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Keywords: immunomodulatory. Due to their natural nature and virtually
Fucoidan, non-toxic nature, they are considered as a promising
extraction, antimicrobial component for various applications in medicine
brown macroalgae, and food industry. The properties of fucoidan depend on several

factors, including molecular weight and extraction method. The
molecular weight of fucoidan, related to its biological activities
and bioavailability, can be influenced by extraction

bioactive compounds,

food industry

10.48311/£5ct.2026.118663.83019  technologies. A wide range of extraction methods are currently
*Corresponding Author E- used to obtain these polysaccharides, such as supercritical fluid
extraction (SFE), pressurized liquid extraction (PLE),
subcritical water extraction (SCWE), ultrasound-assisted
extraction (UAE), enzyme-assisted extraction (EAE), and
microwave-assisted extraction (MAE). Given that an increasing
number of studies have shown the extraction process of
fucoidan in the past few years, and the use of fucoidan synthesis
is an effective strategy in the development of bioactive films in
food coatings, which will reduce the reliance on plastic
materials and increase the shelf life of food products. This
review presents the conventional extraction and purification
processes, physicochemical and biological activities, and
structural characterization, and recent advances in the
application of fucoidan in the food industry.
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1-Introduction

Due to the increasing consumer awareness of
functional foods, seaweeds are increasingly
considered as potential sources of bioactive
compounds. Seaweeds are divided into three
groups based on their pigments: green algae
(Chlorophyceae), red algae (Rhodophyceae),
and brown algae (Phaeophyceae). With
approximately 2000 species, brown seaweeds
are the second most abundant group of
seaweeds [1]. Each group has unique
characteristics and different benefits. A diverse
collection of seaweed species, including
approximately 900 green species, 4000 red
species, and 1500 brown species, exist in
nature. Currently, approximately 221 species
are harvested worldwide, including 32
Chlorophyceae species, 64 Phaeophyceae
species, and 125 Rhodophyceae species, of
which the brown seaweed genus Sargassum
constitutes the largest natural resource in the
Vietnamese Sea [2]. Brown seaweeds, which
are widely found in the Atlantic Ocean, are
mainly composed of protein, lipids,
polysaccharides, pigments, vitamins, dietary
fibers, and minerals. The key component in
brown seaweeds is polysaccharides, which
mainly include three types of biopolymers:
fucoidan, alginate, and laminarin [3]. A variety
of bioactive compounds are obtained from these
components (Figure 1), including fucoxanthin,
fucoidan, laminarin, peptides, mannitol, and
polyphenolic compounds. These bioactive
compounds exhibit a variety of biological
activities, such as antimicrobial, antioxidant,
antifungal, antiviral, anticancer, anticoagulant,
antidiabetic, anti-HIV, anti-inflammatory, and
so on [4]. In general, the protein content in
seaweeds varies between 3 and 45%, and the
carbohydrate content ranges between 4 and
67%. Additionally, seaweed is known to have a
low fat content, typically below 8%, while
brown seaweed is generally known to be high
in carbohydrates.
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[5].

Fucoidan is also considered a valuable
ingredient in the food industry due to its
emulsifying properties, and fucoidans have the
highest uronic acid content and the highest free
radical scavenging activity [6]. In particular,
there is a growing demand for the isolation of
bioactive peptides from seaweed. About 25—
30% of the dry weight of brown seaweed is
composed of fucoidan. Fucoidan has different
molecular weights, depending on the extraction
method.

Typically, 100~1000 kDa is known. Fucoidan
is a sulfated polysaccharide enriched in L-
fucose sulfate with small amounts of other
monosaccharides such as glucose, galactose,
mannose, etc. This compound can be found in a
variety of brown seaweeds including Laminaria
sp., Fucus sp., Sargassum sp., etc. [7]. The
bioactivity of fucoidan can be affected by
factors such as the specific source of brown
seaweed, the levels of sulfate and fucose, the
types of monosaccharides present, the
extraction method, or biotic and abiotic factors
[6]. Different extraction methods affect the
nature of fucoidans and at the same time change
their chemical structure. Extraction conditions
include extraction time, extraction temperature,
solvent, cycle time and extraction power.
Typically, seaweed polysaccharides are
extracted through aqueous extraction at
different pH values, which usually use strong
acids and bases or sodium chloride solution and
hydrothermal treatment for initial extraction.
Fucoidan is known to be soluble in hot water as
well as acidic and saline solutions, usually
higher temperature is required for extraction of
fucoidan with water solvent [8]. For this reason,
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water extraction methods are not very efficient
due to the need for a large volume of water
resources and chemicals, as well as long
extraction time  (sometimes at  high
temperatures) and also due to the production of
hazardous organic waste, and they can have a
harmful effect on the biological activities of
fucoidan [9]. Promising alternative methods
including  ultrasound-assisted  extraction
(UAE)!, enzyme-assisted extraction (EAE)?
pressurized  liquid  extraction  (PLE)’,
microwave-assisted extraction (MEA)*,
supercritical fluid extraction (SFE)’ and
subcritical water extraction (SWE)® can be
better technologies to achieve higher extraction
efficiency [10]. A study conducted by Hans et
al. in 2023 evaluated the impact of traditional
and greener extraction techniques on fucoidan
yield, monosaccharide composition, structural
properties, and biological and laboratory
activities of P. tetrastromatica and T. conoides.
The results of this study showed that among the
aqueous, chemical, SCWE, EAE and UAE
methods, the SCWE method provided the
highest fucoidan yield, i.e. 13%, in less
extraction time. This study showed that by
using the subcritical water method, the yield of
fucoidan increased by 30% compared to the
normal acid method. Also, the presence of high
sulfate content (32.9%) and polyphenolic
compounds increased the value of fucoidan and
as a result its antioxidant activity, which may be
industrially related to food and pharmaceutical
industries [11].

2- Physical and chemical

properties of fucoidan

Biological activities of fucoidan are influenced
by characteristics such as degree of sulfate,
monosaccharide composition, geographical
location, extraction process, degree of exposure
(mechanical stress), salinity (osmotic stress),
harvesting time, and light, which affect the
structure of fucoidan in algal species [12].
Various factors can affect the physical and

1 -Ultrasound-assisted extraction
2 -Enzyme Assisted Extraction
3 -Pressurized liquid extraction
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chemical properties and yield and quality of
extracted fucoidan, one of the most important
factors is the extraction temperature, which can
cause structural destruction of fucoidan and
reduce its biological activity. Another
important factor is the pH of the extraction
environment, which strongly acidic or alkaline
environment may change the chemical
composition of fucoidan and affect its
biological activity. Another factor is the
extraction time so that Increasing the extraction
time may increase the yield, but under
inappropriate conditions it can lead to
degradation of polysaccharides [13]. Saravana
et al. (2016) investigated the emulsifying
activities of fucoidan extracted from S.
japonica. The results showed that fucoidan
showed good emulsifying activity for
sunflower, soybean and canola oils with
emulsifying activities ranging from 40 to 60%
[14]. In a study conducted by Hong Lee et al.,
the molecular characteristics and anti-
inflammatory activities of fucoidan extracted
from E. cava and fractionated by ion exchange
chromatography were investigated. The
extracted fucoidan mainly consisted of
carbohydrates (51.8%), uronic acid (11.3%),
and sulfates (20.1%), with small amounts of
protein (8.7%). lon exchange chromatography
led to the identification of three fucoidans with
different chemical compositions and molecular
weights. These E. cava fucoidans showed a
significant ability to reduce NO production
from raw macrophages 7/264, suggesting that
they may be potent anti-inflammatory agents.
The present study highlights the potential
applications  of these fucoidans as
pharmaceutical, medicinal, and functional food
ingredients [15].

