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Seaweed-derived hydrocolloids encompass both sulfated and non-sulfated polysaccharides that play a pivotal
role in food technology and human health. Sulfated polysaccharides such as carrageenan, fucoidan, ulvan, and
porphyran exhibit distinctive structural features that confer potent bioactive properties, including antioxidant,
immunomodulatory, antimicrobial, and prebiotic activities. Non-sulfated polysaccharides such as alginate and
agar (although primarily a galactan, contains sulfated agaropectin fractions) are equally important for their
remarkable gel-forming abilities, rheological modulation, and stabilization functions in diverse food matrices.
The functionality of these compounds is governed by their macromolecular architecture, degree of sulfation or
uronic acid content, and extraction methods, which collectively influence gelation behavior, viscosity, and
bioavailability. Recent advances in green extraction and chemical/physical modification strategies have further
enhanced both the techno-functional and bioactive performance of these hydrocolloids. This review critically
examines the structure-function relationships of major sulfated and non-sulfated seaweed polysaccharides,
highlighting their gel-forming capacity and multifunctional health benefits. By integrating insights from food
chemistry, marine biotechnology, and nutrition, the manuscript underscores the potential of seaweed poly-
saccharides as next-generation functional food ingredients that combine technological versatility with bioactive
value.

1. Introduction

The utilization of hydrocolloids derived from natural sources for
food applications has seen a significant rise. Traditionally, hydrocolloids
are obtained from various plant sources, such as pectin, gum Arabic,
guar gum, and modified starches, etc. Similarly, hydrocolloid gelatin
derived from animal sources has demonstrated extensive applications
within the food industry, particularly as a stabilizing agent [1].
Furthermore, microbial hydrocolloids like curdlan, xanthan gum, bac-
terial celluloses, dextran, and gellan gum are utilized for their health
advantages. Recently, hydrocolloids from marine sources have gathered
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significant attention due to their potential applications in the develop-
ment of functional food products [2]. Hydrocolloids derived from sea-
weeds represent a unique class of polysaccharides that are increasingly
recognized for both their technological and biological significance [3].
Among them, sulfated polysaccharides such as carrageenan, fucoidan,
ulvan, and porphyran are particularly important owing to their struc-
tural diversity, high sulfate content, and wide-ranging bioactivities
including antioxidant, immunomodulatory, and prebiotic effects. In
parallel, non-sulfated polysaccharides such as alginate and agar,
although primarily a galactan, contains sulfated agaropectin fractions,
are indispensable in the food industry for their gel-forming, thickening,
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and stabilising properties, which directly impact texture, rheology, and
consumer acceptability of functional foods [4]. Together, these com-
pounds constitute the core of marine hydrocolloids, with their func-
tionality determined by factors such as monosaccharide composition,
molecular weight distribution, sulfation pattern, and extraction meth-
odology. As global demand for natural and health-promoting food ad-
ditives rises, seaweed-derived hydrocolloids both sulfated and non-
sulfated are emerging as multifunctional ingredients with the capacity
to deliver technological performance and health benefits simultaneously
[5]. The hydrocolloid-based industry is advancing rapidly, exhibiting an
average annual growth rate of 2-3 %. Global yearly production reaches
up to 100,000 tons, valued at 1.1 billion US dollars [6]. More generally,
the global hydrocolloids market has expanded considerably, valued at
around USD 8.5 billion in 2022, and is expected to expand to USD 10
billion by 2025, with a compound annual growth rate (CAGR) of 5.8 %
[7]. The expansion is spearheaded by rising consumer demand for
health-focused, natural, and functional food. Asia, and China in partic-
ular, represents more than 60 % of global hydrocolloid consumption,
with China producing almost half of that demand alone. The food and
beverages sector are the largest application sector, where hydrocolloids
find use for texturing, stabilization, shelf life, and nutritional enhance-
ment. In spite of this gelling market trend, industrial application of
marine hydrocolloids remains plagued by several significant challenges
[8]. These include fluctuation in raw material supply based on envi-
ronmental and seasonally variable conditions, compositional heteroge-
neity among microbial and seaweed sources, and high extraction,
purification, and standardization costs. Conventional extraction pro-
cedures compromise bioactive activity, and the lack of optimized,
scalable, and environmentally friendly processes deters broader appli-
cation in commercialized food systems [9]. In addition, supply chain
uncertainty e.g., guar gum supply chain volatility based on geopolitical
or economic factors also deters uniform product formulation and pricing
in functional food production. These constraints highlight the vital
importance of developing more sustainable extraction procedures and
regulatory harmonization to enable utilization of marine hydrocolloids
in large-scale functional food production [7].

Marine hydrocolloids exhibit remarkable physicochemical and bio-
logical properties that are highly significant to the food industry. The
intrinsic ability of marine hydrocolloids to create hydrogels has become
evident in their applications within the food industry, serving as film-
forming substances, gelling agents, and thickeners [10]. Nonetheless,
there has been a reported limitations on the application of marine hy-
drocolloids within the food industry, attributed to the extensive pre-
treatments necessary for their extraction through conventional tech-
niques. The traditional methods most frequently utilized encompass
acid-based extraction, hot water extraction, and alkali-assisted extrac-
tion. The traditional extraction methods present numerous drawbacks,
primarily characterized by the extensive use of chemical reagents and
prolonged extraction durations. These factors contribute to safety issues,
increased expenses, and the deterioration of bioactive compounds and
chemical structures [6,11]. Consequently, there has been a shift towards
utilizing contemporary extraction methods to enhance the yield of these
important compounds. Advanced techniques frequently utilized for the
extraction of marine hydrocolloids encompass enzyme-assisted extrac-
tion, microwave extraction, pressurized fluid extraction, ultrasound
extraction, and the auto-hydrolysis process of extraction [12]. Recent
studies have demonstrated that deep eutectic solvents (DES), pulsed
electric field (PEF) extraction [13], and subcritical water extraction
enable higher recovery of sulfated polysaccharides with preserved
bioactivity, while reducing solvent usage and processing time [14].
Integration of process intensification approaches such as combined
microwave—enzyme systems has further improved scalability and cost-
effectiveness [15]. Therefore, enhancing contemporary extraction
methods for marine hydrocolloids is crucial for their efficient applica-
tion in the food sector. Investigations have indicated that the
biochemical, physical, and functional properties of marine
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hydrocolloids are influenced by the extraction method and its parame-
ters. The functionality of extracted marine hydrocolloids is influenced
by various factors such as time, temperature, pH, hydrolysis, and
extraction media, among others. It is essential to manage the extraction
parameters carefully to ensure that the overall characteristics and
functional properties of marine hydrocolloids remain intact. The
contemporary green industry is eager to investigate innovative and
effective techniques for extracting marine hydrocolloids, aiming to
refine extraction conditions and enhance yield [11]. Hydrocolloids find
widespread application in various food products, including yoghurt, ice
creams, sauces, dressings, and mayonnaise. Their roles include serving
as thickeners, gelling agents, foaming agents, edible coatings, emulsi-
fiers, and stabilizers within food systems [16]. Hydrocolloids possess the
capability to alter flow behavior, referred to as viscosity, as well as the
mechanical solid property known as texture in food products. The
alteration of viscosity and texture in food will have a direct impact on
the organoleptic properties that influence consumer acceptance of the
product. Hydrocolloids represent a significant category of food additives
utilized within the food industry [17]. The consumption of hydrocol-
loids offers various health advantages, including the prevention of car-
diovascular diseases, effective weight management, regulation of
postprandial blood glucose levels, modulation of glycemic response, and
support for colonic health. In addition to their inherent functional
properties, hydrocolloids have gained interest for their dietary fiber
content, which offers a diverse range of health benefits for consumers.
The majority of food hydrocolloids can be classified as dietary fiber.
Consequently, there are cases in which hydrocolloids are utilized to
enhance the fiber content of food products [5]. Fiber plays a crucial role
in maintaining a healthy diet. The suggested average daily intake of
dietary fiber in the USA and UK is 25-30 g and over 18 g, respectively
[18]. The integration of marine hydrocolloids is responsible for reducing
the glucose release rate in the bloodstream and eventually decreasing
the digestion rate [19]. In spite of increasing research interest, wide
knowledge gaps exist in the structure—function relationship at the mo-
lecular level of marine hydrocolloids, particularly mixed hydrocolloid
systems and under new food matrices. In addition, new marine hydro-
colloids from less investigated sources like green seaweeds (e.g., Ulva
spp.), red microalgae (Porphyridium), cyanobacteria, and marine mi-
crobial exopolysaccharides possess potential functional and bioactive
characteristics but are not exploited. With increasing numbers of re-
searches on marine hydrocolloids underway, it is only natural to look
into their multi-functionality and structural diversity in food systems.
The present review highlights to unveil the most important structural
characteristics that define their techno-functional and bioactive prop-
erties. Particular focus is laid on their functionality in functional foods, i.
e., their nutritional functionality and their technological relevance.
Challenges in the present scenario, future modification strategies, and
future scopes towards improved innovations have also been incorpo-
rated in the review.

2. Molecular structure and classification of bioactive marine
hydrocolloids

2.1. Sulfated polysaccharides

2.1.1. Carrageenan

Carrageenan is a group of sulfated polysaccharides that make up a
high amount (30-80 %) of the dry weight of marine red algae [20]. The
molecules are made up of a repeating chain of D-galactose and 3,6-anhy-
drogalactose units. They are linked together by alternate a (1,3) and f
(1,4) glycosidic bonds and contain one or two sulfate groups on the O-2
and/or O-6 positions of the galactose units [21,22]. Three major types of
carrageenan exist: kappa (), iota (1), and lambda (1) (Fig. 1). These are
distinguished based on how much sulfate they have and if they have 3,6-
anhydrogalactose or not. k-type has 22-30 % sulfate and 28-35 % 3,6-
anhydrogalactose, 1-type has 28-32 % sulfate and 25-30 % 3,6-
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Fig. 1. Chemical structure of hydrocolloids derived from major marine organisms.

anhydrogalactose, and A-type has 32-39 % sulfate but no 3,6-anhydro-
galactose [23]. Structurally, k-carrageenan is composed of repeating
units of D-galactose-4-sulfate and 3,6-anhydro-D-galactose. 1-carra-
geenan has additional sulfate at the O-2 position, while A-carrageenan is
made up of disaccharide units with extra sulfate groups but no 3,6-anhy-
drogalactose [24]. Number, position, and distribution of sulfate groups
as well as the proportion of 3,6-anhydrogalactose greatly influence
carrageenan physical and chemical properties such as gel strength, heat
stability, and solubility. More sulfation usually makes gels weaker and
less stable. Kappaphycus alvarezii is the principal source of carrageenan
for commercial use. It produces 20.4-28.4 % refined product and has a
molecular weight that usually falls between 100 and 1000 kDa (with
food-grade carrageenan averaging 200-400 kDa) [25]. Carrageenan is
widely used as a gelling, thickening, and stabilizing agent in foods,
cosmetics, pharmaceuticals, and other industries, but consuming more
than 2 % in food products may cause health concerns, and the use of
degraded carrageenan is banned due to its potential carcinogenicity
[26]. Other similar polysaccharides like furcellaran (from Laminaria)
and porphyran (from Porphyra/nori) offer unique gelling and prebiotic
benefits but are not as widely used as carrageenan, and the functional
qualities of all these polysaccharides are influenced by factors such as
the species of algae, their age, extraction methods, and environmental
pH, which can affect their activity, especially under acidic conditions
[27,28].

2.1.2. Fucoidans

Fucoidan is a sulfated polysaccharide primarily composed of a-L-
fucose units connected by glycosidic bonds, forming either linear or
branched chains [29]. It is predominantly found in the cell wall matrices
of brown seaweeds, but has also been identified in certain marine in-
vertebrates such as sea urchins and sea cucumbers [30]. Fucoidans from
invertebrates tend to have similar structures, whereas fucoidans from
brown algae have a lot of different molecular structures that change with
species and age [31]. It is interesting to note that the composition of
fucoidan is higher in the reproductive phase of algae [32], and the
chemical composition and structure of brown algal species differ
considerably from one another [33]. Fucoidan consists mainly of
sulfated fucose, which forms over 60 % of it. It is possibly along with
minor amounts of other polysaccharides such as mannose, galactose,
glucose, xylose, and uronic acids. Depending on where it is extracted

from, fucoidan may contain between 7.66 % and 38.3 % sulfate [34].
Fucoidan molecular weight may range from 7 kDa to 2379 kDa
depending on the species, the period during which it was harvested, and
its geographical origin. Fucoidan can be classified into two broad cate-
gories depending on its structure: Type I, consisting of a-L-fucose resi-
dues connected with 1,3- and 1,4- and containing sulfate groups in the
0O-2 and O-4 positions; and Type II, consisting of alternating 1,3- and 1,4-
linked o-L-fucose units with sulfation at O-2, O-3, and O-4 [35]. Recent
research has shown more structural variations with varying branching
patterns, sulfation, molecular weight, and polysaccharide composition,
but still the underlying backbone is the same [31]. Although all of them
are referred to as fucoidan, these structural variations may modify the
manner in which the substance acts in living organisms [36,37].

