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Sulfated polysaccharides (SPs) isolated from seaweed have emerged as remarkable bioactive compounds with a wide 
spectrum of biological activities and have substantial value in the scientific and industrial domains. The current study 
explores the diverse biological activities of SPs and their relationship with their structures. This aids in an in-depth exami-
nation of the multifaceted biological activities of SPs, including anticoagulant, anti-inflammatory, antiviral, antioxidant, 
and immunomodulatory properties, which underpin their potential health benefits. Furthermore, the current study ex-
plores the complicated properties of SPs, with their extraction methodologies and techniques for precise characteriza-
tion. Elucidation of the commercial significance of SPs derived from brown, red, and green seaweed by highlighting 
their potential applications has emphasized their importance in human well-being. Further, this review emphasizes the 
challenges needed to overcome research and industrial innovations for SPs. Collaboration among researchers, industry 
stakeholders, and regulatory authorities can overcome these challenges and elevate the potential of SPs to revolutionize 
industries such as pharmaceuticals, cosmeceuticals, food, and biotechnology. 
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INTRODUCTION

Sulfated polysaccharides (SPs) isolated from seaweed 
have gained remarkable attention as a family of natural 
substances that are widely used in academic and indus-
trial applications. The sulfate groups that are covalently 
attached to the polysaccharide molecular structure dem-
onstrate several biological activities that distinguish them 
from other complex polysaccharides, which are present in 
large amounts in different seaweed species. The research 
and development of SPs from seaweed has undergone a 

dynamic evolution owing to continuous scientific under-
standing, technical breakthroughs, and escalating envi-
ronmental concerns (Jayawardena et al. 2022, Liyanage et 
al. 2023b). The significance of SPs in biological systems 
depends on their diverse roles in physiological processes. 
Furthermore, their complex structural characteristics 
enable them to interact with biomolecules and cells in a 
unique way, contributing to their significance in biologi-
cal systems (Costa et al. 2010). Furthermore, SPs influ-
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Globally, coastal habitats are rich in seaweed. Fur-
thermore, they thrive in marine environments, and their 
growth is often rapid and prolific. This natural abundance 
ensures a consistent and sustainable supply of seaweed 
for SP extraction (Snethlage et al. 2023). Some of these 
seaweed species are commercially cultivated. Further-
more, specific seaweed varieties optimized for high poly-
saccharide yields can be developed by modifying aqua-
culture techniques (Lüning and Pang 2003). Currently, 
various methods are available for extracting SPs from dif-
ferent seaweed, including conventional or novel methods 
and combinations of these two types. Most importantly, 
these methods ensure the preservation of polysaccha-
ride structural integrity and bioactivity (Ale et al. 2011). 
Seaweed are considered environmentally friendly. Their 
cultivation requires limited freshwater, land, and syn-
thetic fertilizers, making them sustainable alternatives to 
terrestrial crops. Additionally, seaweed can help mitigate 
ocean acidification and serve as carbon sinks (Wiencke 
and Bischof 2012). Some seaweed species are edible and 
are part of the traditional diet in various cultures. In addi-
tion to SPs, seaweed are rich in essential vitamins, nutri-
ents, and minerals that contribute to the overall nutrition 
and health (Wiencke and Bischof 2012). They are a valu-
able source of SPs because of their diversity, abundance, 
ease of cultivation, eco-friendliness, and wide range of 
applications. Their unique properties and sustainable 
nature make them a compelling resource for both tradi-
tional and emerging industries as well as for advancing 
applied scientific knowledge. This comprehensive re-
view elucidates the multifaceted biological activities and 

ence key biological functions and modulate them to play 
beneficial roles in prominent biological functions such as 
antioxidation, inflammation, coagulation, viral infection, 
and wound healing (Costa et al. 2010, Little et al. 2021). 
Moreover, SPs serve as multifunctional molecules that 
can facilitate a wide range of biological activities, making 
them valuable in various industries, such as medicine, 
pharmaceuticals, cosmeceuticals, and functional food 
(Hayashi et al. 2008, Jayawardhana et al. 2023, Liyanage 
et al. 2023a). These beneficial outcomes make seaweed a 
valuable resource for numerous industrial and scientific 
research. 

Seaweed can be divided into three main categories: 
red, green, and brown. Each of these seaweed groups 
contains unique SPs with distinct structures and proper-
ties. Furthermore, this diversity allows the extraction of 
a wide range of SPs with numerous applications (Usov 
1992, Ciancia et al. 2010, Costa et al. 2010, Ale et al. 2011, 
Hwang et al. 2022). Red seaweed (Rhodophyta) produce 
two sulfated galactans, carrageenan and agaran, which 
have various applications in the pharmaceutical and 
food industries. Brown seaweed (Phaeophyta) produce 
fucoidans, laminarans, and alginates, which have unique 
sulfate structures and exhibit a wide range of valuable 
biological activities. Green seaweed (Chlorophyta) con-
tain sulfated ulvans and xylans, which have garnered at-
tention for their potential health benefits. This diversity of 
SPs derived from seaweed underscores their importance 
as valuable natural resources with varied applications 
and motivates ongoing research on their isolation, char-
acterization, and therapeutic potential.

Fig. 1. Graphical summary of the content.
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consumption. Furthermore, it is highly efficient in iso-
lating thermosensitive compounds and results in a high 
yield with a shorter extraction duration. However, equip-
ment costs and other physical factors, such as the matrix 
and structure of the sample may be limiting factors (Ro-
driguez-Jasso et al. 2011).

Supercritical fluid extraction uses a supercritical fluid 
as the extraction solvent under high temperatures and 
pressures. This method targets specific SPs and avoids 
the use of toxic solvents. However, the necessity of spe-
cific equipment and the initial costs are limitations of this 
method (Fabrowska et al. 2016).

Acid extraction methods typically use strong acids, 
such as hydrochloric or sulfuric acids, to hydrolyze the 
cell walls of seaweed and release SPs. This method results 
in a high yield and is suitable for specific applications that 
require controlled hydrolysis. However, product degrada-
tion and safety precautions are considered the limitations 
for industrial-scale production (Ale et al. 2011).

The ionic liquid-based extraction method utilizes an 
ionic solvent that can dissolve and extract SP efficiently. 
Furthermore, this method has gained attention for its 
minimum environmental impact and high-purity ex-
tracts. Nevertheless, ionic liquid extraction may necessi-
tate the development of customized solvents and process 
optimization (Gereniu et al. 2018).

The selection of the most appropriate method for SP 
extraction from seaweed depends on various factors, 
such as cost considerations, specific requirements of 
the intended application, and environmental concerns. 
Furthermore, the global scientific community is continu-
ously refining these methods to maximize the yield while 
maintaining the integrity and bioactivity of the extracted 
polysaccharides.

Characterization techniques of SPs

The characterization of SPs is essential for elucidating 
their structural properties, assessing their purity, and de-
termining their suitability for various applications. This 
will lead to the discovery of the structure-activity rela-
tionship (SAR) and resolve future challenges. These tech-
niques employ a range of analytical methods to provide 
comprehensive information on the molecular weights, 
compositions, conformations, and biological activities of 
SPs. 

Fourier transform infrared spectroscopy is used to an-
alyze the chemical bonds and functional groups present 
in the SP polymers. It assists in the identification of spe-
cific chemical groups such as sulfated esters and glyco-

health-related benefits inherent to SPs, while concurrent-
ly addressing the methodologies of their extraction and 
structural characterization. Furthermore, it delves into 
their diverse industrial applications, associated regula-
tory considerations, and challenges, and concludes by 
presenting an insightful outlook on future research pros-
pects within this domain. The content of the manuscript 
is summarized in Fig. 1.

EXTRACTION AND CHARACTERIZATION OF 
SULFATED POLYSACCHARIDES

Extraction techniques of SPs

The SP extraction procedure is pivotal for obtaining 
high-quality bioactive compound yields. The selection 
of the extraction method depends on factors such as the 
seaweed species, desired polysaccharide type, and in-
tended downstream applications. Several prominent ex-
traction techniques have been developed and employed, 
each with distinct advantages and limitations (Jayasinghe 
et al. 2016). 

The most conventional method is hot water extraction 
wherein dried seaweed samples are subjected to high-
temperature water treatment. This facilitates the release 
of SPs into the aqueous phase. This method is simple and 
cost-effective. However, it entails a prolonged extraction 
time and necessitates subsequent purification steps to 
isolate the target SP from other constituents (Shao et al. 
2013).

Enzyme-assisted extraction is another widely used 
method that employs the use of various enzymes, such as 
cellulase, pectinase, and alginase, to break down the cell 
wall components of seaweed, which assists in effectively 
releasing SPs, while preserving their structural integrity. 
Enzyme-assisted extraction is known for its specificity 
and yield. However, the need for specific enzymes and 
longer extraction times may increase their operational 
costs (Alboofetileh et al. 2019).