3- Extraction and Production

of Fucoidans

A growing number of studies have investigated
the extraction process of fucoidans in the past
few years. The industrial economic value and
rapid growth of marine algae have led to the

4 -Microwave-Assisted Extraction
5 -Supercritical Fluid Extraction
6 -Subcritical Water Extraction
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consideration of advanced technologies such as
microwave and ultrasound technologies in
augmenting existing processing methods [16].
These technologies, with different ‘“action
modes,” target the degradation of the cell walls
of brown seaweeds, where most of the bioactive
molecules, including fucoidans, are located. In
fact, these methods can allow the use of water
as an extraction agent with short operation
times, and also different extraction methods can
affect the chemical structures of fucoidans [17].
In addition, extraction depends on various
factors such as solvent, extraction time, solid
solvent ratio and extraction strength and cycle
time. Higher extraction temperature increases
the solubility of solutes and improves water
transport properties, as well as increases
diffusion and reduces viscosity, density and
surface tension. This variable has a certain
effect on selectivity, since the polarity of water
can be adjusted by appropriate selection of
pressure and temperature. Higher temperatures
usually lead to rapid extraction and dissolution
of apolar molecules, and the formation of new
compounds with improved activity will also be
observed. Temperature is also decisive in the
release of compounds that form part of the cell
walls [18]. The results of various studies have
shown that one of the important factors in the
production of fucoidans is the extraction time
[19]. In fact, fucoidan extraction from brown
seaweed species usually involves multi-step,
hot acid or CaCl2 treatments, each step of
which may take several hours, but the use of
alternative methods such as subcritical water
extraction (SWE) can improve fucoidan yield
due to the lack of chemical solvents and less
waste generation [20]. Extraction of bioactive
compounds involves several steps (sample
preparation, pretreatment, extraction, polymer
recovery and purification) and parameter
optimization, and extraction methods can be
classified into classical solvent methods and
modern methods. Modern extraction methods
such as supercritical fluid extraction (SFE),
ultrasound-assisted extraction (UAE), enzyme-
assisted extraction (EAE) and microwave-
assisted extraction (MAE) are characterized by
short extraction times, high production yields,

7- Fourier-transform infrared spectroscopy
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and the use of small extraction volumes and
non-corrosive solvents for the extraction cross-
solution [21]. A study was conducted by Mohd
Fauziee et al. in 2021, in which fucoidan,
laminarin and alginate were successfully
extracted from Malaysian brown seaweeds,
namely S. polycystum, P. boryana and T.
ornata. All these polysaccharides showed their
distinctive properties. All these polysaccharides
were considered relatively stable with water
activity between 0.63 and 0.71 and appeared
brownish in color. FTIR” analysis showed that
these polysaccharides exhibited different
functional groups, and it was also shown that
polysaccharides from different brown seaweeds
have different chemical structures. All the
polysaccharides also  showed  different
antioxidant activities, with the results of this
study showing that fucoidans had strong DPPH
free radical scavenging activities, while
laminarins had strong OH radical scavenging
activities [22]. In a study conducted by
Laeliocattleya et al. in 2025, fucoidan extract
from S. echinocarpum was specifically
extracted to investigate its properties and
antioxidant activity. The results showed that
fucoidan extract contained fucose, sulfate and
small amounts of galactose, mannose, xylose as
well as amino groups and also had potential
antioxidant activity that was affected by the
extraction temperature and time, and the
topology and morphology characteristics of the
extract were also affected by the extraction
treatment. In fact, appropriate extraction
temperature and time resulted in increased
antioxidant activity. Therefore, this study
showed that investigating the properties and
potential antioxidant activity of fucoidan
extract from S. echinocarpum could provide an
alternative to create a natural antioxidant,
especially using brown seaweed that has not
been optimally utilized [23].

3.1. Ultrasonic extraction (UAE)

A simple and effective method for
depolymerization of fucoidan is the ultrasound
method, which leads to a decrease in molecular
weight without significant structural changes in
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the macromolecules. Ultrasonic waves increase
the efficiency of the mass transfer and
extraction process and offer advantages such as
low cost, ease of use, reduction of extraction
time, energy, chemicals and solvents, as well as
increased extraction yield compared to
extraction with conventional solvents [24].
Ultrasonic extraction method is useful for
extracting fucoidan from algae. This method is
simple and can be used on an industrial scale.
However, the use of ultrasonic method in
combination with chemical (e.g., acidic,
enzymatic) and physical (e.g., microwave
irradiation) methods allows to increase the yield
of the desired product [25]. Ultrasound
equipment can be an ultrasonic bath (indirect
sound) or an ultrasonic probe (direct sound).
The difference between the two is in the
operating conditions and the way in which the
ultrasound waves affect the sample. The
ultrasonic bath operates at a frequency of 40 to
50 kHz and a power of 50 to 500 W, but the
ultrasonic probe operates only at a frequency of
20 kHz. The samples are immersed in the
ultrasonic bath, while the ultrasonic probe is
placed in the sample [26]. Ultrasound (US)
waves, at frequencies in the range of 20 to 100
MHz, propagate through an elastic medium and
induce successive compression and expansion
cycles. This causes the phenomenon of
cavitation, which leads to the generation,
growth and collapse of bubbles filled with gas
and vapor. The implosion of cavitation bubbles
will cause microturbulence, high-velocity
interparticle collisions, and turbulence in the
fine porous particles, which will accelerate
internal diffusion [27]. The high shear forces
caused by cavitation near solids can cause
surface exfoliation, erosion, and microfractures
in more porous materials, which will facilitate
solvent access to the target compounds.
Although increasing temperature increases the
solubility of solutes, careful control is required
to avoid degradation of soluble compounds,
adverse reactions, and cavitation control, as
sonochemical effects are desirable at low
temperatures. In order to maintain the
temperature during extraction, thermostated
baths or ice baths are used [28].

Ultrasound can also improve mass transfer and
lead to higher product yields by reducing
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processing time and solvent consumption. In
addition to these physical effects, chemical
effects related to the presence of solvent vapor,
high pressures and temperatures inside the
cavitation bubble favor the extraction process
[18]. Low-frequency ultrasonic exposure can be
used for the polymerization of polymeric
materials, including natural materials, and is
used to separate polymers of various
biopolymers, including polysaccharides, DNA,
etc. without changing their chemical structure.
Ultrasonic waves with a frequency of 16 kHz
are used to reduce the molecular weight of
polymers. Ultrasonic processing is based on the
phenomenon of cavitation. As a result of
cavitation, shock waves generate intense local
heating (about 5000 °C) and high pressure
(about 1000 atmospheres). Factors that affect
the rate of polymer degradation during
ultrasonic polymerization include ultrasonic
intensity, extraction time and solution
concentration, where increasing ultrasonic
intensity produces more cavitation bubbles,
which will aid the degradation process. [29]
Ultrasonic time and power This can be
explained by the fact that increasing the
extraction time will facilitate the ability of the
brown seaweed powder to contact the solvent.
At the same time, higher ultrasonic power,
which helps to break the brown seaweed cells,
leads to a higher amount of fucoidan released
into the solvent. However, excessively long
extraction time (more than 50 min) combined
with very high ultrasonic power (more than 360
W) will cause fucoidan degradation [30].
Studies on fucoidan extraction from Sargassum
siliquosum, Sargassum mcclurei, Sargassum
wightii and Sargassum muticum have shown
the potential of ultrasound-assisted extraction
to be a faster and more effective alternative to
other methods. These studies also showed that
fucoidan yield could be significantly increased
by ultrasound-assisted extraction, while the
extraction time was reduced [24]. Dwijayanto
et al. (2025) compared the structural features
and extraction performance of fucoidan from
Sargassum sp. using conventional, microwave
and ultrasonic extraction methods. The results
showed that ultrasonic-assisted extraction had
the highest yield as shown in (Table 1). The
results of this study also showed that the use of
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ultrasonic bath method produced 2.5 times
more fucoidan than the conventional method.
Because ultrasonic waves have a cavitation
effect that can improve cell wall lysis and
solvent penetration by reducing mass transfer

resistance and increasing polysaccharide
diffusion, fucoidan produced by all three
methods showed moderate antioxidant activity
[31].

Table 1. Fucoidan extraction yields obtained using the conventional, microwave and ultrasound-assisted

extraction methods

Parameter Conventional

Microwave Ultrasound

2.3994+0.248

Extraction yield (%)

2.494+0.004 2.772+0.154

A study conducted by Antonisamy et al. in 2024
investigated the effect of extraction methods on
the structural properties of fucoidan. The results
showed that ultrasonic extraction reduced the
total  phenolic content and  protein
contamination and improved the purity of
fucoidan. The extraction method used did not
significantly affect the carbohydrate content of
the extracted fucoidan. The thermal stability of
fucoidan from S. ilicifolium indicates its
potential  industrial  applications. = The
amorphous nature and enhanced solubility of
fucoidan extracted by ultrasonic bath have
strong application in drug delivery. The lower
IC50 values observed for fucoidan obtained via
ultrasonic bath method indicate higher potency
in combating oxidative stress, inflammation
and cancer cell proliferation. These findings
indicate that the extraction method plays an
important role in determining the bioactivity of
fucoidan. In general, the integration of
ultrasonic  extraction with other green
extraction technologies makes this method
suitable for industrial-scale extraction of
bioactive compounds from various sources
[32].