2.1.3. Ulvan

Sulfated polysaccharides, specifically ulvan, are found in green
seaweed between 9 and 36 % w/v. The molecular weight of Ulvan, a
polyanionic heteropolysaccharide of a complex nature, ranges between
150 and 2000 kDa [38]. Ulva species are the primary sources of ulvans,
among which U. conglobata and U. prolifera yield more. Mono-
saccharides such as rhamnose (45 %), glucuronic acid (22.5 %), xylose
(9.6 %), and iduronic acid (5 %), are included in the composition [39].
These monosaccharides are connected to disaccharide units via the a-
and p-(1,4) linkages. The particular disaccharide types found in ulvans
dictate their categorization into Ags, Bss, Uss, and Uy, creating three
separate groups. In type Ag;, p-D-glucuronic acid and a-L rhamnose 3-
sulfate are connected by a (1,4) bond. a-L-iduronic acid (1,4) is con-
nected to a-L-rhamnose 3-sulfate in type B3s. p-D-xylose and o-L-
rhamnose 3-sulfate are connected at the (1, 4) location in type Uss. f-D-
xylose 2-sulfate (1,4) is conjugated to a-L-rhamnose 3-sulfate in type
Uy, 35 [40]. Using a chelator-assisted hot water extraction method,
followed by alcohol precipitation and purification using HPLC, is the
best way to extract ulvan while maintaining its bioactive components
[40]. Purified ulvan yields range from 8 % to 29 % of the seaweed's dry
weight. It is appropriate for use in antimicrobial coatings, micro/nano-
formulations, and wound dressings due to its non-adhesive qualities,
spontaneous supramolecular aggregation behavior, and antibacterial
qualities [36]. Since the digestive system's enzymes cannot break down
ulvan, a therapeutic dose of less than 500 pg is advised [27].
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2.1.4. Other sulfated polysaccharides

Marine algae are a rich source of structurally diverse sulfated poly-
saccharides, many of which extend beyond the commonly studied car-
rageenans and fucoidans (Table 1). Among these, porphyrans, various
sulfated galactans, and newly identified polysaccharides are drawing
increasing interest for their unique molecular features and biological
activities [36]. Porphyran, a major sulfated polysaccharide from red
seaweeds of the genus Porphyra (widely known as nori), is composed of
repeating galactose and 3,6-anhydrogalactose units, linked by a-1,4 and
B-1,3 glycosidic bonds and modified with sulfate groups. The structure
of porphyran can change based on the kind of Porphyra and the envi-
ronment. This affects how well it can fight free radicals and how good it
could be for your health. These differences make porphyran a promising
candidate for application in functional foods and nutraceuticals [41].
Red algae also yield a wide variety of sulfated galactans, such as agaran
and carrageenan. These are composed of galactose-containing back-
bones and characteristic sulfation patterns. The type and position of
sulfate groups and the presence of 3,6-anhydrogalactose determine the
activity of these galactans, such as whether they are capable of gelling or
thickening [42]. These structural elements play a major role in their
biological activities, such as antiviral, anticoagulant, and immune-
modulating activities [41]. Novel sulfated polysaccharides have been
found in red and brown algae with the development of new extraction
and analysis methods. These novel molecules differ from traditional
polysaccharides in that they will allow for unusual branching, unusual
polysaccharide residues, or standard sulfation patterns. Some of these
novel molecules have high levels of antioxidant, anti-inflammatory, and
prebiotic activities. This means that they can be used for new applica-
tions in health-related products and the food industry [43]. Scientists are
now investigating how new sulfated galactans and hybrid poly-
saccharides from previously under investigated algae species may be
used for functional and medicinal applications. The expanding array of
sulfated polysaccharides from marine sources reflects a rich source of
natural compounds with prospective applications in biotechnology,
medicine, and nutrition.

2.2. Non-sulfated and carboxylated polysaccharides

2.2.1. Alginate

Alginate was first discovered by E.C.C. Stanford in 1881. Alginate is
distinguished by the occurrence of p-D-mannuronic acid (M) and a-L-
guluronic acid (G), which are joined by a p-(1,4) bond [44]. The
sequence of the monomers can differ in the chain, leading to the
development of differing segments that are ultimately either homoge-
neous (MM, GG) or heterogeneous (MG, GM). The physical properties of
alginate are established by the varying combinations of the three forms
of blocks [45]. Alginates that contain a greater proportion of M-seg-
ments exhibit increased viscosity, while those that are more abundant in
G-blocks serve as more effective gelling agents [44]. Alginate exists as
alginic acid or as sodium and calcium salts, constituting about 40 % of
the dry weight of the seaweed. Alginate exhibits a molecular weight
ranging from 500 to 1000 kDa [46]. This polysaccharide is predomi-
nantly utilized in the cosmetic and food sectors. Specifically, it finds

Table 1
Classification of major seaweed-derived polysaccharides by algal source.

Seaweed group Sulfated polysaccharides Non-sulfated

polysaccharides
Carrageenan, Porphyran, Agaran
Red algae Agar (Agarose — largely neutral;
(Rhodophyta) Agaropectin — contains sulfated -
fractions)
Brown algae Fucoidan, Laminarin (partially .
(Phaeophyceae) sulfated) Alginate
Green algae
1 _
(Chlorophyta) Ulvan
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extensive application as a gelling agent, texturiser, and stabilizer across
a range of products. The unique ion-binding characteristics of alginate
allow it to selectively bind divalent metal ions, such as calcium, which
accounts for these properties [47].

2.2.2. Agar

Agar was initially identified in Japan during the 17th century and is
predominantly located within the genera Gelidium and Gracilaria. Agar
contributes to the structural elasticity of algae, enabling it to endure the
forces exerted by ocean currents [48]. This polysaccharide is a phyco-
colloid made up of two distinct components: agarose (the major fraction,
which is neutral and essentially free of sulfate groups) and agaropectin
(a minor component that can have some acidic side-groups such as
sulfates), with agarose comprising as much as 70 % of agar [49].
Nonetheless, the weight-based proportion of agar can differ among
species, as can the agar content and the quality of the resulting gel, both
of which are influenced by environmental factors. Agarose is a neutral
linear polysaccharide with a molecular weight exceeding 100 kDa,
consisting of agarobiose units. These units are formed by the alternating
linkage of p-D-galactose and 3,6-anhydro-L-galactose monosaccharides
through a-1,3 and p-1,4 glycosidic bonds [50]. Agaropectin, conversely,
is characterized as an acidic polysaccharide with a molecular weight of
approximately 14 kDa. In addition to its agarobiose structure, it may
also feature ramifications, including sulphate groups located at the C-6
position [51]. Furthermore, certain p-D-galactose units might include
pyruvic acid and D-glucuronic acid groups, which can hinder the poly-
saccharide from achieving a consistent structure. Therefore, agarose
contributes to gelling properties through the hydrogen bonds estab-
lished along its linear chain, while agaropectin exhibits a thickening
capability [50]. Agar finds its primary application in the food industry,
serving as a gelling and stabilizing agent, having already received GRAS
status. Nonetheless, it is also commonly utilized in the preparation of
growth media within the field of microbiology. This compound cannot
be digested by the human gastrointestinal tract, leading to its proposed
application as a prebiotic [47].

2.2.3. Marine microbial exopolysaccharides

Marine microbial exopolysaccharides (EPSs), a class of high-
molecular-weight biopolymers secreted predominantly by marine bac-
teria, particularly those inhabiting extreme environments, exhibit
remarkable chemical diversity and structural complexity, being
composed of a wide variety of monosaccharide units such as glucose,
galactose, rhamnose, mannose, fucose, and uronic acids, along with
diverse non-carbohydrate substituents including sulfate, phosphate,
acetyl, and pyruvate groups that contribute to their polyanionic nature,
hydration potential, and rheological behavior [52], and this extensive
heterogeneity in structure characterized by variations in sugar compo-
sition, branching patterns, linkage types, and the presence of charged
functional groups imparts a unique range of physicochemical and bio-
logical properties that set them apart from macroalgal polysaccharides,
which typically possess more uniform and linear structures with limited
reactive group diversity, thereby making microbial EPSs superior in
terms of functional versatility, bioactivity, and adaptability to varied
environmental and industrial contexts [53,54]; for instance, marine
EPSs demonstrate enhanced antioxidant, anti-inflammatory, immuno-
modulatory, and metal-chelating activities, attributes largely influenced
by the presence of sulfate groups and specific monosaccharide residues,
which also facilitate their interactions with biological targets and heavy
metals in therapeutic and environmental applications [55,56], and these
properties are particularly pronounced in EPSs synthesized by extrem-
ophilic marine bacteria those adapted to high-pressure, high-salinity,
cold, or thermally extreme habitats such as Pseudoalteromonas, Alter-
omonas, and deep-sea Vibrio species, whose polysaccharides display
exceptional stability, solubility, cryoprotective activity, and resistance
to enzymatic degradation under extreme physical and chemical condi-
tions, making them suitable for use in polar biotechnology,
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bioremediation, cosmetics, and drug delivery systems where robustness
and functionality are critical [57,58]; furthermore, the production of
these EPSs is highly dependent on cultivation parameters such as tem-
perature, pH, salinity, carbon and nitrogen sources, and oxygen levels,
all of which can be optimized through fermentation technologies to
improve yield, consistency, and structural control [59,60], while recent
advances in metabolic and genetic engineering have enabled targeted
manipulation of EPS biosynthetic gene clusters, allowing for the design
of tailor-made polysaccharides with specified functional groups, sugar
residues, and molecular weights that meet precise industrial and
biotechnological demands, whether for high-viscosity gelling agents,
emulsifiers, bioactive components, or stabilizers in food, pharmaceu-
tical, or environmental products [61], and with the integration of sys-
tems biology tools such as genomics, transcriptomics, and proteomics
into fermentation process monitoring and strain improvement, the
customization potential of marine microbial EPSs is rapidly expanding
[62], offering sustainable, marine-derived alternatives to synthetic and
plant-based polymers while also unlocking novel bioactivities and
functionalities that remain underexplored in macroalgal counterparts,
thereby reinforcing the strategic importance of marine microbial exo-
polysaccharides as multifunctional, environmentally adaptive, and
industrially versatile biopolymers for current and future applications
across health, food, materials, and ecological remediation sectors
[63,64].

2.3. Glycosaminoglycan-like marine polysaccharides

Polysaccharides that closely resemble the structure and function of
mammalian glycosaminoglycans (GAGs) may be found in marine envi-
ronments. One well-known example is chitosan, which is made by
deacetylating chitin found in the shells of several marine fungus and
crustaceans [65]. It is well known that chitosan and its modified forms
are compatible with biological systems, degrade easily, and exhibit a
variety of biological functions, such as antibacterial activity, wound
healing promotion, and the ability to function as carriers in drug de-
livery systems [66]. Aside from that, marine animals like fish and certain
crustaceans contain chondroitin sulfate and heparin-like poly-
saccharides. These marine-derived compounds have the same biological
activities as animal GAGs, including inhibiting blood clots, preventing
inflammation, and healing tissues. This is because they contain
repeating disaccharide units and sulfation patterns [67]. Interestingly,
marine animal heparin-like polysaccharides have distinct sulfation
patterns from those of terrestrial animals. The sulfation patterns may
become variable and at times more effective in their biological activities.
Their mammalian GAG-like structure is an important part of the function
of these marine polysaccharides in living organisms. Small variations
within the quantity of polysaccharides, glycosidic linkage type, quan-
tity, and sulfation pattern can greatly affect the way these molecules
interact with cells and proteins. This can change such things as how the
immune system works, how cells communicate, and how blood is thin-
ned [68]. To employ marine GAG-like polysaccharides in the creation of
new biomedical therapies, there is a need to investigate these structur-
e—function correlations [69].

2.4. Analytical approaches for structural characterization

Structural information of marine polysaccharides is critical to predict
their biological activity and potential use. Since the monosaccharide
building blocks are critical to the development of the bioactivities of the
polysaccharide, e.g., immunomodulation, anti-inflammatory, and anti-
coagulant activities, the initial step in this approach is the identification
of the types and configurations of the monosaccharide units that make
up these polymers [70-72]. Researchers usually start by hydrolyzing
these structures, which reduces the big, complicated molecules into
smaller, easier-to-manage monosaccharides or oligosaccharides [73].
Acids such as hydrochloric acid, sulfuric acid, or trifluoroacetic acid are
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most often used for complete hydrolysis, and the conditions must be
carefully controlled to avoid excessive degradation or undesirable side
effects [74]. The percentage of straight-chain glucose formed with hy-
drochloric acid is larger than that with sulfuric acid, indicating that the
kind of acid employed may affect the ratio of straight-chain to cyclic
forms of glucose produced [75]. Branching and the arrangement of
hydrocolloid residues within the polysaccharide are investigated by
partial hydrolysis, which can be carried out with either diluted acids or
particular enzymes. Temperature, acid concentration, and time all affect
the degree of hydrolysis and the yield of oligosaccharides (Table 2) [76].
Because it enables the exact breaking of glycosidic linkages, enzymatic
hydrolysis is particularly useful for its selectivity and for avoiding the
damaging effects of strong acids. It has also been demonstrated that
chemical depolymerization methods, including using hydrogen
peroxide, may produce oligosaccharides with different structures and
sometimes better antioxidant properties [77]. After hydrolysis, chro-
matographic procedures are used to separate and identify the resulting
monosaccharides (Table 3). One of the best things about pulsed
amperometric detection (PAD) in high-performance anion exchange
chromatography (HPAEC) is that it can separate different hydrocolloids,
including uronic acids and isomers, without needing to be derivatized
[78]. Desalting is occasionally necessary for marine materials, although
this method is quite sensitive and may find hydrocolloids even when
salts are present. HPAEC-PAD has also been able to show the enzymatic
degradation of fucoidans from marine algae [79,80]. Gas chromatog-
raphy (GC) is another common method that requires hydrocolloids to be
derivatized to make them volatile, particularly for linkage analysis. GC
may be time-consuming because of the derivatization step and the ne-
cessity to remove salt, even if it gives outstanding resolution and quick
[81]. GC demonstrates compatibility with a range of detectors, including
thermal conductivity detectors (TCD), mass spectrometry (MS), and
flame ionization detectors (FID), providing versatility for diverse
analytical applications. Two methods of high-performance liquid chro-
matography (HPLC) that are commonly used to separate and measure
monosaccharides are hydrophilic interaction liquid chromatography
(HILIC) and reverse-phase HPLC. Derivatization is one of the most
prevalent ways of sensitizing and specifying detection [82].

2.5. Chemical modifications of marine polysaccharides

One of the most important structural alterations in marine poly-
saccharides is sulfate substitution, which is essential to define their
physicochemical and bioactive characteristics. Sulfation can be natu-
rally achieved during biosynthesis in algae, where sulfotransferase en-
zymes catalyze the transfer of a sulfate group to hydroxyl positions of
sugar residues, forming compounds like carrageenan, fucoidan, and
ulvan [36,42]. Besides, sulfation can be conducted artificially to in-
crease or alter bioactivity. This is most often done by sulfating poly-
saccharides with sulfating agents like chlorosulfonic acid-pyridine
complexes or sulfur trioxide-amine complexes, which add sulfate esters
at C-2, C-4, or C-6 hydroxyl groups of monosaccharide units [43,83].
These modifications enhance negative charge density, solubility, and
have been found to significantly increase antioxidant, anticoagulant,
and immunomodulatory activities [83,84]. The extent and location of
sulfation play a pivotal role, as they not only impact the bioactivity but
also affect the rheological behavior and gel-forming ability of the
polysaccharides. Optimized chemical sulfation, in conjunction with
enzymatic or green synthesis methods, thus represents a valuable route
to customize marine polysaccharides for functional food and biomedical
applications [43,85].

