to enhancing virulence and promoting pathogenesis, while free
EPS serve diverse functions including protection against abiotic environmental stresses such as
extreme temperatures, toxins, desiccation and salinity. Additionally, EPS also aids in promoting
cell adhesion, acting as reserves for water and carbon storage. On solid surfaces EPS illicit bac-
terial community growth and proliferation, along with promoting cell adhesion, ultimately

leading to the formation of biofilms [6].



Exopolysaccharides are sourced from a vast plethora of biological origins, encompassing
microalgae, fungi, and bacteria, each contributing distinct polymers with varied biological func-
tions and industrial applications. Bacterial production dominates the EPS landscape, exempli-
fied by well-known polymers like gellan gum [8], levan [9] and xanthan gum [10]. Algae signif-
icantly enrich the EPS repertoire with notable examples such as alginate [11] and fungal EPS
examples including pullulan [12], dextran [13], and lentinan [14]. Bacterial EPS can be acquired
from strains inhabiting a variety of environments, ranging from freshwater and marine ecosys-
tems to extreme conditions and soil habitats, further expanding their potential utility across
different industries. Table 1 provides an extensive overview of various polysaccharides, detail-
ing their sources and specific applications across multiple industries.

The advantages of bacterial EPS production lie in year-round availability, cost-effective-
ness, and ease of access, making them highly valuable and versatile materials for diverse ap-

plications [15].

1.4 Marine Biosphere: A rich source of microbial diversity

Spanning more than 70% of the Earth's surface, the oceans cover approximately 360
million square kilometers, with an average depth of 3.7 kilometers [17]. These vast waters ex-
perience pressures up to 38 megapascals and maintain an average temperature of around 2
degrees Celsius. Within this expansive bodies of water thrives a rich diversity of life, highlight-
ing its pivotal role in global biodiversity [18].

The unique environmental conditions of marine habitats create extreme ecological
niches within marine ecosystems. These include deep-sea hydrothermal vents, volcanic zones
underwater, saline lakes, polar sea ice, and microbial mats found in locations as diverse as
Polynesian atolls [18].

Microbial mats, known locally in French Polynesia as "kopara” mats, are a consort of mi-
crobial layers superimposed to form a mat. These mats typically exhibit pH values ranging from
6 to 10.5, salt concentrations varying between 5 and 42 g L', temperatures reaching 20°C at
night and 42°C at midday, and light intensities that vary depending on their geographical lo-
cation [19].



Table 1. Examples of polysaccharides displaying source, properties and applications. (Ara, L-arabinose; Fru, fructose; Fuc, L-fucose; Gal, galactose; Glc, glucose;

GIcA, glucuronic acid; IdoA, iduronic acid; Man, mannose; ManA, mannuronic acid; GlcNAc, N-acetyl- glucosamine; Rha, rhamnose; Suc, sucrose; Xyl, xylose)

Microorganism Polymer Monomers Source Properties Application References
Klebsiella pneumoniae| Fucogel GIcA, Fuc, Gal Bacteria Emulsifying, antimicrobial Cosmetic Industry [16]
. | Highh l, chelati -
Enterobacter cloacae | EPS 71a | Fuc, Gal, Glc, GIcA| Bacteria 'gh heavy rgzt;tyc elating ca Wastewater Treatment [17]
Anoxybacillus gonensis Xyl, Suc, Glc, Gal, . . o
VK25 <ulfate Bacteria Anticancer Medical industry [18]
Fuc, Gal, Glc, py- Antioxidant, photoprotective, Cosmetics
Enterobacter A47 FucoPol ruvate, succinate, | Bacteria emulsifying, gelling, wound Tissue engineering [7,19-22]
acetate healing Drug delivery
Sphingomonas elodea |Gellan Gum| Rha, GlcA, Glc Bacteria Gelling, thickening Food industry, Tissue engineering [8,23]
- , Xyl, Glc, GlcA, W ion, Isifying, an- .
Porphyridium cruentum Gal, Xyl, Gle, Gle Algae ater.ret.entlon emy 5|fy|.ng an Food industry [24]
sulfate tioxidant, antibacterial
Fi Holo- . Fuc, Sulfate, Ace- | Algae, in- | Anti- , anti-infl \ . .
ucus sgrraz‘us, olo- | ¢t coidan | FU¢ Sulfate, Ace gae, in- | nti-tumor, anti-in ammatory Medical, Pharmaceutic industry [25,26]
thuria tubulosa tate vertebrates|immunoregulator, anticoagulant
Laminaria, Algae Pharmaceutical, Tissue regenera-
Pseudomonas aeru- | Alginate ManA, GlcA g . Gelling, films ) L 9 [11,27]
. Bacteria tion, Food industry
ginosa
Xanth . . . . . Ti i ing, F i -
Xanthomonas antham Glc, Man, GIcA Bacteria Gelling, films, thickening 155U€ engineering .OOd indus [10,28]
Gum try, cosmetics
. Ic, Gal, Fuc, - . . o . i
Clavibacter Clavan Gle G\?ic aliicd pyru Bacteria Anti-tumor, moisturizing Medical and cosmetic industry [1,29]
A e/l Ilu- . Films, anti , antiviral, anti- . . .
ureobasidium pully Pullulans Glc Fungi ms ant|turpor gntmra ant Food, cosmetics, biomedical [12]
lans microbial
Rhodotorula mucilagi- Glc, Gal, glucopy- . . . -
nosa VMM 79 ranose Fungi Emulsifying, herbicidal Pesticide [30]




Table 1. (continuation) Examples of polysaccharides displaying source, properties and applications. (Ara, L-arabinose; Fru, fructose; Fuc, L-fucose; Gal, galactose;
Glc, glucose; GlcA, glucuronic acid; IdoA, iduronic acid; Man, mannose; ManA, mannuronic acid; GIcNAc, N-acetyl- glucosamine; Rha, rhamnose; Suc, sucrose;

Xyl, xylose)
Pediococcus pentisa- EPS E8 | Ara, Man, Glc, Gal | Bacteria Emulsifying, antioxidant Food, pharmaceutlcal, cosmetic [31]
ceus E8 industry
Chondlrus crispus ) Carregee- | Gal, 3,6-anhydro- Algae Gelling, thickening, stabilizing Pharmaceutjcal, food, cosmetic 32,33]
Kappaphycus alvarezii nans galactose, sulfate industry
Bacillus sp., Halomonas Levan Fry Bacteria Anti—oxidapt, anFi—ianarT}matory, Food, cosmet‘ics, Fhemigal, phar- 6,15]
sp. anti-carcinogenic maceutical industries
. . . Anti- , anti-infl \ o
Lentinula edodes Lentinan Glc Fungi nti-tumor .an’.u ntlammatory Pharmaceutical industry [14]
anti-diabetes
Weissella ;/;aar/a MED Glc Bacteria Wound healing, antioxidant Pharmaceutical industry [34]
Weissella, Lactobacillus| Dextran Glc Bacteria Water retentlon,‘wgund healing, Tissue engineering, food industry [6,13]
emulsifying
Rha, Xyl, IdoA, Irnn.wunomodglatlng aCtlYlty’ an- Agriculture, medical, biomedical
Ulva sp. Ulvan Algae tioxidant, anticancer, anticoagu- ) [35]
GlcA industry
lant
. .. | Scleroglu- . . . : .
Sclerotium rolfsii can Glc Fungi Water retention Cosmetics, Agriculture industry [36]
Papiliotrema terrestris Man, Glc Fungi Antibacterial, wound healin Biomedical indust [37]
PT22AV ' g ' g i
Agrobacterium Curdlan Glc Bacteria Gelling, texturizer Food, biomedical industry [38]
Sz‘repz‘oc’occus sp., Ba- HyaIu'ronic GIcA, GIcNAC Bacteria Anti—cgrcinogenic, wognd heal- | Medical, cosmetic, pharmaceuti- 39]
cillus sp. acid ing, water retention cal industry




The microbial community is mainly dominated by cyanobacteria, sulfurous and non-sul-
furous photosynthetic bacteria and sulfate-reducing bacteria in the deeper layers, along with
isolated microorganisms such as Chromatium sp. and Rhodobacter spp. [40]. Additionally,
these mats harbor heterotrophic bacteria from genera such as Pseudomonas, Alteromonas,
Paracoccus, and Vibrio recognized as primary producers of EPS [40].

As mentioned above, polysaccharides can be synthesized by various types of microor-
ganisms. However, the ability to produce promising EPS is best demonstrated by extremo-
philes, microorganisms adapted to prosper in extreme environments such as thermophiles,
psychrophiles, acidophiles, alkaliphiles and halophiles [41]. These organisms have evolved nu-
merous adaptations to survive and thrive in harsh conditions imposed by extreme tempera-
tures, pH levels, salt concentrations, and high radiation levels. The production of EPS serves as
a crucial survival mechanism, providing extremophiles with essential water, nutrients, and metal
ions [41]. Furthermore, EPS also acts as a protective barrier, shielding cells from toxic com-
pounds, metals, and abiotic factors such as temperature fluctuations, pH variations, and pres-
sure changes [6]. However, despite their potential, marine EPS remain under-explored and un-
der-researched [42].

1.5 Polysaccharide rich in fucose

Rare sugars, such as L-rhamnose, uronic acids and L-fucose, are notably scarcer in nature
compared to the more prevalent D-galactose and D-glucose [29]. Rare sugar exhibits distinc-
tive properties that make them highly attractive for various fields of applications. Bacterial EPS
containing rare sugars in their backbone are highly valuable, not merely due to their inherited
properties, but also for their ability to yield pure rare sugar monosaccharides thorough hydrol-
ysis and subsequent separation and purification steps [30].

Among these rare sugars, L-fucose, also known as 6-deoxy-L-galactose, is especially
noteworthy. This monosaccharide is a common component in the structures of several glycans
and glycolipids synthesized by mammalian cells. Fucose has two main structural features that
set them apart from other six-carbon sugar monomers. Firstly, it lacks a hydroxyl group on the
sixth carbon (C-6), and secondly, its configuration is L-configuration [43]. Microorganisms such
as bacteria, microalgae, and fungi produce several fucose-containing EPS.

A notable example of a fucose-rich EPS produced by Clavibacter strains, in particular C

michiganensis, Clavan is a tetrasaccharide composed of repeating units of L-fucose, L-



galactose, L-glucose in 2:1:1 [29]. Clavan can help prevent colonization of tumor cells in the
lungs and provide skin moisturization in cosmetic products (Table 1) [1].

Produced by bacteria belonging to £nterobacteriaceae family, such as Citrobacter, Enter-
obacter, and Klebsiella, colonic acid is a polyanionic heteropolysaccharide composed of D-
galactose, L-fucose, D-glucose and glucuronic acid in molar ratios 2:2:1:1 [44]. Its polyanionic
nature is conferred by the existence of uronic acid and pyruvate [45]. Colanic acid is widely
employed in cosmetic applications for its excellent water retention properties, which are pro-
vided by its high molecular weight and abundant hydrophilic groups (Table 1) [44].

Fucogel, an anionic exopolysaccharide abundant in fucose and produced by Klebsiella
pneumoniae, consists of a linear structure made up of repeating units of L-fucose, D-galactose,
and glucuronic acid. [16]. This EPS is extensively used in the cosmetics industry due to its potent
moisturizing and anti-aging properties [46]. Its self-emulsifying nature and ability to enhance
skin hydration makes it a valuable ingredient in skincare formulations (Table 1) [46,47].

Numerous species within the £nterobacter genus have been documented to synthesize
fucose-containing EPS. Fucopol, produced by Enterobacter A47, contains L-fucose, D-galac-
tose, D-glucose, in molar ratio 1.6:1.3:1.1 [7]. Acyl substituents, namely acetate, pyruvate and
succinate, were also detected in FucoPol’s composition [7]. This EPS has been reported to have
interesting physicochemical and biological properties, including emulsification [48], jellification
[49], photoprotection [20] and cryopreservation (Table 1) [50]. Enterobacter cloacae produces
an exopolysaccharide (EPS71a) with L-fucose, glucuronic acid, D-glucose, D-galactose in 2:1:1:1
molar ratio. The high content of glucuronic acid bestows EPS71a with negative charges and
acidic properties, exhibiting a high heavy metal chelating capacity, making it very interesting

for applications such as wastewater treatment (Table 1) [17].

1.6 Sulfated polysaccharide

Sulfated polysaccharides are a unique class of negatively charged polysaccharides char-
acterized by the presence of sulfate groups attached to their sugar residues. These sulfate
groups impart distinctive biochemical and biophysical properties that enhance the functional-
ity and application range of these polysaccharides [51]. High sulfate content can enhance the
hydrogen supply capacity and increase water solubility, improving antioxidant activity by sta-
bilizing free radicals [52,53]. Contrastingly, an abnormally high content of sulfate can disrupt

the EPS structures, reducing its potential [52].



Sulfated polysaccharides are synthesized by numerous marine organisms, including cya-
nobacteria, microalgae, and certain bacteria, and possess a broad spectrum of biological ac-
tivities. Fucoidan, one of the most recognized sulfated polysaccharides, is predominantly de-
rived from brown seaweed like Fucus vesiculosus, and a select group of marine invertebrates,
including sea urchins, Holothuria tubulosa, and sea cucumbers [25,54]. Structurally fucoidans
are very complex and devoid of regularity, however, all present high percentages of L-fucose
residues in their backbone, along with varying degrees of sulfation and other monosaccharide
components. Fucoidan has been extensively studied for its biological properties as anti-tumor,
anti-inflammatory, immunoregulator, anticoagulant (Table 1) [26,55-57].

Carrageenan is a family of linear sulfated polysaccharides extracted from seaweeds such
as Chondrus crispus [58] and Kappaphycus alvarezii [32]. It is composed of alternating galac-
tose residues and 3,6-anhydrogalactose, with varying degrees of sulfation. The differences in
the type and number of sulfate groups, lead to the classification of carrageenan into three main
types: kappa (k), iota (1), and lambda (A). Kappa Carrageenan (k-Carrageenan) has one sulfate
group per disaccharide unit and forms firm, rigid gels when potassium ions are present. I-
Carrageenan, contains two sulfate groups per disaccharide repeating unit and forms elastic
and soft gels in the presence of calcium ions. The most sulfated Carrageenan, lambda (M), has
three sulfate group per disaccharide unit. Unlike the previous, A-Carrageenan does not form
gels but acts as a thickening agent (Table 1) [59].

Beyond its use in the food industry, carrageenan has demonstrated antiviral properties
by blocking viral entry into cells [60], and has shown immunomodulatory effects [61], making
it useful in pharmaceutical formulations. Furthermore, In the cosmetics industry, carrageenan
is utilized for its ability to enhance the texture and stability of products, as well as for its mois-
turizing properties [33].