Microwave-assisted extraction significantly reduces 
the extraction time and enhances the SP yield. Micro-
wave radiation is used to heat the solvent and accelerate 
the extraction process. Furthermore, it is particularly ad-
vantageous for thermolabile compounds and has gained 
attention owing to its efficiency. However, precise control 
of the microwave parameters is essential to prevent poly-
saccharide degradation (Rodriguez-Jasso et al. 2011).

Ultrasound-assisted extraction is a non-thermal meth-
od that can reduce the environmental impact of solvent 
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ing of the structural and functional attributes of these 
complex molecules, enabling researchers to tailor their 
applications accordingly. 

BIOLOGICAL ACTIVITIES AND HEALTH BEN-
EFITS OF SULFATED POLYSACCHARIDES

SPs isolated from seaweed have gained significant at-
tention in recent years owing to their wide spectrum of 
biological activities and potential health benefits. SPs are 
primarily found in different seaweed categories including 
brown, red, and green. Their complex molecular struc-
tures consist of monosaccharide units that are chemi-
cally bound to sulfate groups and have a prominent ef-
fect on their biological activity, making them valuable 
candidates for numerous therapeutic applications. This 
section systematically elucidates their different primary 
biological activities, such as anticoagulant, antiviral, anti-
inflammatory, and antioxidant activities, and their SAR 
that are crucial for determining their potential bioactivi-
ties. Furthermore, the potential implications of the use of 
SPs for diverse medical conditions are examined.  

Anticoagulant and antithrombotic properties 

Anticoagulant and antithrombotic activities are offered 
by different SPs, such as by the heparin-like compounds 
found in brown seaweed. They can interfere with blood 
clot formation, making them potential therapeutic agents 
for cardiovascular diseases (Costa et al. 2010). The degree 
of sulfation is a fundamental property used to evaluate 
anticoagulant activity. A higher degree of sulfation offers 
a strong negative charge to the polymer, which leads to 
interactions with positively charged components in the 
blood-clotting cascades, including thrombin factor Xa, 
through electrostatic interactions. This can be affected by 
the distribution of sulfated groups along the polysaccha-
ride chain. This specific arrangement of sulfate groups 
provides accessibility for binding to blood-clotting fac-
tors. A higher sulfate density evenly distributed along the 
chain enhances anticoagulant properties (Ciancia et al. 
2010). Moreover, specific sugar motifs such as uronic acid 
and fucose aid in the generation of binding sites on the 
polymer for clotting factors and contribute to the overall 
anticoagulant activity. Furthermore, this interaction af-
fects the length and three-dimensional structure of SP. 
Longer polymers and extended structures provide more 
binding sites for clotting factors and their enhance anti-
coagulant activity. The sulfation pattern also plays a sig-

sidic linkages, which provide insights into the molecular 
structure of SPs (Amorim et al. 2012). Nuclear magnetic 
resonance (NMR) spectroscopy is another powerful tool 
for analyzing the detailed structural characteristics of 
SPs. This technique elucidates the glycosidic linkages, 
anomeric configurations, and sulfate substitution pat-
terns. 1H-NMR and 1C-NMR have been widely used for 
this purpose (Sánchez et al. 2022). The molecular weight 
and structural features of the SPs are determined by using 
mass spectrometry. Currently, various mass spectrometry 
methods such as matrix-assisted laser desorption / ion-
ization and electrospray ionization are commonly used 
(Bhardwaj et al. 2020). Further separation of the poly-
mer based on various factors such as molecular weight 
ensures the accuracy of the characterization results. SPs 
can be distributed based on their molecular size, which 
helps determine the molecular weight distribution and 
provide information about their polydispersity. Widely 
used methods for this purpose are gel permeation or size-
exclusion chromatography. High-performance liquid 
chromatography is another widely used separation and 
quantification technique that allows the quantification 
of specific sugar monomers in SPs and helps assess the 
compositional variations and molar ratios of the constitu-
ent sugars (Jaulneau et al. 2010). The three-dimensional 
structure and stability of the polymers are evaluated us-
ing circular dichroism spectroscopy. This technique aids 
in analyzing the secondary structure and conformational 
changes in SPs. The physical properties of the polymer, 
such as the morphology and microstructure of the par-
ticles are characterized by using imaging techniques such 
as scanning and transmission electron microscopy. Even 
then, the physical properties of SPs are only partially un-
derstood (Saravana et al. 2018). This understanding is 
further enhanced by employing X-ray diffraction, which 
is used to study the crystalline structure of the SPs to re-
veal information about the degree of crystallinity and ar-
rangement of the polymer chains. Rheological analysis 
measures the flow and deformation behaviors of the SP 
solutions and gels. This characterization technique helps 
assess viscoelastic properties, which are important in ap-
plications such as food and cosmetics. Finally, the assess-
ment of the functional activities of SPs, such as their anti-
inflammatory, antioxidant, and anticoagulant properties, 
is vital. These assays provide crucial insights into poten-
tial therapeutic applications. Furthermore, the selection 
of characterization techniques depends on the specific 
properties and research objectives of the SPs under inves-
tigation. The complementary use of multiple techniques 
is often necessary to gain a comprehensive understand-
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The location of sulfate groups and branching points must 
be carefully considered to maximize the anti-inflamma-
tory effects. The conformation, size, and overall charge 
of polysaccharides are important factors that affect their 
affinity to inflammatory mediators. Larger molecules 
may have more extensive binding sites, whereas charge 
distribution affects the electrostatic interactions with 
inflammatory factors. SPs regulate immune responses 
by influencing the production of proinflammatory and 
anti-inflammatory cytokines. Achieving a balance be-
tween these responses is critical for preventing excessive 
inflammation and immune suppression. Most studies re-
garding the anti-inflammatory activity of SPs exhibit the 
inhibition of nuclear factor кB (NF-κB) signaling pathway 
(Park et al. 2011, Wu et al. 2016, Jayawardena et al. 2020b). 
Understanding how SPs interfere with this pathway is es-
sential for optimizing their anti-inflammatory potential. 
Furthermore, optimization of the structural features of 
SPs can lead to the development of potent anti-inflam-
matory agents with therapeutic applications. Further 
studies should be conducted to determine these structur-
al attributes to target specific inflammatory pathways and 
achieve the desired anti-inflammatory outcomes while 
minimizing the potential side effects. 

Antiviral properties

As mentioned previously, the density and distribution 
of sulfate groups along the polysaccharide chain are cru-
cial for their antiviral activity. Higher sulfate density pro-
vides more negatively charged sulfate groups that interact 
with viral surface proteins. An even distribution ensures 
a consistent antiviral effect. Moreover, sugar composition 
and sulfate patterns also play a significant role in the af-
finity with viral surface proteins. Specific sugar motifs, 
such as sulfated motifs, and their arrangement, such as 
the position and proximity of neighboring sulfates, affect 
the affinity of the polymer for viral attachment proteins 
(Lu et al. 2021). As mentioned earlier, molecular weight is 
crucial for antiviral activity. Smaller fragments may have 
enhanced their bioavailability and better tissue penetra-
tion, leading to more effective interactions with viral par-
ticles. Another application of SPs as antiviral agents is to 
mimic the host cell receptors. This prevents viral attach-
ment to host cell receptors and cell entry mechanisms. 
Furthermore, some SPs interfere with the viral envelope 
proteins and inhibit cell entry by preventing viral fusion 
with host cell receptors (Hans et al. 2021, Wei et al. 2022). 
Some studies have reported that SPs interfere with differ-
ent stages of the viral life cycle and inhibit viral replication 

nificant role in SP activity. The arrangement of neighbor-
ing sulfate groups can affect the ability of the molecule to 
bind to clotting factors. 

Similar to anticoagulant activity, the degree of sulfa-
tion plays a role in antithrombotic activity. A more nega-
tively charged polysaccharide offers greater interaction 
with clotting factors and platelets, which leads to reduced 
thrombotic risk. The density and distribution of sulfate 
groups also play important roles in the antithrombotic 
activity. Distribution of sulfates is crucial for their con-
sistent antithrombotic effects. Furthermore, sugar motifs, 
such as glucuronic acid, play an important role in the an-
tithrombotic effect by providing binding sites for clotting 
factors and platelets. SPs bind to the surface receptors of 
platelets through electrostatic interactions, which inter-
fere with platelet aggregation by preventing them from 
adhering to each other or to the vascular endothelium. 
Moreover, SPs reduce fibrin clot formation by inhibiting 
the conversion of fibrinogen to fibrin, thereby enhancing 
their antithrombotic activity. SPs also enhance thrombus 
resolution, aiding in the breakdown of existing clots. This 
effect is mediated by their interactions with plasminogen 
and tissue plasminogen activator (Ciancia et al. 2010).