Advanced spectroscopic and mass spectrometric methods are used to
provide more information on the structure, specifically on the order and
connectivity of hydrocolloids residues [104]. One-dimensional and two-
dimensional nuclear magnetic resonance (NMR) spectroscopy are of
great use in defining the organization of polysaccharides and how their
interconnections work [105]. Mass spectrometry (MS) with matrix-
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Table 2
Comparative analysis of extraction methods for marine hydrocolloids: yields, conditions, and efficiency.
Hydrocolloids ~ Methods Pretreatment Extraction Purification Yield Advantages Limitations References
. Simple, Harsh conditions may
Heat ted CaCl . and 18.93 %
ea as.sm ¢ - MeOH: DCH, RT, 48 h %2 pre. an > inexpensive, degrade structure, [86]
extraction EtOH pre. 66.72 % . . ..
widely used lower bioactivity
Pressurized H,0-DES (50-70 %), . .. . .
1 ) High effi lized
extraction bar, 10-25 min pre. & quip
Rapid, energy- .
1t d- k of
:Jssir:ti;iun Water, 20:1 (v/w), CaCl, pre 5.7 % efficent, ii.s olO merisation if [88]
R B 150 W, 50 Hz, 5 min 2 pre. A improves . P y R .
extraction . intensity is too high
Alginate extraction
xhlet .2 M HClL, 3 h at 1 .
Soxhlet 50°C, 24 h 0 Cl3ha Cacl, pre./ 20.8 % [89]
extraction 60 °C EtOH pre
Microwave- 400 mL 99 % pH 1 (HCI), MAE High yield in Possible alteration of
assisted ethanol for 3 h at conditions: 10 min at EtOH pre 21.2% short time, eco- . [90]
. . functional groups
extraction room temperature 45 °C, 400 W friendly
Ei : i
nzyme: Alginate Selective,
Enzyme- lyase (from reserves Expensive enzymes,
assisted - E. chevalieri, fungal - 21.8% P . P e . ymes, [91]
. . functional groups,  scalability issues
extraction inoculum), 72 h at eco-friend]
28°C Y
Heat assisted H,0-HCl (pH 1.5, 2), EtOH pre. 3.04-13.06 Simple, Harsh pH causes partial [92]
extraction - 80and 90 °C, 1 h pre. % standardised degradation
Ultrasound- R .
assisted 80 % ‘EtOH, RT, H,0, 66 °C, 5‘3 kHz, F{OH pre. 8.30 % Faster, pl-'eﬁerves Equlp@ent-dependent, [93]
. overnight (x2) 180 W, 40 min some activity not easily scalable
extraction
Ul E - Higher yield, N
van n%yme Cellulase, Protease, Dialysis/EtOH ‘gher yie Costly, optimisation
assisted N 17.14 % preserves . [92]
. pH7,50°C,2h pre. . .. required
extraction bioactivity
Microwave- 2.45 GHz at different BaCl2-gelation, Hieh vield Structural
assisted - temperature for 15 n 1 M HClI for 5 36.38 % sy 2 . . [94]
. . reduced time modifications possible
extraction min hat110°C
Heat assisted 96 % EtOH, 40 °C, Dialysis/EtOH 0.4 % d-
extraction 24 h 0.1 MHCL RT, 3 h pre./IEC DW 5]
Laminarin Ultrasound- H>0 and 0.03 M HCI; 5.99.6.24 Short extraction
assisted 15 min; 60 % EtOH pre. 0/' : time, preserves Limited scalability [96]
extraction amplitude; 20 Hz ° activity
H i % EtOH, RT, 1 .
eat as.msted 85 % ' tOH, RT, H,0, 65 °C, 3 h (x2) CaCl, pre./ 5.9 % [97]
extraction overnight EtOH pre.
Dialysis (14 Easy, common, Harsh heat reduces
Heat assisted derate yield Ifat tent
catassisted 9504 BtOH,4h  H,0,100°C, 1h kDa)/EtOH 5.08 % moderate yie sultate conten [98]
extraction
pre./IEC
Soxhlet EtOH X 10.9-31.7
oxner 99%EtOH2%  CaCly, 85°C, 2h (OH pre./ [99]
extraction Dialysis % DW
Microwave- Dialysis (14 Rapid, eco
assisted 95 % EtOH, 4 h H,0, 750W, 10 min kDa)/EtOH 6.94 % fri:n d’l May alter sulfation [98]
extraction pre./IEC Y
. Ultrasound- Dialysis (14 Energy-efficient, .
F d H T, 21-25 kH: k of structural
ucordan assisted 95 % EtOH, 4 h 20, R, 21251z, -y s pion 4.78 % preserves Risk of structura [98]
X 950 W, 10 min . .. breakdown
extraction pre./IEC bioactivity
1 -
istir::;“"d 859% EtOH, RT,  H,0,55°C, 20 kHz,  CaCl, pre./ 35100 -
. overnight 200W (x2) EtOH pre. R
extraction
P ized
hrisis;me 85 % EtOH, RT,  H,0; 90-150 °C, 7.5  CaCl, pre./ 4.9-237%  High efficiency, High pressure requires | -
g . overnight bar, 10-30 min EtOH pre. DW green solvents expensive systems
extraction
st base, 16,40 G, 24 CeClaprecand  40%ang  TEONES L Costly cnaymes, 1007
. yase, pH o, ? EtOH pre./IEC 29 % P L complex control
extraction h esters, bioactivity
Ult d-
ass;siseodun 80 % EtOH, RT, H,0, 90 °C, 25 kHz, Hot filtration 50 %; 55 % Energy-efficient, Heat may reduce gel [101]
. overnight 150W, 15-30 min DW short extraction strength
extraction
Pressurized H0, (60._180 0, 50 . Equipment cost,
liquid bar, 5 min 1% ILs, 2-Propanol pre K-carr. High recovery, ossible modification [102]
Carrageenan 4 . (60-180 °C), 50 bar, P pre. 55-70 % greener process P
extraction . of sulfate groups
5 min
. 425 W, water to the
Microwave- . . : .
X raw material ratio of Quick, eco- Risk of i
assisted - R - 7.99 % . - [103]
. 30 mL/g, and time of friendly depolymerisation
extraction

12 min

pre: precipitation, DW: dry weight; d-DW: deffated dry weight; RT: room temperature; EtOH: ethanol; IEC: ion-exchange chromatography; DES: deep eutectic solvents;
MeOH: methanol; ILs: ionic liquids.
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Table 3

Updated analytical methods for structural characterization of marine hydrocolloids.
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Source/Compound Analytical Method

Detector/Technique

References
(2020-2024)

Structural Information Obtained

Monosaccharide composition, sulfation

Fucoidan, Fucans HPAEC-PAD Pulsed amperometric detection R [78,109]
distribution
. Monomer sequence, uronic acid ratio, block
Alginate LC-MS/UPLC-MS ESI-MS, HR-MS [109,110]
structure
M tral profiling, functional . R
Carrageenan MALDI-TOF-MS, FTIR 258 spec ra' prottiing, functiona Degree of sulfation, glycosidic linkages [111,112]
group analysis
Molecul ight, p-gl link:
Laminarin HPLC-PAD Refractive index, PAD ° e-cu ar‘ weight, p-glucan linkage [113,114]
confirmation
NMR (1D & 2D: H HMB: Fi 1 ils, b hi
Ulvan R(D & SQC, C, lH, 13 C, multidimensional NMR ine structur'a d'etal s, branching patterns, [115,116]
DOSY) sulfate substitutions
Agar & Agaro- R t
goi;gosacg:;;)ri des C;?;Z;z:i:ssmpy + Vibrational modes Rapid fingerprinting, gel quality prediction [117,118]
Extracellul
Xtracetuar . GC-MS, LC-MS/MS FID, MS Monosaccharide linkage and branching [119,120]
polysaccharides
Novel microbial EPS UPLC-QTOF-MS, Orbitrap HR-MS High-resolution mass accuracy Oligosaccharide sequencing, unusual residues  [57,62]
F ional i ificati If:
General hydrocolloids FTIR-ATR Infrared spectroscopy unctional group identification, sulfate/ [121,122]
carboxyl groups
Computational In silico molecular modelling, ML- Structure-activity predictions, binding to [107,123]
Glycomics assisted docking proteins/enzymes e

assisted laser desorption ionization (MALDI-MS) is of great use in
sequencing oligosaccharides and defining changes such as acetylation or
sulfation [106]. Glycomics is a new discipline that uses these analytical
methods to study how structure and function are connected and how
glycoproteins and lipids interact with other biomolecules [107]. Scien-
tists can deduce a comprehensive picture of the main and secondary
structures of marine polysaccharides through the combination of hy-
drolysis, chromatography, spectroscopy, and computational methods.
This leaves room for their exploitation in biotechnology, food science,
and medicine [108].

2.6. Emerging marine hydrocolloids: Novel sources and applications

The expanding frontier of marine biotechnology has unveiled a
diverse array of underexplored hydrocolloid sources that extend far
beyond traditional seaweed-derived polysaccharides. These emerging
marine hydrocolloids represent a paradigm shift in functional ingredient
development, offering unprecedented structural complexity, enhanced
bioactivities, and novel technological properties that position them as
next-generation components for advanced food applications.

2.6.1. Deep-sea and extremophilic marine sources

Deep-sea environments and extreme marine habitats harbor unique
microorganisms that produce structurally distinct polysaccharides with
exceptional functional properties. Hydrocolloids from deep-sea bacteria
such as Alteromonas infernus and Pseudoalteromonas species demonstrate
remarkable stability under high-pressure, high-salinity, and
temperature-extreme conditions, making them ideal candidates for
challenging food processing applications [57,58]. These exopoly-
saccharides exhibit enhanced cryoprotective properties, superior gel
strength maintenance under acidic conditions, and resistance to enzy-
matic degradation compared to conventional marine hydrocolloids. The
polysaccharide Infernan, produced by Alteromonas infernus, shows
unique calcium-mediated gelation properties and three-dimensional
network formation that surpasses traditional alginate systems in stabil-
ity and mechanical strength [108].

2.6.2. Marine microalgae and cyanobacterial polysaccharides

Microalgae and cyanobacteria represent an emerging frontier for
novel hydrocolloid production, offering advantages in controlled culti-
vation, consistent quality, and scalable production. Red microalgae such
as Porphyridium species produce sulfated polysaccharides with unique
branching patterns and high uronic acid content, resulting in superior
antioxidant and immunomodulatory activities compared to macroalgal

counterparts [74]. Cyanobacterial exopolysaccharides from marine
Arthrospira and Leptolyngbya species demonstrate exceptional rheolog-
ical properties and biocompatibility, with applications extending from
food stabilization to functional ingredient delivery systems [76,121].
These microalgal hydrocolloids offer the additional advantage of sus-
tainable production through photobioreactor cultivation, addressing
supply chain challenges associated with wild-harvested seaweeds.

2.6.3. Marine invertebrate-derived polysaccharides

Marine invertebrates, including sea cucumbers, mollusks, and crus-
taceans, represent underutilized sources of bioactive polysaccharides
with distinct structural features and functional properties. Glycosami-
noglycans from marine snails and sea cucumbers exhibit unique sulfa-
tion patterns that enhance their anticoagulant and anti-inflammatory
activities beyond those of terrestrial animal sources [67,124]. Chitosan
derivatives from marine crustacean shells demonstrate superior
biocompatibility and antimicrobial properties when compared to
terrestrial chitin sources, owing to their distinct molecular weight dis-
tributions and acetylation patterns [125]. These marine invertebrate
polysaccharides offer opportunities for developing specialized func-
tional foods targeting cardiovascular health and immune system
support.

2.6.4. Hybrid and engineered marine polysaccharide systems

The development of hybrid polysaccharide systems through
controlled fermentation and genetic engineering represents a cutting-
edge approach to marine hydrocolloid innovation. Engineered marine
bacteria can be programmed to produce tailor-made polysaccharides
with specific functional groups, molecular weights, and bioactivities
designed for targeted applications [61,62]. Hybrid systems combining
different marine polysaccharide sources, such as alginate-chitosan
complexes or carrageenan-fucoidan blends, demonstrate synergistic ef-
fects that exceed the sum of their individual components in terms of gel
strength, antioxidant activity, and bioavailability enhancement
[126,127]. These engineered systems enable precise control over func-
tional properties while maintaining the natural origin and clean-label
appeal of marine-derived ingredients.

2.6.5. Commercial potential and future prospects

Emerging marine hydrocolloids present significant commercial op-
portunities, with the global marine biotechnology market projected to
reach substantial growth in the coming decade. However, successful
commercialization requires addressing challenges related to extraction
optimization, quality standardization, regulatory approval, and scale-up
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feasibility [128,129]. Recent advances in bioprocessing technologies,
including enzyme-assisted extraction, membrane separation, and
controlled fermentation, are enabling more efficient and sustainable
production of these novel hydrocolloids [130,131]. The integration of
systems biology approaches and metabolic engineering further enhances
the potential for developing commercially viable emerging marine hy-
drocolloids with tailored functionalities for specific food applications
[62,123].

3. Technological and biofunctional properties relevant to food
applications

3.1. Gelation mechanisms and modulation

Gelation is the most important functional attribute of marine poly-
saccharides in food because it influences the texture, stability, and
organoleptic properties of the majority of foods [132]. Polysaccharides
from the marine sources like agar, carrageenan and alginate, gel by
different mechanisms that can be broadly classified as thermoreversible,
thermoirreversible or ionic crosslinking [133]. Some of the carrageenan
have a distinctive ability to gel by cooling and can be reverted back to
liquid state when reheated; this distinctive quality is termed thermor-
eversible gelation. In these cases, the polysaccharide chains align and
aggregate during cooling, resulting in the formation of 3D structures
which hold large amounts of water and other materials [134]. This
property of gelation is very useful in food technology for many products
that undergo repeated melting and freezing: confectionery and dessert
gels, for instance [135]. Marine hydrocolloids exhibit diverse mecha-
nisms of gelation and thickening, which are governed by their molecular
structures and interactions. Alginate, a brown seaweed polysaccharide,
forms thermoirreversible gels having ionic crosslinks with divalent
cation such as calcium. Crosslink gelatinisation is a key mechanism
observed. In this process, divalent cations, particularly calcium (Ca®h),
bind to specific regions of the alginate chain that are rich in guluronic
acid residues (G-blocks). The Ca®* ions fit into the cavities formed by
these G-blocks, creating ionic bridges between adjacent polymer chains.
This arrangement, often referred to as the “egg-box” model, results in a
three-dimensional network structure that stabilizes the gel [136].
Similarly, 1-carrageenan undergoes ionic cross-linking in the presence of
divalent cations, enhancing gel strength and elasticity [137]. Marine
hydrocolloids also participate in complex coacervate formation, such as
k-carrageenan interacting with casein micelles in dairy systems or
fucoidan-chitosan forming polyelectrolyte complexes in encapsulation
matrices [138]. Furthermore, ulvan and laminarin act predominantly as
viscosity enhancers, thickening food matrices through chain entangle-
ment without true gelation [139]. Based on the M/G block ratio, algi-
nates vary in their gelling ability. Alginates with high G-block content
produce hard, brittle gels through calcium ion-dense junctions, while
alginates with high M content produce soft, elastic gels [137]. The
versatility of alginate allows it to be used in a broad range of food ap-
plications, from reconstituted fruit to low-fat milk products. Mixed gel
systems of marine polysaccharides blended with other hydrocolloids or
proteins are increasingly being studied due to their ability to attain
synergistic effects, such as enhanced gel strength, enhanced water
retention, and new textures. A blend of carrageenan and locust bean
gum produces gels that are harder and elastic, which is advantageous in
dairy and meat products [126]. Structure at the molecular level of all
polysaccharides, such as chain length, density of branching, and pres-
ence of sulfate or carboxyl groups, determines firmness, elasticity, and
water-holding capacity of gels. Structural characteristics and processing
can be altered by industrial experts to design textural and functional
characteristics of gels according to specific applications according to
industrial need and consumer demand [140].