Another noteworthy example is Ulvan, a versatile sulfated polysaccharide extracted from
the cell walls of green macroalgae, particularly from species within the genera U/va (commonly
known as sea lettuce). Ulvan is composed of repeating disaccharide units, primarily consisting
of rhamnose, xylose, glucuronic acid, and iduronic acid, and varied sulfation levels [35]. These
structural features endow Ulvan with a wide range of biological activities, including antioxidant,
antiviral, and anticoagulant properties. Its applications span multiple industries, from food and
agriculture to pharmaceuticals and water treatment (Table 1) [62].

In recent years, EPS with a high sulfate content have attracted attention due to their
potential properties. A sulfated EPS derived from Chlorella sp. demonstrates anti-hyperglyce-

mic activity, making it a promising candidate for use as a nutraceutical or food additive [52].



Another sulfated EPS from Porphyridium cruentum has been shown to enhance microbiologi-
cal quality and oxidative stability in minced beef meat, suggesting its potential for extending
shelf life and producing healthier refrigerated meat products (Table 1) [24]. Additionally, the
thermophilic bacteria Anoxybacillus gonensis YK25 produces an EPS with anticancer activity,

indicating its potential application in the pharmaceutical industry (Table 1) [18].

1.7 Applications

Polysaccharides are increasingly recognized for their versatile applications in the bio-
medical , particularly in tissue engineering [63], wound healing [64] and drug delivery [63].
Their biocompatibility, biodegradability, and ability to form hydrogels make them excellent

contenders for a range of biomedical applications [63].

1.7.1 Biomedical Applications

Tissue engineering and wound healing are key biomedical applications that utilize bio-
materials to regenerate and repair damaged tissues, enhancing recovery and patient outcomes
[65].

Tissue engineering is a multidisciplinary field that focuses on creating scaffolds that sup-
port cell attachment, proliferation, and differentiation to restore or regenerate damaged tis-
sues and organs. EPS have emerged as promising scaffold materials due to their biocompati-
bility, biodegradability, and tunable mechanical properties [66].

EPS are particularly advantageous in tissue engineering because of their structural and
functional resemblance to glycosaminoglycans (GAGs). GAGs are composed of repeating di-
saccharide units that include uronic acid residues and amino sugars, a composition mirrored
by EPS [67]. This similarity enables EPS to emulate the natural cellular environment, enabling
essential cellular processes [6]. Additionally, the sulfate groups in EPS enhance their interaction
with growth factors and cytokines, stabilizing these molecules and boosting their biological
activity [68].

Hyaluronic acid is another noteworthy EPS known for its hydrating and viscoelastic prop-
erties [69]. It can be naturally present in the extracellular matrix of connective tissues [69] or
produced via biotechnology as EPS by bacteria, such as Streptococcus sp. and Bacillus sp. [39].

Hyaluronic acid-based scaffolds facilitate cell migration and proliferation, as well as nu-
trient diffusion, rendering them well-suited for applications in skin and wound healing [70].

Furthermore, they can be chemically modified to enhance their mechanical strength and



degradation rates, thereby enabling the adaptation of these scaffolds to specific tissue engi-
neering requirements [70,71].

Xanthan gum is another EPS employed in biomedical applications. Its high viscosity, sta-
bility under diverse conditions, natural biocompatibility, and resistance to mechanical degra-
dation render it useful for fabricating scaffolds that can support cellular growth /n vitro [10].
Xanthan gum can be blended with other polymers to enhance its mechanical properties, mak-
ing it suitable for soft tissue engineering [10].

FucoPol's biocompatibility and non-toxic nature make it an excellent candidate for
wound healing applications in tissue engineering. It can be used to develop hydrogels and
scaffolds that support cell proliferation and tissue regeneration, promoting faster and more
efficient wound healing. FucoPol-based hydrogels can maintain a moist wound environment,

which is crucial for optimal healing [19,22].

1.7.2 Pharmaceutical Applications

In pharmaceutical applications, drug delivery systems are crucial for enhancing the ef-
fectiveness and precision of treatments. These systems are carefully designed to release ther-
apeutic agents in a controlled way, targeting specific areas in the body to boost therapeutic
outcomes while reducing potential side effects [63]. Advanced drug delivery technologies, in-
cluding nanoparticles, liposomes, and biodegradable polymers, facilitate precise modulation
of drug release rates and distribution [72]. These sophisticated systems offer easy degradation,
enhance bioavailability, and enable translocation across biological barriers, ensuring localized
drug release [72]. Furthermore, the advancement of smart drug delivery systems, which re-
spond to physiological triggers such as pH or temperature fluctuations, holds promise for
highly targeted and responsive therapeutic interventions [73].

In drug delivery, EPS can be utilized to create various formulations such as hydrogels,
nanoparticles, and microspheres that encapsulate drugs. These EPS-based delivery systems can
administer drugs through oral, transdermal, intravenous, intramuscular, and targeted delivery
routes, offering versatility in therapeutic applications. The ability of EPS to tailor release kinetics
and enhance drug stability makes them valuable for optimizing drug delivery efficiency while
minimizing side effects [72].

Alginate is one of the most widely used polymers in drug delivery due to its innate bio-
compatibility and low toxicity [74]. Its ability to gel in the presence of calcium ions makes it

suitable for encapsulating a variety of drugs [11]. Alginate-based systems have been used to
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deliver proteins, peptides, and small molecule drugs, particularly for the treatment of gastro-
intestinal disorders and applications in wound healing [11,75].

Notably, hyaluronic acid is utilized in drug delivery systems for its capacity to target spe-
cific cells, such as in cancer therapy, non-immunogenicity and biocompatibility. Hyaluronic
acid-based hydrogels can encapsulate chemotherapeutic drugs and deliver them directly to
tumor cells, reducing systemic toxicity, inhibiting metastasis and improving therapeutic out-
comes [76].

Fucoidan has demonstrated potential in drug delivery due to its anticoagulant, anti-in-
flammatory and anti-metastatic properties. Fucoidan-based nanoparticles are being explored
for their ability to deliver anti-cancer drugs and enhance the immune response. Their bioactiv-
ity and biocompatibility make them suitable for developing targeted and controlled release

formulations [77].

1.7.3 Cosmetic Applications

EPS are highly effective at retaining moisture, creating hydrogels that keep the skin hy-
drated and elastic [78]. Their safety in formulations is guaranteed by their biocompatibility and
biodegradability [79]. As a result, EPS are commonly used in anti-aging and skin-repair prod-
ucts, where they enhance effectiveness by decreasing visible wrinkles, softening and strength-
ening the skin and improving elasticity [78].

Hyaluronic acid is widely used for its exceptional ability to retain water. It can hold up to
1.000 times its weight in water, making it an excellent hydrating agent. Hyaluronic acid is in-
corporated into creams, serums, and lotions to improve skin hydration, elasticity, and overall
appearance. Its use extends to anti-aging products where it helps to reduce the appearance of
fine lines and wrinkles [69].

Commonly used in the cosmetic industry, alginate is an EPS that forms a gel-like texture
when combined with calcium ions, making it ideal for inclusion in various cosmetic formula-
tions such as lotions, masks and creams. It serves as an effective thickener, gelling agent, and
stabilizer, enhancing the texture and stability of cosmetic products. Additionally, alginate's
film-forming ability enhances adhesion to the skin, making it particularly useful in products
designed for prolonged wear [80].

Valued for its moisturizing and bioactive properties, FucoPol offers hydration, smooth-
ness, and spreadability when included in skincare formulations. These characteristics make it
an ideal ingredient for lotions aimed at improving skin hydration and texture, as well as moist-

urizers designed to protect against UV rays [81].
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Fucoidan is used to enhance skin repair and protection, due to particular bioactivities,
such as photoprotection, antioxidation, anti-inflammation and anti-aging. It helps to reduce
skin redness and irritation while providing a protective barrier against environmental stressors.
Additionally, it promotes skin firmness and elasticity. Fucoidan is found in various topical skin-
care products, including creams, serums, and sunscreens, aimed at promoting skin health and

resilience [80,82].

1.7.4 Food Industries

Public demand for food safety and quality has paved the path for the employment of
EPS in food industries. EPS play a pivotal role in the food industry, due to their ability to change
the food matrix improving texture, increasing viscosity and enhance mouthfeel, thereby ensur-
ing product consistency and stability throughout shelf life [83]. They surge as a natural replace-
ment for commercial additives due to their physicochemical characteristics and emulsifying,
thickening, gelling and stabilizing properties [84].

The food industry is a vast and dynamic sector dedicated to the production, processing,
packaging, and distribution of food products. EPS have gained prominence in the food industry
due to their unique rheological properties, biocompatibility, and versatility. EPS are widely used
as thickening and gelling agents in the food industry [84]. Alginate is a prominent example,
being used to create gels and thicken various food products, such as sauces, dressings, and
desserts. Additionally, alginate is widely used as an edible coating to extend the shelf life of
perishable foods by acting as a barrier to moisture and gas exchange, thereby maintaining
freshness. Its natural origin and biodegradability make alginate a preferred choice over syn-
thetic additives, meeting the growing consumer demand for clean label ingredients in food
products [27].

Another crucial application of EPS in the food industry is their role as emulsifiers and
stabilizers. Xanthan gum is widely used to stabilize emulsions in products like beverages, salad
dressings and sauces. Xanthan gum prevents the separation of oil and water phases, ensuring
a consistent texture and appearance [85].

EPS such as gellan gum find application in food products for their ability to gel and form
films. They serve as additives, stabilizers, and thickeners in confectionery, jams, and dairy prod-
ucts. Similar to alginates, these EPS can also act as a protective barrier against gastrointestinal

conditions, owing to their resistance to heat and acidity [86].
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1.8 Motivation

EPS are intriguing macromolecules that can play a key role in the development of sus-
tainable bio-based products across various commercial sectors. Marine habitats, with their
unique environmental conditions, are recognized as excellent sources of high-value biomole-
cules with enhanced properties. However, despite their significant potential for biodiscovery,
marine environments remain underexplored and underutilized as sources of novel EPS-pro-
ducing microorganisms.

EPS rich in rare sugars, such as fucose, are particularly noteworthy due to their distinctive
properties, which make them highly attractive for numerous applications. These include anti-
tumor activity, skin moisturization, anti-aging effects, enhanced skin hydration, photoprotec-
tion, and cryopreservation. Additionally, sulfated polysaccharides represent a unique class of
negatively charged biomolecules. The presence of sulfate groups endows these polysaccha-
rides with enhanced water solubility and improved biological and functional properties, such
as antioxidant, antitumor and anti-inflammatory activities, as well as their use as thickening
and gelling agents, and moisturizers.

Studying both the functional and biological properties of these EPS enables a compre-
hensive understanding of their potential in various applications. For instance, functional prop-
erties such as emulsifying, gelling, stabilizing, and film-forming capabilities can be crucial in
fields like cosmetics and food technology. Meanwhile, their biological properties, including
antioxidant activity, photoprotection, and wound healing, further underscore their potential for
use in skincare and healthcare innovations.

With this in mind, in Chapter 2, the functional properties of a novel fucose-rich EPS were
investigated. In Chapter 3, the bioactive properties of five EPS with different compositions,
including the EPS from Chapter 2, were evaluated to determine their applicability in specific

areas.
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FUNCTIONAL PROPERTIES

2.1 Introduction

The demand for EPS has surged significantly over recent years owing to their unique
physical-chemical properties, most notably their ability to form films, gels and emulsions, bio-
compatibility, biodegradability, and non-toxic nature [39]. These polysaccharides are rich in
hydroxyl groups, making them valuable as hydrocolloids capable of altering the flow behavior
and texture of various systems [87]. This versatility paves the way for numerous applications,
including their use as thickening agents, gelling agents, emulsifiers, and stabilizers in industries
such as food [86,87].

2.1.1 Thickening property

As thickening agents, EPS enhance the viscosity of aqueous solutions, improving the tex-
ture and mouthfeel of various products [85]. The thickening properties of EPS are attributed to
their high molecular weight and capacity to create interconnected networks within solutions,
which enhance viscosity by increasing resistance to flow, making EPS valuable additives in var-
ious applications requiring viscosity modulation, such as in food products, pharmaceuticals,
and cosmetics [85].

Xanthan gum-based thickeners are preferred in the therapeutic management of dyspha-
gia for their exceptional stability across diverse conditions typical of food and beverages, set-
ting them apart from conventional thickeners [28]. Recently other EPS (e.g., scleroglucan, gellan
gum and curdlan) have demonstrated properties akin to that of xanthan gum, and thus have
been the subject of study for their prospective use as thickeners in dysphagia management
(Table 1) [8,36,38].
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2.1.2 Film forming

The biodegradable and biocompatible nature of EPS films offers an environmentally
friendly alternative to traditional synthetic films. These films can protect food products from
moisture loss, oxygen permeation, and microbial contamination, thereby extending shelf life
and maintaining product quality [88]. In the pharmaceutical industry, EPS films can be used for
controlled release drug delivery systems, where the film's properties regulate the rate and du-
ration of drug release [89]. Additionally, EPS films have potential applications in wound dress-
ings, where they can provide a protective barrier while promoting a moist healing environment
[13].

EPS films have several drawbacks compared to traditional petroleum-based polymers,
such as inferior chemical and thermal stability. Polysaccharides often result in brittle films with
relatively poor mechanical properties, limiting their use in demanding packaging that requires
high durability and tight sealing against moisture and gases. Moreover, EPS films tend to be
highly sensitive to water and may degrade faster under humid conditions, affecting product
shelf life and protection. Therefore, it is crucial to refine and enhance the properties of these
films [88].

Several approaches can be employed to achieve this, including blending polysaccharides
with other materials, modifying EPS structures to adjust biodegradability, permeability, and
mechanical properties, and implementing cross-linking techniques to improve strength, stabil-
ity, and barrier properties [88].

Known for its film-forming abilities, Xanthan Gum creates strong, flexible films that are
biodegradable and can serve as protective coatings [90]. Pullulan forms transparent and edible
films, which are used in food packaging to extend shelf life by protecting against moisture and

oxygen (Table 1) [91].

2.1.3 Gelling capacity

Exopolysaccharide-based hydrogels are characterized by their three-dimensional, cross-
linked polymer networks capable of holding substantial amounts of water, which imparts a gel-
like consistency [78]. Notable for their high water retention, biocompatibility, and biodegrada-
bility, exopolysaccharide-based hydrogels are suitable for a wide range of applications, includ-
ing biomedical, environmental and pharmaceutical sectors [78]. The unique water-retention
capability is attributed to the hydrophilic groups attached to the polymer backbone, which

engage in interactions with water molecules [78].
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The interactions between cations and polymer chains are crucial in determining the char-
acteristics of hydrogels. One of the primary methods for forming hydrogels is cation-mediated
gelation. In this process, negatively charged moieties in the EPS interact with cations, leading
to the formation of ionic crosslinks between different polymer chains [49,78]. Different cations,
such as monovalent (e.g., K*, Na*), divalent (e.g., Mg?*, Ca®*), and trivalent (e.g., AI**, Fe**) ions,
can have distinct effects on the hydrogel properties. For instance, divalent and trivalent cations
create more robust crosslinking networks than monovalent cations, resulting in a hydrogel with
greater tensile strength and remarkably tougher [78,92].