3.2. Microwave-assisted extraction (MAE)

Conventional polysaccharide extraction (CE) is
generally carried out with water, dilute acid or
dilute alkali or enzyme-assisted extraction
(disruption of plant cell wall components, such
as cellulose, hemicellulose and pectin) for long
periods of time at high temperatures and using
large solvent volumes, and is therefore not
economically and environmentally sustainable
[33]. To overcome these limitations, advanced
technologies such as microwave-assisted
extraction use energy for heating and are a
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faster and more efficient method, increasing the
mass transfer rate of solutes from the sample
matrix to the solvent. In fact, open-tank
microwave systems under atmospheric pressure
can operate at a maximum temperature
determined by the boiling point of the solvents.
This type of extraction is based on
electromagnetic waves that result in a
distributed heat source that enhances cell wall
disruption and fucoidan release into the
aqueous extraction solvent [34]. This method
has successfully extracted a variety of bioactive
compounds from brown algae, including
fucoidans and polyphenols, and the reduction in
extraction time associated with MAE is
consistent with energy conservation principles,
making it an environmentally friendly
alternative to conventional methods. MAE
involves a combination of thermal and non-
thermal effects that act synergistically to
enhance the extraction of bioactive compounds
from plant materials, including brown algae
[35]. The primary mechanisms involved in
microwave extraction include thermal effects,
in that when microwave energy is applied, it
causes rapid and uniform heating of the solvent
and sample matrix. This localized heating
results in an increase in temperature in the
matrix, which in turn increases the solubility
and release of bioactive compounds. Increasing
temperature can weaken cell walls, facilitating
the release of compounds into the extraction
solvent [36]. A further effect is non-thermal
effects (dielectric heating), in which microwave
radiation also interacts with polar molecules
within the sample matrix, causing molecular
rotation and frictional heating.  This
phenomenon, known as dielectric heating, leads
to rapid internal heating of the matrix itself.
Non-polar compounds, such as lipids and
essential oils, are extracted more efficiently due
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to the selective heating of polar components reproducibility, shorter purification times, and
(such as water) in the matrix. This non-thermal lower solvent and energy consumption, so
effect contributes to efficient extraction by MAE can be used for the extraction of proteins,
disrupting cell structures and promoting the carbohydrates, and polyphenols [39]. In the
release of bioactive compounds. Another effect MAE heating system, microwaves are absorbed
associated with microwave extraction is the by the samples and converted into thermal
formation of voids and microbubbles in the energy that heats the moisture of the cells
solvent. As microwave radiation heats the (Figure 2). Therefore, it may not be suitable for
solvent, evaporation can also occur, resulting in the extraction of heat-sensitive bioactive
the formation and subsequent collapse of compounds. Depending on the configuration
microbubbles [37]. (open or closed), the intensity of the process
MAE is a novel cell disruption technique in varies. While open vessels operate at
which microwave radiation, at a frequency of atmospheric pressure, closed vessels are used
300 MHz to 300 GHz, is generated by an under pressurized conditions and at higher
electric field and a magnetic field that oscillate temperatures, the physicochemical properties
perpendicularly. Efficient microwave internal of the water corresponding to subcritical
heating is  achieved by  converting conditions. Open vessel microwaves offer a
electromagnetic energy into heat by two main highly efficient and controllable alternative to
mechanisms, dielectric polarization and ionic convective heating, but operation in closed
conduction [38]. Ionic conduction generates equipment allows for better disruption of the
heat due to the resistance of the medium to the cell wall assembly while preserving the
flow of ions when an electric field is applied. fucoidan structure [40].

MAE technology has advantages over
conventional extraction methods such as higher
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Fig 2. Preparation of fucoidan from brown algae by microwave method

were efficiently extracted from brown seaweed
waste (wakame) using the MAE method. The
effect of extraction temperature and time on
protein and fucoidan yield and finally, the
continuous extraction of proteins and fucoidan
were also investigated based on the extraction
conditions. The results of this study showed that
the continuous MAE method can extract
bioactive proteins, water-soluble components
(proteins and peptides) and fucoidan from the
brown seaweed waste U. pinnatifda faster than
conventional thermal extraction methods. [38].
In a study conducted by Ahmed Zayed et al. in
2023, they used microwave-assisted extraction
(MAE) as a green method to extract fucoidan
from different brown seaweeds, including
Fucus vesiculosus, F. spiralis and Laminaria
saccharina. Using the same extraction

In general, the efficiency of microwave heating
depends on the dielectric properties of the
material and its ability to absorb microwave
energy and dissipate heat. Therefore, to
evaluate the effect of MAE treatment
temperature and time on the protein extraction
yield from U. pinnatifda seaweed waste, it is
better to use a lower temperature range [41].
The microwave-assisted extraction method has
a short extraction time and hence reduces the
cost compared to other conventional extraction
techniques. In addition, MAE can be considered
as an environmentally friendly technique due to
its lower energy consumption [19]. In a study
conducted by Chizuru Sasaki et al. in 2024,
protein and sulfated polysaccharide fucoidan
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conditions, the chemical characterization
revealed the heterogeneity of fucoidans among
the brown seaweed orders, namely Fucales and
Laminariales, where fucoidan derived from L.
saccharina showed different characteristics in
terms of higher sugar content and lower
fucoidan content, in addition to a lower sulfate
pattern and unique sulfate degree. However,
MAE resulted in lower molecular weight
products compared to classical solvent
extraction and other green extraction methods
such as EAE. Pre-treatment steps were
successful to remove potentially extracted
bioactive compounds that might interfere with
fucoidan bioassay [40]. In a study by Wang et
al. in 2021, fucoidan was extracted from a
brown macroalga (Sargassum siliquosum)
using microwave-assisted extraction (MAE)
and ultrasound-assisted extraction (UAE). The
results showed a higher extraction efficiency
when using the MAE method under the
conditions of 750 W, 10 min, and a liquid-to-
solid ratio of 15 mL/g, with a total sugar yield
of 94.6% on a dry weight basis. Based on the
sugar and sulfate groups (the main components
of fucoidan), the purity of the final sulfated
polysaccharide product was close to 0.84%, and
this purified fucoidan product showed
biological activities related to anti-lipogenesis
with a 28.9% reduction in lipid synthesis
compared to the free-acid control [24].Quitain
et al. (2013) conducted a study titled
Microwave-hydrothermal ~ extraction  and
decomposition of fucoidan from supercritical
carbon dioxide deoiling of Undaria pinnatifida.
They investigated how MAE affects the
decomposition of fucoidan into low molecular
weight compounds. The results showed that
some biological activities, such as the
antiproliferative activity of fucoidan, depended
on the molecular weight of the fucoidan
fractions.  Polysaccharides  with  lower
molecular weight showed higher
antiproliferative activity, and products with
higher sulfate content showed stronger
antioxidant activity [42].

3.3. Pressure-assisted extraction (PLE)
Pressure-assisted liquid extraction (PLE) is a
relatively new automated extraction technique
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that uses high pressure [43]. In pressure-
assisted extraction, high pressure is used to
maintain the solvent liquid above its normal
boiling point and high temperature to extract
compounds from samples in an oxygen- and
light-free environment, in a short time and with
less solvent, and high pressure keeps the solvent
below its boiling point, thus allowing the
application of temperatures above the solvent
boiling point (at atmospheric pressure) [44].
This method can improve the extraction rate
and yield by increasing solubility and mass
transfer. Among the various solvents tested for
the pressurized liquid extraction of Saccharina
japonica (80-200 °C, 5-100 bar), sodium
hydroxide gave the best yield of crude fucoidan.
Hot water extraction under pressure is a special
case of pressurized liquid extraction when
water is used as the solvent [45]. This
technology offers operational and
environmental advantages due to the use of
water and no chemicals, and offers a
convenient, cost-effective and environmentally
safe alternative compared to other methods.
Extraction is facilitated by reducing extraction
time and solvent requirements [46], it is more
efficient for the extraction and polymerization
of polysaccharides, and the method is carried
out in an oxygen- and light-free environment,
thus preserving the bioactives. Pressurized
liquid extraction significantly improved the
extraction yield of Himanthalia elongata
fucoidans using an accelerated extraction
solvent with water as the solvent by 103 times
[47]. Dobrin’ci’c et al. in 2021 conducted a
study to extract polysaccharides from brown
algae F. virsoides and C. barbata by MAE and
PLE methods. The results of this study showed
that advanced extraction techniques, namely
MAE and PLE, were successfully used and
optimized to extract sulfated polysaccharides
from brown algae F. virsoides and C. barbata.
Although advanced extraction techniques did
not improve the polysaccharide yield
excessively, it was shown that the extraction
time was reduced from 3 h to 30 min (PLE) or
10 min (MAE), which contributed to significant
energy savings. In addition, polysaccharides
obtained by PLE had the highest PDI, fucose,
and sulfate group contents and the lowest
uronic acid content. These findings suggest that
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PLE and MAE can be effectively used as a
potential method for extracting polysaccharides
from brown seaweeds [33]. The pressure-
assisted extraction method had environmentally
friendly extraction systems and solvents, less
extraction  discrimination, and  shorter
extraction times. Emerging studies have
observed that using this method yields much
higher fucoidans and is an environmentally
friendly extraction method, and solvent systems
have less extraction discrimination, and shorter
extraction times, providing a scientific basis for
the industrialization of fucoidan production and
extraction [48].

3.4. Enzyme-assisted extraction (EAE)

The use of enzymatic extraction for seaweed
polysaccharides 1is an attractive option,
attributed to the wunique properties and
advantages of enzymes. Enzymes can catalyze
reactions with high specificity, they operate in
a mild aqueous environment that can preserve
the quality of extracts and fucoidan, EAE has
great potential for industrial applications
because it is easily scalable [10]. A large part of
the polysaccharides of seaweeds are
accumulated in the cell wall, which is
associated  with  proteins and  other
polysaccharides. Enzymes have the ability to
disrupt the cell wall and associated proteins,
which in turn allows easier access to the solvent
and solubilization of compounds from the cell
wall. Various commercial enzymes have been
used to extract polysaccharides from seaweeds
[9]. Despite the great advantages of using
enzymatic extraction, their application 1is
limited by the high cost of enzymes, long
extraction times, and limited opportunities for
enzyme recovery. On the other hand, no
enzyme has been specifically identified for the
hydrolysis and extraction of seaweeds [49].