3.1.1. Cold-set/low-temperature soft gels (agar & carrageenan)
In modern formulations, consumers and manufacturers seek soft,
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elastic gels with minimal heating. For carrageenan systems pre-
solubilised by brief heat, 1-carrageenan in the presence of Ca®" forms
soft, cohesive gels that set at ambient/low temperatures upon cooling.
Texture can be tuned by k/1 blending, ionic strength, and molecular-
weight distribution. k-rich systems with K* favor stronger, brittle net-
works; adding 1-carrageenan and moderating K shifts the matrix to-
wards softness and elasticity. Agarose helices stabilize via hydrogen
bonding and hydrophobic stacking during cooling, resulting in ther-
moreversible gels useful in desserts and confectionery [141].

For agar, soft-gel design relies on lower agarose concentration,
moderate Mw, and slightly higher substitution in agaropectin (e.g., re-
sidual sulfate/pyruvate), which weakens helix aggregation and yields
pliable, low-modulus gels after solubilisation/cooling. Commercial
“cold-soluble” grades (physically/chemically pre-treated) enable room-
temperature hydration and no-cook soft-gel applications (instant gels,
toppings), complementing traditional cook-up agar products [142].

While modified “cold-soluble” agar/carrageenan products permit
room-temperature processing, native agar and k/1-carrageenan gener-
ally still require initial thermal solubilisation before low-temperature
setting [143]. Future work should: (i) design tailored Mw distributions
and substitution patterns that hydrate and form helices at ambient
conditions; (ii) optimize ion pairing and co-solutes (sugars, polyols) to
stabilize helices without heat; and (iii) develop green pre-treatments
that retain clean-label status while enabling true cold-set gelation for
heat-sensitive foods.

3.2. Rheological behavior

The rheological behavior of marine hydrocolloid solutions is signif-
icant to their application as thickeners, stabilizers, and texture modifiers
in foods (Table 4). These polymers usually possess non-Newtonian flow
behavior, with viscosity depending on the application of shear stress.
This is of great benefit in food processing, as products are stable in
thickness during storage yet still easy to spread or pour when in use
[144]. For example, xanthan gum or carrageenan solutions are shear-
thinning, a characteristic that is beneficial in products for use in salad
dressings, sauces, and drinks. Viscoelasticity is an important character-
istic of marine polysaccharides, and both elastic (solid-like) and viscous
(fluid-like) behavior is exhibited [145]. This dual characteristic is
important in delivering the optimal mouthfeel and texture of products
including gels, desserts, and dairy substitutes. The characteristic of
thixotropy, where there is potential to recover viscosity after shear, is of
great importance in products that need stability as well as ease of
application, such as dips and spreads [146]. The rheological behavior of
marine hydrocolloids is very sensitive to a variety of environmental
conditions, for example, temperature, pH, and ionic strength. For
instance, the addition of some ions can increase or decrease gel strength
and viscosity, while temperature changes can affect flow behavior and
the rate of gelation [147]. Understanding on these parameters allows
industry experts to design products with tailored textures and stability
characteristics (Fig. 2). Furthermore, the structure of the polysaccharide
at a molecular level, for example, molecular weight and degree of
branching, has a great impact on rheological performance [148]. With
the selection of proper types and quantities of marine polysaccharides,
manufacturers can achieve the desired flow properties, optimize pro-
cessing efficiency, and improve consumer satisfaction.

3.3. Stabilization mechanisms

Marine hydrocolloids are effective stabilizers in foods due to their
ability to thicken, create protective films, and interact with other food
components at interfaces [149]. Polymers in mayonnaise and salad
dressing emulsions act to prevent coalescence of oil droplets. They
achieve this by thickening the continuous phase and creating interfacial
films on the droplets. This type of stabilization mechanism is highly
critical in product stability and shelf life [150]. In suspensions like



R.M. John et al.

Table 4

Functional properties of marine hydrocolloids and their potential applications in
food products. This table provides the common functional characteristics of
marine hydrocolloids like carrageenan, alginate, agar, fucoidan and ulvan rep-
resenting their effect on the food stability, structure and the bioactivity.

Functional Application and effects Hydrocolloids References

properties on food products

Stabilizing and Reducing syneresis K-carrageenan, [162,163]

thickening rate; improving alginate
properties creaming and foaming

stability; affecting

pasting, dough

rheology, and baking in

plant oil, stirred

yogurts, bread, and

other bakery products.

Emulsifying Firmness and elasticity;  fucoidan, [164]

activity and stability of oil-and- carrageenan
emulsion water emulsions; egg
stability white replacements in

sausages, baked

products, and ice

creams.

Viscosity Increase viscosity; ulvan, laminarin [139,165,166]
affects rheology/fruit
and vegetable juices,
salad sauces, baked
foods

Thermal Active ingredient in agar, carrageenan [167]

stability heat-processed/
thermally treated food

Prebiotic Fruit tea and functional  alginate, [168]

capacity foods boost laminarin, agar-
Lactobacillus rhamnosus oligosaccharides
survival and
proliferation in the gut.

Edible films Smart edible films carrageenan, [169]
incorporating fucoidan, chitosan
carrageenan or blends
fucoidan with bioactive
nanoparticles are being
developed to extend
food shelf-life and
deliver antimicrobial
activity in situ.

Sensory- Sensory enhancement agar, carrageenan [170]

affecting of bread or other
properties culinary products

Water holding Texture improvement; alginate, [171]

and oil meat water retention; carrageenan
binding bread, meat, and baked
capacities items visual appeal,
structure, and porosity.
Shear thinning Increase food viscosity/  k-carrageenan, [172]
and gelling gelling agarose
properties

Coating Coatings prevent chitosan, fucoidan [173]

properties microbiological

deterioration and
preserve taste,
extending shelf life.
This method
encapsulates unstable
components in fruits,
cheese, oils, volatile
substances, and other
foods to prevent
oxidative degradation.

chocolate milk or fruit juices, marine polysaccharides play a key func-
tion of creating a network that is useful in entrapping and holding solid
particles in suspension during the liquid and preventing them from
settling. Freeze-thaw stability is a very critical property, especially in
frozen foods. Marine polysaccharides play a key function of preventing
the development of big ice crystals and syneresis (water loss) during
freezing and thawing operations, thus maintaining texture and
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preventing phase separation [151]. Stabilization properties at the mo-
lecular level are imparted through the integration of steric hindrance,
electrostatic repulsion, and network formation. The polysaccharide
structure like charge density, molecular weight, and branching controls
its stabilizer performance [122]. Through these functions, designing
products that are more stable, longer shelf life, and improved sensory
properties can be achieved.

3.4. Water binding and textural contributions

The functionality of marine polysaccharides in the food industry
particularly relates to texture and quality stems from the capability of
the polysaccharides in question to bind and retain water [152]. The
molecular structure of a polysaccharide includes its hydrophilic con-
stituents, how flexible its chains are, and the degree of branching. The
degree of hydration affects many things from preserving moisture to
preventing syneresis in gels and dairy products [153]. For example, al-
ginates and carrageenan are frequently used in processed meat and dairy
products to retain moisture and increase juiciness. Control of syneresis is
important in yogurts and jellies; water released from the syneresis has an
undesirable effect on texture and appearance. Marine polysaccharides
perform functions of considerable textural modification, aiding in the
creation of soft, creamy to firm, elastic products. [154]. Ensuring sta-
bility of the product during texture altering processes such as storage
and processing is still an important hurdle, even if the texture is regar-
ded as an important quality feature considering it has a major impact on
consumer choices in food products. Researchers frequently incorporate
hydrocolloids into various food formulations as a means of enhancing
textural stability, primarily by increasing the solution's viscosity. The
most common hydrocolloids used to thicken food items include starch,
xanthan gum, guar gum, and carboxymethyl cellulose (CMC) [155]. The
concentration of hydrocolloid molecules in food items has a major
impact on the textural characteristics of a food system [156]. According
to the literature, marine hydrocolloids have been used extensively as
texture-modifying agents in a variety of food products, such as dairy
products (yoghurt, cheese), meat products (patties, sausages, and
salami), fruit-based products (fruit leathers, juices, and purees), and
bakery goods (bread, muffins, and cakes) [157]. Due to its cheap
availability and low extraction costs, starch is one of them that is often
employed as a texture modifier agent in a variety of food systems,
including jam, jelly, fruit purées, fruit leathers, fruit fillings, ketchup,
and sausages [158]. Native starch's usage in the creation of food prod-
ucts is limited by its poor water solubility and retrogradation [159,160].
Researchers are actively incorporating tiny amounts of gums with starch
before using it in food systems in an effort to enhance its functioning
[161]. This reason can be attributed to the formation of intermolecular
interactions, including hydrogen bonds, cation-based cross-linking be-
tween polymer chains, and hydrophobic interactions between hydro-
colloids and food system molecules [152].

3.5. Interactions with other food components

Marine polysaccharides engage in significant interactions with
various food components, influencing the overall functionality and
quality of food products [152]. The interactions between proteins and
polysaccharides can result in the creation of complexes or coacervates,
which play a significant role in determining gelation, stability, and
texture. The interactions in question frequently exhibit a dependence on
pH and can be influenced by ionic strength as well as the presence of
additional solutes [174]. Carrageenan, for instance, engages with milk
proteins to create stable gels in dairy desserts [175]. Marine poly-
saccharides have the ability to form complexes with lipids, which in-
fluences emulsion stability and the distribution of fats. Certain
substances, such as alginate and chitosan, possess the capability to bind
minerals, thereby potentially improving nutritional value or reducing
negative mineral-induced alterations in food. Interactions among starch
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Thickening mechanism of hydrocolloid
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Various gel formation mechanism of hydrocolloid
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Ionic interaction Hydrophobic
interaction

Cross-linking

Complex coacervate

Fig. 2. Hydrocolloid gelation and thickening processes schematically shown with their respective molecular interactions. (i) Ionic interactions and cross-linking:
alginate forms calcium-mediated “egg-box” junction zones; 1-carrageenan also gels in the presence of Ca®*. (ii) Hydrophobic contacts: agarose helices stabilize
via hydrogen bonding and hydrophobic stacking during cooling. (iii) Complex coacervate formation: carrageenan-protein complexes in dairy systems (e.g.,
k-carrageenan with casein micelles) and fucoidan—chitosan polyelectrolyte complexes in encapsulation. (iv) Thickening behavior: ulvan and laminarin act as viscosity

enhancers through chain entanglement without true gelation.

and various carbohydrates can influence gelatinization, retrogradation,
and digestibility, presenting avenues for the creation of functional foods
that provide enhanced health benefits [176]. Comprehending these in-
teractions is crucial for enhancing product formulation, processing, and
sensory characteristics, as they have a direct influence on texture, sta-
bility, and nutritional quality. To further illustrate this continuum, a
conceptual model is included (Fig. 3), outlining how functional and
structural properties correlate with physiological and bioactive effects
on the human body.

4. Bioactive properties and health benefits
4.1. Gastrointestinal behavior and digestibility

Hydrocolloids, encompassing a range of proteins and poly-
saccharides, play a crucial role in the processing of foods and nutrients
in the digestive system (Fig. 4). Their behaviors initiate from their
distinct solubility and physical properties, which dictate their dissolu-
tion, swelling, or retention in the fluid milieu of the gastrointestinal tract
[177]. Certain hydrocolloids, including modified starches and gum
arabic, exhibit a high degree of solubility and integrate seamlessly with
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digestive fluids. In contrast, substances like cellulose and chitin
demonstrate lower solubility, potentially leading to the formation of
structured particles that influence nutrient release and absorption
[178,179]. An essential element of their role is their engagement with
digestive enzymes. Hydrocolloids can also interact with nutrient mole-
cule or enzyme molecules, thereby influencing the efficiency of macro-
nutrient degradation, such as carbohydrates, fats, and proteins [180].
Viscosity and flow of digestive fluids can be modified by hydrocolloids,
retarding the enzymatic breakdown of food, which could be beneficial in
facilitating the slow release of nutrients and in the control of blood sugar
spikes after meals [181]. Another important feature is the ability of some
hydrocolloids to interact with bile acids. Polysaccharides such as acet-
ylated lupin fibers and chitosan, for example, can interact with bile salts
through hydrophobic or electrostatic forces. This interaction prevents
the reabsorption of bile acids, thereby potentially reducing cholesterol
levels and influencing the digestion and absorption of dietary lipids
[182]. Some hydrocolloids also possess mucoadhesive properties, which
enable them to stick to the mucosal lining of the gastrointestinal tract.
Adhesion can extend the transit time of these substances in the gut,
which may improve the delivery of nutrients or bioactive compounds to
target locations. The interaction of hydrocolloids with gut bacteria can
also be affected, making them more useful as prebiotics [183,184]. The
integration of hydrocolloids in food formulations or within sophisticated
delivery systems, such as emulsions, nanoparticles, or microgels, facil-
itates meticulous regulation of nutrient digestion, absorption, and
bioavailability. This advancement fosters the creation of functional
foods specifically designed to enhance health and wellness [97].