Natural polysaccharides have the ability to form gels with diverse textures and strengths,
which can be finely adjusted by factors including pH levels, concentration, temperature varia-
tions, and the presence of ions or additives [93]. These gelling agents are extensively utilized
in the food industry to enhance the texture and quality of products such as desserts, and dairy
items [93]. For instance, gellan gum, composed of two units of glucose, one L-rhamnose and
one L-glucuronic acid unit, can form both thermoreversible and thermostable gels, providing
versatility in food formulations [23]. Alginate is capable of forming hydrogels with divalent
cations, such as calcium (Ca?*), which exhibit structural similarities to the matrices observed in
living tissues. This property has led to its extensive utilization in a range of applications, includ-
ing wound healing, drug delivery systems and tissue engineering [11]. Furthermore, FucoPol
demonstrated considerable potential for the formation of hydrogel beads in the presence of
divalent ion copper (II) (Cu?*), and trivalent ion iron (lll) (Fe**). This suggests a promising avenue

for its potential applications in drug delivery [49].

2.1.4 Emulsifying ability

Microbial EPS possess excellent emulsifying properties enabling it to stabilize emulsions
consisting of a mixture of oil and water. The effectiveness of EPS as emulsifiers can be attributed
to their ability to reduce surface tension and form a protective layer around oil droplets, pre-
venting coalescence [94]. This ability is crucial for the production of stable food products such
as salad dressings, mayonnaise and sauces [94] Moreover, emulsions play a significant role in
cosmetics and pharmaceutical lotions and creams [94].

The emulsions can be characterized as either oil-in-water (O:W) emulsions, where oil
droplets are dispersed in a continuous water phase, or water-in-oil (W:0) emulsions, charac-
terized by water droplets dispersed within a continuous oil phase [95].

FucoPol-based oil-in-water (O:W) emulsions containing olive oil and a-tocopherol

demonstrated excellent viscosity and easy application. This, coupled with the additional
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benefits of moisturization and antioxidant properties inherent to olive oil and a-tocopherol,
renders them particularly well-suited for incorporation into cosmetic formulation [21]. Further-
more, microbial EPS synthesized by Rhodotorula mucilaginosa YMM19 have demonstrated
significant emulsifying activity for farnesol, a natural herbicide. This highlights their promising
potential for use in pesticide formulations (Table 1) [30]. Additionally, EPS-E8 derived from A.
pentosaceus E8, exhibited exceptional stability and emulsifying efficacy for olive oil under ex-
treme physicochemical conditions, underscoring its potential use in various sectors, including

cosmetics, pharmaceuticals, and food manufacturing (Table 1) [31]

2.2 Materials and Methods

2.2.1 Materials

EPS RA19 was produced by culturing Paracoccus zeaxanthinifaciens subsp. payriae iso-
lated from a "Kopara” mat in Rangiroa, French Polynesia [96]. The purified EPS was provided

by Dr. Xavier Moppert from Pacific Biotech BP.

2.2.2 Characterization

2.2.2.1 Elemental analysis
The elemental analysis of the EPS was performed using a Thermo Finnigan-CE Instru-

ments Flash EA 1112 CHNS series elemental analyzer (Italy). The samples underwent flash com-
bustion in an oxygen-rich environment, causing the separation of gases (N,, SO, H,O, and
CO,) via gas chromatography. The nitrogen, carbon, hydrogen, and sulfur content was then

determined using a thermal conductivity detector, as in Concoérdio-Reis et al. [97].

2.2.2.2 EPS composition
The analysis described in Concordio-Reis et al [19] was performed to determine the

composition of EPS. Dried samples of EPS (~5mg) were dissolved in 5mL of deionized water
and subsequently hydrolyzed with trifluoroacetic acid (100 pL of 99% TFA) at 120 °C for 2 hours.
After cooling the hydrolysates were filtered using an Eppendorf membrane filter, and afterward
used to identify and quantify the constituent sugars by liquid chromatography (HPLC) using a
Dionex Carbopac PA10 column (Thermo Scientific™ Dionex™, Sunnyvale, CA, USA) equipped
with an amperometric detector. The analysis was carried out at 30°C with 4 mM NaOH as the
eluent, at a flow rate of 0.9 mL min™". Standards ranging from 2.5 to 50 ppm of fucose (Carbo-

synth, Biosynth), rhamnose (Fluka Analytical, =99%), glucose (Acros Organics, >99%),
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glucosamine (Sigma-Aldrich, Germany, >99%), arabinose (Tokyo Chemical Industry, >98%),
mannose (Sigma-Aldrich, Germany, >99%), xylose (Sigma-Aldrich, Germany, >99%), galactose
(Alfa Aesar, Johnson Matthey, Germany, 99%), ribose (Sigma-Aldrich, Germany, 98%), glucu-
ronic acid (Alfa Aesar, ThermoFisher, Germany, >98%), and galacturonic acid (Fluka Analytical,
>97%) were used for the determination and quantification of sugar monomers. The analysis

was performed in duplicate.

2.2.2.3 Molecular mass distribution
Number and average molecular weights (Mn and Mw, respectively) of EPS, along with

polydispersity index (PDI, Mn/Mw), were determined by Size Exclusion-High Performance Lig-
uid Chromatography (SE-HPLC). The analysis was performed at 25°C on a KNAUER Smartline
HPLC equipped with a Phenomenex Phenogel Linear LC Column 300 x 7.8 mm (USA), at a flow
rate of 0.6 mL min™", using 0.1 M LiNOs as eluent. A 50 uL of EPS solution (0.5 w/v% in 0.1 M
LINOs) was injected and a Water 2414 Refractive Index Detector was used for detection. A
calibration curve generated with pullulan standards (P50 to P80) was used to calculate the

values of Mn and Mw, as described in Concordio-Reis et al. [97].

2.2.24 Fourier transform infrared spectroscopy
According to Concordio-Reis [97], Fourier Transform Infra-Red (FTIR) Spectroscopy was

recorded on a Perkin-Elmer Spectrum Il spectrometer. The spectra were obtained between 500

and 4500 cm™ after 10 scans, at room temperature.

2.2.2.5 Thermogravimetric analysis (TGA)
EPS samples (~10 mg) were characterized by Thermogravimetry (TG) using a Thermo-

gravimetric Analyzer Labsys EVO (Setaram, France), with a heating rate of 10°C min™, from 25
to 800°C. The maximal thermal degradation temperature (Tqeg, °C) corresponds to the temper-
ature value obtained for the maximum decreasing peak of the sample mass, which corresponds

to the highest degree slope, as described in Concérdio-Reis [2].

2.2.3 Rheological Characterization

The rheological experiments were carried out according to Concoérdio-Reis [98]. An
MCR92 modular compact rheometer (Anton Paar, Graz, Austria) equipped with a cone-plate
geometry (angle 2°, diameter 35 mm, 0.145 mm gap) was used. Temperature was controlled

at 25°C apart for the temperature dependent tests, with a Peltier system.
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2.2.3.1 Apparent viscosity
To assess the rheological properties of the EPS, samples of dried polymer were dissolved
in 5 mL of deionized water, and the solutions were stirred overnight at room temperature. Flow
curves were obtained using a steady-state flow ramp across a shear rate range of 0.01 s™' to
700 s7". Steady-state measurements were conducted for various polymer concentrations (1-24
wt.%). Additionally, the apparent viscosity of a 6 wt.% EPS solution was evaluated under various
conditions, including different pH levels (3-9) and the presence of 0.01M NaCl and 0.01M HCI.
To characterize the flow behavior of EPS solutions, the Carreau model (Equation 1) was
employed, where 7, is the zero-shear rate viscosity (Pa s), 1 is a time constant (s), y is the shear
rate (s™'), n is the apparent viscosity (Pa s), n is the viscosity exponent and ), 1, is the viscosity
of the second Newtonian plateau (Pa s). Since the second Newtonian plateau was not reached
during the experiments, the equation was modified by assuming n., values significantly lower
than n and n,. The experimental results were then fitted to this adjusted model.
Mo—Teo 1)

N=New+—— 1=
[1+(Ap)?] 2

2.2.3.2 Oscillatory shear tests
To establish the linear viscoelastic region (LVE) of the EPS solutions, amplitude sweep

tests were conducted at varying strain levels (0.01-100%, 1 Hz). Following this, the storage
modulus (G') and loss modulus (G") were assessed for EPS solutions at multiple concentrations
(1-24 wt.%). Frequency sweep experiments were then performed at a consistent strain within
the LVE, covering a frequency range of 0.01 to 10 Hz. Furthermore, the effects of pH levels (3—-
9) and the addition of salts such as NaCl and HCl on both moduli were examined using a 6

wt.% EPS solution.

2.2.3.3 Effect of temperature
A 6 wt.% EPS solution was subjected to oscillatory and steady-state tests at various tem-

peratures (0-45 °C). The temperature ramp flow analysis involved maintaining a constant shear
rate of 10 s while varying the temperature from 0 to 95 °C, with heating and cooling rates set

at 6 °C min™.

2.2.4 Films

The filmogenic properties of EPS RA19, encompassing both preparation and characteri-

zation of the films, were evaluated following the methods described by Concérdio-Reis [99].
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2.24.1 Films' preparation
Two aqueous solutions were prepared by dissolving 1.5 or 3 wt.% EPS in deionized water,

under constant stirring. Sodium azide (10 mg L") was added to the solutions to avert microbial
growth. Posterior tests were performed using 3 wt.% EPS solution and adding 15 wt.giycerol. Wt.pol-
ymer—' % glycerol as a plasticizer. The mixture was stirred until homogeneity was achieved.
Afterwards, 30mL of the solutions were cast in petri dishes with a diameter of 88 mm and
left to dry in an incubator (Raypa, Spain) at 30°C for around a week. The films were then peeled
from the petri dish and placed in a desiccator (Normax, Portugal), for at least 1 week, condi-
tioned with a 53% relative humidity (RH), attained by adding a saturated solution of Mg(NO3)..
A thermohygrometer (Vaisala, Finland) was used to monitor the RH. The films' thickness was

measured using a micrometer (Mitutoyo, UK), in 3 points.

2.24.2 Morphological Characterization
The morphology of the EPS films was examined using a Hitachi TM 3030Plus Tabletop

Scanning Electron Microscope (SEM). The mounted samples were then coated with a thin layer
of gold/palladium in preparation for analysis. The samples used for the cross-section were

previously frozen in liquid nitrogen and broken.

2.24.3 Mechanical properties
Tensile tests carried out with a texture analyzer (TMS-Pro, Food Technology Corporation,

England) fitted with a 250 N loading cell. Film samples were cut into rectangular strips,
15mmx50mm and 20mmx50mm. The samples were held by tensile grips and stretched with a
crosshead speed of 0.5mm s until rupture.

Young's modulus (em, MPa), which represents the material's stiffness and resistance to
deformation under tensile or compressive stress, was determined from the initial slope of the
stress-strain curve within the elastic region. Elongation at break (¢, %) comparing the final
length the original length. The tensile strength at break (C, MPa) was calculated by dividing the
maximum force applied at failure by the initial cross-sectional area. At least three replicates of

each sample were analyzed.

2.2.5 Gels

The gel forming capacity of EPS RA19 was tested as described in Concérdio-Reis et al.
[100]. The cation-mediated gels were prepared using divalent cations (CuSO4-5H,0, Riedel-de
Haén, Sigma-Aldrich, Germany; MgSO47H;0, LabChem, Portugal; FeSO47H,0, AppliChem

Panreac, Barcelona, Spain; CaCl,:2H.O, AppliChem Panreac, Barcelona, Spain; ZnCl,, Sigma-
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Aldrich, Germany; AgNQOs3, Fluka, Honeywell, North Carolina, United States) and a trivalent cat-
ion (FeCls-6H,0, Sigma-Aldrich, Germany). Primarily a 5mL solution of EPS was prepared, after
which, the metal salt was added, and the solution was agitated until homogenization was
achieved.

To assess the influence of polymer concentration and cation amount, subsequent tests
were carried out with Fe(ll) and Cu(ll). Different conditions were performed using 2-8 wt.% EPS
and the salts containing 10-60 mg of cation.

Gels were evaluated by visual inspection and categorized based on their strength and
consistency: (+++) homogenous gels that maintained their gel structure in a tube-inversion
test; (++) homogenous gels that homogeneous gels that failed to retain their structure in the
tube-inversion test; (+) weak, non-homogenous gels that do not maintain their gel structure

in a tube-inversion test; (-) no gel formation; and (pp) for formation of precipitate.

2.2.6 Emulsions

2.2.6.1 Preparation and characterization
The emulsification potential of the EPS was tested with, almond, paraffin and olive oil.

Emulsions (5 mL in 10 mL tubes) were prepared by mixing the oils with EPS aqueous solutions
(0.5-4 wt.%) in the vortex for 2 minutes. The oil and aqueous phases were weighted to obtain
different O:W ratios (2:3, 3:2, 4:1, 3:1, and 2:1).

After 24h and 30 days the emulsification index (E, %) was calculated using Equation 2,
where hr (mm) denotes the total height of the mixture following the emulsification process,

and he (mm) corresponds to the height of the emulsion layer.

E =2 %100 )

The emulsification stability (Es, %) was determined by dividing the E; measured after 30

days by the E; measured after 24h (Equation 3).

__ Final E;
Inicial E;

: x 100 3)

2.2.6.2 Rheological properties
The different EPS emulsions were subjected to steady-state and oscillatory tests, per-

formed as described above (sections 2.2.3.1 and 2.2.3.2, respectively). The temperature was

controlled at 25°C.
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2.3 Results and Discussion

2.3.1 Characterization

2.3.1.1 Elemental Analysis
The exopolysaccharide was primarily composed of carbon (27.11 wt.%) and hydrogen

(5.11%). Furthermore, the presence of nitrogen was detected in trace amounts (0.98 wt.%),
likely due to the presence of amino sugar monomers. Notably a high content of sulfates, 14.58
wt.% was detected. Nevertheless, this sulfate content is still lower than the 29 wt.% originally
reported in G. Raguéneés et. al [96]. Sulfated polysaccharides such as Ulvan, with a sulfate con-
tent of 2.3-40 wt.%, are comparable to the degree of sulfation of EPS RA19. Conversely, carra-
geenan and fucoidan present higher degrees of sulfation, at 25-39% and 20-30%, respectively.
Several bacterial species are also known to produce EPS with lower degrees of sulfation, In-
cluding A/teromonas, with a sulfation degree of 2.0-3.4 wt.% [100], Enterobacter cloacae, which
produces EPS71a with a sulfation degree of 7 wt.% [17], and Labrenzia sp. PRIM-30, which has
a sulfate content of 4.76 wt.% [101].