In 2023, Mapholi et al. investigated the
potential of ultrasound-assisted enzymatic
extraction (UAEE) for the extraction of
fucoidan from Ecklonia maxima. The results of
this study showed that ultrasound-assisted
enzymatic extraction outperformed enzyme-
assisted extraction and ultrasound-assisted

8 -Deep eutectic solvent
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extraction in terms of total carbohydrate yield,
showing a 20% increase after 240 min [50]. In
a study conducted by Shiying Tang et al. in
2022, enzyme-assisted extraction of fucoidan
from Kjellmaniella crassifolia was investigated
based on a kinetic study of enzymatic
hydrolysis of algal cellulose. The results of this
study showed that enzyme-assisted extraction
was superior to hot water extraction in terms of
yield and product purity. Under optimal
conditions, the yield of fucoidan and the total
sugar content and sulfate content reached
74.4% and 99.51%, respectively. In particular,
the extracted fucoidan had a significantly high
level of sulfate, which is associated with certain
biological activities of fucoidan, and the
product showed significant and concentration-
dependent antioxidant activity [51].

3.5. Deep eutectic solvents (DESs)

Deep eutectic  solvents (DESs)® are
compositions made from a eutectic mixture of
Bronsted—Lewis bases and acids, which have
various types of cationic or anionic groups.
DESs are classified as a type of ionic liquid due
to their specific properties. They can be
integrated with one or more complexes in the
form of mixtures to form a eutectic function
with a melting point lower than a specific
compound [52]. DESs are advantageous
because they contain non-toxic quaternary
ammonium salts and are biodegradable and
inexpensive. In addition, they have several
properties such as low volatility, low melting
point and high thermal stability, and also do not
require purification steps, are made from low-
cost compounds, have little or no toxicity, are
biodegradable and can be easily recycled.
Recently, DES have been used in several

applications such as organic synthesis,
catalysis, extraction media, enzymatic
reactions, electron deposition and

chromatography [53]. One of the main features
of DES is their ability to be used as extraction
solvents for a wide range of different chemical
solutes, their application as solvents in
extraction processes depends on their physical
properties such as viscosity, density, miscibility
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and polarity. It is convenient to choose solvents
with low viscosity to facilitate mixing but with
a high density difference from the matrix to
facilitate phase separation [54]. In a study
conducted by Saravana et al. in 2018, deep
eutectic solvent was investigated along with
subcritical water extraction of seaweed
polysaccharides from Saccharina japonica. In
this regard, a deep eutectic solvent was added
with sufficient amount of water and used as the
extraction medium. FTIR, TGA® and DSC'"
measurements confirmed that the extracted
polysaccharides had alginate and fucoidan
characteristics, and the crude polysaccharides
showed moderate antioxidant activity. It was
also shown that the fucoidan monosaccharides
had a rich fucose content. Therefore, this
process was shown to be a clean, rapid and
efficient extraction process that improved the
yield of polysaccharides from seaweed
materials [55]. In a study by Kyle James et al.
in 2024, which aimed to compare the sequential
extraction technology of fucoidan and sodium
alginate from Ascophyllum nodosum using
glycerol and choline chloride solvents, they
found that the fucoidan extracted through this
extraction process with DES solvent in water
contained up to 39% glycerol by weight. If the
residual solvents in crudely extracted alginate
and fucoidan are used as a combined bioactive
component and plasticizer for alginate
polymers, the combined solvent extraction
method can be used as a low-cost food storage

polymer [56].

4- Application of fucoidan in the
food industry

Brown algae have been part of the human diet
for hundreds of years, and in recent years, due
to the increasing demand for a healthy diet and
the search for alternative sources, commercial
and scientific interest in brown algae has
increased [57]. About 85% of the global
production of macroalgae is food products for
human consumption [58]. Only two macroalgal
products have been authorized by the European
Union as novel foods for use in food and food
supplements: fucoidan extracts from F.

9 -Thermal Gravimetry Analysis
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vesiculosus and U. pinnatifida, and
phlorotannins extracted from the brown algae
E. cava. Fucoidans are also found in edible
species such as L. japonica and C. okamuranus
[59]. Fucoidans are very useful in the food
industry due to their advantages such as low
toxicity and high oral bioavailability. The lack
of toxicity combined with bacteriostatic
properties also allows their use in the food
industry, increases the shelf life of the products
and does not destroy the natural human
microflora when ingested [60]. Some
researchers studied the effect of adding algae to
meat products, the results of the studies showed
that the addition of algae improves the
nutritional profile of meat products and
increases the mineral content, dietary fiber and
antioxidant compounds with improving the
nutritional profile of meat products. At the end
of the storage period, the authors reported that
algae protect against oxidation reactions by
reducing aldehydes, hydrocarbons, ketones and
alcohols [61]. Studies have also shown that the
addition of brown algae to bakery products
improves their nutritional properties, texture,
and antioxidant capacity, as they increase the
mineral and dietary fiber content [62]. Pueda-
Castillo et al. (2018) investigated the specific
bioactivity of fucoidan, a compound isolated
from Fucus vesiculosus, as a preservative in a
pasteurized beverage marketed in the
refrigerator. The results showed that fucoidan
acts as a natural antimicrobial against Listeria
monocytogenes and Salmonella typhimurium,
opening new opportunities for the use of this
natural compound as a bioactive ingredient for
food preservation [63]. In general, fucoidan-
based beverages can be used to modulate the
gut microbiota to improve health. It has been
reported that food processing reduces the
concentration of fucoidan in the final product
[64].

Another study also found that bread enriched
with fucoidan had a higher volume, softer
crumb, and biological activity (antioxidant and
anticancer) after baking compared to the control
group. In addition, bread enriched with
fucoidan showed a reduced glycemic index
compared to control bread. Laboratory analysis

10 -Differential Scanning Calorimetry
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showed that the fucoidan in bread is highly
bioavailable (i.e., from 1.77 to 8.79%) in the
gastrointestinal tract [64]. Another application
of fucoidan in the food industry is its use in
emulsions. Emulsions refer to a mixture of
immiscible liquids containing an oil and water
phase that is used to deliver hydrophobic and
hydrophilic bioactive compounds. A typical
emulsion contains oil, water, and a surfactant.
To design fucoidan-based emulsions, fucoidan
acts as a surfactant or emulsifier [65]. Various
studies have proven the emulsifying ability of
fucoidans in emulsions. Fucoidans are used in
oil-in-water, water-in-oil, water-in-oil-water
and oil-in-water-oil emulsions. Fucoidans can
be used to produce various emulsions such as
nanoemulsions, multilayer emulsions, multiple
emulsions and  Pickering  emulsions.
Nanoemulsions are transparent and kinetically
stable systems consisting of oil, water and an
emulsifier [66]. Oliyaei et al. compared
nanoemulsions prepared from different levels
(0.5%, 1% and 2%) of fucoidan, gum arabic and
sodium caseinate as emulsifiers with Tween 80,
their results showed that increasing the
concentration of emulsifiers caused a decrease
in droplet size. Furthermore, the nanoemulsion
containing Tween 80 was stable for 15 days,
and the nanoemulsion of sodium caseinate,
fucoidan, and gum arabic showed high stability
[67]. Seaweed-derived films can be used as
coatings on fruits, vegetables, and other
perishable foods to extend their shelf life,
reduce moisture loss, and prevent microbial
spoilage. These coatings can also be formulated
as active food packaging to deliver bioactive
compounds such as antioxidants or
antimicrobials, enhancing the nutritional value
and safety of the food product [68].