4.2. Prebiotic effects and gut microbiota modulation

Marine hydrocolloid polysaccharides, especially those sourced from
seaweeds and various marine algae, are gaining attention for their
prebiotic potential in food and health applications. Prebiotics are
characterized as non-digestible, selectively fermented substrates that
positively affect the composition and activity of the gut microbiota, thus
promoting host health and well-being [185]. To classify a marine hy-
drocolloid as a prebiotic, it is essential that it withstands digestion in the
upper gastrointestinal tract, is fermentable by beneficial gut bacteria,
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and selectively promotes the growth or activity of these microbes. This
process results in the production of health-promoting metabolites,
including short-chain fatty acids (SCFAs) [186]. The indigestible char-
acteristics of marine polysaccharides, including alginate, laminarin,
fucoidan, carrageenan, and ulvan, enable them to arrive in the colon
unaltered, where they serve as substrates for fermentation by the local
microbiota. This fermentation process mainly produces SCFAs such as
acetate, propionate, and butyrate, which play a vital role in supporting
intestinal health. These SCFAs act as energy substrates for colonocytes,
modulate immune response, increase glucose metabolism, and have the
ability to decrease the risk of disease like colon cancer, obesity, and
metabolic syndrome. Also, marine hydrocolloids hold the potential to
act as electron sinks in the gut, facilitating anaerobic respiration and
increased availability of minerals [17]. Different research indicates that
marine polysaccharides hold the potential to selectively increase the
growth of probiotic microbes like Lactobacillus and Bifidobacterium and
suppress the growth of disease-causing microbes. It has been indicated
that seaweed polysaccharides hold the potential to increase the growth
of Lactobacillus plantarum but suppress the growth of enteric pathogens,
thereby creating a well-balanced gut microbiota [185]. The presence of
these health-enhancing bacteria strengthens the gut barrier and modu-
lates the immune system, leading to resistance against infection and
inflammation. Fermentation of these polysaccharides results in a
decrease in colonic pH, which again suppresses the growth of disease-
causing bacteria but stimulates favorable species [159]. Prebiotic ac-
tivity and efficacy of marine hydrocolloids are highly reliant on their
molecular weight and structure. Lower molecular weight poly-
saccharides or partially hydrolyzed polysaccharides easily get fermented
by gut microbes, leading to higher production of SCFAs and increased
prebiotic activity. Specific oligosaccharides obtained from marine
polysaccharides have demonstrated a greater ability to enhance the
population of Bifidobacterium and Lactobacillus in comparison to their
high-molecular-weight equivalents. The presence in gut microflora of
certain carbohydrate-active enzymes is essential to the breakdown and
utilization of such complex carbohydrates [187]. The information rather
suggests that marine hydrocolloid polysaccharides could be used as
superior prebiotic ingredients, which can be used to create new func-
tional foods and symbiotic products. The capacity to modulate gut
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microbiota, promote SCFA production, and maintain host metabolic and
immune health makes them good candidates for further study and use in
human nutrition [17].

4.3. Immunomodulatory properties

Marine hydrocolloids represent a very large group of polysaccharides
including alginates, carrageenan, agar, laminarin, chitosan, and sulfated
polysaccharides (Fig. 5). Their complex mechanisms of modulating
immune responses are being discovered and hence they are important
food constituents that contribute to immune strength [188,189]. The
mechanism of interaction between these molecules and immune cells is
through direct interaction with pattern recognition receptors like Toll-
like receptors (TLRs) on macrophages, dendritic cells, and lympho-
cytes. They also possess the capability of inducing indirect effects by
modulating the gut microbiota and increasing gut barrier function, both
of which have significant roles to play in immune homeostasis [34].
Immunomodulatory activity of marine hydrocolloids is directly pro-
portional to their structure. Structure of the sulfate group, molecular
weight, and some sugar residues of sulfated polysaccharides could be
responsible for the ability of such molecules to stimulate immune cells.
Acetylation, branching, and gel character of chitosan, alginate, and agar
are important in immunomodulatory activity [190]. It has been
demonstrated in experiments the ability of oligosaccharides derived
from alginate to stimulate macrophages and release cytokines and chi-
tosan to modulate innate and adaptive immunity by stimulating mac-
rophages and lymphocyte proliferation [189]. Carrageenan has been
reported to exhibit anti-inflammatory activity by inhibiting the release
of pro-inflammatory cytokines and modulating immune cell activity,
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activity
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including T-cells and macrophages. The addition of agar and laminarin
to food systems has also been correlated with increased immune
response and decreased inflammation, partly due to their therapeutic
effect on healthy gut bacteria and capacity to suppress gut-derived in-
flammatory signals [36]. These marine hydrocolloids play a role in
immune balance regulation by influencing the Th1/Th2 response and
possibly suppressing allergic or autoimmune responses. As multifunc-
tional and structure-dependent immunomodulators, marine hydrocol-
loids are being added to more functional foods, beverages, and dietary
supplements for immune health promotion either by direct action on
immune cells or by establishing a healthy gut environment [191]. Their
properties of being able to gel or bind to mucosal surfaces make them
especially suited to the newest food products for immune support
enhancement.

4.4. Antioxidant and cellular protection

Marine hydrocolloids from marine life like algae, bacteria, and
crustaceans have been of great interest due to their diverse antioxidant
as well as cell-protective activities since they can scavenge the free
radicals generated during aerobic metabolism effectively [192]. Such
action avoids oxidative stress, which otherwise disturbs the oxidant/
antioxidant equilibrium, causing cellular damage to lipids, proteins, and
DNA (Table 5). Such damage is associated with the onset of chronic
diseases, including diabetes, cancer, and cardiovascular disorders
[125,192]. The mechanisms of free radical scavenging function by
donating hydrogen atoms or electrons to unstable radicals, thereby
stabilizing them and interrupting the chain reactions that lead to the
oxidative degradation of biomolecules [83]. This activity has been

Immunomodulatory
propertics

Antioxidant
properties

Fig. 5. Marine hydrocolloids in human health contributing in gastrointestinal behavior, immune responses, antiviral and antimicrobial activities.
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Table 5
Table on the studies of antioxidant activity of marine hydrocolloids.
Compounds Experimental method Reported antioxidant activity Results References
in vitro
67.03 + 3.30 %, 33.49 + 2.14 %, 6.77 + 1.08 % at a
A DPPH i ’ Radical i tivit; 117,196
gar assay concentration of 200, 100 & 50 pL adical scavenging activity L 2
Alginate ABTS and SOD assays 12.45 % to 72.36 % at a concentration of 0.05-2.5 mg/mL  Radical scavenging activity [110,197]
Total antioxidant and reduci
Carrageenan acotie\l/itiln toxicant and reducing power 10.04 + 1.68 % to 30.76 + 3.21 % Reducing power [112]
DPPH, f i helati h; 1
Chitosan L errous l,on chelating, and hydroxy 24.38 £ 0.34 % Radical scavenging activity [125,198]
radical scavenging assay
GAG ABTS and FRAP assays 47.05 + 3.27 % Radical scavenging activity [124]
- 7.5 % to 79.7 %, as the average molecular weight of . . ..
L DPPH and FRAP dical 114
aminarin and FRAP assays laminarin degraded from 15 kDa to 6 kDa Radical scavenging activity [114]
LSP and LMP DPPH and ferrous ion chelating assays 15.9 % to 71.8 % Radical scavenging activity [199,200]
Other models
Agaro- Intracellular oxidant stress assay Radical scavenging activity
.34 t .84 % & 10.94 to 24.59 % 47,118
oligosaccharides Biochemical assays 6034 to 83.84 % 0.94 to 24.59 % Inhibiting MDA, AST, and ALT [47,118]
. Total plasma antioxidant capacity (TPAC), Increase in TPA; Radical
hi .4 +0.1&23+0.2 120
Chitosan DPPH and ABTS assays 0.4+01&23+0 scavenging activity 11201
Fucoidan Estimation of plasma malondialdehyde 16.27 + 0.73 to 71.76 + 3.23 at various concentrations Decrease in MDA levels [201,202]
(MDA) from 0.1 to 5
Laminarin Intracellular ROS levels and GSH assay 0.4 to 0.8 % ROS scavenging activity, [116,203]

increase in GSH levels

validated through numerous in vitro assays, such as DPPH, ABTS, ferric
reducing-antioxidant power (FRAP), and superoxide dismutase (SOD),
along with in vivo animal studies that affirm their biological effective-
ness. Beyond their direct neutralization of reactive oxygen species
(ROS), marine polysaccharides including fucoidan, laminarin, agar,
carrageenan, chitosan, glycosaminoglycans, and exopolysaccharides
demonstrate significant metal chelation capabilities [84]. They effec-
tively bind transition metals such as iron, which are recognized for their
role in catalyzing the Fenton reaction and producing highly reactive
hydroxyl radicals, thereby alleviating oxidative stress on cells. The
effectiveness of these polysaccharides as antioxidants is intricately
linked to their structural characteristics, such as the degree of sulpha-
tion, molecular weight, monosaccharide composition, and glycosidic
linkages [83]. Each of these factors plays a crucial role in determining
their capacity to donate hydrogen atoms and engage with free radicals.
In addition to scavenging and chelation directly, these marine-derived
compounds also enhance cellular protective processes via activation of
endogenous antioxidant enzymes such as SOD, catalase (CAT), and
glutathione (GSH). These compounds also influence signaling pathways
such as SIRT1/AMPK/PGCla and MAPK that are essential to cellular
defense against oxidative stress [85]. For instance, thermal processing-
derived low molecular weight alginates are more effective antioxi-
dants than polymeric analogs, possibly because of the creation of new
functional groups that allow them to interact better with reactive oxy-
gen species. Moreover, fucoidan can inhibit oxidative renal damage and
inhibit the risk of kidney stones via its strong antioxidant activity [114].
Furthermore, laminarin has shown the capability to reduce reactive
oxygen species levels in both cell cultures and animal models, with its
effectiveness varying based on algal species and polysaccharide struc-
ture. In a similar vein, agar derived from Gracilaria tenuistipitata through
alkali methods exhibits optimal physiochemical and functional proper-
ties, rendering it a compelling and economical antioxidant for food
applications [117]. Furthermore, the antioxidant activity of carrageenan
is directly proportional to its purity while being inversely related to
temperature. Chitosan, obtained from the chitin of lobster shells, has
shown antioxidant properties in human studies, evidenced by a reduc-
tion in lipid hydroperoxides and a suppression of oxidative stress
[125,193]. This indicates possible therapeutic uses in conditions such as
renal failure. Glycosaminoglycans derived from marine snails, along
with exopolysaccharides sourced from marine bacteria and cyanobac-
teria, have demonstrated noteworthy antioxidant and metal-chelating
properties. Research indicates their effectiveness in scavenging hy-
droxyl and superoxide radicals, as well as in capturing iron ions.
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Antioxidant activity stability in food matrices relies on extraction con-
ditions, extraction techniques, and molecular structure [124]. Evidence
indicates that lower molecular weight, higher purity, and optimized
extraction techniques, such as alkali extraction for agar, enhance both
the functional and physiochemical properties of these polysaccharides.
This confirms their use of strong, stable, and health-promoting food
additives in functional foods [121]. However, despite carrageenan's
desirable bioactivities, safety issues have been raised, especially with
degraded carrageenan (poligeenan), which is not yet approved for use in
food. Poligeenan differs chemically from food-grade carrageenan and
has been demonstrated in certain animal experiments to have pro-
inflammatory properties [194]. Food-grade carrageenan is safe accord-
ing to government agencies such as the FAO/WHO and EFSA to be
consumed in approved quantities, albeit continuous evaluation still
tracks its long-term consequences. Therefore, while assessing the func-
tional and biological applications of carrageenan in food systems, it is
critical to distinguish between different kinds and purities [195]. The
findings collectively highlight the promise of marine polysaccharides as
potent agents for antioxidant and cellular protection. They provide both
direct and indirect mechanisms to address oxidative stress and uphold
cellular health across various biological and food systems [47].

4.5. Antimicrobial and antiviral activities

The increasing issue of antibiotic-resistant microbes has heightened
the necessity for innovative antimicrobial strategies that ensure both
safety and efficacy. Marine-derived macromolecules, particularly hy-
drocolloid polysaccharides, are gaining attention as promising candi-
dates because of their natural origin, safety profile, and a wide range of
biological activities [204]. he antimicrobial effects of these compounds
can be attributed to a diverse array of bioactive substances, such as
distinctive phenolic compounds and intricate polysaccharides. For
instance, compounds like anthraquinones, flavonoids, and coumarins
found in different marine algae have shown potential in inhibiting
bacterial growth in controlled laboratory experiments [205]. A signifi-
cant example is 1,8-dihydroxy anthraquinone derived from the red alga
Porphyra haitanensis, which has demonstrated the ability to compromise
the membrane integrity of Staphylococcus aureus, resulting in hindered
bacterial growth [17]. Alongside phenolic compounds, marine poly-
saccharides have demonstrated notable antibacterial properties. Ex-
tracts from seaweeds such as Myagropsis myagroides have been shown to
inhibit the growth of harmful bacteria like Listeria monocytogenes by
damaging bacterial cell walls and inducing leakage of cellular ATP,
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indicating a bactericidal mechanism [17]. In addition to direct inhibi-
tion, certain marine polysaccharides have the potential to bolster the
immune system's capacity to combat infections [25]. For example, fungi
or yeast-derived f-glucans are known to stimulate innate immune cells,
which in their turn release molecules such as nitric oxide that are part of
the pathogen killing process. In poultry, experimental evidence has
demonstrated that dietary f-D-glucan could enhance resistance to dis-
ease and lower the level of infections by stimulating antimicrobial
peptides and enhancing immune defense [206]. Marine hydrocolloids
are increasingly being acknowledged for their antiviral properties.
Sulfated polysaccharides, including carrageenan and fucoidans, have
the capability to disrupt viral life cycles by binding to viral particles,
thereby inhibiting their attachment to and entry into host cells [207].
Certain polysaccharides have the potential to interfere with viral repli-
cation or assembly, offering a multifaceted approach to combat viral
infections. Carrageenan-based nasal sprays have demonstrated effec-
tiveness in lowering the risk of respiratory viral infections in clinical
studies [208]. The diverse antimicrobial and antiviral properties of
marine hydrocolloids are gaining traction as natural preservatives
within the food industry [209]. The incorporation of these poly-
saccharides into edible coatings, films, or packaging demonstrates their
ability to inhibit spoilage organisms and foodborne pathogens, which in
turn extends shelf life and minimizes the necessity for synthetic addi-
tives. This is in accordance with the increasing consumer interest in
clean-label, naturally preserved foods [210]. With the progression of
studies, marine hydrocolloids are anticipated to assume a more signifi-
cant position in ensuring food safety and preservation, providing natural
alternatives to address microbial challenges and align with consumer
preferences.

4.6. Structure-bioactivity relationship

The bioactivity of seaweed-derived polysaccharides is highly
dependent on their structural characteristics. The degree and position of
sulfation have been shown to directly influence antioxidant and
immunomodulatory activities, where higher sulfation generally en-
hances radical scavenging capacity but may reduce gel strength [14].
Similarly, the molecular weight plays a dual role; high molecular weight
polysaccharides often provide superior rheological properties [14],
whereas low molecular weight fractions or oligosaccharides demon-
strate enhanced prebiotic effects due to their better fermentability by
gut microbiota [211]. The monosaccharide composition (e.g., propor-
tion of uronic acids, galactose, or fucose) and the presence of sub-
stituents such as pyruvate or acetyl groups further modulate specific
bioactivities, including anti-inflammatory and antiviral actions. Thus,
the structural complexity of alginate, carrageenan, agar, fucoidan, and
ulvan forms the basis of their diverse functional and biological roles,
reinforcing the critical importance of structure—function relationships in
marine hydrocolloids [212].