2.3.1.2 EPS composition
EPS RA19 is a heteropolysaccharide composed of neutral monomers, glucose, galactose,

fucose, and rhamnose, the amino sugar glucosamine and simple sugar acids, glucuronic acid
and galacturonic acid (Table 2). Galactose and rhamnose are the main neutral sugars with 34.42
mol% and 23.64 mol%, respectively, followed by fucose with 22.10 mol%. The content of uronic
acids is relatively low, 5.31 mol% compared to the published for the same polysaccharide [96].
However, in contrast to the results found by G. Raguénes et. al. [96], this batch presents two
different uronic acids, instead of only glucuronic acid. Another discovery is the presence of
glucosamine, which was not previously reported by G. Raguénes et. al [96]. This discovery is

further supported by the nitrogen content determined through elemental analysis.

Table 2. Monosaccharide composition of EPS RA19 (Fuc, L-fucose; Gal, galactose; GalA, galacturonic acid; GIcN,

glucosamine; Glc, glucose; Rha, rhamnose; N/A, not applicable)

EPS RA19 Monosaccharide composition (mol%)
Reference Fuc Gal GalA GIlcN Glc GlcA Rha
This stud 22.10+ 3442 + 464 + 1.28 + 13.25 + 0.67 + 23.64 +
y 2.51 5.56 0.31 0.16 2.95 0.04 2.41
[96] 14.7 1.7 29 N/A 4.4 N/A 124
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2.3.1.3 Molecular mass distribution
The molecular mass distribution analysis demonstrated that the polysaccharide pos-

sesses a relatively high average molecular weight (Mw) of 1.06 + 0.07 x10° Da with a polydis-
persity index of 1.11 + 0.02, indicative of homogeneity. This molecular weight is slightly lower
than the previously reported value for the same EPS, which was 3.2 x10° Da [96]. Nonetheless,
the value obtained is within range for exopolysaccharides, which typically exhibit high molec-
ular weights. For example, the fucose-rich EPS FucoPol has a molecular weight of 5.8 x 10° Da,
while xanthan gum and gellan gum range from 0.4 to 15 x 10° Da and 0.24 to 2.2 x 10° Da,
respectively [7,79].

2.3.14 Fourier transform infrared spectroscopy
The FTIR spectrum of the EPS RA19 (Figure 1) presented a broad band past 3000cm™,

resulting from an O-H stretching vibration, along with a characteristic vibration of a C-H
stretching between 2850-2960cm™’. Moreover, the spectrum expresses an intense peak at
1634.7cm™, singular to uronic acids C=0. Comparatively to the spectrum published by G. Ra-
guéneés et al. [96] the peak is less intense, probably related to fewer uronic acid monomers in
the polysaccharide chain than previously reported, which is further established by the findings
of the EPS composition. Additionally, the presence of an intense peak at 1212.0cm™ indicates
the presence of ester sulfates linked to the polysaccharide. This peak is also less intense than

previously reported, consistent with the findings in section 2.3.1.2.
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Figure 1. FTIR spectra of EPS RA19
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2.3.1.5 Thermogravimetric analysis
Thermal degradation of polysaccharides usually occurs in three phases. In the first phase,

with the increase of temperature from 35 to 140°C a decrease of 15.0% of weight was regis-
tered, this happens due to moisture loss [100]. The second phase showed a weight loss of
15.5%, which occurred between 140 and 203 °C, and was related to the decomposition of the
side chains [100]. The highest weight loss was registered on the third phase (201-491°C), with
a decrease of 30.3% in weight concomitant with the scission of the main chain of the polysac-
charide [100]. The high percentage of char (45.8%) might be related to the high amount of
inorganic content [100]. The degradation temperature (Tqeg) was found to be 184.6°C, marked
by a significant weight loss at this temperature. Although this value is relatively low, it falls
within the reported range for other microbial EPS (130-300 °C) [100,102,103]. This low degra-
dation temperature is attributed to the high sulfur content, promoting desulfation, which re-
quires less energy than water elimination, and in return the sulfuric acid, which can only be
decomposed or volatilized at temperatures above 380°C, aids in acid-catalyzed dehydration,

thereby lowering the thermal stability [104].
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Figure 2. Thermogravimetric analysis curves of EPS RA19

2.3.2 Rheological characterization

Understanding the rheological properties of EPS is crucial for predicting their behavior
under varying environmental conditions like pH, temperature, and ionic strength, which directly

affect their flow and structural characteristics. These properties are essential for determining
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the suitability of EPS in industries such as cosmetics, pharmaceuticals, and food, where stability
and viscosity are often required, even at low concentrations [105]. Therefore, optimizing EPS
rheological behavior is critical to ensuring their functionality across diverse industrial applica-

tions.

2.3.2.1 Rheological properties in aqueous medium
The viscosity of fucose containing sulfated EPS RA19 was assessed over a range of con-

centrations. The flow curves obtained for the different concentrations ranging from 1-24 wt.%
are presented in Figure 3. At all tested concentrations, the EPS solutions behaved as a non-
Newtonian liquid with shear thinning or pseudoplastic behavior, characterized by a progressive
decrease of viscosity with the increase of shear rate, which has been frequently reported for
other EPS [21,36,38,100].

As the shear rate increases, this behavior is defined by microstructural rearrangements
that lead to the disruption of molecular interactions, which include entanglements, as well as
electrostatic, hydrophobic, and hydrogen bonding interactions. [98]. At low shear rates, poly-
saccharide chains form entangled aggregates, leading to high viscosity due to increased re-
sistance [98]. As shear rate increases, these interactions are disrupted, causing alignment of
polymer molecules in the direction of flow, which results in a reduction in viscosity, as illus-
trated in Figure 3 [98,106].
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Figure 3. Apparent viscosity () plotted as a function of shear rate (y) for several EPS concentrations: 1 wt.% (H); 2
wt.% (®); 3 wt.% (@); 4 wt.% (Q); 6 wt.% (P); 8 wt.% (®); 10 wt.% ( ); 14 wt.% (41.); 20 wt.% (); and 24 wt.% (®).
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The flow curves (Figure 3) for concentrations exceeding 1 wt.% were evaluated using the
Carreau model, with the estimated parameters detailed in Table 3. The findings indicated that
as the EPS concentration rose from 1 to 24 wt.%, the zero shear viscosity (no) rose significantly
from 0.021 to 21.7 Pa s. This is due to the exponential rise in viscosity with increasing polymer
concentration, caused by the greater entanglement of macromolecules. At higher concentra-
tions, polysaccharide molecules are closer together, leading to more interactions and the for-
mation of entangled aggregates, which increases flow resistance and, in turn, viscosity [98,107].
Moreover, the time constant also increased from 0.142 to 1.506 s with EPS concentration, in-
dicating longer relaxation times as more entanglements between the biopolymer molecules
form and new interactions develop more slowly. Consequently, the transition from Newtonian

to shear-thinning behavior shifted to lower shear rates [98,105].

Table 3. Parameters of the Carreau model were estimated for various EPS concentrations, and 6 wt.% EPS under

different pH and different temperatures.

Temperature A MRE®
EPS (wt.%) pH E’O 5 (P"a"s) © n R? %
1 0.021 0.142 0.839 0.992 1.499
2 0.141 0.418 0.711 0.998 2.021
3 0.455 0.575 0.617 0.998 2.112
4 0.853 0.598 0.576 0.999 1.260
6 7 75 1.754 0.634 0.555 0.997 1.595
8 2.745 1.130 0.592 0.998 2418
10 3.506 1.139 0.676 0.996 1.953
14 4.354 1.360 0.710 0.995 1.850
20 11.215 1.467 0.683 0.999 1.567
24 21.700 1.506 0.654 0.995 2.947
3 1.714 2.741 0.497 0.996 2.316
6 5 25 0.201 0.944 0.743 0.999 0.406
9 0.081 0.599 0.796 0.988 0.711
0 6.440 1.909 0.489 1.000 0.030
6 5 15 3.803 1.754 0.535 1.000 0.202
35 2.590 1.696 0.572 1.000 0.246
45 1.820 1.694 0.600 1.000 0.509
i |Xexpi~*model i)
2 MRE = —L_ewi |y 409

Figure 4 illustrates the effect of polymer concentration (1-24%) on both the storage

modulus (G") and the loss modulus (G"). The storage modulus (G') represents the material's
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elastic behavior, indicating its ability to store energy, while the loss modulus (G") reflects the
viscous contribution, indicating energy loss [98].

The EPS solution displayed liquid-like behavior, characterized by G" higher than G', show-
ing no ability to form a gel network in the dilute regime. At certain concentrations, above 1
wt.% EPS, G' increased at faster rates than G" as the frequency rose, suggesting that EPS RA19
behaves as a viscoelastic fluid [108]. This trend suggests that this EPS may be suitable for use
as a thickener [109]. Similar behavior has been reported for EPS produced by Clavibacter mich-
iganensis [108], composed of L-fucose, D-galactose, and D-glucose 2:1:1 molar ratio and a
molecular weight of 1.09x 10° Da. The frequency sweeps at various concentrations showed G"
exceeding G', reflecting liquid-like behavior, while the frequency dependence of G’ became
more pronounced than that of G" as EPS concentration increased. To better understand the
changes in the distance between G' and G" across different concentrations, further tests need

to be conducted.
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Figure 4. Storage modulus G’ (®) and loss modulus G” (O) as functions of angular frequency for the aqueous
solutions of EPS RA19 at various concentrations: (A) 1 wt.%; (B) 2 wt.%; (C) 3 wt.%; (D) 4 wt.%; (E) 6 wt.%; (F) 8 wt.%;
(G) 10 wt.%; (H) 14 wt.%; (1) 20 wt.%.

2.3.2.2 Effect of temperature
Temperature has a significant impact on the rheology of EPS by affecting both intra- and

intermolecular hydrogen bonds as well as the movement of molecular chains. Changes in tem-

perature can lead to new interactions within the polymers, resulting in the formation of
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aggregates or gel-like structures [98,110]. The effect of temperature (from 0 to 45°C) on the
viscosity of a 6 wt.% EPS RA19 solution was assessed, with the resulting flow curves illustrated
in Figure 5A and the corresponding parameters from the fitted Carreau model provided in
Table 3.

As the temperature increased from 0 to 45°C, the apparent viscosity of the solution de-
creased, while the shear-thinning behavior remained consistent. Higher temperatures also
caused the transition from the Newtonian to the shear-thinning regime to occur at higher shear
rates, indicating faster formation of new interactions at elevated temperatures [98]. This is be-
cause polymer entanglement and network formation rely on hydrogen bonding interactions
and Van der Waals forces, which are weakened as thermal motion increases at higher temper-
atures. As a result, molecular movement becomes easier, reducing intermolecular entangle-
ments and lowering the solution's viscosity [98,110]. This trend is reflected in the Carreau
model parameters (Table 3), where the zero-shear viscosity (n,) dropped from 6.440 to 1.820
Pa s, and a reduction in relaxation time () from 1.909 to 1.694 seconds as the temperature
rose from 0 to 45°C. Similar results have been reported, EPS Mo169 maintained its shear thin-
ning behavior at temperatures up to 95°C [98], EPS obtained from Leuconostoc citreum-BMS
strain was able to retain its entangled structure at temperatures between 25 and 45°C [109].
Similarly, Levan produced from Bacillus mojavensis was able to maintain its entangled structure
at 40 and 50°C [111].
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Figure 5. Apparent viscosity and oscillatory shear stress test for a gradient of temperatures. (A) Apparent viscosity
(n) as a function of shear rate (y) for diverse EPS concentrations under various temperatures: 0°C (»); 5°C (®); 15°C
(*); 35°C (m); 45°C (). (B) Storage modulus G’ (solid symbols) and loss modulus G" (open symbols) as functions
of angular frequency.
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The effect of temperature (0-45°C) on both the storage modulus and the loss modulus,
is illustrated in Figure 5B. Between 0 and 5°C, G" consistently exceeded G' across all frequen-
cies, indicating that the polymer solution retained its liquid-like properties. At higher temper-
atures, above 35°C, G' surpassed G" at low frequencies, suggesting a solid-like behavior. How-
ever, with increasing frequency, G" quickly became dominant again, pointing to the loss of this
structure and a return to liquid-like behavior. The decrease in viscous modulus with rising tem-
perature aligns with the previously observed reduction in viscosity under similar conditions.
Similarly, Han, Du et a/. [112] studied the effect of temperature on the viscosity of EPS produced
by Sporidiobolus pararoseus JD-2 and observed that increasing the temperature from 10 to

80°C resulted in a decrease in G'".

2.3.2.3 Effect of pH
The influence of pH on the viscosity of EPS RA19 at 6 wt.% was analyzed, with viscosity

measurements recorded at four different pH values, 3, 5, 7, and 9. The EPS exhibited its highest
viscosity at neutral pH (7), with an estimated zero-shear viscosity () of 1.754 Pa s, suggesting
that under neutral conditions, the polymer achieves optimal intermolecular interactions and
chain entanglement, resulting in enhanced resistance to flow. In contrast, the lowest viscosity
was observed at pH 9, where the estimated no was 0.081 Pa s. The reduced viscosity under
alkaline conditions may be attributed to a decrease in intermolecular associations, reducing
repulsion, which likely affects the hydrodynamic volume of the EPS molecules, reducing their
effective size and viscosity. It has been reported that hydrogen bonds may be weakened by
hydroxyl groups [112,98].

At pH 3 and pH 5, the sulfate and uronic acid groups play a crucial role in determining
the viscosity of the EPS. Sulfate groups, which have a pKa of -3 and 2, remain deprotonated at
both pH levels, contributing to the overall negative charge of the polymer. However, the uronic
acids behave differently, glucuronic acid has a pKa of 3.28 [114], and, similarly, galacturonic
acid has a pKa of 3.51 [114]. These are protonated at pH 3, while at pH 5, they are deprotonated.
The deprotonation of the carboxyl groups in the uronic acids at pH 5 introduces additional
negative charges, which, in conjunction with the already deprotonated sulfate groups, results
in increased electrostatic repulsion.

As repulsion increases, the EPS chains adopt a more expanded conformation, reducing
entanglements and facilitating molecular movement, which results in decreased viscosity. This

behavior aligns with the findings observed at pH 5 [98].
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Figure 6. Apparent viscosity and oscillatory shear stress test for different pH levels. (A) Apparent viscosity (1) as a
function of shear rate (y) for diverse EPS concentrations under various pH value: pH 3 (»); pH 5 (®); pH 7 (*); pH 9
(m). (B) Storage modulus G’ (solid symbols) and loss modulus G" (open symbols) as functions of angular frequency.

Figure 6B illustrates the effect of pH on both the storage and loss moduli. Across all pH
conditions tested, G" remained higher than G', indicating that the EPS retained its liquid-like
characteristics, showing minimal impact from pH variations. This suggests that the EPS was not
significantly altered by changes in pH.

Polysaccharides generally exhibit notable pH-dependent behavior in their viscoelastic
properties, particularly at extreme values (below pH 4 and above pH 10) [98]. For example, the
EPS produced by A/teromonas macleodii Mo 169 maintained a weak gel-like structure at pH 5
but lost this structure at pH 3 and pH 9 [98]. Conversely, as reported by Y. Abid et a/ [109], the
EPS produced by Leuconostoc citreum was largely unaffected by pH changes, maintaining a

liquid-like behavior, similar to the results observed in this study.