Anti-inflammatory properties 

The distribution and density of sulfate groups in a 
polymer are key factors in its anti-inflammatory activ-
ity. Higher sulfation provides more negatively charged 
molecules that interact with proinflammatory molecules, 
and the even distribution of these sulfate groups pro-
vides a consistent anti-inflammatory potential. Sugar 
composition is another important factor responsible for 
anti-inflammatory effects. Specific sugar motifs such as 
mannose, glucuronic acid, and fucose interact with in-
flammatory mediators and significantly contribute to 
their anti-inflammatory potential. The affinity of each 
SP to key inflammatory proteins is significantly affected 
by its sulfate pattern. The arrangement of sulfate groups 
on sugar units, including the position and proximity of 
neighboring sulfates, leads to anti-inflammatory effects 
(Jayawardena et al. 2022, Lee et al. 2022). Previous stud-
ies have shown that the molecular weight of SPs plays 
an important role in their anti-inflammatory properties. 
Smaller fragments may have enhanced bioavailability 
and better tissue penetration, leading to more effective 
interactions with the inflammatory mediators (Nagaha-
watta et al. 2022). SP contains a specific pattern of sulfa-
tion and branching that influences its binding to cell re-
ceptors, leading to the regulation of signaling pathways. 
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Wijesinghe et al. 2012). Some studies have reported that 
molecules with high molecular weights show enhanced 
immunomodulatory activity (Yoo et al. 2019, Apostolova 
et al. 2020). Therefore, researchers must carefully tailor 
these structural attributes to target the immunomodula-
tory effects of SPs. Similar to the other aforementioned 
activities, sulfate density, sulfate pattern, and branching 
within the polysaccharide structure maximize its immu-
nomodulatory activity by providing more sites for bind-
ing to immune receptors and cytokines that influence 
the interaction of SP with immune cells and molecules. 
Specific sugar motifs, such as fucose, mannose, and gluc-
uronic acid, may interact with immune cells and regu-
late their immune response. The binding specificity of 
SPs for immune receptors, cytokines, and chemokines is 
pivotal for their immunomodulatory potential. Further 
investigation and understanding of precise binding tar-
gets and mechanisms are essential for designing effective 
immunomodulators. Moreover, SPs have the potential 
to activate immune cells such as macrophages and den-
dritic cells (DCs). This leads to the activation of cytokine 
production in macrophages, which are essential for im-
munomodulation. SPs may fine-tune immune responses 
and prevent excessive inflammation or immune sup-
pression by modulating the immune cell signaling. Un-
derstanding these regulatory mechanisms is crucial for 
their therapeutic applications. Further, some studies have 
mentioned that SPs potentially stimulate the immune 
cells against different infectious diseases (Apostolova et 
al. 2020). Understanding how these molecules interact 
with the host immune system and modulate immune 
responses is vital for the development of comprehensive 
immunomodulation strategies. 

Other than these major biological activities, SPs exhibit 
various health benefits that have commercial and indus-
trial value. The SAR between those biological activities 
and the structures of SPs were summarized in Table 1.

POTENTIALS FOR COMMERCIAL AND INDUS-
TRIAL APPLICATION 

Seaweed-derived science parks have gained global 
recognition owing to their versatile applications across 
multiple industries. The commercial significance of each 
SP depends on its specific composition and bioactivity, 
which can vary with seaweed conditions, harvesting sea-
son, and environmental factors (Nagahawatta et al. 2021, 
Jiksing et al. 2022, Yang and Kim 2022).

in host cells (Wei et al. 2022). In addition, SPs enhance 
host immune responses against viral infections (Huang 
et al. 2019). Studying how they interact with the host im-
mune system and modulate immune responses is crucial 
for future development of antiviral strategies. 

Antioxidant properties 

The degree of sulfation plays a pivotal role in the anti-
oxidant activity because of its electron donation poten-
tial, which can neutralize free radicals. Similar to showing 
biological activities, lower molecular weight SP fragments 
show higher antioxidant activities owing to their elevated 
accessibility to free radicals and reactive oxygen species 
(Wang et al. 2008, Barahona et al. 2011). However, this fac-
tor requires further understanding for better application 
purposes. Specific sugar motifs in polymers, such as xy-
lose and mannose, which have a higher ability to donate 
electrons, are crucial for their radical scavenging ability. 
The density and pattern of sulfates in the polymer are also 
important for their antioxidant capacity. Higher sulfate 
density and a specific pattern of distribution enhance the 
ability of molecules to access reactive species and neu-
tralize free radicals. In addition, some SPs exhibit antioxi-
dant potential by chelating metal ions, such as iron and 
copper, which can catalyze oxidative reactions. This leads 
to a decrease in the formation of harmful radicals (Wang 
et al. 2008). Understanding the specificity and affinity of 
metal ions is crucial for optimizing this mechanism. The 
chain length of SPs is also positively correlated with their 
antioxidant ability. However, this was affected by the 
other factors mentioned earlier. SPs can interact syner-
gistically with other antioxidant drugs or compounds to 
enhance their activity. Understanding these potential in-
teractions is important for the development of effective 
combinations of antioxidants. Recognizing the structural 
features of SPs and their influence on their antioxidant 
activities is crucial for their therapeutic application, and 
further research must be conducted to understand the 
structural attributes that maximize the antioxidant effects 
while considering safety and biocompatibility.

Immunomodulation properties

The sizes and molecular weights of SPs significantly 
affect their immunomodulatory potential. Some stud-
ies have reported that smaller fragments may exhibit 
enhanced immunomodulatory properties because they 
can penetrate tissues more readily and effectively en-
gage immune receptors (Karnjanapratum and You 2011, 
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Table 1. Critical analysis of how the structural aspects influence biological activity

        Biological activity                      SAR aspect Critical analysis

Antitumor and anticancer 
activity

Sulfate density and distribution The density and distribution of sulfate groups influence antitumor 
and anticancer activity; higher sulfate density provides more charged 
groups for interactions; even distribution ensures consistent effect

Molecular weight Molecular weight significantly impacts antitumor activity; smaller 
fragments may penetrate tumors better, but the relationship is con-
text dependent

Sugar composition Sugar types (e.g., fucose, glucuronic acid) influence interactions with 
cancer cells and signaling pathways

Apoptosis induction Sulfated polysaccharides may induce apoptosis in cancer cells; struc-
tural features can determine the potency of this effect

Angiogenesis inhibition Inhibition of angiogenesis within tumors is crucial; structural attri-
butes affect their ability to disrupt blood vessel formation

Immune modulation Immune response modulation is essential for anticancer effects; 
structural features influence immune cell activation and cytokine 
production

Targeting cancer-specific recep-
tors

Selective targeting of cancer receptors is vital; structural elements 
enhancing receptor binding specificity are crucial

Gastrointestinal health Prebiotic effects Sulfated polysaccharides can act as prebiotics to support beneficial 
gut bacteria growth; structural attributes influence their effective-
ness

Anti-inflammatory properties Sulfated polysaccharides may have anti-inflammatory effects, impact-
ing gastrointestinal disorders; structural features affect their anti-
inflammatory activity

Intestinal barrier enhancement Structural attributes may enhance the integrity of the intestinal bar-
rier, reducing permeability and inflammation in the gut

Microbiota modulation Sulfated polysaccharides may selectively modulate the gut microbiota 
composition, promoting the growth of beneficial bacteria

Mucus layer protection Maintaining and enhancing the mucus layer can be crucial for gas-
trointestinal health; structural features may influence mucus layer 
protection

Short-chain fatty acid production Sulfated polysaccharides can influence the production of short-chain 
fatty acids by gut bacteria; structural attributes may affect this pro-
cess

Nutrient absorption enhance-
ment

Structural features may enhance the absorption of essential nutrients 
in the gastrointestinal tract, improving overall nutrient utilization

Antihypertensive effects Vascular relaxation Structural attributes may influence the ability of sulfated polysaccha-
rides to relax blood vessels and reduce vascular inflammation

Sulfate density and distribution Sulfate density and distribution may affect their impact on blood 
pressure regulation by modulating vascular responses

Angiotensin-converting enzyme 
(ACE) inhibition

Some sulfated polysaccharides may inhibit ACE, a key regulator of 
blood pressure; structural features affecting ACE inhibition can con-
tribute to antihypertensive effects

Nitric oxide (NO) production NO is a vasodilator; sulfated polysaccharides may stimulate NO 
production, leading to vasodilation and blood pressure reduction; 
structural elements can influence this effect

Endothelin-1 inhibition Endothelin-1 is a vasoconstrictor; inhibition of endothelin-1 by 
sulfated polysaccharides can lead to vasodilation and reduced blood 
pressure; structural attributes may impact this process

Sodium excretion enhancement Enhanced sodium excretion can reduce fluid retention and lower 
blood pressure; structural features may affect the ability of sulfated 
polysaccharides to promote sodium excretion

Renin-angiotensin-aldosterone 
system (RAAS) modulation

RAAS plays a role in blood pressure regulation; sulfated polysaccha-
rides may modulate RAAS components; structural aspects influenc-
ing this modulation are critical for antihypertensive effects

Potassium ion regulation Potassium ions are involved in blood pressure control; sulfated poly-
saccharides may influence potassium ion levels; structural attributes 
may affect their impact on blood pressure through potassium regula-
tion

Inflammation reduction Inflammation can contribute to hypertension; structural features may 
influence the ability of sulfated polysaccharides to reduce inflamma-
tion, thereby lowering blood pressure
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Table 1. Continued 