5. Modification strategies to enhance functionality

Modification strategies for marine hydrocolloids can be broadly
classified into four categories: physical, chemical, enzymatic, and
conjugation approaches. Physical modifications (e.g., ultrasonication,
HPP, microwave, and thermal treatments) primarily alter molecular
weight, crystallinity, or chain interactions without introducing new
chemical groups. Chemical modifications, on the other hand, deliber-
ately add functional substituents such as sulfate, phosphate, or acetyl
groups to tune solubility, viscosity, or bioactivity. Enzymatic methods
achieve selective depolymerisation or hydrolysis under mild conditions,
generating oligosaccharides with enhanced functional properties.
Conjugation technologies, including deep eutectic solvents, subcritical
water extraction, or hybrid enzyme-microwave systems, aim to improve
efficiency and sustainability while preserving structural integrity.
Together, these strategies provide a comprehensive toolbox to tailor
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hydrocolloid functionality for specific food and biomedical applications.

5.1. Physical modifications

Marine hydrocolloids, such as alginates, carrageenan, agar, and
ulvans, are valued for their functional properties, including gelling,
thickening, and film-forming abilities. However, their native forms often
exhibit limitations like high molecular weight, limited solubility, or
weak mechanical performance under diverse environmental conditions
(Fig. 6). Physical modification techniques particularly those involving
thermal and non-thermal methods can improve the physicochemical and
functional performance of these polysaccharides without introducing
new chemical groups, making them attractive for clean-label formula-
tions and industrial applications.

5.1.1. Ultrasonication and high-pressure processing (HPP)

Ultrasonication, which uses sound waves typically above 20 kHz, has
emerged as an eco-friendly and efficient method to modify the structural
features of hydrocolloids. In cereal starches, this method was shown to
disrupt the amorphous regions of starch granules, leading to surface
cracking and increased water solubility and swelling capacity
[213-215]. For marine polysaccharides, ultrasonication can enhance
cold-water solubility, reduce viscosity, and generate microstructural
changes favorable for film formation or encapsulation. High-pressure
processing (HPP), operating within a range of 100-1000 MPa, causes
starch gelatinization even at room temperature [216,217]. In barley
starch, HPP altered molecular packing, enabling lower gelatinization
temperatures and novel pasting behavior [218]. For marine poly-
saccharides, HPP can modify gel strength, improve emulsification
properties, and reduce microbial loads without compromising nutri-
tional quality, making it an attractive method for high-value functional
ingredients [219,220].

5.1.2. Microwave treatment effects

Microwave energy rapidly heats polar regions of biomolecules,
producing structural rearrangements. When applied to starch, micro-
wave treatment increases solubility, reduces gelatinization temperature,
and modifies crystalline structure [221]. Marine hydrocolloids could
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similarly benefit from microwave-induced disruption of polysaccharide
chains, which may enhance dissolution rates and gel elasticity. Although
limited data exists specifically for seaweed polysaccharides, microwave-
assisted extraction and modification of sulfated galactans and ulvans
have shown promise in improving yield and functionality [222].

5.1.3. Radiation-induced modifications

Gamma irradiation and other radiation methods induce oxidative
scission in polymer chains, resulting in decreased molecular weight and
viscosity. In barley starch, gamma irradiation (10 Mrad) was found to
degrade amylose and amylopectin, leading to the loss of viscosity and a
shift in gelatinization behavior [223]. While preserving external
morphology, internal breakdown within granules was evident. Similar
outcomes have been reported in irradiated alginates and carrageenans,
where depolymerization enhances their use in drug delivery systems and
bioactive formulations due to better bioavailability and altered gelation
behavior [224].

5.1.4. Thermal treatments and their impact

Thermal modifications include pre-gelatinization, annealing, and
heat-moisture treatment, which influence polysaccharide structure by
altering crystalline regions without introducing chemical agents. Pre-
gelatinization of starch, performed via drum drying, spray drying, or
extrusion, improves solubility and allows cold-water dispersibility
[225]. These methods, when adapted to marine polysaccharides, can
similarly enhance processing convenience and instant gelling behavior.
Annealing involves treating starch granules with water at temperatures
below their gelatinization point to increase crystallinity and thermal
stability [226]. In barley starch, annealing raised gelatinization tem-
peratures and narrowed temperature ranges without destroying granule
structure [227]. When extended to marine hydrocolloids, this method
could stabilize gel structures under acidic or high-heat conditions often
encountered in food processing or gastrointestinal environments [228].
Heat-moisture treatment subjects' starch to high temperatures
(80-140 °C) at low moisture content (<35 %), resulting in reduced
swelling power, amylose leaching, and retrogradation [229,230]. These
benefits can be translatable to sulfated polysaccharides like fucoidans or
ulvans, enabling their use in resistant hydrogel matrices or in formula-
tions requiring slow dissolution rates.

5.2. Chemical derivatization

Chemical derivatization is a widely employed strategy to enhance
the physicochemical and functional properties of marine hydrocolloids,
including alginates, carrageenans, and fucoidans. These polysaccharides
possess a high density of reactive groups such as hydroxyl, carboxyl, and
sulfate, making them suitable substrates for targeted chemical modifi-
cations [82]. Techniques such as sulfation, acetylation, carbox-
ymethylation, and crosslinking have been successfully adapted from
starch systems to marine polysaccharides to improve solubility, thermal
stability, bioactivity, and functional versatility [231]. Sulfation remains
one of the most important modification techniques, especially for ma-
rine polysaccharides that are either naturally sulfated (e.g., fucoidan,
carrageenan) or structurally similar to sulfated plant polysaccharides
[73]. The chlorosulfonic acid pyridine method is one of the most
commonly used routes, wherein sulfate groups are introduced by
replacing hydroxyl groups on the polysaccharide backbone, typically at
the C-2, C-4, or C-6 positions. The degree of substitution is a critical
determinant of bioactivity, with higher DS generally correlating with
enhanced antioxidant, anticoagulant, and immunomodulatory proper-
ties [226]. Such modification significantly alters charge density and
conformation of the polymer and hence improves solubility and inter-
action with biologically relevant targets. Acetylation modifies hydro-
philicity and crystallinity of polysaccharides through acetyl substitution
of hydroxyl groups. In starch systems, acetylation has been shown to
inhibit retrogradation, reduce gelatinization temperatures, and enhance
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solubility [219]. Such functionalities can be transferred to marine
polysaccharides like agar or ulvan, where acetylation can enhance
emulsification, rheology, and interaction with hydrophobic molecules
[232]. Acetylated marine polysaccharides can also exhibit improved
film-forming ability and flexibility in food coatings or drug delivery
matrices. Carboxymethylation introduces carboxymethyl groups that
improve solubility and metal-chelating ability. The reaction is most
typically carried out in an alkaline environment with monochloroacetic
acid and has been widely reviewed in starch and cellulose systems
[233]. Marine hydrocolloids carboxymethylated exhibit enhanced
aqueous dispersibility and metal-binding activity and are hence suitable
for application in nutraceuticals and wastewater treatment. Crosslinking
enhances the polysaccharide's structural network and stabilizes them
under harsh processing conditions. Crosslinkers like phosphoryl chlo-
ride and sodium trimetaphosphate (STMP) result in covalent bridges
between polymer chains and hence enhance resistance to shear, pH, and
heat degradation [225]. In marine polysaccharides like alginate and
carrageenan, crosslinking has been shown to improve gel strength and
elasticity, making them extremely valuable for application in wound
dressings, encapsulation systems, and controlled release formulations
[234]. Latest advances in CRISPR-based metabolic engineering and
synthetic biology now allow targeted modification of biosynthetic
pathways in marine microorganisms to produce tailor-made hydrocol-
loids with controlled sulfation and molecular weights [235]. Similarly,
nanostructuring approaches such as nanoparticle conjugation and
nanoencapsulation are being applied to enhance stability, bioavail-
ability, and delivery of sulfated seaweed polysaccharides in food and
nutraceutical systems [236]. Chemical derivatization provides versatile
tools for targeted modification of marine polysaccharides. Hatched from
starch chemistry, these approaches can be crafted to meet needs in in-
dustrial or biomedical applications by optimizing structure—function
relationships.

5.3. Enzymatic modifications

Enzymatic modification is a selective and environmentally friendly
method of structural and functional modification of marine hydrocol-
loids. Enzymatic specificity permits control over depolymerization and
structure tailoring of polysaccharides like alginate, agar, carrageenan,
and fucoidan in the absence of chemicals [130]. This is particularly
useful for the protection of sensitive bioactive functions like sulfate es-
ters, which are essential for biological activity. Enzymatic depolymer-
ization utilizes polysaccharide-specific enzymes like alginate lyases,
agarases, and fucoidanases. In starch systems, a-amylase and pul-
lulanase are typically used to produce short-chain oligosaccharides and
resistant starch fractions [237]. Comparable methodologies applied to
marine polysaccharides produce low-molecular-weight derivatives that
are more soluble and bioactive. For example, enzymatically depoly-
merized fucoidan fragments show increased antioxidant and anticancer
activity due to increased bioavailability and interaction with cellular
receptors. Enzyme-assisted extraction (EAE) is another promising
strategy, particularly for sulfated marine polysaccharides embedded in
algal cell walls [131]. Addition of cellulases, hemicellulases, or pro-
teases during extraction allows the yield and purity of target poly-
saccharides to be significantly improved [238]. This method preserves
bioactive functional groups while limiting the need for high-
temperature or strong acid/base treatment, making it ideal for func-
tional food or pharmaceutical use. Apart from hydrolysis, enzymes can
be used to specifically modify functional groups. For example, specific
esterases or sulfatases may be used to remove acetyl or sulfate groups,
thereby modifying the physicochemical profile and bioactivity of the
resultant polysaccharide [239]. Although such targeted enzymatic
functionalization has been well developed in terrestrial systems, its
application to marine polysaccharides is an emerging area of research.
One of the major uses of enzymatic modification is the production of
bioactive oligosaccharides. Enzymatic hydrolysis of starch systems
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produces prebiotic and antidiabetic oligosaccharides [240]. Enzymatic
hydrolysis of marine polysaccharides has also produced low-molecular-
weight fuco-oligosaccharides and laminarin fragments with established
immunomodulatory and anti-inflammatory activities [241]. Enzymatic
modification overall is a clean and targeted method of managing marine
hydrocolloid functionality. It allows the production of bioactive in-
gredients of marine origin for use in pharmaceuticals, nutraceuticals,
and functional foods.

5.4. Complexation and conjugation

Complexation and conjugation technologies has gained popularity in
enhancing the functionality, stability, and bioavailability of marine
hydrocolloids for food and health product uses. These technologies
entail the formation of complexes or covalent bonds between marine
polysaccharides and other molecules such as proteins, minerals, lipids,
or bioactive compounds [182,222]. Conjugates of polysaccharides and
proteins are widely used to enhance the emulsifying, foaming, and
gelling capacity of marine hydrocolloids. The conjugation of alginate or
carrageenan with whey or soy proteins can lead to stable gels and
emulsions with enhanced texture and phase separation [242]. Mineral
complexation, e.g., alginate-calcium or carrageenan-potassium gela-
tion, enhances the strength of the gel and heat stability [243]. Which is
advantageous in plant-based meat substitutes and 3D food printing. The
complexes also allow for the controlled release of nutrients and bioac-
tive, advantageous in functional food development. Lipid conjugation
and bioactive compound complexation further enhance the functional
potential of marine hydrocolloids. Lipid-modified agar or alginate can
be utilized to develop edible films with improved moisture and oxygen
barrier properties, which can be utilized for food packaging [244].
Encapsulation of vitamins, antioxidants, or probiotics in hydrocolloid
matrices protects sensitive compounds from degradation and allows for
controlled release in the gastrointestinal tract [245]. These complexa-
tion and conjugation technologies not only enhance the functional
property of marine hydrocolloids but also provide new opportunities for
their utilization in functional foods, nutraceuticals, and food packaging
materials, which allows food science and technology to develop in new
ways.

5.5. Extraction methods and structural integrity

Extraction strategies play a decisive role in determining both the
yield and the bioactivity of marine polysaccharides by preserving or
altering their structural integrity [14]. Conventional methods such as
hot water and alkali treatments are effective but often lead to depoly-
merisation, loss of sulfate groups, or reduced biological activity [246].
In contrast, green extraction technologies (enzyme-assisted extraction,
microwave-assisted extraction, ultrasound, subcritical water, and deep
eutectic solvents) have been demonstrated to maintain functional
groups and molecular weight distribution more effectively, thereby
enhancing antioxidant, prebiotic, and immunomodulatory activities
[247]. For instance, enzyme-assisted extraction preserves sulfate esters
in fucoidans, leading to improved bioactivity, while microwave and
ultrasound methods enhance solubility and antioxidant potential
without significant degradation [14]. Hence, the choice of extraction
method is not only a technical decision but also a determinant of bio-
logical efficacy, directly linking processing to the functional potential of
seaweed polysaccharides.

6. Applications in functional food development
6.1. Marine hydrocolloids as delivery systems for bioactive compounds
Marine hydrocolloids like alginate, carrageenan, and agar are

seaweed- and aquatic organism-derived polysaccharides. These bio-
polymers are of interest because of their potential in formulating novel
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delivery systems for bioactive compounds due to the safety, biological
compatibility, and intriguing physical properties of these biopolymers
[248]. Marine like hydrocolloids, when used to formulate nanocarriers,
are able to protect sensitive bioactive compounds from degradation,
improve the efficiency of encapsulation, and optimize the absorption
and distribution of these compounds in the body. The major advantage
of using marine hydrocolloids in delivery systems is the feasibility of gel
and hydrogel formation through cross-linking [249]. This research de-
picts a three-dimensional network structure with high inner surface area
and pores, which renders such materials extremely efficient in seques-
tration and slow release of active molecules. For example, alginate and
carrageenan can be cross-linked with calcium or other metal ions to
form hydrogels that can withstand the acidic gastric environment while,
simultaneously, release their contents in the more alkaline intestinal pH
environment, thus delivering nutrients or drugs in controlled and tar-
geted fashion [250]. Additionally, marine hydrocolloids also prove
useful when blended with other natural polymers to create hybrid
nanoparticles or nanocomplexes. Such blends can improve the stability
of the delivery system, provide good resistance to digestive enzymes,
and have better control over the timing and site of the release of
bioactive molecules [251]. An example is blending kappa-carrageenan
with bovine serum albumin to create edible nanotubes that can encap-
sulate curcumin, a molecule with established anticancer activity. Studies
have shown that such nanotubes are highly effective in encapsulation
and release their contents effectively to target cells. Chitosan, a poly-
saccharide of marine crustacean shells' chitin, is a well-known marine
hydrocolloid for drug delivery [252]. Because of the cationic nature of
chitosan, it can bind with negatively charged molecules, and therefore it
is selectively valuable for the preparation of nanoparticles targeted to a
specific tissue, for example, to tumor tissues. Chitosan nanoparticles can
be further targeted by functionalization with target molecules such as
folic acid to increase their drug delivery capability directly to cancer
cells, as found from therapy studies in colorectal cancer [253]. Particle
size and composition are of vital importance in the bioactivity of
hydrocolloid-based nanoparticles. Small particle sizes are more endo-
cytosed by the cell and can release the content in a more controlled
manner [254]. For example, almond gum-coated iron-oxide nano-
particles have been designed for delivery of the anticancer drug doxo-
rubicin, with efficient encapsulation and controlled release under acidic
pH in tumor tissue. In the same way, nano-micelles from konjac gluco-
mannan, another aquatic organism polysaccharide, have been employed
for delivery of curcumin into cancer cells, where acidic environment
releases the curcumin [255]. Marine hydrocolloids as a whole are an
easy and efficient carrier for encapsulation, protection, and targeted
delivery of bioactive molecules. Its hydrogel and nanoparticle formation
capability, sensitivity to environmental stimuli such as pH, and
compatibility to blend with other biopolymers provide them tremendous
value in food and pharmaceutical industries [256]. New possibilities still
keep emerging from recent research, particularly in controlled and site-
specific delivery.