Yusi Lan et al. (2024) prepared fucoidan-based
coatings and evaluated their effects on the shelf
life of nectarine fruit. The results showed that
the use of fucoidan coating as a dense
preservative layer on the surface of fruits can
have positive effects such as significantly
reducing transpiration, respiratory metabolism,
weight loss and spoilage during storage at room
temperature (20°C with 80% humidity), and
also helps to reduce the loss of fruit nutrients,
thereby improving the overall storage quality,
taste and aroma of nectarine fruits [69]. Wang
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et al. (2014) in their study mixed fucoidan with
chitosan and added anthocyanins extracted
from the leaves of Coleus grass (Plectranthus
scutellarioides). The results of this study
showed that the addition of fucoidan in the
chitosan matrix resulted in a decrease in WVP
and OP values, tensile strength and elongation
at break. On the other hand, the extract
combined with fucoidan had high antimicrobial
and antioxidant activity and was able to detect
salmon spoilage during storage [70].
Malekkolaei et al. (2025) conducted a study
aimed at evaluating the effectiveness of
composite edible coatings made of chitosan and
fucoidan in combination with carp (Carassius
carassius) protein hydrolysate (CPH). The
results showed that at higher concentrations,
these compounds significantly improved the
chemical and microbiological properties of the
fillets. As a result, it was found that composite
edible coatings containing chitosan and
fucoidan, together with hydrolyzed
nanoproteins from carp, effectively increased
the shelf life and quality of fish fillets. These
findings emphasize the high potential of these
edible coatings in maintaining the quality and
safety of seafood products [71]. A study by
Bing Xu et al. (2021) aimed at investigating the
effects of fucoidan coatings on the shelf life of
mango fruits was carried out. In this study,
fucoidan coatings with different concentrations
(1, 3, and 5%) were evaluated to increase the
shelf life of mango fruits at room temperature
(20°C, 80% humidity). The results showed that
the coatings containing the highest fucoidan
concentration exhibited the greatest protective
effects. Considering that mango fruits are
aerobically respiring fruits, the results showed
that fucoidan coatings with high doses were
able to delay the respiratory peak by up to three
days, thus effectively extending the shelf life of
mango fruits [72]. In 2018, Luo et al. used
extracted fucoidan as a natural antioxidant in
Chinese-style sausages during storage at 4°C
for 18 days. Compared with the control
samples, fucoidan sausages showed less
changes in pH, brightness, redness, yellowness,
and sensory properties [73]. Ping Luo et al.
(2020) conducted a study titled Effect of
Fucoidan-Based Edible Coating on the Kinetics
of Antioxidant Degradation of Strawberry Fruit
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During Cold Storage. They investigated the
effect of fucoidan from Laminaria japonica
(FL) on post-harvest freshness of strawberries.
The results showed that FL coating effectively
reduced the incidence of decay and the decline
of endogenous antioxidant capacity, and
prolonged the shelf life of strawberries in the
refrigerator at 4 °C. Overall, this study proved
that FL is a natural freshness agent for fruits and
vegetables after harvest [74].

5. Advantages and Limitations of Green
Extraction Methods

In general, all purification and extraction
methods, conventional or green, of fucoidan,
which are fully summarized in (Table 2), have
advantages and disadvantages. The selection of

the extraction process should consider the
recovery rate, cost, time, solvent volume, and
scale-up. Under suitable conditions, water
extraction is the simplest method for extracting
polysaccharides from plants, microbes, and
algae. However, high temperatures and
extended processing times may destroy
polysaccharides and important bioactive
chemicals. In contrast, green extraction
methods can successfully extract
polysaccharides with short treatment times, low
solvent consumption, high extraction yields,
and other rich features [75].

Table 2. Extraction and purification of fucoidans

Species Extraction Extraction conditions Purification Yield (%) References
method
F. evanescens Enzyme- Cellulase and alginate Anion-exchange 18.2 [77]
assisted lyase was added to the | chromatography using
extraction seaweed at 40 °C and DEAE-Macroprep
pH adjusted to 6 for 24 resin material.
h.
A. nodosum Enzyme- Cellulase and B- Ultrafiltration using a 23.41 [78]
assisted glucanase was added to | membrane of 100 kDa.
extraction the seaweed at 50 °C
and pH adjusted to 6
for3h
S. latissimi and Enzyme- cellulase blend Cellic® Not required as 8-12 (S. [79]
Alaria esculenta assisted Ctec2 along with endo- | purified fucoidan was latissimi)
extraction (AMOR-PL7) and exo- obtained and 4-15 (A.
acting (AMOR-PL17) esculenta)
alginate lyases was
added to seaweeds at
different ratios for 24 h
(55 -C)
N. zanardinii Enzyme- Alcalase was added to Dialysis of membrane 4.28-5.58 [80]
assisted the seaweed at 50 °C 8.0 kDa.
extraction and pH adjusted to 8
for 24 h. Viscozyme
was added to the
seaweed at 50 °C and
pH adjusted 4.5 for 24
h
F. virsoides Microwavea | Irradiation of seaweed Ethanol precipitation 13.19 [81]
ssisted in a microwave vessel
extraction at 80 °C for 2 min
A. nodosum Microwavea Irradiation in a Ethanol precipitation 14.02 [19]
ssisted microwave reactor at
extraction 120 psi for 1 min.
S. muticum Ultrasoundas Extraction in an Ethanol precipitation 4.60 [26]
sisted ultrasonic bath at room followed by size
extraction temperature with exclusion
intensity 1.5A, 40Hz chromatography.
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and power 150W for 5—
30mins.
A. nodosum Ultrasoundas | Use of sonicator probe | Dialysis of membrane NR [82]
sisted of power 750W, and size 14 kDa
extraction frequency 20 kHz
Sargassum Ho Ultrasonicated at 350 DEAE cellulose 52 6.25 [83]
henslowianum C. t-water- W at 60 C for 45 min. column (2.6 x 80 cm)
Agardh. assisted The solution was step elution with
ultrasound further extracted in a different
extraction water bath (80 °C) for | concentrations of NaCl
3.5h
C. barbata Pressurized Extraction in accelerated Ethanol precipitation 6.43 [81]
liquid solvent extractor of pressure
. 1500 psi, and a temperature of
extraction 100 <C for Smin.

Microwave-assisted extraction (MAE) is a
short-time extraction method that can be
performed with both organic and aqueous
solvents, making it a suitable method for heat-
sensitive chemicals and more practical than the
traditional Soxhlet process. Only solvents with
high dielectric constants and low dissipation
factors are suitable for this method. The MAE
method has a significant explosion risk.
Microwave-assisted extraction and
supercritical fluid extraction methods, despite
reducing extraction time, require high
investment, while enzyme-assisted extraction
methods also face the challenge of selecting the
right enzyme. In ultrasound-assisted extraction,
the extraction efficiency depends on the
composition of the plant matrix. Preferred
solvents for ultrasound are those with low
surface tension, viscosity, and vapor pressure.
Excessive use of sonication can potentially

compromise the quality of the extracts [84].
Supercritical fluid extraction (SFE) is a form of
green extraction. The extracts obtained by this
method are of high purity and free from any
contaminants. The extracts obtained without the
use of solvents and with minimal extraction
time are an ideal method for the extraction of
heat-sensitive compounds, however, this
method has disadvantages such as expensive
equipment for high pressure applications. The
extraction of polar molecules may have
challenges such as high processing costs and
energy consumption. In general, the green
extraction method is expensive due to high
processing costs and energy consumption.
However, it offers efficient extraction with
good yield and requires less time [85]. The
disadvantages and advantages of fucoidan
extraction methods are listed in Table 3.

Table 3. Advantages and disadvantages of fucoidan extraction methods

Disadvantages benefits Extraction methods
Low yield, extraction of unwanted Simple, safe, no chemicals required hot water
compounds

Structural change, reduction in
biological activities

Increase efficiency

dilute acid

High cost Maintaining the structure of enzymatic
phycocyanin, environmentally
friendly
Need for special equipment Increase efficiency, reduce time ultrasound

High cost, requires additional
purification

Improve purity

organic solvents

Need for precise control of conditions

High speed, increased efficiency

Microwave

6-Conclusions

Large algae contain bioactive compounds with
various applications in the food, cosmetic and
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pharmaceutical industries. They showed
potential for the development of new functional
products that could have a positive impact on
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human health. Alternative modern green
extraction techniques for fucoidan extraction
from brown algae were presented in this review,
methods such as SFE, UAE, SWE and MAE
can be used to isolate specific bioactive
compounds such as fucoidan. Green extraction
methods are mostly used for the extraction of
bioactive compounds, these methods are
environmentally friendly, time-saving and
produce high yields. Seaweeds contain
antioxidants that reduce lipid oxidation, thereby
increasing the shelf life and nutritional value of
food and reduce free radicals and delay
bacterial growth. The main advantage of these
methods is that the extraction of target
compounds and their solubility can be
controlled by the applied process parameters of
each method. Recent advances in seaweed
bioactive compounds have improved food
packaging quality and functional properties,
and have increased innovation and
sustainability in food production. Their natural
origin, biodegradability, and potential for
incorporating functional properties make them
attractive options for the food industry.
Seaweed compounds are a good source of
gelling, thickening, and emulsifying agents in
food products. Seaweed-based films have
shown excellent performance in sustainable
packaging for fresh produce, seafood, bakery,
and confectionery products. Overall results
indicated that seaweed-based food packaging
materials are promising and sustainable
alternatives to traditional plastic packaging.

Funding Statement
This research did not receive any specific grant

from funding agencies in the public,
commercial, or not-for-profit sectors.

Author Contribution

Parisa Lotfi: Validation, Investigation,

Resources, Data Curation, Writing — Review
and Editing.

Sajad Pirsa: Conceptualization, Methodology,
Writing — Review and Editing, Project
Administration.

Ethics Statement
The research was conducted in full accordance
with established ethical principles. All

231

participants were engaged voluntarily after
being thoroughly informed about the study's
objectives and procedures. Informed consent
(written or verbal) was obtained from each
participant, their data were handled with strict
confidentiality, and they retained the right to
withdraw from the study at any point without
consequence.