        Biological activity                      SAR aspect Critical analysis

Antioxidant properties Antioxidant properties can protect blood vessels and reduce oxidative 
stress-related hypertension; structural aspects affect the degree of 
antioxidant protection

Calcium channel blockade Calcium channels play a role in blood vessel constriction; sulfated 
polysaccharides may block these channels, leading to vasodilation 
and blood pressure reduction; structural elements can influence 
channel blockade

Sympathetic nervous system 
modulation

Sulfated polysaccharides may modulate sympathetic nervous system 
activity, impacting blood pressure regulation; structural features af-
fecting this modulation are crucial

ACE2 interaction ACE2 is involved in blood pressure regulation and cardiovascular 
health; interaction with ACE2 may contribute to antihypertensive 
effects; structural aspects can affect ACE2 binding

Neuroprotective activity Protection from oxidative stress Sulfated polysaccharides may protect neurons from oxidative stress 
and neurodegenerative diseases; structural features affect their anti-
oxidative properties

Molecular weight Molecular weight can influence the penetration of sulfated polysac-
charides into the central nervous system, impacting neuroprotection

Neuroinflammation modulation Structural features may modulate neuroinflammatory processes, 
reducing neuronal damage and neurodegenerative risks

Neurotransmitter regulation Sulfated polysaccharides may influence neurotransmitter levels, af-
fecting neuronal communication and cognitive functions

Blood-brain barrier interaction The ability to interact with the blood-brain barrier impacts neuropro-
tective effects; structural aspects affect this interaction

Antidiabetic effects Glucose metabolism regulation Structural features may impact the regulation of glucose metabolism, 
improving insulin sensitivity

Sulfate density and distribution Sulfate groups’ distribution and density may affect their interaction 
with insulin-related pathways and glucose metabolism

Insulin receptor activation Activation of insulin receptors is crucial for glucose uptake; structural 
attributes can influence the activation of these receptors, impacting 
glucose regulation

Pancreatic beta-cell protection 
incretin hormone modulation

Protection of pancreatic beta-cells from damage is essential for insu-
lin production; structural features may affect this protective mecha-
nism

Incretin hormone modulation Sulfated polysaccharides may modulate incretin hormone levels, 
influencing insulin secretion; structural aspects affecting incretin 
modulation are critical for antidiabetic effects

GLP-1 receptor interaction Interaction with GLP-1 receptors is involved in glucose regulation; 
structural elements affecting this interaction can contribute to anti-
diabetic effects

AMPK activation AMPK activation plays a role in glucose metabolism; sulfated polysac-
charides may activate AMPK; structural attributes influencing AMPK 
activation are essential for antidiabetic effects

Antiallergic and antiasth-
matic effects

Histamine inhibition Sulfated polysaccharides may inhibit histamine release, influencing 
the management of allergic disorders and asthma; structural features 
affect their effectiveness

Mast cell stabilization Mast cell stabilization is crucial for reducing allergic reactions; struc-
tural attributes may influence the stabilization of mast cells

Immunoglobulin E (IgE) binding IgE binding is involved in allergic responses; structural elements may 
affect the ability to bind and neutralize IgE

Cytokine modulation Modulation of cytokine production can impact allergic and asthmatic 
responses; structural features influence cytokine regulation

Bronchodilation effects Bronchodilation is vital for asthma management; structural attributes 
may influence bronchodilation effects, improving airway function

Leukotriene inhibition Leukotrienes contribute to asthma symptoms; structural features can 
affect the inhibition of leukotriene synthesis or activity

Anti-inflammatory effects Reducing inflammation is crucial for managing asthma and allergies; 
structural features affect the ability to reduce inflammation

Skin health and cosmetics Moisturization properties Sulfated polysaccharides may enhance skin moisturization; structural 
aspects influence their ability to retain and deliver moisture to the 
skin



Nagahawatta et al.   Seaweed Sulfated Polysaccharides: Roles and Values

225 http://e-algae.org

Table 1. Continued 

        Biological activity                      SAR aspect Critical analysis

Barrier function enhancement Strengthening the skin barrier is important; structural attributes can 
enhance the skin's natural protective barrier, reducing moisture loss 
and external irritants

Collagen synthesis stimulation Collagen is essential for skin elasticity; structural features may stimu-
late collagen production, contributing to skin firmness and smooth-
ness

Antioxidant effects Antioxidant properties protect the skin from oxidative stress; structur-
al aspects affect the degree of protection and reduction of premature 
aging signs

Inflammation reduction Reducing skin inflammation is crucial for dermatological health; 
structural attributes can influence the ability to calm and soothe ir-
ritated skin

UV protection UV protection is vital for skin health; structural features may contrib-
ute to UV-blocking properties, reducing the risk of sun damage and 
skin aging

Skin penetration Effective skin penetration is essential for delivering cosmetic benefits; 
molecular size and structure can impact the depth of penetration 
and efficacy

Hepatoprotective activity Liver enzyme modulation Sulfated polysaccharides may modulate liver enzymes involved in 
detoxification processes; structural features can affect the degree of 
enzyme modulation

Inflammation reduction Reducing liver inflammation is crucial for hepatoprotection; structur-
al attributes can influence the ability to reduce hepatic inflammation

Antioxidant properties Antioxidant properties can protect liver cells from oxidative damage; 
structural aspects affect the degree of protection against liver oxida-
tive stress

Bile acid regulation Regulation of bile acid metabolism can impact liver health; structural 
features may influence bile acid regulation, affecting hepatoprotec-
tive effects

Liver cell regeneration Stimulating liver cell regeneration is vital for recovery; structural at-
tributes may influence the promotion of hepatocyte proliferation

Detoxification support Supporting the liver’s detoxification functions is essential; structural 
features can enhance detoxification processes, contributing to hepa-
toprotection

Hepatitis virus inhibition Inhibiting hepatitis viruses is crucial for preventing liver damage; 
structural aspects may affect their ability to interfere with viral repli-
cation

Antimicrobial and anti-
bacterial effects

Sulfate density and distribution The distribution and density of sulfate groups can impact interac-
tions with microbial surfaces; an optimal sulfate arrangement may 
enhance antimicrobial properties

Size and molecular weight Molecular size can influence the penetration and disruption of micro-
bial membranes; smaller fragments may have higher efficacy against 
certain pathogens

Charge density The charge density of sulfated polysaccharides affects their electro-
static interactions with microbial cell walls and surfaces

Sugar composition The type of sugar units in the polysaccharide structure may determine 
specific interactions with bacterial or fungal components

Microbial target specificity Structural features that enhance specificity for particular microbial 
targets can improve antimicrobial efficacy

Biofilm disruption Biofilm disruption is crucial for combating resistant microbial com-
munities; structural attributes may affect the ability to disrupt bio-
film formation

Resistance to enzymatic degra-
dation

Resistance to enzymatic degradation by microbial enzymes can pro-
long the antimicrobial activity of sulfated polysaccharides

SAR, structure-activity relationship.
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applications because of their specific structural features. 
Recent advances in chromatographic techniques have al-
lowed for the deep biochemical characterization of vari-
ous fucoidanases and sulfatases. This has resulted in the 
identification of their monomeric compositions, sulfation 
patterns, and branching sites. The fucoidan backbone 
consists of various monosugars, resulting in different fu-
coidan backbones such as sulfated fucans (F-fucoidans), 
galactofucans / fucogalactans, fucomannoglucuronans 
(GA or U-fucoidans), and (G-fucoidans or G-fucans). The 
identified chemical backbones are summarized in Fig. 2 
(Zayed et al. 2022).

Fucoidans are widely used in pharmaceutical indus-
tries as they exhibit anticoagulant and antithrombotic 
properties through the inhibition of blood clot forma-
tion. They have also been identified as alternatives to 
heparin, an anticoagulant derived from animal tissues. 

Commercial significance of SPs isolated from 
brown seaweed

Brown seaweed are diverse groups of marine macroal-
gae that contain brownish or olive-green pigments, such 
as fucoxanthin. SPs isolated from brown seaweed are 
prized for their versatility, biocompatibility, and sustain-
ability. Their wide range of applications continues to ex-
pand through continuous investigation and exploration. 
Furthermore, their natural origin, low risk of resistance, 
and broad range of activities are advantages over some 
currently available drugs, such as warfarin and anticoag-
ulant, with delayed onset of action and requiring frequent 
monitoring of blood levels. However, SP-like heparin pro-
vides rapid onset of action without constant monitoring.  

Fucoidans, a major type of SP isolated from brown sea-
weed, have a wide spectrum of commercial and industrial 

Fig. 2. Different fucoidan backbones isolated from brown seaweeds. (A) Sulfated fucans isolated from Lessonia spp. (B) Sulfated galactofucans 
isolated from Hormophysa cuneiformis. (C) Fucoidan containing uronic acid at O-2 isolated from Cladosiphon okamuranus. (D) Sulfated xylofucan 
from Punctaria plantaginea.