6.2. Hydrocolloids in dairy and dairy based products

Dairy foods are a crucial component of the global human diet, not
only prized for their sensory attributes but also prized for their nutri-
tional attributes (Fig. 7). They are rich sources of antioxidants, vitamins,
oligosaccharides, organic acids, bioactive peptides, calcium in a highly
bioavailable form, probiotic bacteria, and conjugated linoleic acid
[257]. Owing to this multiplicity of bioactive compounds, daily con-
sumption of dairy foods is linked to a number of health benefits,
including lowered risk of cardiovascular disease, dental caries, meta-
bolic syndromes, and some types of cancer. Nevertheless, the mainte-
nance of the quality and storage stability of these foods is still a daunting
challenge throughout their entire processing and supply chain [181].
The most efficient method of overcoming such issues is the application
of hydrocolloids. Hydrocolloids, the gel-forming or thickened solution-
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Fig. 7. Broad spectrum of hydrocolloids in pharmaceuticals, cosmetics, drug delivery system and food applications.

forming polysaccharides or proteins when dispersed in water, are of
utmost importance in enhancing the functional and structural properties
of dairy foods. They are mostly applied to substitute fat, improve
texture, avoid phase separation, and improve shelf life. These com-
pounds interact with the casein micelles and other milk proteins and
create stable matrices that maintain the desired consistency and
decrease the tendency towards wheying-off or protein flocculation
[156]. A case in point is their employment in acidified milk products,
which are manufactured by mixing milk with acidified ingredients like
fruit juices. The products are favored for their freshness of taste, but the
low pH (usually less than 5) destabilizes milk proteins, especially casein
micelles and whey proteins, causing phase separation and sedimentation
[159]. Hydrocolloids like carrageenan, pectin, and carboxymethyl cel-
lulose (CMC) stabilize the proteins by creating protective networks. Out
of these, high methoxyl pectin (HMP) is more stable at pH 3.5 + 1.0 and
is therefore to be used instead of low methoxyl pectin (LMP) under
acidic conditions [257]. Carrageenan, which exists in A, k, and 1 forms,
shows different interactions depending on its conformation. For
example, coil A-carrageenan can interact with milk proteins at varying
temperatures, while k- and 1-carrageenan need helix formation initiated
at low temperatures to interact with proteins to form firmer gel struc-
tures [156]. Cheese is another big dairy product where hydrocolloids
have widespread uses, especially in the creation of low-fat cheese.
Although low-fat cheese is in great demand because of health issues, its
production leads to compromised texture, less moisture content, and
sensorial attractiveness. Hydrocolloids act as fat replacers by altering
the microstructure of the cheese and enhancing water retention. Poly-
saccharides like carrageenan, konjac glucomannan, sodium alginate,
and B-glucan contribute to creaminess and softness by breaking protein
crosslinks and retaining water. For instance, sodium alginate is a filler
within the protein matrix, resulting in higher moisture content and
sensorial properties comparable to full-fat Cheddar cheese [176]. Such
interactions can easily overcome textural and flavor deficiencies typi-
cally found in reduced-fat cheeses. Likewise, yoghurt a fermented milk
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product famous for its nutritional value and digestibility suffers from
low-fat versions in terms of compromised viscosity and unwanted syn-
eresis. Hydrocolloids are extensively added to yoghurt preparations to
counteract such issues. They ensure a more robust protein network,
preserve ion balance, and enhance final product viscosity and mouthfeel
[257,258]. Anionic hydrocolloids such as carrageenan, CMC, and pectin
bind to positively charged casein micelles, affecting gel structure and
casein precipitation [259]. Neutral gums such as guar and locust bean
gum, on the other hand, have an impact mainly on viscosity. New-age
formulations tend to use new ingredients such as partially hydrolyzed
guar gum (PHGG) and orange peel fiber (OPF). PHGG serves as a filler,
whereas OPF serves as a bridging agent within the yoghurt matrix. Mary
et al. [260] stated that the incorporation of 0.25 % PHGG and 0.1 % OPF
into low-fat yoghurt considerably enhanced gel elasticity, hardness, and
compactness of structure, and lowered gelation time and syneresis. In ice
cream, a frozen emulsion of complex structure made up of fat globules,
air bubbles, ice crystals, and a highly viscous aqueous phase, hydro-
colloids are crucial to the accomplishment of a desired texture as well as
physical stability. Hydrocolloids enhance overrun, slow the rate of
melting, control viscosity, and maximize the sensory experience [261].
Hydrocolloids such as cellulose derivatives, inulin, guar gum, basil seed
gum, and modified starches are common fat replacers in low-fat ice
cream. For example, resistant starch and maltodextrin enhance struc-
tural strength and slow down melting; however, too much resistant
starch can destroy sensory acceptability, while maltodextrin preserves
flavor and texture even at high concentrations. Synergism is also present
in studies involving combined seed gums such as guar gum and basil
seed gum, which enhance overall viscosity and consistency [261]. Other
additives such as quince seed powder reduce the formation of ice crys-
tals by absorbing free water, which leads to lower hardness with
improved mouthfeel [262]. Reducing fat from 10 % to 5 % typically
increases melt rate and overrun; however, increasing the concentration
of hydrocolloids (up to 0.55 %) can reverse the trend and re-establish
desirable textural behavior. In general, hydrocolloids are an essential
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factor in dairy product development and enhancement, particularly fat
reduction and functional enhancement. By engaging in intricate mo-
lecular interactions with milk proteins, hydrocolloids not only improve
structural stability and sensory attributes but also respond to the issues
regarding quality and stability of conventional dairy processing [152].

6.3. Hydrocolloids in bakery based products

Bakery products such as bread, pasta, noodles, muffins, and cookies
are gaining popularity due to their exceptional nutritional benefits. In
addition to dietary fiber and essential micronutrients such as vitamins
and minerals, these products also offer macronutrients, specifically
proteins and carbohydrates [263]. The processes of handling and storing
materials frequently result in challenges such as oxidation, aging,
mildew, and unpleasant odors. Natural hydrocolloids find extensive
application in bakery products, enhancing their color, flavor, texture,
and nutritional content to address these challenges. The exceptional
physical and chemical properties of hydrocolloids, including their ca-
pacity to retain water, thicken, and gel, significantly improve the quality
of the final product [264]. Attributes such as increased volume, uniform
crumb structure, extended shelf life, resistance to staling, and tenderness
is indicative of superior bakery products. The characteristics of texture,
volume, and appearance in bakery products are greatly affected by the
crumb structure [160]. Hydrocolloids have shown the ability to enhance
the volume and porosity of bread, cakes, and muffins, resulting in a
softer and more enjoyable texture. The incorporation of various gums
significantly improves the water absorption capacity of bakery compo-
sitions. Moreover, hydrocolloids enhance the water-holding capacity
(WHC) of starch-based systems, leading to improved moisture retention
and overall product quality [265]. The incorporation of hydrocolloids
has a notable impact on the rheological characteristics of batter, leading
to a decrease in gas diffusion during the baking process and enhancing
the volume of the final products. Hydrocolloids play a crucial role in
bakery products by acting as substitutes for gluten [264]. Their incor-
poration alters the viscoelastic characteristics of gluten, rendering
bakery items appropriate for those with celiac disease. The Codex Ali-
mentarius Commission defines gluten-free (GF) products as “food
products containing less than 20 mg/kg of gluten” [266]. Horstmann
et al. [267] created gluten-free bread utilizing potato starch along with
six distinct hydrocolloids: locust bean gum, pectin, sodium alginate,
guar gum, hydroxypropyl methylcellulose, and xanthan gum. The study
demonstrated that negatively charged hydrocolloids, including pectin
and sodium alginate, notably enhanced the volume of bread. This phe-
nomenon was linked to the repulsive forces arising from the negative
charges of the hydrocolloids interacting with the negatively charged
phosphate groups present in potato starch. The interactions resulted in a
delay in the pasting and gelatinization of starch granules, which led to a
reduction in starch viscosity and facilitated greater gas cell expansion,
ultimately enhancing the volume of the bread. In contrast, neutral high-
molecular-weight hydrocolloids like locust bean gum and guar gum did
not display comparable repulsive forces, leading to a distinct impact on
the structure of bread. Di Renzo et al. [268] examined the formulation of
fermented gluten-free quinoa bread by utilizing four hydrocolloids:
xanthan gum, sodium alginate, k-carrageenan, and hydroxypropyl
methylcellulose (HPMC), each added at a concentration of 3 %. Among
these, HPMC demonstrated remarkable gas retention (93 %) during
dough fermentation, resulting in the highest dough development height.
Furthermore, breads formulated with 3 % HPMC demonstrated the
lowest baking loss, the highest loaf volume, and an open crumb struc-
ture, underscoring its efficacy in enhancing the quality of gluten-free
bread. Saeidy et al. [269] developed gluten-free muffins incorporating
xanthan, guar, tara gum, locust bean gum (LBG), and carrageenan. The
formulation that included xanthan resulted in the highest batter vis-
cosity, with guar, tara, LBG, and carrageenan following in that order.
Muffins made with guar gum exhibited the greatest hardness, succeeded
by those incorporating xanthan, carrageenan, tara, and LBG [152].
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6.4. Beverages and drink systems

Hydrocolloids are fundamental to the formulation of beverages and
drink systems, where they stabilize functional smoothies and juices by
preventing sedimentation, improving mouthfeel, and enhancing the
suspension of insoluble components, while in protein drinks and sports
nutrition beverages [270]. Hydrocolloids such as carrageenan and
xanthan gum ensure uniform dispersion of proteins, prevent phase
separation, and contribute to a creamy, appealing texture, and in coffee
and tea applications [271]. Hydrocolloids can be used to stabilize foams,
control viscosity, and improve the sensory experience of ready-to-drink
products, whereas in alcoholic beverage innovations [272]. It also fa-
cilitates the stabilization of emulsified flavors, improve clarity, and
enable the development of novel textures in cocktails and low-alcohol
drinks, and their multifunctional properties also support the fortifica-
tion of beverages with vitamins, minerals, and bioactive compounds by
protecting these ingredients from degradation and ensuring their even
distribution, as documented in recent beverage industry research [273].
And with additional studies confirming the role of hydrocolloids in
extending shelf life and maintaining product quality during storage and
distribution [274]. New product development efforts leveraging hy-
drocolloid technology to create clean-label, plant-based, and functional
beverages that cater to evolving consumer preferences, all while
ongoing advancements in hydrocolloid science continue to drive inno-
vation in beverage formulation, enabling the creation of stable, nutri-
tious, and sensorially appealing drinks for a wide range of markets
[271].

6.5. Hydrocolloids application in meat-based products

Over the past half-century, meat products have continued to be in
high demand all over the world because of their good taste and high
nutritional value, such as proteins, vitamins, and essential nutrients that
are healthy to human bodies [275]. However, normal meats contain
saturated fats and cholesterol, which lead to cardiovascular diseases,
obesity, high blood pressure, and certain types of cancer. That has
prompted the need to develop healthier products like low-fat or fat-free
meat products. Second, although meat contains high protein content,
cooking procedures like collagen contraction and myofibrillar protein
coagulation tend to render the texture hard, which is not suitable in the
case of dysphagia patients [159]. To address such issues, hydrocolloids
are increasingly applied in meat products to reduce fat and salt levels,
improve freeze-thaw stability, and textural modification. Certain hy-
drocolloids also have health benefits: psyllium helps in the relief of
constipation; inulin is a prebiotic that supports gut health and can
reduce the risk of colon cancer; and beta-glucan controls blood sugar
and resists hyperglycemia [265]. Functionally, hydrocolloids form
viscoelastic networks through crosslinking water-retentive polymer
chains, enhancing the texture of meat products [181]. Heating causes
myofibrillar proteins to gel and denature. Polysaccharide hydrocolloid
additions strengthen protein—polysaccharide gel networks that affect
texture and protein denaturation. Hydrocolloids also affect sensory and
mechanical properties such as mouthfeel, lubrication, microstructure,
and mastication dynamics. The selection of a proper hydrocolloid is
complex and depends on the product's formulation, processing, and
storage [276]. They affect texture, composition, yield, pH, color,
emulsion stability, and sensory quality, and even a slight variation in
concentration dramatically affects the product characteristics. There are
various researchers who have produced meat items like patties, sau-
sages, salami, and meatballs with various hydrocolloids. Beef patties
were developed by Pematilleke et al. [277] with 14 hydrocolloids (e.g.,
xanthan gum, agar-agar, CMC, carrageenan, tapioca starch) at 1 % level.
Except for modified corn starch, all raised cooking yield. Hardness and
cohesiveness were decreased when hydrocolloids were incorporated,
and adhesiveness was increased with gums and decreased with starches.
Pematilleke et al., [278] formulated beef patties with CMC and tapioca
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starch (0 %-1 % w/w) that were within the IDDSI Level 6 requirements.
Texture was analyzed through manual and instrumental IDDSI analysis.
Hydrocolloids such as konjac glucomannan, xanthan gum, carrageenan,
inulin, basil seed gum, and CMC are added in sausage making to improve
texture and decrease fat content [152]. For example, Jommark et al.
[279] noted that 50 % phosphate replacement with konjac glucomannan
improved sausage stability. Ferjanci¢c et al. [280] noted improved
texture and appearance with 3 % inulin in chicken sausages. Abdulra-
hem et al. [281] noted improved water-holding capacity and reduced fat
content with up to 1.5 % basil seed gum. These findings point to the
potential of hydrocolloids to enhance the nutritional and functional
quality of meat products.