Conflict of Interest

All authors declare that they have no known
competing financial interests or personal
relationships that could have appeared to
influence the work reported in this paper.

Data Availability

The datasets generated and/or analyzed during
the current study are not publicly available due
to privacy considerations but are available from
the corresponding author upon reasonable
request.

7-References

[1] Sultana, F., Wahab, M. A., Nahiduzzaman, M.,
Mohiuddin, M., Igbal, M. Z., Shakil, A., .. &
Asaduzzaman, M. (2023). Seaweed farming for food
and nutritional security, climate change mitigation and
adaptation, and women empowerment: A
review. Aquaculture and Fisheries, 8(5), 463-480.

[2] Thao My, P. L., Sung, V. V., Dat, T. D., Nam, H. M.,
Phong, M. T., & Hieu, N. H. (2020). Ultrasound-
assisted extraction of fucoidan from Vietnamese
brown seaweed Sargassum mcclurei and testing
bioactivities of the extract. ChemistrySelect, 5(14),
4371-4380.

[3] Lomartire, S., & Gongalves, A. M. (2022). An
overview of potential seaweed-derived bioactive
compounds for pharmaceutical applications. Marine
Drugs, 20(2), 141.

[4] Konstantin, B., Anastasia, P., Nikolay, 1., & Daria, P.
(2023). Seasonal variations in the chemical
composition of Arctic brown macroalgae. Algal
Research, 72, 103112.

[5] Flores-Contreras, E. A., Aratjo, R. G., Rodriguez-
Aguayo, A. A., Guzman-Roman, M., Garcia-Venegas,
J. C., N§jera-Martinez, E. F., ... & Parra-Saldivar, R.
(2023). Polysaccharides from the Sargassum and
brown algae genus: extraction, purification, and their
potential therapeutic applications. Plants, 12(13),
2445,

[6] Liu, J., Wu, S. Y., Chen, L., Li, Q. J., Shen, Y. Z., Jin,
L., ... & Tong, H. B. (2020). Different extraction
methods bring about distinct physicochemical
properties and antioxidant activities of Sargassum
fusiforme  fucoidans. International  journal  of



Parisa Lotfi & Sajad Pirsa

Extraction of fucoidan from ...

biological macromolecules, 155, 1385-1392.

[7] Zhao, D., Xu, J., & Xu, X. (2018). Bioactivity of
fucoidan extracted from Laminaria japonica using a
novel procedure with high yield. Food chemistry, 245,
911-918.

—
[e°]
—_

January, G. G., Naidoo, R. K., Kirby-McCullough, B.,
& Bauer, R. (2019). Assessing methodologies for
fucoidan extraction from South African brown algae.
Algal Res 40, 101517.

—
\O
—

Alboofetileh, M., Rezaei, M., & Tabarsa, M. (2019).
Enzyme-assisted  extraction of Nizamuddinia
zanardinii for the recovery of sulfated polysaccharides
with anticancer and immune-enhancing
activities. Journal of Applied Phycology, 31(2), 1391-
1402.

[10] Bordoloi, A., & Goosen, N. J. (2020). A greener
alternative using subcritical water extraction to
valorize the brown macroalgae Ecklonia maxima for
bioactive compounds. Journal of  Applied
Phycology, 32(4), 2307-2319.

[11] Hans, N., Pattnaik, F., Malik, A., & Naik, S.

(2023). Comparison of different green extraction

techniques and their influence on chemical

characteristics of sulfated polysaccharide (fucoidan)
from Padina tetrastromatica and Turbinaria

conoides. Algal Research, 74, 103199.

[12] Zayed, A., Finkelmeier, D., Hahn, T., Rebers,
L., Shanmugam, A., Burger-Kentischer, A., & Ulber,
R. (2023). Characterization and cytotoxic activity of
microwave-assisted extracted crude fucoidans from
different brown seaweeds. Marine drugs, 21(1), 48.

[13] Mabate, B., Daub, C. D., Pletschke, B. 1., &
Edkins, A. L. (2023). Comparative analyses of
fucoidans from South African brown seaweeds that
inhibit adhesion, migration, and long-term survival of
colorectal cancer cells. Marine Drugs, 21(4), 203.

[14] Saravana, P. S., Cho, Y.J., Park, Y. B., Woo, H.
C., & Chun, B. S. (2016). Structural, antioxidant, and
emulsifying activities of fucoidan from Saccharina
japonica using pressurized liquid
extraction. Carbohydrate Polymers, 153, 518-525.

[15] Lee, S. H., Ko, C. 1., Ahn, G., You, S., Kim, J.

S., Heu, M. S,, ... & Jeon, Y. J. (2012). Molecular

characteristics and anti-inflammatory activity of the

fucoidan extracted from Ecklonia cava. Carbohydrate
polymers, 89(2), 599-606.

[16] Fitton, J. H., Stringer, D. N., & Karpiniec, S. S.

(2015). Therapies from fucoidan: An update. Marine

drugs, 13(9), 5920-5946.

[17] Cikos, A. M., Joki¢, S., Subarié, D., & Jerkovi¢,
I. (2018). Overview on the application of modern
methods for the extraction of bioactive compounds
from marine macroalgae. Marine drugs, 16(10), 348.

[18] Florez-Fernandez, N., Torres, M. D., Gonzalez-
Muiloz, M. J., & Dominguez, H. (2018). Potential of
intensification techniques for the extraction and
depolymerization of fucoidan. Algal research, 30,
128-148.

232

[19] Nguyen, A. N., Van Ngo, Q., Quach, T. T. M.,
Ueda, S., Yuguchi, Y., Matsumoto, Y., ... & Thanh, T.
T. T. (2024). Fucoidan from brown seaweed Tubinaria
decurrens: Structure and structure-anticancer activity
relationship. International Journal of Biological
Macromolecules, 259, 129326.

[20] Lorbeer, A. J., Lahnstein, J., Fincher, G. B., Su,
P., & Zhang, W. (2015). Kinetics of conventional and
microwave-assisted fucoidan extractions from the
brown alga, Ecklonia radiata. Journal of Applied
Phycology, 27(5), 2079-2087.

[21] Zayed, A., & Ulber, R. (2020). Fucoidans:
Downstream processes and recent
applications. Marine drugs, 18(3), 170.

[22] Fauziee, N. A. M., Chang, L. S., Mustapha, W.
A. W., Nor, A. R. M., & Lim, S. J. (2021). Functional
polysaccharides of fucoidan, laminaran and alginate
from Malaysian brown seaweeds (Sargassum
polycystum, Turbinaria ornata and Padina
boryana). International  journal  of  biological
macromolecules, 167, 1135-1145.

[23] Lacliocattleya, R. A., Yunianta, Y., Risjani, Y.,

& Waulan, S. N. (2025). Characterization of ‘novel

fucoidan’extracted from brown seaweed (Sargassum

echinocarpum J. Ag.) using Ultrasound-Assisted

Extraction (UAE) and its potential antioxidant

activity. Natural Product Research,39(7), 1889-

1901.

[24] Wang, S. H., Huang, C. Y., Chen, C. Y., Chang,

C. C., Huang, C. Y., Dong, C. D., & Chang, J. S.

(2021). Isolation and purification of brown algae

fucoidan from Sargassum siliquosum and the analysis

of anti-lipogenesis activity. Biochemical Engineering
Journal, 165, 107798.

[25] Suprunchuk, V. (2021). Ultrasonic-treated

fucoidan as a promising therapeutic agent. Polymers

in Medicine, 51(2), 85-90.

[26] Florez-Fernandez, N., Lopez-Garcia, M.,

Gonzéalez-Muiioz, M. J., Vilarifio, J. M. L, &

Dominguez, H. (2017). Ultrasound-assisted extraction

of fucoidan from Sargassum muticum. Journal of

Applied Phycology, 29(3), 1553-1561.

[27] Chemat, F., Rombaut, N., Sicaire, A. G.,
Meullemiestre, A., Fabiano-Tixier, A. S., & Abert-
Vian, M. (2017). Ultrasound assisted extraction of
food and natural products. Mechanisms, techniques,
combinations, protocols and applications. A
review. Ultrasonics sonochemistry, 34, 540-560

[28] Lavilla, I, & Bendicho, C. (2017).

Fundamentals of ultrasound-assisted extraction.

In Water extraction of bioactive compounds,291-316.

[29] Tecson, M. G., Abad, L. V., Ebajo Jr, V. D., &
Camacho, D. H. (2021). Ultrasound-assisted
depolymerization  of  kappa-carrageenan  and
characterization of degradation product. Ultrasonics

Sonochemistry, 73, 105540.

[30] Ramu, S., Murali, A., Narasimhaiah, G., &
Jayaraman, A. (2020). Toxicological evaluation of



Iranian journal of food science and industry

Number 175, Volume 23, September 2026

Sargassum Wightii greville derived fucoidan in wistar
rats: Haematological, biochemical and
histopathological evidences. Toxicology Reports, 7,
874-882.