2.3.3 Films

To ensure EPS films are suitable for practical applications, it is important to assess their
mechanical properties, as these influence the material's overall performance. Whether used in
bio-adhesives, wound dressings, or packaging, the strength, flexibility, and barrier properties

of the films must be balanced to meet the demands of each application [13,115,116].

2.3.3.1 Morphological characterization
Glycerol is a commonly used plasticizer that improves the flexibility and elasticity of films

by reducing intermolecular forces between polymer chains [99]. It acts as a softening agent,

allowing the material to retain moisture and preventing cracks. This results in smoother, more
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uniform films with enhanced mechanical properties, such as better tensile strength and flexi-
bility, making them more suitable for applications requiring durability and homogeneity [117].

The filmogenic properties of EPS R19 were initially tested using 1.5 wt.% and 3 wt.%
concentrations. Images of the films formed are shown in Figure A1. The film formed with 1.5
wt.% EPS was more fragile, and brittle compared to the one formed with 3 wt.% EPS. Similar
findings were observed with kefiran-based films, where an increase in polymer concentration
led to greater film thickness [118]. Therefore, further testing was conducted using 3 wt.% EPS.
in Figure 7, films formed by 3% EPS RA19 with and without glycerol are shown in panels A and
B, respectively. The further left panel shows that both films are opaque; however, there are
noticeable differences in their texture. The film without glycerol (Figure 7A) has a more uneven
and rough surface, whereas the film formed with glycerol (Figure 7B) is smoother. These ob-
servations are further supported by the SEM images. The top-view (center panels) and cross-
section (right panel) SEM of the film without glycerol highlights surface irregularities, while the
film with glycerol appears more compact and homogeneous. Nevertheless, even without glyc-
erol, the film shows good structural integrity and homogeneity, although its mechanical prop-
erties are likely inferior to the film that contains glycerol. J. Piermaria et a/. reported that incor-

porating glycerol as a plasticizer resulted in films with more compact structures and a smoother

o
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Figure 7. Photographs of the films 3wt.% EPS RA19 without glycerol (A) and with glycerol (B) are presented in the

appearance [118].

far left panel. SEM images: top view at x250 magnification (left panel), top view at x1000 magnification (center

panel) and cross section view at x250 magnification (right panel).

2.3.3.2 Mechanical properties
Tensile tests were conducted on films formulated with 3 wt.% EPS, both with and without

the addition of glycerol, and the mechanical properties obtained are summarized in Table 4.

Young's modulus indicates the material’s stiffness, offering insights into how the film's
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flexibility and mechanical properties relate to its chemical composition [116]. Elongation at
break is the increase in film length (%) before breakage and tensile strength is the maximum
stress a film can withstand before breaking [115].

The film without glycerol was brittle and rigid since it showed high Young's modulus and
tensile strength values and low deformation at break ones, 1.65+0.21 MPa, 13.57+0.97 MPa
and 5.56+1.82 %, respectively. Comparatively, glycerol improved the flexibility of the film, char-
acterized by a decrease of Young's modulus and tensile strength, and an increase in elongation
at break, 1.50+0.28 MPa, 12.65+1.24 MPa and 14.41+1.87 %, respectively. This behavior results
from glycerol reducing intermolecular forces between polymer chains as well as supporting
the formation of H-bonds between glycerol and EPS molecules which increases the free volume

and the molecular mobility of the polymer [119].

Table 4. Mechanical properties for films prepared with EPS RA19 with and without alongside reference values from

literature (C, Tensile Strength at break; €, Elongation at break; em, Young's Modulus)

Plasticizer (wt.giyc- Mechanical Properties
EPS rol WEpolymer™! %) T (MPa) e (%) em (Mpa) | Rererence
RA19 - 13.57+0.97 5.56+1.82 165+21.2 | This study
15 12.65+1.24 1441+ 1.87 150+28.3 | This study
. - 40.92 2.70 N/A
Kefiran 15 15.15 116.69 N/A [118]
Chitosan - 31.13 10.60 N/A [117]
Chitosan 41.6 24.7 1193
Chitosan with Alter- > 395427 | 166237 | 1008-1186 & |0
omonas sp. EPS
Alteromonas EPS A 60 4.55 47.0 10 [99]
Alteromonas EPS B-F 30 10.8-23.6 2.8-37.7 65-1100
FucoPol 30 3.1 549 2.8 [121]
Alginate and Pectin 50 22.5-42.3 5.9-14.9 N/A [122]
Pectin 5 4.99-6.91 45.8-523 N/A [123]

Comparing films is challenging due to the numerous variables affecting their mechanical

behavior, such as differences in polymer chemical composition, molecular weight, and prepa-
ration methods, including polymer concentration and the type and amount of plasticizer used,
as well as relative humidity at which films are conditioned [99]. Increasing the plasticizer con-
tent helps reduce interactions between polymer chains and enhances molecular mobility, re-
sulting in more flexible films [124]. The choice of plasticizer is also crucial, as different plasti-

cizers affect EPS behavior in various ways, particularly based on their molecular weight. Low
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molecular weight plasticizers tend to promote stronger interactions among EPS chains, leading
to improved mechanical properties [124]. Additionally, higher relative humidity directly impacts
film elasticity, with water acting as a plasticizer in hydrophilic films, especially in plasticized
films, as non-plasticized films show little tendency to absorb water [125].

Nevertheless, the values of C, g, and em for the films prepared in this study fall within the
ranges reported for various polysaccharide-based films: 3.10-42.7 MPa, 2.70-116.69 %, and
2.8-1193 MPa, respectively (Table 4).

2.34 Gels

EPS are particularly effective at crosslinking with heavy metals due to their high content
of uronic acids, sulfates, and other ionizable groups, which facilitate strong interactions with
cations such as Mg?*, Cu®*, Zn**, Fe**, Ca®*, and Fe**. These interactions enhance the stability
and performance of hydrogels. The use of these cations as crosslinkers also imparts valuable
biological properties to the gels. For instance, Fe** offers antibacterial [126] and anti-inflam-
matory effects [127] while promoting cell proliferation [128]; Fe** provides stimuli-responsive
capabilities, redox properties, and photosensitivity [129]; and Cu®** contributes antimicrobial
activity and prothrombotic effects by promoting coagulation and platelet activation [130]. As
a result, these cation-mediated gels show great potential for applications in wound healing

and tissue engineering.

2.34.1 Screening for cations
The gelation ability of the polymer was evaluated in the presence of various cations,

including divalent ions (Fe?*, Cu?*, Ca**, Ag**, Zn**, Mg?*) and the trivalent ion Fe**, under both
alkaline and neutral conditions (Table 5). Images of gels formed with 1 wt.% EPS under alkaline
and standard conditions, as well as gels formed with 0.5 wt.% EPS under alkaline conditions,
are presented in Appendix (Figure A2). Gel formation was assessed based on strength and
homogeneity, using the following criteria: (+++) homogeneous gels that retained their struc-
ture in a tube-inversion test; (++) homogeneous gels that did not retain their structure in the
tube-inversion test; (+) weak, non-homogeneous gels that did not retain their structure; (-) no
gel formation; and (pp) indicating the formation of a precipitate.

As presented in Table 5, under standard conditions, only Fe** led to precipitate formation
for both polymer concentrations, with no gel formation observed. Under alkaline conditions,
EPS RA19 was able to form gels with Cu®* at 0.5 wt.% and with Fe**, Fe**, and Cu®** at 1 wt.%.

Alkaline conditions appeared to enhance gelation, which was expected since higher pH values
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increase the number of ionized carboxyl groups. This raises the total number of COO™ groups
in the molecular chain, providing more crosslinking points. As a result, both the strength and

the rate of gel formation are improved [131].

Table 5. The formation of gels under both standard and alkaline conditions was assessed by examining their strength
and homogeneity: (++) homogenous gels that do not maintain their gel structure in a tube-inversion test; (+) weak,
non-homogenous gels that do not maintain their gel structure in a tube-inversion test; (-) no gel formation; and
(pp) for formation of precipitate.

(vs’l:.f/o) Salt sl Ear;ce;:g;hon Deionized water NaOH (2 M)
FeSO4 ) =
CaCl, ) 0
AgNOs3 ) 0
0.5 FeCls op 0
ZnCl, ) 0
MgSQOg4 ) 0
CuSOq4 ) )
FeSO4 10 ) -
CaCl, ) 0
AgNO3 ) 0
1 FeCls bp )
ZnCl, ) 0
MgSQO4 ) 0
CuSOq4 ) )

Previous studies on EPS RA19 concluded that it has a strong affinity for both copper and
iron, consistent with the findings of this study [132]. This affinity can be attributed to the ion-
izable groups present in the polymer chain, such as carboxyl groups from uronic acids and
sulfate groups [132]. It has been hypothesized that hydroxyl groups present in the backbone
of EPS RA19 might be involved in chelation of divalent ions, while, the sulfate groups are known
to uptake trivalent ions [132].

EPS synthesized by A/teromonas strains isolated from French Polynesia demonstrated a
strong affinity for divalent ions, including Ca**, Mg®*, Fe**, and Cu®*. EPS A and C, which are
richest in galactose, were able to form gels with Fe** under standard conditions. EPS B formed

gels with Cu®* under alkaline conditions, likely due to its high uronic acid content [100].
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Similarly, fucose-rich FucoPol exhibited excellent metal-binding capacity, forming gels with

Fe3* under standard conditions and with Cu®* under alkaline conditions [22,49].

2.34.2 Effect of cation concentration
Given the ability of EPS RA19 to form gels with Fe**, Fe**, and Cu®* under alkaline condi-

tions, the effect of these cations at varying concentrations was examined under standard con-
ditions. As shown in Table 6, the concentration of Fe** did not impact the gelling ability of EPS,
as no gels were formed with this cation. In contrast, both divalent cations formed homogene-
ous gels with EPS RA19. For Fe?*, increasing the salt concentration resulted in stronger gels, as
higher concentrations provided more ions to bond with ionizable groups in the polymer chain
(Figure 8). Conversely, no correlation was observed between salt concentration and gel
strength for Cu®*. Additionally, all gels formed with copper gradually lost their integrity over

time, likely due to weaker crosslinking bonds, suggesting that the gel structure was not stable.

Table 6. Optimization of gel formation under standard conditions was evaluated based on their strength and ho-
mogeneity: (+++) homogenous gels that maintained their gel structure in a tube-inversion test; (++) homogenous
gels that do not maintain their gel structure in a tube-inversion test; (+) weak, non-homogenous gels that do not
maintain their gel structure in a tube-inversion test; (-) no gel formation.

EPS (wt.%) Salt Salt concentration (mg ml™) Standard condition
10 (+)
2 40 (+++)
FeSO, 60 (+++)
20 (++4)
4 40 (+++)
60 (+++)
10 (+)
p) 40 (+)
CuSO, °0 )
20 (++)
4 40 (++)
60 (++)
20 )
2 FeCls 40 )
60 (-)
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The gelling ability of k-carrageenan improved with increasing salt concentration (Ca®*),
as this enhanced the formation of gel networks [133]. Similarly, a study on EPS Mo169 demon-
strated that increasing both polymer and cation concentrations, which raises crosslinking den-

sity, resulted in stronger and more compact gels [134].
2.34.3 Effect of EPS concentration

The effect of EPS concentration was assessed within the range of 2-4 wt.% (Table 6). Increas-
ing the EPS concentration from 1 wt.% (Table 5) to 2 wt.% did not influence gel formation with
Fe**, as no gels were observed at either concentration. In contrast, for Fe?*, gel formation was
initiated at 2 wt.%, with further increases up to 4 wt.% resulting in enhanced gel strength and
homogeneity, particularly at lower ion concentrations (Figure 8). Similarly, for Cu®*, gels formed
at 2 wt.%, and increasing the EPS concentration to 4 wt.% further improved both the strength
and uniformity of the gels across all cation concentrations. The enhancement in gel strength
with increasing polymer concentration is likely due to the greater availability of anionic groups,
which enables cations to form additional bonds, thereby increasing crosslinking density [134].
Similarly, increasing the concentration of EPS Mo169 resulted in the formation of stronger and
more compact gels with Fe(lll) [134]. Additionally, studies on FucoPol support these findings,

as higher polymer concentrations also led to increased gel strength with Fe(lll) [22].

40mg Fe?*
4% EPS

60mg Fe?*
2% EPS

60mg Fe?*
4% EPS

40mg Fe?*
2% EPS

Figure 8. Optimization of iron (Fe**) concentration and EPS content. Test tubes showing varying concentrations of
Fe®* (40 mg and 60 mg) and EPS (2% and 4%).
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The findings indicate that Fe** is the most promising crosslinker for forming stable gels
with EPS RA19, demonstrating superior gelling capacity and stability compared to Cu®* and
Fe**. This makes Fe®*-crosslinked gels particularly well-suited for applications such as drug
delivery and tissue engineering, where gel strength and stability are crucial for optimal perfor-

mance.

2.3.5 Emulsions

2.3.5.1 Preparation and characterization
Three different oil phases were used to prepare emulsions with EPS RA19, paraffin oil,

olive oil, and almond oil, which are commonly used in cosmetic applications. Paraffin oil, a
derivative of petroleum is commonly used for its occlusive properties, which help to lock in
moisture and its ability to regulate viscosity in cosmetic formulations [135]. Olive oil, known for
its rich composition of fatty acids, antioxidants, and vitamins, is highly valued for its nourishing,
anti-inflammatory effects on the skin [136]. Almond oil, abundant in vitamins and essential
fatty acids, is frequently incorporated into cosmetics for its moisturizing, emollient, and skin-
restructuring effects [137]. By combining these oils with EPS as emulsifiers, formulations can
be enhanced in both stability and skin benefits, supporting a growing trend toward natural and
multifunctional cosmetic products.