A

C D
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mune system to target cancer cells. Notably, this study 
suggested a synergistic effect of fucoidan and a stand-
alone antitumor drug. It is valued for its strong biological 
activity, widespread availability, and low susceptibility to 
drug resistance, and minimal side effects (Lin et al. 2020). 

Another important pharmaceutical use of fucoidan is 
as an anti-inflammatory and immunomodulatory agent. 
The anti-inflammatory potential of fucoidans isolated 
from brown seaweed has been extensively studied (Jay-
awardena et al. 2020a, 2020b, 2022, Nagahawatta et al. 
2022) and the role of SP structure in anti-inflammatory 
and immunomodulatory activities has been previously 
noted. Mainly, fucoidan inhibits surface receptors such 
as toll-like receptors and interferes with NF-κB with and 
MAPK pathways. Fucoidan mainly inhibits the phosphor-
ylation of proteins in these signaling pathways and down-
regulates the gene and protein expression of proinflam-
matory cytokines. These results were further confirmed 
by Manikandan et al. (2020) through an in vivo evaluation 
of fucoidans isolated from Turbinaria decurrens. They re-
vealed that fucoidan reduced paw swelling in mice with 
formalin-induced inflammatory edema. Further, fucoi-
dan administration resulted in the retention of p65/NF-
κB transcription factor in the cytosol, leading to down-
regulation of the gene expression of proinflammatory 
mediators such as interleukin (IL)-1β, cyclooxygenase-2 
(COX-2), and matrix metalloproteinase 9 (Manikandan et 
al. 2020).

The immunomodulatory activity of fucoidans isolated 
from F. vesiculosus showed that rats treated with a single 
dose of aspirin (400 mg kg-1) showed significant altera-
tions in various parameters, including the levels of total 
nitrite and nitrate, interleukins (IL-4, 6, 10, 12), tumor 
necrosis factor-α, and interferon-γ. They also exhibited 
collagen deposition in the glandular tissue and changes 
in the localization of cyclooxygenases 1 and 2 and epider-
mal growth factor. Rats pretreated with fucoidan (0.02 g 
kg-1 d-1 for two weeks orally) showed significant preven-
tion of the above-mentioned alterations and damage in-
duced by aspirin. This study suggests that fucoidan exhib-
its gastroprotective properties against aspirin-induced 
gastric mucosal damage in rats. Furthermore, fucoidan 
demonstrates promise as a potential therapeutic agent 
for mitigating gastric ulcers and related complications 
caused by nonsteroidal anti-inflammatory drugs such as 
aspirin. Fucoidans isolated from S. hemiphyllum exhib-
ited excellent immunostimulatory activity by significant-
ly increasing nitric oxide (NO) secretion in macrophage 
RAW 264.7 cells. This increase in the NO secretion was 
associated with the upregulation of COX-2 and inducible 

Mauray et al. (1995) investigated the activity of fucoidan 
isolated from the brown seaweed Ascophyllum nodosum. 
Fucoidan significantly enhanced thrombin inhibition by 
antithrombin and heparin cofactor II by increasing its 
effectiveness compared with uncatalyzed reactions. Fur-
thermore, it exhibited strong antithrombotic effects in a 
rabbit model of venous thrombosis, with an effective dose 
(ED80) of 1.8 mg kg-1 by inhibiting thrombus formation by 
80%, which is comparable to that of heparin. Notably, the 
antithrombotic effect of fucoidan lasts longer than that of 
heparin and significantly prolongs the thrombin clotting 
time. However, there was a slight increase in the bleed-
ing time after fucoidan infusion at ED80. The results of 
the present study suggest the potential of fucoidan as an 
antithrombotic drug. Further clinical trials are required 
to confirm its safety and efficacy (Mauray et al. 1995). 
Another study on the antithrombotic activity of orally 
administered low-molecular-weight fucoidans isolated 
from Laminaria japonica exhibited specificity in inhibit-
ing thrombin-induced platelet aggregation and promot-
ing tissue factor pathway inhibitor, potentially making it a 
safer antithrombotic agent than aspirin (Zhao et al. 2016). 
A study on fucoidan-loaded nanoparticles revealed that 
1% chitosan-fucoidan nanoparticles with glutaraldehyde 
crosslinking showed promising characteristics for oral 
anticoagulant therapy. These nanoparticles exhibited 
resistance to gastric pH, enhanced in vitro anticoagulant 
activity, improved oral antithrombotic effects, and creat-
ed a safe hemorrhagic profile, highlighting the previously 
unexplored oral antithrombotic profile of commercially 
available fucoidan from Fucus vesiculosus and opening 
new possibilities for its application (da Silva et al. 2018).

Fucoidans are well known for their anticancer activities 
as confirmed by various studies. They show inhibitory po-
tential against tumor growth and metastasis and enhance 
the effectiveness of chemotherapeutic drugs. Choi and 
Kim (2013) confirmed the anticancer potential of a low-
molecular-weight fucoidan isolated from F. vesiculosus 
by inhibiting cell transformation. Moreover, Palanisamy 
et al. (2017) reported the anticancer activity of fucoidan 
isolated from Sargassum polycystum by inhibiting the 
growth of the MCF-7 human breast cancer cell line, ac-
companied by cytomorphological changes and induction 
of apoptosis in fucoidan-treated cells. This anticancer 
activity was further confirmed in vitro and in vivo by Lin 
et al. (2020). The results of this study revealed that fucoi-
dan exerts direct anticancer effects by inducing cell cycle 
arrest, apoptosis, and other mechanisms. Furthermore, 
they indirectly combat cancer by activating natural killer 
cells, macrophages, and other components of the im-
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their potential health benefits, including immune sup-
port and antioxidant properties, functional properties, 
and nutritional value. They are incorporated into func-
tional foods such as energy bars and health drinks to 
enhance their nutritional value. They are also used as 
dietary supplements and are available in various forms 
such as tablets, capsules, and powders. These products 
make fucoidan easily accessible and easily incorporable 
into consumers’ daily diets. Moreover, fucoidan can be 
added to beverages such as smoothies and fruit juices to 
increase their nutritional value and functional properties. 
Seaweed-based sacks are another valuable product con-
taining fucoidan and provide dietary fiber and essential 
minerals. Apart from these products, fucoidans are incor-
porated into weight management as prebiotics and natu-
ral flavor enhancers. The nutritional and functional value 
of fucoidans has been confirmed in numerous studies 
(Shen et al. 2018, Zhao et al. 2018, Fitton et al. 2019, Ani-
sha et al. 2022).

Commercial significance of SPs isolated from red 
seaweed

Red seaweed is a diverse group of marine macroalgae 
characterized by its red or purplish color, which results 
from the presence of pigments such as phycoerythrin 
and phycocyanin. The SPs isolated from red algae exhibit 
commercially valuable biological activities. Galactans are 
the most abundant SP in red seaweed and are commer-
cially important because of their remarkable gelling and 
thickening properties. They can be divided into two main 
groups depending on their stereochemistry—agarans 
and carrageenans. Galactans with 4-linked α-galactose 
residues of the l-series are known as agarans, and galac-
tans with the d-series are known as carrageenans. 

Carrageenans are widely and frequently utilized SPs 
in various industries including in the food industry as a 
gelling and thickening agent in various products, such as 
dairy desserts, ice creams, and jellies, to provide texture 
and stability. Furthermore, they serve as a stabilizer in 
dairy products, preventing ingredient separation in prod-
ucts such as chocolate milk, and ensuring a smooth and 
creamy texture in ice cream (Blakemore and Harpell 2009, 
Imeson 2009, Campbell and Hotchkiss 2017). Hotchkiss 
et al. (2016) highlighted the significance of carrageenan 
as a leading seaweed product in the above-mentioned 
industries and pointed out that carrageenan holds the 
fourth largest share in the global food texture market, fol-
lowing starches, gelatin, and pectin, based on value. Fur-
thermore, hydrocolloids such as carrageenan are widely 

nitric oxide synthase at both gene and protein abundance 
levels (Li et al. 2022). Oral administration of a fucoidan 
isolated from Undaria pinnatifida resulted in remarkable 
immunomodulatory activities in sarcoma 180 subcuta-
neous xenograft-bearing mice. It enhanced the phagocy-
totic function of the mononuclear phagocytic system and 
increased the serum levels of Th1 cytokines, including 
IL-2, interferon-γ, and tumor necrosis factor-α. Further, 
fucoidan promoted splenic T lymphocyte responses and 
increased the infiltration of CD11c+ DCs into transplant-
ed sarcoma tissues. Finally, it upregulated the surface ex-
pression of MHC class II and the costimulatory molecule 
CD86 on bone marrow-derived CD11c+ DCs in S180-
bearing mice (Li et al. 2023). 