[31] Dwijayanto, A., Al-Yousefi, A. M. A. A,
Puspasari, 1., & Markom, M. (2025). Comparative
Study on the Extraction of Crude Fucoidan from
Brown Seaweed using Conventional, Microwave and
Ultrasound-Assisted Methods. AJARCDE  (d4sian
Journal of Applied Research for Community
Development and Empowerment), 9(1), 1-6.

[32] Antonisamy, A. J., & Rajendran, K. (2024).
Comparative study on the extraction methods,
characterization, and bioactivity of crude fucoidan, a
polysaccharide derived from Sargassum
ilicifolium. Biochemical Engineering Journal, 209,
109398.

[33] Dobrincic, A., Pedisic, S., Zoric, Z., Jurin, M.,
Roje, M., Coz-Rakovac, R., & Dragovic-Uzelac, V.
(2021). Microwave assisted extraction and
pressurized  liquid  extraction of  sulfated
polysaccharides from Fucus virsoides and Cystoseira
barbata. Foods, 10, 1481.

[34] Amarante, S. J., Catarino, M. D., Margal, C.,

Silva, A. M., Ferreira, R., & Cardoso, S. M. (2020).

Microwave-assisted extraction of phlorotannins from

Fucus vesiculosus. Marine drugs, 18(11), 559.

[35] Cui, R., & Zhu, F. (2021). Ultrasound modified
polysaccharides: A  review  of  structure,
physicochemical properties, biological activities and
food applications. Trends in Food Science &
Technology, 107, 491-508.

[36] Quitério, E., Grosso, C., Ferraz, R., Delerue-
Matos, C., & Soares, C. (2022). A critical comparison
of the advanced extraction techniques applied to
obtain health-promoting compounds from
seaweeds. Marine drugs, 20(11), 677.

[37] Liu, Y., Liu, X., Cui, Y., & Yuan, W. (2022).
Ultrasound for microalgal cell disruption and product
extraction: A review. Ultrasonics Sonochemistry, 87,
106054.

[38] Sasaki, C., Tamura, S., Suzuki, M., Etomi, K.,
Nii, N., Hayashi, J., & Kanemaru, K. (2024).
Continuous microwave-assisted step-by-step
extraction of bioactive water-soluble materials and
fucoidan from brown seaweed Undaria pinnatifida
waste. Biomass Conversion and Biorefinery, 14(6),
7673-7682.

[39] Franca-Oliveira, G., Fornari, T., & Hernandez-

Ledesma, B. (2021). A review on the extraction and

processing of natural source-derived proteins through

eco-innovative approaches. Processes, 9(9), 1626.

[40] Zayed, A., Finkelmeier, D., Hahn, T., Rebers,
L., Shanmugam, A., Burger-Kentischer, A., & Ulber,
R. (2023). Characterization and cytotoxic activity of
microwave-assisted extracted crude fucoidans from

different brown seaweeds. Marine drugs, 21(1), 48.

[41] Magnusson, M., Glasson, C. R. K., Vucko, M.

233

J., Angell, A., Neoh, T. L., & de Nys, R.
(2019). Enrichment processes for the production of
high-protein feed from the green seaweed Ulva ohnoi.
Algal Res 41, 101555.
[42] Quitain, A. T., Kai, T., Sasaki, M., & Goto, M.
(2013). Microwave—hydrothermal extraction and
degradation of fucoidan from supercritical carbon
dioxide deoiled Undaria pinnatifida. Industrial &
engineering chemistry research, 52(23), 7940-7946.
[43] Wang, S. H., Huang, C. Y., Chen, C. Y., Chang,
C. C., Huang, C. Y., Dong, C. D., & Chang, J. S.
(2021). Isolation and purification of brown algae
fucoidan from Sargassum siliquosum and the analysis
of anti-lipogenesis activity. Biochemical Engineering
Journal, 165, 107798.
[44] Wu, S. C. (2017). Antioxidant activity of
sulfated seaweeds polysaccharides by novel assisted
extraction. Solubility of Polysaccharides; Xu, Z., Ed.;
IntechOpen: London, UK, 89-108.
[45] Balboa, E. M., Moure, A., & Dominguez, H.
(2015). Valorization of Sargassum muticum biomass
according to the biorefinery concept. Marine
Drugs, 13(6), 3745-3760.

[46] Rizkiyah, D. N., Putra, N. R., Idham, Z., Che
Yunus, M. A., Veza, I, Harny, L, ... & Abdul Aziz, A.
H. (2022). Optimization of red pigment anthocyanin
recovery from Hibiscus sabdariffa by subcritical water
extraction. Processes, 10(12), 2635.

[47] Saravana, P. S., Cho, Y. J., Park, Y. B., Woo, H.

C., & Chun, B. S. (2016). Structural, antioxidant, and

emulsifying activities of fucoidan from Saccharina

japonica using pressurized liquid

extraction. Carbohydrate Polymers, 153, 518-525.

[48] Chatzimitakos, T., Athanasiadis, V., Kotsou, K.,
Mantiniotou, M., Kalompatsios, D., Makrygiannis, 1.,
... & Lalas, S. L. (2024). Optimization of pressurized
liquid extraction (PLE) parameters for extraction of
bioactive compounds from Moringa oleifera leaves
and bioactivity assessment. International Journal of
Molecular Sciences, 25(9), 4628.

[49] Fertah, M. (2017). Isolation and

Characterization of Alginate from Seaweed. Seaweed

Polysaccharides, 11-26.

[50] Mapholi, Z., & Goosen, N. J. (2023).
Optimization of fucoidan recovery by ultrasound-
assisted enzymatic extraction from South African
kelp, Ecklonia maxima. Ultrasonics

Sonochemistry, 101, 106710.

[51] Tang, S., Ma, Y., Dong, X., Zhou, H., He, Y.,
Ren, D., .. & Wu, L. (2022). Enzyme-assisted
extraction of fucoidan from Kjellmaniella crassifolia
based on kinetic study of enzymatic hydrolysis of
algal cellulose. Algal Research, 66, 102795.

[52] Zainal-Abidin, M. H., Hayyan, M., Hayyan, A.,

& Jayakumar, N. S. (2017). New horizons in the

extraction of bioactive compounds using deep eutectic

solvents: A review. Analytica chimica acta, 979, 1-23.

[53] Irianto, 1., Naryaningsih, A., Trisnawati, N. W.,



Parisa Lotfi & Sajad Pirsa

Extraction of fucoidan from ...

Astuti, A., Komariyah, K., Qomariyah, L., ... & Putra,
N. R. (2024). From sea to solution: A review of green
extraction approaches for unlocking the potential of
brown algae. South African Journal of Chemical
Engineering, 48(1), 1-21.

[54] Cunha, S. C., & Fernandes, J. O. (2018).
Extraction  techniques with  deep  eutectic
solvents. TrAC Trends in Analytical Chemistry, 105,
225-239.

[55] Saravana, P. S., Cho, Y. N., Woo, H. C., &
Chun, B. S. (2018). Green and efficient extraction of
polysaccharides from brown seaweed by adding deep

eutectic solvent in subcritical water
hydrolysis. Journal of Cleaner Production, 198,
1474-1484.

[56] James, K., Ramirez, J., Barner, L., &

Moghaddam, L. (2024). Technology comparison for
sequential extraction of fucoidan and sodium alginate
from Ascophyllum nodosum using a glycerol and
choline chloride solvent. Cleaner Engineering and
Technology, 18, 100707.

[57] Choi, Y. Y., Lee, S. J, Lee, Y. J., Kim, H. S.,
Eom, J. S., Kim, S. C., ... & Lee, S. S. (2020). New
challenges for efficient usage of Sargassum fusiforme
for ruminant production. Scientific reports, 10(1),
19655.

[58] Lihteenméki-Uutela, A., Rahikainen, M.,
Camarena-Goémez, M. T., Piiparinen, J., Spilling, K.,
& Yang, B. (2021). European Union legislation on
macroalgae products. Aquaculture
International, 29(2), 487-509.

[59] Wells, M. L., Potin, P., Craigie, J. S., Raven, J.
A., Merchant, S. S., Helliwell, K. E., ... & Brawley, S.
H. (2017). Algae as nutritional and functional food
sources: revisiting our understanding. Journal of
applied phycology, 29(2), 949-982.

[60] Potoroko, 1. Y., Uskova, D. G., Pajmulina, A.
V., & Uday, B. (2019). Ultrasound micronization of
fucoidan vegetable ingredient for the use in food
production technology. Bull. South Ural. Univ. Ser.
Food Biotechnol, 7, 58-70.

[61] Gullon, P., Astray, G., Gullon, B., Franco, D.,
Campagnol, P. C. B., & Lorenzo, J. M. (2021).
Inclusion of seaweeds as healthy approach to
formulate new low-salt meat products. Current
Opinion in Food Science, 40, 20-25.