The emulsification assays were conducted by mixing the EPS at a concentration of 0.5
wt.% with oil phases in two different ratios, 2:3 and 3:2, using paraffin, olive oil, and almond oil
(Table 7). The results for the 2:3 ratio showed no significant differences in the emulsification
index (E)), with all emulsions displaying an E; above 50%, which is considered the threshold for
an effective emulsifier after 24 hours of formation [109]. However, for the 3:2 ratio, there was
a clear distinction between the oils. The emulsion with paraffin exhibited the highest E; at
78.9+1.6% (Figure 9), while those with almond and olive oil showed much lower values of
17.1£1.6% and 18.6+£0.0%, respectively (Figure A3). All emulsions demonstrated excellent sta-
bility over a 30-day period. Nonetheless, the emulsion with almond oil at the 3:2 ratio not only
had a low emulsification index but also displayed reduced stability compared to the others,

leading to its exclusion from subsequent experiments.
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Table 7. Emulsification activity was assessed at 24 h (E; @an), and 30 days (E| 3odays)) along with the stability of emul-
sions (Es) stabilized with EPS RA19. Data are shown as the averagetstandard deviation (SD) (n = 2). N/A, not appli-

cable.
wt.% (O:W) Oil Phase Ei 2an) Ei 30days) Es
Paraffin 53.41+£1.61 50.00+1.64 93.62+0.04
2:3 Almond oil 53.66+1.85 52.33+1.34 97.52+0.05
Olive oil 51.19+1.68 51.16+0.00 99.95+0.03
o> Paraffin 78.89+1.57 76.92+1.20 97.51+0.02
3:2 Almond oil 17.05+£1.61 14.61+£1.61 85.69+0.12
Olive oil 18.60+3.29 18.39+3.26 98.85+0.25
Paraffin 55.68+1.61 46.59+1.61 83.67+0.04
e3 Olive oll 56.47+0.94 51.72+1.83 91.59+0.04
' Paraffin 80.00+6.29 79.35+5.22 99.18+0.10
1 32 Olive oil 56.82+16.07 50.56+7.99 88.99+0.29
4:1 12.12+4.75 N/A N/A
3:1 Paraffin 9.63+1.48 N/A N/A
2:1 18.82+6.45 N/A N/A
2 63.33+4.71 62.22 98.25
4 - Daraffin 37.78+3.14 35.56 94.12
6 58.89+4.71 55.56 94.34
8 41.11+£1.57 40.00 97.30

The same ratios were evaluated using 1 wt.% of EPS with paraffin and olive oil as the oil
phases. While the emulsification index for paraffin-based emulsions increased, the change was
not as pronounced compared to olive oil-based emulsions, which saw a significant rise from
18.6+0.0% to 56.8+0.0%. Emulsification stability remained high across all formulations. How-
ever, due to the superior performance of paraffin, particularly in terms of emulsification index
and overall stability, subsequent tests focused exclusively on this oil phase. The high emulsifi-
cation index is likely due to the presence of uronic acids and deoxysugars like fucose and
rhamnose in the EPS, which render it lipophilicity, facilitating adsorption at the oil-water inter-
face, lowering interfacial tension, and promoting the formation of stable droplets [138,139].

Given that the emulsification index increased with a higher oil phase content, additional

ratios with increased paraffin levels (4:1, 3:1, and 2:1) were tested. Surprisingly, these ratios
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resulted in a significantly lower emulsification index, ranging from 9.6% to 18.8%, compared to
the 3:2 ratio. This decrease may be due to reaching a critical volume fraction, where the system
undergoes either phase inversion (shifting from O:W to W:0) or complete breakdown, leading
to phase separation [140].

To assess the influence of EPS concentration on emulsification behavior, a range of con-
centrations from 2 to 8 wt.% was tested at a constant O:W ratio of 3:2. The results indicated no
clear correlation between EPS concentration and the emulsification index at either 24 hours or
30 days. However, the emulsion with 1 wt.% EPS consistently demonstrated the highest emul-
sification index overall, being, therefore, the optimal concentration of polymer. This is in line
with findings by Jiang et a/. [31], who reported that beyond 1 mg mL™" of EPS E8, further in-
creases in polymer concentration did not affect the emulsification activity. Similarly, Kavitake
et al [141] found no consistent trend between EPS concentration and emulsion activity beyond
0.75 wt.% EPS. This stabilization of the emulsification index at higher polymer concentrations
is likely due to saturation adsorption, where the emulsifier exceeds the amount needed to fully
cover the droplet surfaces, leaving excess EPS in the continuous phase (water) without stabi-

lizing additional droplets [140,142].

3:2

L J

0.5wt.% 1wt. % 0.5wt.% 1wt. %

Figure 9. Emulsions formulated with EPS RA19 at 0.5 and 1.0 wt.%, with O:W weight ratios of 2:3 and 3:2, using

paraffin oil.

2.3.5.2 Rheological properties
The effect of EPS concentration on the viscosity of emulsions with a 3:2 O:W ratio was

evaluated at different EPS concentrations: 0.5 wt.%, 1 wt.%, 2 wt.%, 4 wt.%, 6 wt.%, and 8 wt.%.
Additionally, the influence of the oil phase content was examined for emulsions with varying

O:W ratios (4:1, 3:1, and 2:1) using paraffin as the oil phase and 1 wt.% EPS. The flow curves
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and the parameters from the fitted Carreau model are presented in Figure 10 and Table 8,

respectively.
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Figure 10. Apparent viscosity and oscillatory shear stress test for different emulsions. (A) Apparent viscosity () as a
function of shear rate (y) for emulsions with a 3:2 O:W ratio at different EPS concentrations: 0.5 wt.% (®), 1 wt.%
(@), 2wt% (), 4wt.% (), 6 wt.% (
the oil phase with 1 wt.% EPS: 4:1 (m), 3:1(®) and 2:1 (®). (B) Angular frequency dependencies of storage G’ (full

symbols) and loss G" (open symbols) moduli.

) and 8 wt.% («); and for emulsions with varying O:W ratios using paraffin as

The results showed that as the EPS concentration increased from 1 to 8 wt.%, the zero-
shear viscosity (n,) rose significantly from 2.578 to 8.618 Pa s (Table 8). This indicates that the
higher EPS concentration led to an increase in viscosity, likely due to unabsorbed EPS remain-
ing in the continuous phase and acting as a thickening agent [143].

Regarding the increase in oil phase content, the viscosities of emulsions with oil-to-water
ratios of 4:1, 3:1, and 2:1 were not significantly different, with estimated zero-shear viscosities
(no) of 0.165, 0.149, and 0.230 Pa s, respectively. However, compared to the viscosity at a 3:2
ratio, with a zero-shear viscosity of 2.578 Pa s for the same EPS concentration, there was a
noticeable decrease. This can be attributed to phase inversion, where the continuous phase
shifts to oil [142]. These findings are consistent with the results presented in the previous sec-

tion 2.3.5.1.

41



Table 8. Parameters of the Carreau model were estimated for various concentrations, and O:W ratios using paraffin

as oil phase
b
EPS (Wt.%) oW (PZOS) (/51) n R? N(Ic;,f
0.5 1852 1197 0.404 0.995 3.016
1 2578 3.882 0.562 1.000 0.972
2 4403 1.391 0.688 1.000 1192
4 32 6.128 1933 0.696 1.000 0.344
6 8313 2.186 0.663 1.000 1.090
8 8.618 2.484 0.476 1.000 0.630
41 0.165 0344 0.492 0.997 1656
1 3:1 0.149 0516 0.478 0.996 1.021
2:1 0.230 0.320 0.540 0.996 1338
5] |expi-Xmoder
b MRE = i 1y 100

The behavior of both the storage and loss moduli for the emulsion containing 0.5 wt.%
EPS and a 3:2 oil-to-water ratio with paraffin oil is illustrated in Figure 10B. Even at this low
concentration, G' remains consistently higher than G" across all frequencies, indicating a weak
gel-like behavior [98]. This contrasts with the behavior observed for EPS in water, as discussed
in section 2.2.3, where a liquid-like behavior was seen at various concentrations of EPS, tem-

peratures, and pH levels.

2.4 Conclusion

This chapter explores the functional properties of EPS RA19, produced by Paracoccus
zeaxanthinifaciens subsp. payriae, isolated from a "Kopara" mat in French Polynesia. The EPS is
rich in galactose, rhamnose and fucose, along with sulfates, and uronic acids, which endow the
EPS with negative charges. The potential of this EPS as a thickening, gelling, film-forming, and
emulsifying agent was evaluated.

Rheological characterization demonstrated that EPS RA19 exhibited notable non-New-
tonian shear-thinning behavior and liquid-like properties under steady-state and dynamic os-
cillatory measurements, respectively. These behaviors persisted across different temperature
and pH conditions, indicating the robustness of the EPS under varying environmental factors.

The film-forming ability of EPS RA19 was tested both with and without a plasticizer. Re-
sults showed that the polymer produced promising films with good structural integrity and

homogeneity, even in the absence of a plasticizer. Regarding mechanical properties, films
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without glycerol had higher Young’s modulus and tensile strength, along with lower elongation
at break. The addition of glycerol improved the flexibility of the films, reducing Young’s mod-
ulus and tensile strength while increasing elongation at break.

In terms of gel formation, EPS RA19 was able to form gels in the presence of Fe** and
Cu®*, though the latter showed instability over time, suggesting limited structural integrity.
Increasing the concentrations of both the polymer and Fe?* resulted in stronger, more homo-
geneous gels, making Fe®*-crosslinked gels particularly suitable for applications such as drug
delivery and tissue engineering.

The emulsifying properties of EPS RA19 were tested with olive oil, paraffin oil, and al-
mond oil, as well as different EPS concentrations and oil-to-water ratios. EPS RA19 showed
excellent emulsification and stabilization potential with paraffin oil, achieving the highest emul-
sification index at an optimal oil-to-water ratio of 3:2 and 1 wt.% EPS. This combination demon-
strated high stability over 30 days, and rheological analysis revealed that viscosity increased
with higher EPS concentrations. Therefore, this EPS has potential in high value applications,

such as cosmetic, formulation, tissue engineering and drug delivery.
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BIOACTIVE PROPERTIES

3.1 Introduction

Microbial EPS have garnered significant interest due to their diverse bioactivities, includ-
ing antioxidant [144], wound healing [145], photoprotective [20], and antimicrobial effects
[144], non-toxic nature and close compatibility with biological systems [39], making them

highly sought-after in applications where these properties are paramount considerations.

3.1.1 Antioxidant

Reactive oxygen species (ROS) are a collection of highly reactive molecules, comprising
superoxide radicals (O2%), hydroxyl radicals (OH®), hydrogen peroxide (H.0O>), as well as various
peroxides (ROOR') and hydroperoxides (ROOH), generated as by-products of cellular metabo-
lism primarily within the mitochondria, in oxidative phosphorylation [146]. Exogenous stimuli,
such as salinity, prolongated exposure to UV rays and metal toxicity, can also induce the over-
production of ROS [146].

In excess, these species pose a significant threat to cellular integrity due to their highly
reactive nature. ROS can inflict oxidative damage on vital cellular components such as proteins,
lipids, and DNA, potentially culminating in cell death if left unchecked [147]. Cells counteract
this oxidative stress through a range of defense mechanisms, including the production of an-
tioxidant enzymes and compounds [148]. EPS have emerged as compounds capable of scav-
enging ROS, thereby mitigating oxidative stress and shielding cells from harm [149-151].

Natural polysaccharides can act as antioxidants in their own right, through mechanisms
such as chelating metals and scavenging ROS, or enhance the activity of endogenous antioxi-
dant enzymes, offering potential therapeutic benefits in combating oxidative stress-related
diseases and promoting overall cellular health [149]. For example, the high concentration of
negatively charged groups in FucoPol endowed the EPS with significant antioxidant potential,

aiding cells in protecting against the deleterious H,O, exposure [150]. Fucoidan extracted from
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Fucus vesiculosus exhibits superior antioxidant effect in comparison to fucoidan from

Ascophyllum nodosum, which is ascribed to its elevated fucose and sulfate content [151].

3.1.2 Photoprotection

An organism's ability to protect itself from harmful UV radiation is crucial, especially from
UVA and UVB rays, as UVC is largely absorbed by the ozone layer [152]. UV radiation can cause
cellular dysfunction and increase oxidative stress, leading to detrimental effects on the organ-
ism's health [152,153]. An effective strategy involves the use of polysaccharides as photopro-
tectors due to their capability to absorb UV radiation, thus preventing it from reaching vital
cellular components [20]. In addition, these polymers can enhance repair mechanisms in UV-
induced damaged cells and act as scavengers of ROS generated by UV exposure [154].

Studies have demonstrated the protective effects of EPS in various contexts. For instance,
EPS derived from Lactobacillus reuterihave been shown to protect human skin fibroblasts from
UVA-induced damage by enhancing antioxidant enzyme activities and reducing cell apoptosis
(Table 1) [154]. FucoPol, produced by £nterobacter A47 effectively protects epithelial cells and
keratinocytes from UVA and UVB, through the absorption of UV radiation [20].

3.1.3 Wound healing

Wound healing is a complex process characterized by the occurrence of several some-
what overlapping phases, which can be delineated as follows: hemostasis, inflammation, new
tissue formation, and tissue remodeling [155]. Hemostasis occurs immediately after an injury
to prevent excessive bleeding by forming blood clots through platelet aggregation and fibrin
clot creation [155]. Uncontrolled bleeding can lead to excessive blood loss and potentially
death. To address this, materials that aid in rapid hemostasis are being developed [156].

Subsequently, an inflammatory response is initiated, characterized by the influx of im-
mune cells, including macrophages and neutrophils, which are responsible for clearing debris
and combating infection against pathogens, such as viruses, bacteria and other microorgan-
isms [155]. Proliferation is marked by the formation of new connective tissue, where fibroblasts
synthesize collagen, and endothelial cells form new blood vessels (angiogenesis), leading to
the development granulation tissue. Epithelial cells then migrate over the wound bed to re-
establish the skin barrier. Remodeling entails the maturation and reorganization of collagen
fibers, thereby strengthening tissue over the course of several months or years. Disruptions at

any stage have the potential to result in chronic wounds or abnormal scarring [155]. Prolonged
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inflammation can lead to chronic wounds, whereas excessive collagen deposition during re-
modeling can cause hypertrophic scarring or keloids, both of which have a bearing on the
functional and cosmetic outcomes of wound healing [155,157].

Bioactive materials, such as EPS, have significantly improved tissue repair through multi-
ple mechanisms, including promoting cell proliferation and migration [145], enhancing colla-
gen synthesis and modulating the inflammatory response [158]. By maintaining a moist wound
environment and providing a biocompatible matrix, EPS helps support faster wound closure
and tissue regeneration [64]. The inclusion of EPS in advanced wound care products under-
scores their importance in improving healing outcomes, reducing recovery times and minimiz-
ing scarring, making them valuable in medical and therapeutic applications [159].

For example, Fucoidan enhanced wound healing by promoting blood vessel formation
and deposition of collagen [160]. EPS extracted from the bacterium Weissella cibaria MED17
exhibited wound healing capacity and the ability to repair DNA damage (Table 1) [34]. In a
study conducted in animals, it was shown that EPS synthesized by Papiliotrema terrestris
PT22AV had the ability to facilitate the recruitment of keratinocytes, fibroblasts and macro-
phages aiding in reducing the inflammation phase (Table 1) [37].

3.2 Materials and Methods

3.2.1 Materials

For the biological tests, four additional exopolysaccharides were investigated. The pro-
cesses of bacterial isolation, EPS production, and composition analysis were completed prior

to this thesis under the PROMICON project (Table 9).

Table 9. Monosaccharide composition of additional EPS used in biological assays (Ara, L-arabinose; Fuc, L-fucose;
Gal, galactose; GalA, galacturonic acid; Glc, glucose; GIcN, glucosamine; Man, mannose; Rha, rhamnose; Rib, ribose)

Monosaccharide composition (mol%)

EPS Ara Fuc Gal GalA Glc GIcN  Man Rha Rib
SC4 26 - - 1 22 52 - - -
RD5 - 27 14 10 14 18 - 13 -
AB5 4 3 9 6 67 12 - - -
Mo169 - - 6 - 21 52 18 - 3

Alteromonas macleodiifMo169 was isolated from a giant clam in the marine environment

of Moorea Island lagoon, French Polynesia. Bacterial isolation, EPS production, and
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composition analysis were performed before this thesis in collaboration with Pacific Biotech BP
(Table 9).