Fucoidans are also used in skincare products due to 
their moisturizing, antioxidant, and aging-related prop-
erties. They help improve skin hydration and reduce the 
signs of aging. The hydration and soothing properties of 
fucoidan have led to the development of fucoidan-based 
face masks. They are used for pampering and revitalizing 
the skin. Moreover, they possess anti-inflammatory prop-
erties that soothe and calm the skin and aid in the treat-
ment of acne. Fucoidan particles can be used as exfoli-
ating agents in scrubs and facial cleansers. They provide 
gentle exfoliation and help remove dead skin cells and 
impurities from the skin surface. Furthermore, fucoidans 
can be found in hair care products, such as shampoos 
and conditioners, to enhance hair health. Furthermore, 
some fucoidans exhibit UV-absorbing properties that are 
valuable for the development of sunscreen and UV pro-
tection products. These formulations help to shield the 
skin from harmful UV radiation and reduce the risk of 
sunburn. Wang et al. (2020) reported the anti-photoaging 
and anti-melanogenic effects of fucoidan, with a molecu-
lar weight of 102.67 kDa from Hizikia fusiformis, against 
UVB-induced human keratinocytes and B16F10 melano-
ma cells stimulated with alpha-melanocyte-stimulating 
hormone. Fucoidan successfully inhibited UVB-induced 
reactive oxygen species levels and the expression of relat-
ed proteins (Bax, Bcl-xL, poly[ADP-ribose] polymerase, 
and Caspase-3). Furthermore, it reduced the expression 
of melanogenesis-related proteins (tyrosinase, tyrosinase 
related protein [TRP]-1, and TRP-2) and microphthal-
mia-associated transcription factor through regulation 
of the ERK-MAPK pathway pathway (Wang et al. 2020). 
Another study produced AgNPs coated with chitosan and 
fucoidan, which exhibited strong antimicrobial effects 
that were useful for cosmeceutical applications (Venkate-
san et al. 2018).

Fucoidans are valuable to the food industry owing to 
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human infants through epidemiological studies (Wein-
er 2014). Carrageenans are used as emulsifiers in salad 
dressings and sauces to prevent separation of oil and wa-
ter. Furthermore, they are useful in the meat and poultry 
industry for improving texture and reducing cooking loss. 
They are commonly utilized in plant-based milk alterna-
tives such as coconut and almond milk to enhance their 

used in the global market as healthier foods to reduce un-
healthy ingredients such as salt, sugar, and fat (Hotchkiss 
et al. 2016). A safety study conducted by Weiner (2014) 
revealed that carrageenans are non-carcinogenic and 
non-genotoxic in animal studies. Furthermore, the safety 
of carrageenan in infant formulas has been confirmed 
through epidemiological studies of infant baboons and 

A

B

Fig. 3. Biosynthesis of carrageenan. (A) Possible pathways and (B) synthesis of carrageenan from red seaweeds by treating OH-. S”t”ase, sulfatet-
ransferase; 4-Gal, 4-O-substituted a-D-galactopyranosyl unit; 3-Gal, 3-O-substituted / 3-D-galactopyranosyl unit; Lambda, lambda (λ) carrageen-
an; Mu, Mu (μ) carrageenan; KAPPA, Kappa (κ) carrageenan; Nu, Nu (ν) carrageenan; IOTA, Iota (ι) carrageenan.
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weed owing to their wide spectrum of commercial value. 
Although scientific studies are ongoing, some of their 
unique properties are being utilized in current industries. 
Ulvans have properties considered valuable for the food 
industry. They are used as gelling, thickening, and stabi-
lizing agents in various products. Generally, ulvans con-
sist of glucuronic acid (22.5%), sulfated rhamnose (45%), 
xylose (9.6%), and iduronic acid (5%) linked with α- and 
β-(1,4)-glycosidic linkages (Muthukumar et al. 2021). 
Ulvans contain two major disaccharide units, ulvanobi-
uronic acid or aldobiuronic types A and B (Fig. 4A), and 
ulvanobioses with type U. Among these disaccharides, 
aldobiuronics are more common (Fig. 4B). Therefore, the 
presence of boric acid, calcium, or divalent ions facili-
tates the generation of weak gels. However, the underly-
ing mechanism has not been fully elucidated. Lahaye and 
Robic (2007) proposed a mechanism that describes the 
generation of crosslinks in ulvan chains. To crosslink the 
ulvan chains, a few borate esters were generated with the 
cis-diol functionalities of the unsulfated rhamnose resi-
dues (Lahaye and Robic 2007) (Fig. 4C). 

Ulvans are utilized in jellies, jams, and confectionery 
items as a gelling agent, and they can be used as an al-
ternative source of traditional thickening agents, such 
as carrageenan and agar. Furthermore, their thickening 
ability is used to improve the texture and consistency of 
food products such as soups, sauces, and gravies (Anisha 
et al. 2023). The utilization of fucans in the functional food 
industry as dietary fibers to improve nutritional value and 
digestive health is vital (Anisha et al. 2023). Some green 
seaweed species exhibit antimicrobial activities. Accord-
ing to Tran et al. (2018) ulvan isolated from Ulva reticulate 
composed of rhamnose, galactose, xylose, mannose, and 
glucose at a 1 : 0.12 : 0.1 : 0.06 : 0.03 ratio, showed remark-
able antimicrobial activities by inhibiting Enterobacter 
cloacae and Escherichia coli with 20 mm and 18 mm in-
hibition zones, respectively (Tran et al. 2018). Another 
study reported the antimicrobial activity of ulvan isolated 
from U. lactuca against both human and fish pathogens. 
Furthermore, they developed an ulvan chitosan hydrogel 
that exhibited enhanced antimicrobial activity (Ibrahim 
et al. 2022). This property is useful in the food preserva-
tion industry for extending the shelf life of perishable 
foods. Moreover, these specific applications enhance the 
texture, stability, moisture retention, and shelf life of the 
products in the bakery (bread and pastries), dairy (yogurt 
and deserts), and beverage (fruit juices, smoothies, and 
protein drinks) industries. Ulvans may contribute to the 
umami flavor profile of food products, making it an inter-
esting ingredient in savory dishes and seasonings.

creaminess and mouthfeel. They are also used in canned 
pet foods to enhance texture and palatability (Blakemore 
and Harpell 2009). 

Carrageenans are widely produced in the pharmaceu-
tical industry because of their natural origin and unique 
properties, including gelling, thickening, and stabilizing 
abilities. They are used in oral drug formulations (syr-
ups and suspensions) as a suspension and thickening 
agent. They are also employed in wound care products 
such as dressings and topical gels to improve the moist 
environment and prevent infections to promote wound 
healing. These emollient and moisturizing properties of 
carrageenans have gained applications in dermatological 
products, such as creams and ointments. They help treat 
dry skin and eczema by soothing and hydrating the skin. 
Carrageenans are included in nasal sprays and inhalers 
as they provide a protective layer to avoid irritation of 
the mucous membrane and improve drug delivery. The 
gelling and stabilizing properties of carrageenans are 
useful in improving the effectiveness of dental hygiene 
products, such as dental gels and mouthwashes. Accord-
ing to Weiner (2014) ingested carrageenans are excreted 
through feces without significant degradation from low 
gastric pH or the gastrointestinal microflora (Weiner 
2014). This specific characteristic aids the development 
of gastrointestinal drug delivery systems based on car-
rageenans. The carrageenan coat protects the drugs from 
gastric acids and ensures targeted delivery to the gastro-
intestinal tract. These properties of carrageenans are uti-
lized to produce easy-to-administer gel capsules and eye 
drops with improved viscosity and retention time on the 
ocular surface. In addition to these pharmaceutical ap-
plications, carrageenans are used as an imaging agent in 
medical imaging procedures such as magnetic resonance 
imaging and computed tomography. Furthermore, they 
are useful in tissue engineering applications to support 
cell growth and tissue regeneration. The galactan back-
bone of carrageenans is thought to be generated in Golgi 
bodies, whereas sulfation occurs in the cell wall by sulfo-
transferases (Therkelsen 1993). The possible biosynthetic 
pathways and major structures of carrageenans are sum-
marized in Fig. 3.    