6.6. Confectionery and snack products

Within confectionery and snack products, hydrocolloids are essential
for the production of gummy and jelly confections, where they provide
the desired gel strength, elasticity, and clarity, while in chocolate ap-
plications, hydrocolloids such as pectin and carrageenan can control
viscosity, improve mouthfeel, and reduce fat content without compro-
mising texture or flavor, and in extruded snack products [282]. Hy-
drocolloids act as expansion agents and texture modifiers, contributing
to crispness, uniformity, and the incorporation of functional ingredients
like fiber and protein, whereas in nutritional bars and bites [283]. It also
serve as binders and moisture regulators, ensuring product cohesion,
preventing hardening, and extending shelf life, as demonstrated in
recent confectionery and snack technology research [284], with addi-
tional studies highlighting the role of hydrocolloids in reducing sugar
and fat content while maintaining desirable sensory attributes [285],
and ongoing innovation in hydrocolloid applications is enabling the
development of clean-label, functional, and indulgent snack products
that cater to health-conscious consumers, all while advancements in
hydrocolloid science continue to expand the possibilities for creative
and nutritious confectionery and snack formulations [266].

6.7. Gastrointestinal-targeted functional foods

Hydrocolloids are at the forefront of gastrointestinal-targeted func-
tional foods, where they are used in prebiotic formulations to selectively
stimulate beneficial gut microbiota, enhance short-chain fatty acid
production, and support overall digestive health [286]. The synbiotic
systems with probiotics rely on hydrocolloid matrices to protect live
cultures during processing and passage through the stomach, ensuring
their effective delivery to the intestine, and digestive system [287].
Health products often incorporate soluble fibers and hydrocolloids such
as inulin, pectin, and resistant starch to modulate gut transit, improve
stool consistency, and support regularity [288]. While satiety-enhancing
food design leverages the viscosity and gel-forming properties of hy-
drocolloids to slow gastric emptying, promote feelings of fullness, and
aid in weight management, as evidenced by recent research in nutrition
and gut health [182]. Further studies confirming the role of hydrocol-
loids in the controlled release of bioactive compounds and the targeted
delivery of nutrients to specific regions of the gastrointestinal tract
[289]. The ongoing exploration of novel hydrocolloid structures and
combinations is advancing the development of next-generation func-
tional foods that address digestive wellness and metabolic health,
ensuring that consumers benefit from scientifically validated, effective,
and enjoyable dietary solutions.

7. Technological challenges and future perspectives
7.1. Processing stability of bioactive properties of marine hydrocolloids
Marine hydrocolloids such as alginate, carrageenan, and agar are

increasingly employed as encapsulating agents to stabilize and deliver
food bioactive, and their functionality is strongly process condition-
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dependent [12]. Thermal processing, such as pasteurization or sterili-
zation, might affect the gelation and molecular architecture of marine
hydrocolloids, potentially to induce destruction of their three-
dimensional networks (3DNs) and impaired encapsulation efficiency
for sensitive actives such as polyphenols or omega-3 fatty acids: for
example, alginate fish oil-loaded beads can be damaged by leakage or
oxidation of oils if heated beyond a certain temperature, while carra-
geenan gels may become weakened and syneresis-resistant after multi-
ple thermal cycles [290]. High-pressure processing (HPP) is typically
more applicable to marine hydrocolloid systems, as it might inactivate
spoilage microorganisms and enzymes without thermal degradation of
hydrocolloid matrix or encapsulated bioactive [291]. HPP-treated algi-
nate microcapsules were reported to exhibit better retention of vitamin
C and probiotics in functional beverages compared to heat-treated
controls [292]. Mechanical treatments such as extrusion and homoge-
nization might modify the particle size and surface properties of marine
hydrocolloid-based delivery systems [293]. For example, extrusion of
alginate-starch mixture was reported to enhance dispersibility and
controlled release of encapsulated carotenoids in bakery application,
while homogenization might enhance stability of carrageenan-stabilized
emulsions in dairy alternatives. Storage stability is a further concern, as
marine hydrocolloid matrices are sensitive to moisture, pH, and ionic
strength [294,295]. For example, alginate-encapsulated polyphenols in
fruit juices may undergo premature release or degradation if the
beverage pH drops below 3.5 or if calcium ions are depleted, and agar-
based gels can lose water and shrink during long-term storage, affecting
both texture and bioactive retention [296]. Advances in encapsulation,
such as multilayered alginate-chitosan microcapsules or carrageenan-
pectin hybrid gels, have improved the protection of labile bioactive
against environmental stressors, while packaging innovations like
oxygen-barrier films help prevent oxidation and maintain shelf life
[127,297]. Overall, the processing stability of marine hydrocolloid-
based delivery systems depends on careful selection of the hydrocol-
loid type, optimization of process parameters, and integration with
appropriate packaging solutions.

7.2. Sensory challenges and formulation strategies

Sensory quality is a pivotal factor in consumer acceptance of foods
containing marine hydrocolloid-based delivery systems, as these mate-
rials can influence taste, mouthfeel, and appearance. Many marine hy-
drocolloids are nearly tasteless at low concentrations, but at higher
levels, they may impart a slight seaweed or mineral note, which can
interact with the flavors of encapsulated bioactive; for example, alginate
microbeads used to fortify yoghurt with fish oil can mask undesirable
fishy notes, while also providing a novel “popping” texture that appeals
to some consumers [258]. Carrageenan is widely used in chocolate milk
and plant-based beverages to provide a creamy, stable texture and to
suspend cocoa or plant proteins, but excessive use can lead to gelation or
sliminess, which may be perceived as negative [298]. Taste masking is
often achieved by encapsulating bitter or astringent polyphenols within
alginate or agar gels, as seen in the stabilization of green tea catechins in
beverage applications, where the hydrocolloid matrix prevents direct
interaction with taste receptors [296]. Texture optimization is another
key strategy: marine hydrocolloids can be combined with other gums
(like locust bean gum or guar) to fine-tune viscosity, gel strength, and
mouthfeel, as in the case of carrageenan-locust bean gum blends used for
dairy-free puddings and desserts [299]. Clean label trends favor marine
hydrocolloids, as they are naturally derived, vegan, and often recog-
nized by consumers, making them attractive for plant-based and “free-
from” formulations [12]. Consumer acceptance is further enhanced by
the ability of marine hydrocolloids to stabilize color and prevent phase
separation in fruit juices and smoothies, resulting in visually appealing
and stable products [296]. In summary, marine hydrocolloids offer
versatile sensory and formulation benefits, but their successful use re-
quires balancing concentration, interactions with other ingredients, and
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consumer expectations.
7.3. Emerging processing technologies

Emerging technologies are expanding the potential of marine hy-
drocolloids in bioactive delivery [300]. Cold plasma treatment, for
example, can modify the surface of alginate or carrageenan particles,
enhance their encapsulation efficiency and impart antimicrobial prop-
erties without affecting their gelling ability; plasma-treated alginate
beads have shown improved probiotic viability in refrigerated dairy
products [301]. Ultrasound-assisted processing is used to break down
the molecular chains of agar or alginate, producing lower-viscosity so-
lutions that are easier to disperse and more effective at encapsulating
hydrophobic actives like curcumin or carotenoids [302]. Pulsed electric
field (PEF) treatments can be applied to seaweed slurries to enhance the
extraction of carrageenan and agar, increasing yield and purity while
preserving the functional properties of the hydrocolloid; PEF has also
been used to modify the gelation kinetics of alginate, enabling rapid
encapsulation of heat-sensitive bioactive [303]. 3D printing with marine
hydrocolloids is a cutting-edge application, allowing the creation of
customized food structures with precise spatial distribution of nutrients
and controlled release profiles. For instance, 3D-printed snacks using
alginate or agar gels can incorporate multiple layers of vitamins, pro-
biotics, or antioxidants, tailored to individual dietary needs [304]. These
technologies not only improve the functional and sensory attributes of
marine hydrocolloid-based delivery systems but also support the
development of minimally processed, clean label, and personalized
nutrition products.

7.4. Regulatory status and safety considerations

Marine hydrocolloids such as alginate, carrageenan, and agar are
generally recognized as safe (GRAS) by major regulatory agencies, but
their use is subject to specific purity, labeling, and usage limits
depending on the application and region [305]. In the European Union,
EFSA evaluates the safety of marine hydrocolloids and sets maximum
allowable levels for different food categories, with particular scrutiny on
degraded carrageenan (poligeenan) due to potential gastrointestinal
concerns [305,306]. In the US, the FDA maintains GRAS status for food-
grade alginate, carrageenan, and agar, but requires detailed toxicolog-
ical data for novel uses or modified forms [307]. The Codex Ali-
mentarius provides international guidelines for purity, labeling, and
maximum usage levels, supporting global trade and harmonization.
Safety assessment approaches include in vitro and in vivo studies, with
particular attention to gastrointestinal tolerance, allergenicity, and po-
tential for bioaccumulation. For example, high-purity food-grade
carrageenan has been shown to be safe at typical dietary levels, but
regulatory agencies recommend caution with low-molecular-weight
fractions [308]. Traceability and certification are increasingly impor-
tant, especially for organic or sustainably sourced marine hydrocolloids,
with new blockchain-based systems being piloted to track seaweed from
harvest to finished product [309]. In summary, marine hydrocolloids
remain a safe and versatile class of food ingredients, but ongoing
monitoring and transparent labeling are essential for consumer trust and
regulatory compliance.

7.5. Sustainability and sourcing challenges

Sustainable sourcing of marine hydrocolloids is a growing concern as
demand for alginate, carrageenan, and agar increases globally [128].
Wild harvesting of seaweed can lead to habitat disruption, over-
exploitation, and negative impacts on marine biodiversity if not
managed responsibly. In response, seaweed aquaculture has expanded,
particularly in Asia, providing a more controlled and sustainable supply
of raw material while supporting coastal economies and reducing
pressure on wild stocks [310]. Environmental impacts linked to
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production of marine hydrocolloids are carbon footprint of processing
and transport, waste management issues with regard to seaweed resi-
dues. Life cycle assessment (LCA) continues to measure and minimize
these impacts, and certification schemes like the Marine Stewardship
Council (MSC) and organic certifications are becoming more prevalent
to guarantee sustainable sourcing [311]. Quality consistency is a
persistent problem, as gelling properties and purity of marine hydro-
colloids can vary depending on seaweed type, procurement season, and
extraction; for example, Laminaria digitata alginate can have different
viscosity and gel strength compared to Macrocystis pyrifera, and there-
fore, stringent quality control is required [129,310]. Traceability sys-
tems, including blockchain, are being piloted to provide transparency all
the way through the whole process from harvesting to end product, thus
supporting regulatory enforcement and consumer confidence [123].
Overall, sustainable production and sourcing of marine hydrocolloids
require coordinated efforts among producers, processors, regulators,
and consumers.

7.6. Future research directions

Future research on marine hydrocolloid-based delivery systems will
focus on demonstrating the efficacy and bioavailability of encapsulated
bioactive using advanced in vitro digestion models, animal studies, and
human clinical trials. Alginate-encapsulated probiotics have shown
enhanced survival through the gastrointestinal tract and improved
colonization in the gut, supporting their use in digestive health products
[12]. Elucidating the structure-function relationships of marine hydro-
colloids such as the effect of molecular weight, sulfation pattern, and gel
network on release kinetics will enable the rational design of delivery
systems for targeted and controlled release. Optimization of extraction
and modification technologies, including enzymatic, ultrasound, and
green chemistry approaches, will help improve yield, purity, and func-
tional properties while reducing environmental impact [158]. Clinical
validation of health benefits, such as anti-inflammatory, prebiotic, or
cholesterol-lowering effects, will be essential for substantiating claims
and informing regulatory approval; for example, multi-center trials on
carrageenan-enriched foods are underway to assess their impact on gut
health and immune function. Interdisciplinary collaboration between
food scientists, marine biologists, nutritionists, and clinicians will drive
innovation, with a focus on sustainable, personalized, and next-
generation functional foods based on marine hydrocolloids.

8. Conclusion

Marine polysaccharides are a structurally heterogenous group of
biomolecules with wide-ranging applications in food and health. There
is a distinct division between sulfated and non-sulfated polysaccharides,
which characterizes both their techno-functional and bioactive func-
tions. Sulfated polysaccharides like carrageenan, fucoidan, ulvan, and
porphyran have high charge density as a result of sulfate substitution,
which facilitates their interaction with proteins, enzymes, and cellular
receptors. This structural component supports their superior antioxi-
dant, anticoagulant, immunomodulatory, and antiviral activities, qual-
ifying them as potential foods of function and nutraceuticals. Non-
sulfated polysaccharides like alginate and agar, on the other hand, are
more appreciated for their rheological and gelling behaviors, which
endow viscosity, stability, and textural modification in various food
systems. However, they also offer prebiotic and dietary fiber-related
health benefits, connecting their techno-functionality with nutritional
benefits. In combination, the complementary properties of sulfated and
non-sulfated polysaccharides reveal how structure-dominated charac-
teristics directly influence bioactivity and functional uses, pointing to
their multifunctional roles as ingredients in future-generation functional
foods. However, despite rapid advances, several research weaknesses
and challenges remain. Current extraction and purification methods are
often energy-intensive, chemically demanding, and lead to variable
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yields or loss of bioactivity. The structure—function relationships of
many underexplored polysaccharides are still poorly understood,
particularly at the molecular level, limiting their targeted use in
advanced applications. Furthermore, scalability, quality standardiza-
tion, and regulatory harmonization remain critical barriers to com-
mercial translation. The biological potential of seaweed polysaccharides
is a direct consequence of their structural features and the extraction
strategies employed, underscoring the importance of integrating struc-
ture—function insights into future applications. Looking forward, the
development of sustainable and innovative technologies will be essen-
tial. Emerging green extraction methods such as enzyme-assisted pro-
cesses, deep eutectic solvents, and subcritical water extraction need to
be further optimized for yield, bioactivity preservation, and industrial
feasibility. Advances in biotechnology, including metabolic engineering
and synthetic biology, offer opportunities to tailor polysaccharide
structures for enhanced functional and therapeutic performance. At the
application level, nanotechnology and smart delivery systems can be
harnessed to improve stability, bioavailability, and targeted release in
food and nutraceutical products. By addressing these research weak-
nesses and investing in future-oriented technologies, seaweed poly-
saccharides can be more effectively positioned as next-generation
functional ingredients, bridging technological performance with human
health benefits.
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