All the polymers were sterilized in a DIGITHEAT-TFT Drying Oven (J.P. Selecta, Spain), at
120°C for 2h in a sealed Schott flask.

3.2.2 Cell culture

Biological assays were conducted using HaCaT (human immortalized keratinocyte, ob-
tained from ATCC, USA), HFFF2 (Human fetal foreskin fibroblasts, obtained from ECACC, UK)
and Vero cell line (monkey kidney epithelial cells, VERO CCL-81, obtained from ATCC, USA).
HaCaT cells were cultured in Dulbecco's Modified Eagle medium (DMEM) High Glucose (4.5 g
L") from Biowest (L0103), supplemented with 10% (v/v) of fetal bovine serum (FBS) from
Biowest, and 1% (v/v) penincilin-strepmycin (PS) from Gibco. Both HFFF2 and Vero cells were
cultured in DMEM Low Glucose (1g L") from Biowest (L0060) supplemented with 10% (v/v) FBS
and 1% (v/v) PS. All cells were maintained at 37°C with 5% CO,, as described by Concérdio-
Reis et a/[19], and Guerreiro et a/. [50].

3.2.3 Cytotoxicity assay

The cytotoxicity assays were performed according to the methodology described by
Guerreiro et al [20] according to the International Standard I1ISO 10993-5. Cell viability was
assessed using the resazurin colorimetric assay (from Alfa Aesar). Resazurin is a small dye that
is reduced to resorufin by cellular reductases in viable cells. This reaction shifts the absorbance
of the dye from 600 nm (resazurin) to 570 nm (resorufin) [161].

The HaCaT, HFFF2 and Vero cells were seeded individually into 96 well-plates at 25.000
cell cm™, 30.000 cell cm™ and 20.000 cell cm™, respectively, in standard DMEM culture medium,
and allowed to grow for 24 hours in the incubator at 37°C in a 5% CO; humidified atmosphere.
Afterwards, cells were supplemented with the EPS diluted in the appropriate medium for each
cell type (25-0.75 mg mL™). Simultaneously, the cells were incubated with only cultivation me-
dium as the negative control (viable cells), and with cultivation medium supplemented with
10% DMSO as the positive control (non-viable cells). After incubating for 24h, 100uL of
DMEM:resazurin (50% of 0.04 g L' of resazurin diluted in PBS + 50% medium) solution was
added to assess cell viability, followed by 3h incubation at 37°C in a 5% CO; before reading
the absorbance at 570 and 600 nm. The optical density was measured using an Agilent BioTek

Synergy LX Multi-Mode Microplate Reader (Agilent, USA) and cell viability was expressed in
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terms of percentage of living cells relative to the negative control (Figure 11). A minimum of

two independent experiments were performed in quadruplicate.

(1) Cell seeding in 96-well plate 2 ) Incubating incubator at 37 ¢Ciin a (3) Addition of EPS in appropriate medium
5% CO2 humidified atmaosphere and controls

Resazurin Resorufin
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5) Absorbance reading at 570 and 600nm 4 Colorimetric resazurin reaction

Figure 11. Schematic representation of the cytotoxicity assay protocol, detailing the steps from cell seeding, treat-
ment with test compounds, application of cytotoxicity assay reagent (resazurin) to measurement. Created in

Inkscape.

3.2.4 Photoprotection

To evaluate the photoprotective activity of EPS RA19, EPS SC4, EPS RD5, EPS AB5 and
EPS obtained from Alteromonas macleodii Mo169. The protocol described by Guerreiro et al.
[20] was followed with minor modifications. HaCaT and HFFF2 cells were seeded in a 12-well
plate at densities of 25.000 cell cm™ and 30.000 cell cm™, respectively, using standard DMEM
culture medium. After a 24-hour growth period in an incubator at 37°C in a 5% CO; humidified
atmosphere, the cells were supplemented with either DMEM (control) or DMEM containing 1.5
g L EPS. Two conditions were tested: (i) cells were irradiated with a 254 nm ultraviolet lamp in
a flow chamber for 30 minutes, and (ii) cells were left at room temperature for the same dura-
tion. Viability was assessed 2 hours and 24 hours post-irradiation using the resazurin colori-
metric assay, as described above in section 3.2.3. The experimental design of the assay is rep-
resented in (Figure 12). A minimum of two independent experiments were performed in quad-

ruplicate.
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Figure 12. Overview of the photoprotection assay protocol, illustrating the sequence from seeding cells, adding
experimental and control treatments, subjecting one plate to UV irradiation and another left at room temperature,
and measuring absorbance at 570 nm and 600 nm to assess photoprotective effects. Created in Inkscape.

3.2.5 Antioxidant activity

To evaluate the antioxidant activity of the EPS, the protocol described by Nunes et al.
[162] was followed.

Intracellular ROS generation was assessed using a fluorometric assay with 2,7'-dichloro-
dihydrofluorescein diacetate (H,-DCFDA, obtained from Merck). This non-fluorescent probe is
converted by cellular esterases into 2,7'-dichlorodihydrofluorescein (H.DCF), which also lacks
fluorescence. Upon reaction with ROS such as hydrogen peroxide (H.0>), hydroxyl radicals, and
other peroxides, H.DCF is rapidly oxidized to the highly fluorescent dichlorofluorescein (DCF)
[162].

HaCaT cells were seeded at a density of 25.000 cell cm™ in 96-well plates and left for 24h
in an incubator at 37°C in a 5% CO, humidified atmosphere. The culture medium was removed
and 20uM of H,-DCFDA was added to each well and the plates were incubated at 37°C for 30
min. Afterwards, the volumes were discarded, and the 1.5 wt.% EPS solutions and 1 mg mL"
ascorbic acid (positive control) were incubated for a further 1 hour. Subsequently, oxidative
stress was induced by adding a solution of 500 uM hydrogen peroxide (H.O>) or exposing cells
to a 254 nm ultraviolet lamp in a flow chamber for 30 minutes. Before ROS levels were deter-

mined by fluorescence (excitation wavelength 485 nm, emission wavelength 520 nm) using an
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Agilent BioTek Synergy LX Multi-Mode Microplate Reader (Agilent, USA), the volume of the
wells exposed to UV were discarded and PBS was added (Figure 13).
A minimum of two independent experiments were performed in quadruplicate (n=4) and

reported as a percentage of ROS reduction determined according to Equation 4.

fluorescence of exposed cells

ROS (%) =

x 100 (4)

fluorescence of unexposed control

1) Cell seeding in 96-well ple 2) Incubating incubator at 37 2Ciin a

5% CO2 humidified atmosphere (3) Addition of H,-CDFDA for 30min 4) Addition of EPS in appropriate

medium and ascorbic acid for 1 hour
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Figure 13. lllustration of the oxidative stress assay protocol, showing the steps of seeding cells into a 96-well plate,
adding H2-DCFDA, treating with EPS, inducing oxidative stress with H202 or UV light, and measuring fluorescence.
Created in Inkscape.

3.2.6 Wound healing

The wound healing property of EPS RA19 was assessed according to protocol described
by Concérdio-Reis et al. [19], with a few modifications. HaCaT cells were seeded at a density of
60.000 cells cm™ on four defined cell-free gaps silicon inserts (Ibidi, Germany) placed in 12-
well plates. The cells were left to grow to confluence (24h). Afterwards, the silicon inserts were
removed, and each well was washed twice with PBS to remove non-adherent cells. Then, the
cells were supplemented with the 1.25 wt.% EPS solutions (Figure 14).

A NIKON Eclipse Ti-S optical microscope connected to a NIKON D610 digital camera was
used for image collection at different time points: 0, 16, 24, 32, 42h. To measure the wound
area, image analysis was performed using ImageJ 1.56g software (USA). The wound area was
defined between the border lines, and the percentage of the recovered wound area was cal-

culated using the following Equation 5.
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Initial —(Final
Wound area recovered (%) = (nitia ar.e‘,l) (Finalarea) o 100 (5)
Initial area

The results were expressed in terms of mean + SD of four replicates (n=4) of one inde-

pendent experiment.
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Figure 14. Illustration of the wound healing assay protocol, showing the steps of seeding cells into a 12-well plate
with silicone inserts, removing the silicone inserts to create uniform cell-free zones, and adding experimental and

control treatments. Created in Inkscape.

3.2.7 Statistical Analysis

All experiments were conducted in at least duplicate, and the results are expressed as
mean * SD. Statistical significance across datasets was evaluated using two-way ANOVA.
GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA, USA) was employed for

statistical analysis, with P < 0.05 considered statistically significant.

3.3 Results and Discussion

3.3.1 Cytotoxicity

Evaluating the cytotoxicity of EPS is crucial for applications in cosmetics, biomedical, and
medical fields due to the need for safety, biocompatibility, and effectiveness [79,163]. EPS used

in these industries often come in direct contact with skin or internal tissues, so ensuring they
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do not cause harm or trigger immune responses is essential [163]. With this in mind, the po-
tential cytotoxicity of EPS RA19 was tested for three different cell lines. Both fibroblasts and
keratinocytes are the leading cells found in the skin layers, dermis and epidermis, respectively,
and play an important role in cutaneous regeneration in the inflammatory phase, contributing
to wound healing of the damaged tissue [164]. Vero cell line is, amongst other cells, recom-
mended by ISO 10993-5 international standard for the performance of cytotoxicity assays
[165].
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Figure 15. Cytotoxicity effect of EPS RA19 on HaCaT, HFFF2 and Vero at different concentrations: 25 g L™, (m), 12.5
gL', @),63gL" @), 32gL", (@), 1.6gL" (@)0.8gL", (O).Positive control was supplemented with medium and
DMSO (@), and negative control was supplemented with only medium (©). Statistically significant differences com-
paring samples with the negative control were assessed according to Two way ANOVA (*, p<0.05, **, p<0.01, ****
p<0.0001).

The toxicity of the EPS was evaluated for concentrations ranging from 25 gL' to 0.8 g L
'. The negative control (C-), which was only supplemented with complete culture medium, rep-
resents a viability of 100%, meaning that all cells are alive. Contradictorily, in the positive con-
trol (C+), the cytotoxic condition in which 10% DMSO was added to supplement the medium,
a viability of 7.44+2.13% was obtained, confirming the test’s sensitivity to cell viability.

According to ISO 10993-5 standards [165], EPS RA19 is considered non-cytotoxic at con-
centrations up to 6 g L™', with cell viability remaining above 70% for all tested cell lines. At
higher concentrations, cell viability was significantly inferior compared to the negative control,
while at lower concentrations no significant difference in cell viability was observed. Consider-
ing these results this polysaccharide can be considered non-cytotoxic at concentrations below

6 g L™ and used for further biological studies.
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These findings are consistent with the literature where other EPS have been shown to be
non-cytotoxic within certain concentration ranges. For example, at concentrations between
0.01 and 1 mg mL™", EPS produced by Lactobacillus reuteri S)47 has no toxic effects on cells
[154]. Similarly, EPS AC210 has been reported to be non-cytotoxic at concentrations between
0 and 1 mg mL"[97]. In contrast, Fucopol has shown no cytotoxicity at concentrations up to
10 mg mL" [50].

3.3.2 Photoprotection

Photoprotection involves both primary and secondary defense mechanisms. Primary pro-
tection relies on compounds that shield the skin by absorbing, reflecting, or blocking UV radi-
ation. Secondary defenses, such as antioxidants, help neutralize ROS and reduce the cascade
of harmful reactions triggered by UV exposure. Together, these systems work to minimize UV-
induced damage and provide long-term skin protection [166].

To determine the suitability of a biomaterial as a photoprotector, it is crucial to evaluate
its effectiveness in providing UV protection, given the significant risks associated with pro-
longed UV exposure, such as photoaging and skin cancer [152]. With this in mind, the potential
of EPS as natural photoprotective agents was tested, focusing on their ability to shield the skin
from harmful UV radiation and mitigate the associated long-term damage.

As EPS RA19 showed a similar cytotoxicity range to Fucopol, the concentration for this
assay was based on the 2.5 mg mL" used in the Fucopol photoprotection studies. However, as
some EPS, such as RD5 and SC4, did not fully dissolve at this concentration, a lower concen-
tration of 1.5 mg mL" was used instead. While the cytotoxicity of the other EPS was not indi-
vidually tested, their similarity to EPS RA19 led to the decision to test all EPS at the same con-
centration. Additionally, the literature confirms that EPS do not exhibit cytotoxicity at this con-
centration [50].

Two sets of 12-well plates were cultured with HaCaT and HFFF2 cell lines, in which for
each respective cell line, one plate was maintained at room temperature (C+, C-), while the
other plate was exposed to UV radiation for a 30 minute period (I+, I-). Figure A4 and Figure
16, showcase the metabolic activity of irradiated and non-irradiated HaCaT and HFFF2 cells,
after 2h and 24h post radiation, respectively, the latter, was used to assess any delayed radia-

tion-induced damage.
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Figure 16. Metabolic viability of irradiated and non-irradiated HaCaT (clear bars) and HFFF2 cells (striped bars) 24h
post exposure to UV radiation, for five EPS, RD5, SC4, AB5, RA19 and Mo169. Non irradiated cells supplemented
with only medium, C-, (3); Non irradiated cells supplemented with EPS, C+, (B); Irradiated cells supplemented with
only medium, |-, (O); Irradiated cells supplemented with EPS, |+, (M). Statistically significant differences comparing
samples were determined according to Two way ANOVA (*, p<0.05, **, p<0.01, ***, p<0.001, **** p<0.0001).

At the 2-hour post-irradiation time point, no significant reduction in cell viability was
observed between the irradiated cells (I1+, I-) and the control cells (C+, C-) as depicted in Figure
A4. For HaCaT, after 24 hours, cells treated with EPS SC4, AB5, and RA19 showed a significant
increase in viability compared with the cells without EPS (I-), indicating the potential photo-
protective effects of these polymers. Conversely, both EPS RD5 and Mo169 exhibited signifi-
cant photodegradability after 24h post-irradiation, reducing their effectiveness as a protective
agent.

For the HFFF2 cell line, the EPS demonstrated similar behaviors to those observed in the
HaCaT cells, except for RA19. Compared to HaCaT, HFFF2 cells supplemented with EPS RA19
did not show statistical difference between I+ and |- group, indicating that for this cell line EPS
RA19 does not have protective effect. This indicates that certain EPS might specifically target
and protect particular skin cell types from UV damage. A similar result was observed for EPS
produced from a Paenibacillus isolate, where the EPS reduced UVB-induced cell death in
keratinocyte cells but not in fibroblasts [167]. In contrast, the other EPS tested displayed similar
difference between |- and |+ across both cell lines, implying that they have comparable pho-

toprotective effects on both HaCaT and HFFF2 cells.
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Previous studies have demonstrated that sulfated polysaccharides possess strong pho-
toprotective properties. For example fucoidan isolated from Hizikia fusiforme, rich in both sul-
fate and fucose, similarly to EPS RA19, proved to protect HaCaT cells against UVB-induced
photodamage [168]. The fucoidan purified from brown seaweed Saccharina japonica also en-
hanced the viability of HaCaT cells exposed to UVB radiation [169].