Commercial significance of SPs isolated from 
green seaweed

Green seaweed exhibit green pigmentation caused by 
chlorophyll and other pigments. They play pivotal roles 
in marine ecosystems, including coastal areas and coral 
reefs. Ulvans are the major SPs isolated from green sea-
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Araújo et al. 2016), and U. rigida (Kikionis et al. 2022) 
have solidified their potential in the pharmaceutical 
industry as a target agent against oxidative stress and 
inflammation-related conditions. Kidgell et al. (2020) 
reported the immunomodulatory potential of ulvan iso-
lated from U. ohnoi. Higher molecular weight ulvan frac-
tions at 100 μg mL-1 demonstrated an anti-inflammatory 
effect by reducing the secretion of IL-10 and prostaglan-
din E2 (Kidgell et al. 2020). This activity was confirmed in 
another study that determined the immunomodulatory 
activity of ulvan saccharides (Zhang et al. 2020). These 
activities, along with the antimicrobial activities, aid in 
the production of wound care products such as hydrogels 
and dressings. Ulvans have been utilized in the devel-

Apart from the antimicrobial activity of ulvans, they 
show various biological activities useful in the pharma-
ceutical industry, such as antioxidation, antithrombin, 
anti-inflammation, immunomodulatory, and anticancer 
activities (Flórez-Fernández et al. 2023). According to Li 
et al. (2018), ulvan isolated from U. pertusa showed re-
markable antioxidant activity. Further, results of this 
study exhibited a purified ulvan sample with high uronic 
acid and sulfate content and a relatively low molecular 
weight, demonstrated potent antioxidant activity by re-
ducing malondialdehyde levels and increasing super-
oxide dismutase and catalase levels in the liver (Li et al. 
2018). The anti-inflammatory effects of ulvan isolated 
from U. fasciata (Moawad et al. 2022), U. lactuca (de 

Fig. 4. General structure and biosynthesis of ulvan. (A) Type A and B of ulvanobiuronic acid. (B) Type U of ulvanobioses. (C) The proposed mech-
anism of ulvan gel formation.
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biological activities and structural features. These mo-
nomeric structures combined with sulfate groups form a 
complex molecular landscape that is crucial for biologi-
cal activities. Understanding this actual structural make-
up using SAR knowledge will lead to further elucidation 
of valuable insights into the mechanisms that exert their 
beneficial effects.

CHALLENGES AND FUTURE DIRECTIONS 

The exploration of multifaceted SPs isolated from sea-
weed revealed that they inevitably encounter promising 
opportunities as well as significant challenges. Mainly, 
the complexity and variability of these SPs are respon-
sible for their immense potential biological activities in 
a wide spectrum. Therefore, addressing these challenges 
offers a future direction in this field through discoveries 
and innovations (Knoop et al. 2022).  

Variability of composition 

Significant variability in composition is considered a 
major issue observed among and within different sea-
weed species. This variability can be caused by several 
factors such as environmental conditions, geographic 
location, and growth stage (Salehi et al. 2019). Different 
seaweed species such as Phaeophyta, Rhodophyta, and 
Chlorophyta typically contain fucoidan, carrageenan, and 
ulvan as their major SP. Different polysaccharide profiles 
are observed in each species. Environmental variables, 
such as water temperature, salinity, nutrient variability, 
and sunlight exposure, can significantly affect seaweed 
chemical composition. These factors can vary in different 
geographical locations, resulting in science parks with 
distinct structures and properties. Seasonal variations 
and growth stages of seaweed also play important roles 
in the chemical profiles of SP. Intraspecific variabilities 
due to genetics, local habitat, and growth stage are also 
responsible for variations in the content and structure of 
SP (Piriz et al. 2003). Meanwhile, SPs exhibit structural 
diversity; for example, fucoidan isolated from brown 
seaweed shows different branching patterns, molecular 
weights, and degrees of sulfation, which significantly af-
fect its biological activity (Ale et al. 2011).  

The variability in composition raises challenges for uti-
lizing SP on an industrial and commercial scale because 
there is no available universal approach. Therefore, it is 
essential for researchers to carefully characterize specific 
SPs when designing experiments and applications. Fur-

opment of drug delivery systems, such as microspheres 
and nanoparticles. Tziveleka et al. (2022) developed an 
ulvan-coated antibacterial drug-delivery platform using 
U. rigida (Tziveleka et al. 2022). Fernández-Díaz et al. fur-
ther confirmed this by incorporating ulvan isolated from 
U. ohnoi into nanoparticles (Fernández-Díaz et al. 2017). 
These systems can encapsulate pharmaceutical com-
pounds, protect them from degradation, and enable their 
controlled release. Furthermore, ulvan-based formula-
tions have been used for oral drug delivery to improve 
the solubility and bioavailability of poorly water-soluble 
drugs. In addition, ulvans are used as stabilizers and 
thickeners in pharmaceutical formulations and dental 
products, such as mouthwashes. Ulvans play an impor-
tant role in biomedical studies, including cell culture, as 
substrates or scaffolds for various cell types, tissue engi-
neering, and the development of scaffolds for regenera-
tive medicine. Ulvan extracted from U. pertusa showed 
remarkable antiviral activities against vesicular stomatitis 
virus. Ulvan with a molecular weight of 1,068.2 kDa and 
ulvan-F1 with a molecular weight of 38.5 kDa exhibited 
significant inhibitory effects on the infection and repli-
cation of vesicular stomatitis virus at a concentration of 
100 μg mL-1. The rates of inhibition of the virus replica-
tion were 40.75% for ulvan and 40.13% for ulvan-F1 (Chi 
et al. 2020). Ulvan from U. lactuca exhibited antiviral ef-
ficacy against the hepatitis A virus strain 10 (Maray et al. 
2023). Further studies have shown that ulvan isolated 
from Enteromorpha compressa and U. intestinalis showed 
significant antiviral activities against the herpes simplex 
and measles virus by inhibiting the adsorption and rep-
lication of the virus and by reducing syncytia formation 
and low cytotoxicity, respectively. Therefore, ulvans are 
considered potent antiviral agents. In addition to ulvan, 
rhamnan sulfate, isolated from the green seaweed Mono-
stroma nitidum exhibits antiviral activity against SARS-
CoV-2 (Song et al. 2021). Rhamnan sulfate, isolated from 
M. latissimum, showed remarkable antithrombin activity, 
similar to that of heparin. Furthermore, this study showed 
that the rhamnan sulfate isolated from M. latissimum was 
significantly different from that isolated from ulvan. Fur-
thermore, sulfated groups are mainly attached to the C-3 
or C-4 positions of 1,2-linked rhamnose residues, which 
can significantly affect their biological activities (Lee et al. 
1998).

As discussed in the previous section regarding the SAR 
between SP and their biological activities, the structural 
features of these polymers are crucial for determining 
their potential bioactivities that are valuable for indus-
trial applications. Table 2 shows the various SPs and their 
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Table 2. Biological activities of sulfated polysaccharides and their structural features that affect commercial significance

Sulfated 
polysaccharide

Biological activity Common 
    source

 Common 
    species

Structural features

Carrageenan Thickening agent, antiviral, 
anti-inflammatory

Red  
seaweeds

Eucheuma, 
Chondrus

The monomers in carrageenan are composed 
of galactose and 3,6-anhydrogalactose with 
sulfate groups attached; these are typically 
depicted as ring structures with oxygen (O) 
atoms and sulfate (SO3-) groups attached to 
some of the carbons

Fucoidan (from  
brown seaweeds)

Antioxidant, antiviral, anti-
inflammatory, anticancer, 
anticoagulant, immunomodu-
latory

Brown  
seaweeds 

Fucus  
vesiculosus

The monomer in fucoidan primarily consists 
of a fucose ring with sulfate groups (-SO3-) 
attached to some of the carbons

Ulvan (from green  
seaweeds)

Antioxidant, antiviral, anti-
inflammatory, anticoagulant, 
immunomodulatory

Green  
seaweeds 

Ulva lactuca Ulvan monomers include rhamnose, xylose, 
and uronic acid units with sulfate groups 
(-SO3-) attached; the structure is typically de-
picted as a linear or branched chain with these 
components

Sulfated galactans 
(agar)

Gel formation, antibacterial, 
antiviral

Red  
seaweeds 

Gracilaria, 
Gelidium

The monomers in sulfated galactans are com-
posed of galactose and 3,6-anhydrogalactose 
with sulfate groups (-SO3-) attached; these are 
usually shown as ring structures with sulfate 
groups at specific positions

Sulfated alginate Drug delivery, wound healing Brown  
seaweeds

Laminaria,  
Macrocystis

Sulfated alginate monomers consist of man-
nuronic acid and guluronic acid units with 
sulfate groups (-SO3-) attached; these can be 
represented as linear or branched chains

Sulfated  
carrageenans

Antiviral, immunomodulatory Red  
seaweeds 

Chondrus,  
Gigartina

Monomers in sulfated carrageenans include ga-
lactose and 3,6-anhydrogalactose with sulfate 
groups (-SO3-) attached, typically depicted as 
ring structures

Sulfated mannuronic 
acids (from brown 
seaweeds)

Antiviral, immunomodulatory Brown  
seaweeds 

Laminaria,  
Saccharina

These monomers primarily consist of man-
nuronic acid units with sulfate groups (-SO3-) 
attached; they are typically represented as ring 
structures

Sulfated laminarin 
(from brown  
seaweeds)

Immune modulation,  
antitumor

Brown  
seaweeds

Laminaria,  
Saccharina

Sulfated laminarin monomers are composed of 
glucose units with sulfate groups (-SO3-) at-
tached; these can be shown as ring structures

Sulfated rhamnans 
(from red seaweeds)

Antiviral, anti-inflammatory Red  
seaweeds 

Porphyridium, 
Champia

Sulfated rhamnans have rhamnose units with 
sulfate groups (-SO3-) attached, usually de-
picted as ring structures

Sulfated xylans (from 
brown seaweeds)

Antioxidant, antitumor Brown  
seaweeds 

Fucus,  
Ascophyllum

Monomers in sulfated xylans are made up of xy-
lose units with sulfate groups (-SO3-) attached, 
typically represented as ring structures

Sulfated fucans (from 
brown seaweeds)

Anticoagulant, antioxidant Brown  
seaweeds 

Ascophyllum, 
Fucus

Sulfated fucans include fucose and xylose units 
with sulfate groups (-SO3-) attached, often 
shown as ring structures

Sulfated mannans 
(from brown  
seaweeds)

Antiviral, anti-inflammatory Brown  
seaweeds 

Fucus  
vesiculosus

These monomers primarily consist of mannose 
units with sulfate groups (-SO3-) attached, 
typically represented as ring structures

Sulfated glucuronoxy-
lomannans (from 
brown seaweeds)

Antiviral, immunomodulatory Brown  
seaweeds 

Laminaria, 
Ganoderma

Monomers in sulfated glucuronoxylomannans 
comprise glucuronic acid, mannose, and xy-
lose units with sulfate groups (-SO3-) attached; 
these structures can be complex and branched

Sulfated mannose-
based polysaccha-
rides (from brown 
seaweeds)

Antiviral, immunomodulatory Brown  
seaweeds 

Saccharina,  
Sargassum

These polysaccharides are primarily composed 
of mannose units with sulfate groups (-SO3-) 
attached, typically depicted as ring structures

Sulfated glucurono-
mannans (from 
brown seaweeds)

Antiviral, anti-inflammatory Brown  
seaweeds 

Laminaria,  
Bacteroidetes

Sulfated glucuronomannans consist of gluc-
uronic acid and mannose units with sulfate 
groups (-SO3-) attached, often depicted as 
linear or branched chains
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Diversity of biological activities 

SPs exhibit remarkable biological activities over a wide 
range. However, this diversity poses several challenges 
such as multifunctionality. Some SPs exhibit anti-inflam-
matory, antiviral, and anticoagulant activities (Pradhan 
et al. 2020). This multifunctionality makes it challenging 
to pinpoint specific mechanisms of action and tailor their 
uses for specific applications. This affects the quantifica-
tion of the biological activities of SPs. Therefore, scientists 
are encouraged to develop standardized protocols, rele-
vant assays, and endpoints. Understanding SAR is vital for 
its application. Variations in sulfation patterns, monosac-
charide composition, molecular weight, and other struc-
tural features can result in different bioactivities, even 
within the same species. Therefore, intensive studies are 
required to better understand the SAR of SPs. Some SPs 
have specific targets for their biological activities (Ortega-
Barria and Boothroyd 1999). Therefore, determining the 
specificity and selectivity of these compounds for biologi-
cal processes is crucial for optimizing their commercial 
use. Various studies, such as those by Delma et al. (2014) 
and Morán-Santibañez et al. (2016) have emphasized the 
synergistic and antagonistic effects on overall biological 
activity. The identification of these interactions and their 
implications is vital for optimizing potential drug-drug or 
drug-food interactions for medical applications (Delma 
et al. 2014, Morán-Santibañez et al. 2016). The transition 
from promising in vitro and preclinical studies to clinical 
application is challenging. Demonstrating the safety and 
efficacy of SPs in human trials, particularly for the treat-
ment of complex diseases, requires rigorous research and 
regulatory approval. Furthermore, establishing dose-re-
sponse relationships, especially in therapeutic contexts 
that balance efficacy with safety, is a critical consider-
ation.

Regulatory approval, consumer acceptance, and 
intellectual property

Regulatory approval is a significant challenge in the ap-
plication of SPs. This challenge encompasses several key 
aspects, as summarized in Table 3. Consumer acceptance 
is also a crucial challenge, especially in industries such 
as food, cosmetics, and nutraceuticals, which are the 
major industries that convert SPs into consumer prod-
ucts. These can be divided into nine major categories, as 
summarized in Table 3. Intellectual property is also an 
important aspect of the research, development, and com-
mercialization of SPs. It consists of patents, trademarks, 

thermore, developing a standardized method for isola-
tion and characterization that avoids these challenges is 
valuable for industries and is helpful for increasing their 
utilization. 

Extraction and purification 

The extraction and purification of SP from seaweed are 
crucial steps for the utilization of their biological activi-
ties. However, this process can be challenging and com-
plex because of several factors. Seaweed diversity is the 
dominant factor (Costa et al. 2010). The selection of the 
extraction method depends on the seaweed species used 
to yield a high quality and quantity of SP. Matrix com-
plexity is another factor affecting the extraction method. 
Seaweed contain varying amounts of carbohydrates, pro-
teins, lipids, and other compounds. Therefore, extraction 
methods should selectively target SP to separate them 
from the matrix while minimizing the co-extraction of 
unwanted substances. The yield and purity of SPs are 
also important factors in their isolation. Some extraction 
methods may yield higher quantities of SPs, but with low-
er purity, whereas others may prioritize purity with lower 
yields (Ale et al. 2011). Therefore, balancing these factors 
is essential to develop isolation methods for commercial 
applications. The quality and quantity of SP are highly 
affected by a lack of standardization methods. Scientists 
must focus on developing standardized methods that 
are significant at the industrial scale to maintain prod-
uct quality. However, some extraction methods cause 
serious environmental issues because they require harsh 
chemicals and high temperatures. Therefore, develop-
ing a sustainable method for SP extraction is crucial. The 
scalability of extraction methods is another pivotal factor 
because of the applicability of SP in various industries, 
such as pharmaceutical and functional foods. The most 
important factor at the commercial scale is the cost-effi-
ciency of the extraction method. Therefore, the develop-
ment of cost-efficient techniques is crucial to make these 
compounds accessible to numerous industries. Finally, 
accurate analysis and quantification of SPs are pivotal re-
search and quality control methods. Further studies are 
needed to develop analytical techniques that are robust 
and capable of handling the complex structures of these 
compounds. To address these challenges, researchers are 
continually exploring novel extraction techniques, im-
proving existing methods, and developing standardized 
protocols with sustainable practices that consider the  
environmental impacts of extraction.
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Table 3. Challenges need to address for future developments in sulfated polysaccharides isolation from seaweeds in industrial scale

              Challenge                               Factor Description

Regulatory approval Safety and efficacy Rigorous data required to prove safety and therapeutic benefits
Preclinical and clinical trials Time-consuming and expensive trials in animals and humans
Data collection and analysis Meticulous attention to pharmacokinetics, efficacy, and safety 

data
Regulatory documentation Detailed submissions including chemistry, manufacturing, and 

controls, clinical data, pharmacology, and toxicology
Quality control and manufacturing Strict adherence to good manufacturing practices for consistent 

product quality
Intellectual property protection Challenges in securing patents for research and development pro-

tection
Regulatory harmonization Navigating varying global regulatory requirements
Post-market surveillance Ongoing monitoring of product safety and effectiveness in real-

world settings
Consumer acceptance Consumer preferences Consumer acceptance is influenced by taste, texture, odor, and 

appearance of products
Familiarity and awareness Consumer knowledge of seaweed-derived ingredients varies by 

region and demographics
Cultural and dietary considerations Cultural factors and dietary habits impact acceptance of seaweed-

based products
Communication and education Providing clear, accurate information about benefits, safety, and 

sources is essential
Product formulation Products must balance functionality with appealing taste, texture, 

and sensory experience
Marketing and branding Effective marketing emphasizes natural origins, health benefits, 

and sustainability
Labeling and transparency Clear labeling and information on seaweed sources enhance 

consumer trust and transparency
Regulatory compliance Meeting safety and labeling standards is crucial for consumer ac-

ceptance and trust
Continuous feedback Openness to consumer feedback helps refine products and ad-

dress concerns for improved acceptance
Intellectual property (IP) Patent protection Obtaining patents for unique formulations, extraction methods, 

or applications of sulfated polysaccharides; the process can be 
time-consuming and costly

Competitive landscape The field is competitive, with multiple players exploring differ-
ent seaweed sources, extraction techniques, and applications; 
protecting IP rights is crucial

Global IP strategies Developing a global IP strategy by filing patents in multiple coun-
tries to protect innovations worldwide

Freedom to operate Evaluating the IP landscape to ensure “freedom to operate” by 
conducting thorough patent searches to avoid infringement is-
sues

Licensing and collaboration Licensing IP or entering into collaborative agreements with other 
organizations to leverage resources for research, development, 
and commercialization

IP enforcement Enforcing patent rights when necessary, including legal actions 
against entities that infringe on patents related to sulfated poly-
saccharides

Publication and disclosure Balancing the need for publication and scientific disclosure with 
IP protection while safeguarding proprietary information

IP maintenance Ongoing commitment to maintain patents through periodic fees 
and compliance with patent office requirements to prevent expi-
ration

Trade secrets Protecting certain aspects of formulations or processes through 
trade secrets and internal policies, including employee training

IP portfolio management Managing a diverse IP portfolio, including patents, trademarks, 
and copyrights, with strategic planning and resource assessment

Collaborative research
Defining IP ownership and rights in collaborative research efforts 

through clear agreements and contracts
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