EPS SC4 and AB5 exhibited similar behaviors, both demonstrating strong photoprotec-
tion in both cell lines, with a statistically significant difference between 1+ and I- at the 24-hour
mark. AB5 consistently showed higher significance values than EPS SC4, suggesting it has
greater photoprotective activity. Furthermore, in HaCaT cells, neither polymer showed a statis-
tically significant difference between C+ and I+, which was not observed with other EPS in
either cell line. This may indicate that UV exposure did not significantly affect the cells, allowing
them to remain viable and continue proliferating. In contrast, EPS RD5 and Mo169 showed no
photoprotective activity in either cell line, as no significant difference was observed between
the irradiated groups.

Since EPS SC4 is primarily composed of arabinose, this could be linked to its demon-
strated photoprotective activity. Although no studies have specifically attributed photoprotec-
tion to arabinose alone, research suggests that polysaccharides rich in arabinose may endow
the polysaccharide with antioxidant properties [170,171]. These antioxidant effects are likely
related to photoprotection, as antioxidants play a critical role in mitigating UV-induced oxida-
tive stress, which is a key factor in preventing skin damage caused by solar radiation [172].
Interestingly, EPS ABS5, the only other EPS in this study containing arabinose, albeit in smaller
amounts, also demonstrates photoprotective potential. However, AB5 has a relatively high con-
tent of uronic acids, which have been shown to possess photoprotective activity [173]. FucoPol,
known for its photoprotective activity [20], has a composition similar to EPS RD5, yet RD5 does

not exhibit any photoprotection despite this similarity.

3.3.3 Antioxidant

Sunscreens in their composition are endowed with a combination of UV filters, which
ensure protection over a broad spectrum of UV radiation, and antioxidants, which help stabi-
lizing the formulation and add additional protection against UV mediated oxidative stress
[174]. With the constant innovation of the cosmetic industry, multifunctional compounds are a
prerequisite in the development of new cosmetic products, therefore it is important to find

biomaterials which show good photoprotective and antioxidant activities [53].
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An /n vitro assay was conducted to evaluate the antioxidant capacity of EPS RD5, SC4,
Mo169, and RA19, specifically their effectiveness in mitigating ROS generation. UV radiation
induces the formation of ROS, including hydroxyl radicals, superoxide anions, and hydrogen
peroxide [54]. Hydrogen peroxide, in turn, interacts with redox-active transition metals (e.g.,
Fe®*), producing hydroxyl radicals via the Fenton reaction [55]. In this assay, HaCaT cells were
seeded in 96-well plates, and ROS generation was triggered by exposing the cells to either
hydrogen peroxide or UV radiation for 30 minutes. This setup enabled a comprehensive eval-
uation of each EPS's ability to counteract oxidative stress and protect cellular health.

Ascorbic acid, most commonly known as vitamin C, is the second most used active in-
gredient in topical cosmetic formulations, for its antioxidant and photoprotective activities [53].
Therefore, it was used as positive control to compare the efficacy of the EPS as antioxidants.

The results obtained (Figure 17) revealed that all tested EPS generated ROS in response
to exogenous stimuli, though their antioxidant activity varied. This was evident from reduced
ROS production, similar to the positive control, indicating their capacity to mitigate ROS for-
mation. Notably, in HaCaT cells exposed to UV light (Figure 17A), EPS SC4 and Mo169 exhibited
the strongest antioxidant potential, though their ROS reduction was still significantly weaker
than the positive control, highlighting their comparatively lower antioxidant effectiveness. Un-
der hydrogen peroxide treatment (Figure 17B), RD5 exhibited the poorest antioxidant activity,
with a larger deviation from the positive control. Overall, while all EPS demonstrated some level
of antioxidant capacity, their effectiveness was generally less pronounced than the positive
control. This suggests that while EPS have antioxidant activity, their effectiveness is less pro-
nounced compared to the positive control. To comprehensively evaluate the antioxidant ac-
tivity of the EPS, further testing is required, particularly focusing on optimizing concentration,
as previous studies have demonstrated that the antioxidant properties of EPS improve with
increasing concentration [53,144].

EPS RA19 demonstrated strong photoprotective activity (Figure 16) but showed limited
antioxidant effects, illustrated by an almost 100% production of ROS. In contrast, EPS Mo169
and SC4, which both contain high levels of glucosamine in their backbone, did not produce as
many ROS as the other polysaccharides, exhibiting a significant ability to reduce UV-induced
ROS formation. This aligns with existing literature, which highlights glucosamine's excellent
antioxidant properties, including its strong chelating effect on ferrous ions and its role in pro-
tecting macromolecules from oxidative damage caused by hydroxyl radicals [56]. Among the
two, SC4 stands out as the most promising candidate for cosmetic sunscreen applications, as

it combines both effective photoprotective and antioxidant properties, making it well-suited
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for comprehensive skin protection. Additionally, despite RD5's compositional similarity to Fu-
coPol, which has reported antioxidant properties [150], RD5 does not display any measurable

antioxidant activity, as it produces almost three times more ROS than the positive control.
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Figure 17. The impact of various EPS on the production of ROS (%) in HaCaT cells following exposure to (A) UVB
light, and (B) hydrogen peroxide for 30 min. Ascorbic acid (AA) served as positive control. Statistically significant
differences comparing samples with the positive control were assessed according to Two way ANOVA (*, p<0.05,
** p<0.01, **** p<0.0001).

Interestingly, the reduced effectiveness of ascorbic acid in mitigating ROS induced by
hydrogen peroxide, compared to UV-induced ROS, may be attributed to the potential for
ascorbic acid to occasionally reduce Fe** to Fe?*, which can further enhance the Fenton reaction
and lead to more ROS formation, potentially reducing its overall protective effect in cells ex-
posed to hydrogen peroxide [175].

The significant production of ROS observed in the control group is a reflection of the
natural ROS production, as cells typically generate lower levels of ROS under normal conditions

[146].

3.3.4 Wound healing

The wound healing capacity of EPS RD5, SC4, RA19 and Mo169 was assessed after 16,
24, 32 and 48h post removal of inserts, which left the wells with a defined cell-free gap, and
the monitoring of cell migration was evaluated through the measurement of the area between
wound edges. The wound recovery was calculated as a ratio relative to control (Figure 18), and
images of the evolution of wound healing for the control and respective EPS are displayed in

Figure A5.
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Figure 18. Wound healing assay, with migration of HaCaT cells after treatment with EPS RD5, SC4, RA19 and Mo169
for 16h (m), 24h (W), 32h (W), and 48h (E) post removal of insert. Statistically significant differences comparing
samples with the control for the respective time points and between time points for each EPS were assessed ac-
cording to Two way ANOVA (*, p<0.05, **, p<0.01, **** p<0.0001).

Among the tested EPS, only SC4 and RD5 demonstrated superior cell migration com-
pared to the control, which was treated with medium alone, indicating strong wound healing
activity. SC4 was particularly effective, with wound recovery at 48 hours, nearly double that of
the control group. This accelerated healing, highlighted by a highly significant difference com-
pared to the control, suggests that SC4 may stimulate faster cell migration and tissue repair,
positioning it as a potential candidate for therapeutic applications in wound treatment. Simi-
larly, RD5 exhibited significant wound recovery, consistently outperforming the control group
at every time point. This aligns with the statistically significant difference in cell migration ob-
served between the EPS RD5 and the control at each time point, further confirming its potential
in promoting wound recovery.

In contrast, while RA19 and Mo169 demonstrated some degree of cell migration/prolif-
eration over the 48-hour period, their wound recovery did not surpass that of the control
group. This implies that these EPS may not be as effective and not the best candidates for
therapeutic agents aimed at enhancing wound healing and tissue regeneration.

Interestingly, EPS SC4 and RD5 exhibited significantly enhanced wound healing proper-
ties compared to EPS RA19 and Mo169. RD5, characterized by its high uronic acid content (10
mol%), may facilitate wound repair through interactions with cellular receptors, potentially

modulating immune responses, as supported by previous research [174].
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In contrast, SC4, with its elevated arabinose content (26 mol%), may promote tissue clo-

sure and recovery, likely attributed to the anti-inflammatory properties of arabinose [177,178].

3.4 Conclusion

This chapter examines the bioactive properties of five different EPS, RA19, previously
tested for its functional properties; EPS SC4, AB5, RD5, and EPS Mo169, produced by Alter-
omonas macleodii Mo169, which was isolated from a giant clam in the Moorea Island lagoon,
French Polynesia.

The cytotoxicity of EPS RA19 was assessed, showing that concentrations up to 6 mg/ml
did not induce toxic effects in HaCaT, HFFF2, or Vero cells. Photoprotection assays revealed
that RA19 predominantly protected HaCaT cells but was less effective for HFFF2 cells. EPS SC4
and AB5 exhibited the highest photoprotective activity, while EPS RD5 showed moderate ac-
tivity, and EPS Mo169 did not display any photoprotective properties. Antioxidant activity tests
indicated that RA19 and RD5 had limited antioxidant capacity, while EPS Mo169 and SC4
demonstrated strong antioxidant activity. Overall, EPS SC4 emerged as the best candidate for
cosmetic sunscreen applications due to its excellent photoprotective and antioxidant proper-
ties.

Regarding wound healing, EPS RA19 and Mo169 did not show significant improvements
compared to the control, suggesting a lack of wound healing activity. In contrast, EPS RD5 and
SC4 displayed highly promising results, positioning them as potential therapeutic agents for

promoting wound healing and tissue regeneration.
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‘ 4
CONCLUSIONS AND FUTURE WORK

4.1 General Conclusion

This dissertation investigates the functional and biological properties of EPS, each with
unique characteristics and potential applications. Specifically, EPS RA19, a fucose-rich polymer,
was studied for both its functional and biological properties. In contrast, EPS SC4, AB5, RD5,
and Mo169 were primarily evaluated for their biological properties.

EPS RA19 demonstrated potential applications across several fields. Rheological studies
revealed that this polymer exhibits non-Newtonian shear-thinning behavior and liquid-like
properties in steady-state and dynamic oscillatory measurements, respectively. Additionally,
films formed from EPS RA19 alone exhibited good structural integrity and homogeneity, even
without a plasticizer. The incorporation of glycerol enhanced the flexibility of the films, im-
proved the mechanical properties, and resulted in a smoother, more compact structure. EPS
RA19 also formed gels in the presence of Fe** and Cu®*; however, only Fe** produced stable
gels that maintained their structure over time. Increasing the concentrations of both the poly-
mer and Fe®* further strengthened and homogenized the gels, making Fe**-crosslinked gels
suitable for applications such as drug delivery and tissue engineering. EPS RA19 also formed
highly stable emulsions with paraffin oil at an optimal O:W of 3:2 and 1 wt.% EPS, suggesting
its suitability for cosmetic formulations.

In terms of biological properties, EPS RA19 was non-cytotoxic at concentrations up to 6
mg ml”" and showed good photoprotection in keratinocytes. However, it exhibited limited an-
tioxidant activity and was ineffective as a wound-healing agent.

In contrast, EPS SC4 showed remarkable biological activity, with excellent photoprotec-
tive and antioxidant properties, positioning it as a strong candidate for cosmetic applications.
Its outstanding wound-healing capabilities further highlight its potential use in tissue engi-
neering. EPS AB5 was primarily investigated for its photoprotective potential, showing good
activity in both cell lines evaluated.

EPS RD5, while exhibiting moderate photoprotective activity and limited antioxidant ca-
pacity, stood out for its strong wound-healing potential. This positions it as a promising can-

didate for tissue engineering applications, where wound repair is critical.
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Finally, EPS Mo169, produced by Alteromonas macleodi; did not show significant pho-
toprotective or wound-healing properties. However, its strong antioxidant activity suggests

potential for applications focused on oxidative stress reduction.

4.2 Future work

This study highlights several areas that warrant further investigation. First, a more de-
tailed structural characterization of EPS RA19 is required, with a focus on its glycosidic linkage
composition and acyl content. This will provide a deeper understanding of the polymer’s com-
plex mechanisms.

The optimization of EPS-based films should be explored further by adjusting the type
and concentration of plasticizers. Assessing their gas and water vapor permeability will be es-
sential for comprehensive characterization. To further enhance their mechanical and barrier
properties for a wider range of applications, the incorporation of functional additives or blend-
ing with other polymers should also be considered.

Further characterization of EPS RA19-Fe** gels is necessary, including compression tests,
water content determination, swelling studies, and cytotoxicity assessments. These evaluations
are crucial to determine the potential application of these gels in drug delivery and tissue en-
gineering.

In vivo studies of EPS-based emulsions should be conducted to assess their applicability
in cosmetic formulations. These studies should include skin compatibility testing, irritation and
allergic reaction assessments, and sensory evaluations. Additionally, the rheological behavior
of these emulsions under varying temperatures and pH should be investigated to confirm their
stability and emulsifying activity across a wide range of conditions.

Further testing is also needed to optimize the antioxidant activity of the EPS, with a focus
on concentration and exposure conditions. Similarly, photoprotection studies should be ex-
panded to include a broader range of concentrations and exposure times to better understand
their protective potential.

Finally, the sulfate content of EPS RA19 presents an opportunity for further research into
their anti-inflammatory and antimicrobial properties. Investigating these biological activities

could expand the scope of its applications in biomedical and therapeutic fields.
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APPENDIX

-

Figure A1. Photographs of the films with (A) 1.5wt.%; and (B) 3 wt.% EPS RA19.

Alkaline conditions Standard conditions

Figure A2. Results of screening cations in order to assess gel formation, under alkaline and standard conditions for
0.5 and 1 wt.% EPS.
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Olive oil Almond oil

0.5wt.% 1wt.% 0.5wt.%

Figure A3. Emulsions formulated with EPS RA19 at 0.5 and 1.0 wt.%, with O:W weight ratios of 2:3 and 3:2, using

almond and olive oil.
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Figure A4. Metabolic viability of irradiated and non-irradiated HaCaT (clear bars) and HFFF2 (striped bars) 2h post
exposure to UV radiation, for four EPS, RD5, SC4, AB5 and RA19. Non irradiated cells supplemented with only me-
dium, C-, (@); Non irradiated cells supplemented with EPS, C+, (B); Irradiated cells supplemented with only medium,
I-, (O); Irradiated cells supplemented with EPS, I+, (H). Statistically significant differences comparing samples were
determined according to Two way ANOVA (*, p<0.05, **, p<0.01, ***, p<0.001, **** p<0.0001).
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t=24h

t=48h

Figure A5. Evolution of wound healing in HaCaT cells line after treatment medium (A), EPS RD5 (B), SC4 (C), RA19
(D), Mo169 (E) at time 0, 16, 32, 48h.
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