[62] Lamont, T., & McSweeney, M. (2021).
Consumer acceptability and chemical composition of
whole-wheat breads incorporated with brown seaweed
(Ascophyllum nodosum) or red seaweed (Chondrus
crispus). Journal of the Science of Food and
Agriculture, 101(4), 1507-1514.

[63] Poveda-Castillo, G. D. C., Rodrigo, D.,

Martinez, A., & Pina-Pérez, M. C. (2018). Bioactivity

of fucoidan as an antimicrobial agent in a new

functional beverage. Beverages, 4(3), 64.

[64] Koh, H.S. A, Lim, S. E. V., Lu, J., & Zhou, W.

(2020). Bioactivity enhancement of fucoidan through

234

complexing with bread matrix and baking. LWT, 130,
109646.

[65] Simonazzi, A., Cid, A. G., Villegas, M.,
Romero, A. 1., Palma, S. D., & Bermudez, J. M.
(2018). Nanotechnology applications in drug
controlled release. Drug Targeting and Stimuli
Sensitive Drug Delivery Systems, 81-116.

[66] Mwangi, W. W., Lim, H. P., Low, L. E., Tey, B.
T., & Chan, E. S. (2020). Food-grade Pickering
emulsions for encapsulation and delivery of
bioactives. Trends in Food  Science &
Technology, 100, 320-332.

[67] Oliyaei, N., Moosavi-Nasab, M., & Tanideh, N.

(2022). Preparation of Fucoxanthin Nanoemulsion

Stabilized by Natural Emulsifiers: Fucoidan, Sodium

Caseinate, and Gum Arabic. Molecules, 27(19), 6713.

[68] Jayakody, M. M., Kaushani, K. G, &
Vanniarachchy, M. P. G. (2022). Edible Seaweed-
Based Biodegradable Films and Coatings for Food and
Nutraceutical Applications. Algal Functional Foods
and Nutraceuticals: Benefits, Opportunities, and
Challenges, 429-446.

[69] Lan, Y., Liu, Y., Li, X, & Wu, S. (2024).
Fucoidan-based coatings extend the shelf-life of
nectarines. Food Chemistry: X, 22, 101479.

[70] Wang, F., Xie, C., Tang, H., Li, H., Hou, J.,
Zhang, R., ... & Jiang, L. (2023). Intelligent packaging
based on chitosan/fucoidan incorporated with coleus
grass (Plectranthus scutellarioides) leaves
anthocyanins and its application in monitoring the
spoilage of salmon (Salmo salar L.). International
Journal of Biological Macromolecules, 252, 126423.

[71] Malekkolaei, K. J., Jafarian, S., Javadian, S. R.,
Mahdavi, S. K., & Bahram, S. (2025). Edible coatings
of chitosan and fucoidan with crucian carp protein
hydrolysate to extend shelf life of beluga sturgeon
fillets. Heliyon, 11(4), 42296.

[72] Xu, B., & Wu, S. (2021). Preservation of mango

fruit quality using fucoidan coatings. Lwt, 143,

111150.

[73] Luo, A., Feng, J., Hu, B., Lv, J., Liu, Q., Nan,
F., .. & Xie, S. (2018). Arthrospira (Spirulina)
platensis extract improves oxidative stability and
product quality of  Chinese-style pork
sausage. Journal of Applied Phycology, 30(3), 1667-
1677.

[74] Luo, P., Li, F., Liu, H., Yang, X., & Duan, Z.

(2020). Effect of fucoidan-based edible coating on

antioxidant degradation kinetics in strawberry fruit

during cold storage. Journal of Food Processing and

Preservation, 44(4), 14381.

[75] Irianto, I., Naryaningsih, A., Trisnawati, N. W.,
Astuti, A., Komariyah, K., Qomariyah, L., ... & Putra,
N. R. (2024). From sea to solution: A review of green
extraction approaches for unlocking the potential of
brown algae. South African Journal of Chemical
Engineering, 48(1), 1-21.

[76] Mensah, E. O., Kanwugu, O. N., Panda, P. K,



Iranian journal of food science and industry

Number 175, Volume 23, September 2026

& Adadi, P. (2023). Marine fucoidans: Structural,
extraction, biological activities and their applications
in the food industry. Food Hydrocolloids, 142, 1-25.

[77] Nguyen, T. T., Mikkelsen, M. D., Tran, V. H.
N., Trang, V. T. D., Rhein-Knudsen, N., Holck, J., ...
& Meyer, A. S. (2020). Enzyme-assisted fucoidan
extraction from brown macroalgae Fucus distichus
subsp. evanescens and Saccharina latissima. Marine
Drugs, 18(6), 296.

[78] James, K., Long, H., O'Hara, 1., Williams, B., &
Moghaddam, L. (2024). Bio-based film development:
Harnessing alginate and fucoidan extracted from
Ascophyllum nodosum with glycerol and choline
chloride-based solvent. Food Hydrocolloids, 153,
110013.

[79] Rhein-Knudsen, N., Reyes-Weiss, D., & Horn,

S. J. (2023). Extraction of high purity fucoidans from

brown seaweeds using cellulases and alginate

lyases. International ~ Journal — of  Biological

Macromolecules, 229, 199-209.

[80] Alboofetileh, M., Rezaei, M., Tabarsa, M.,
Ritta, M., Donalisio, M., Mariatti, F., ... & Cravotto,
G. (2019). Effect of different non-conventional
extraction methods on the antibacterial and antiviral
activity of fucoidans extracted from Nizamuddinia
zanardinii. International  journal of  biological
macromolecules, 124, 131-137.

[81] Dobrincic, A., Pedisic, S., Zoric, Z., Jurin, M.,
Roje, M., Coz-Rakovac, R., & Dragovic-Uzelac, V.
(2021). Microwave  assisted  extraction  and
pressurized  liquid  extraction of  sulfated
polysaccharides from Fucus virsoides and Cystoseira
barbata. Foods, 10, 1481.

[82] Kadam, S. U., Tiwari, B. K., Smyth, T. J., &
O’Donnell, C. P. (2015). Optimization of ultrasound
assisted extraction of bioactive components from
brown seaweed Ascophyllum nodosum using
response surface methodology. Ultrasonics
Sonochemistry, 23, 308-316.

[83] Lin, P, Chen, S., Liao, M., & Wang, W. (2022).
Physicochemical characterization of fucoidans from
Sargassum henslowianum C. Agardh and their
antithrombotic activity in vitro. Marine Drugs, 20(5),
300.

[84] Lopez-Salazar, H., Camacho-Diaz, B. H.,
Ocampo, M. A., & Jiménez-Aparicio, A. R. (2023).
Microwave-assisted  extraction of  functional
compounds from plants: A
Review. BioResources, 18(3), 6614.

[85] Cannavacciuolo, C., Pagliari, S., Celano, R.,
Campone, L., & Rastrelli, L. (2024). Critical analysis
of green extraction techniques used for botanicals:
Trends, priorities, and optimization strategies-A
review. TrAC Trends in Analytical Chemistry, 173,
117627.

[86] Geow, C. H., Tan, M. C,, Yeap, S. P., & Chin,
N. L. (2021). A review on extraction techniques and
its future applications in industry. European Journal
of Lipid Science and Technology, 123(4), 2000302.

235

[87] Ummat, V., Sivagnanam, S. P., Rai, D. K.,
O’Donnell, C., Conway, G. E., Heffernan, S. M., ... &
Tiwari, B. K. (2024). Conventional extraction of
fucoidan from Irish brown seaweed Fucus vesiculosus
followed by ultrasound-assisted

depolymerization. Scientific Reports, 14(1), 1-13.



\ee0 DA Y oy 95 IVO o leis LQ\J.')'l J\-Lo C‘L“AJ(’}\;‘U‘"‘“

Onl 213 mlio 5 psle alons -,
.“. v 4
www.fsct.modares.ac.ir :dow Colw
@48 mlo 55 015,18 5 (slosgd Sl 51 0145 55 58 7] el
YL"J:‘.. J\qw ‘»:ss\uihj \"'"‘ij'.’.
o sl oS (g5 5LES 0uSils ( le Gt..p 3 psle 655 g miilam)
gl oS (5 5,55LES 0Ll ¢ plde e s f}l.o 03,5 sll =Y
a.L_S.r dlae S|
oS g i 3 S 5l 5B o Sir 3 0o 5L L K, 05 S 58 s gls g

o s pslie ke 5l g sl e L Glesgd olos Sl Jske ol 5o a8 e
ile Jlad G 3 ol ppdior (G115 i3 Tl S5 ol sl ok S5 53 gh
(3 o5 5 Ol s O o o dalS (sl (s Seads (GlaaS)
o 8 e 5 035 b s 4 0T il sl e 0 S iS5 Ol L
3 SNy e e sl )8 gl e S ldl oy Sl i S Olss 4 00
055 aher Sl sodane Jolge 4 OIS 5 (ol s a8 3 s 02 b
Sl b Lo o OI5 58 5 J5S5m 035 45 2)ls (Ko gliand Sy 5 5505
S 3,8 )13 gl Al slaoslid Al s L5 OF s omsl 5 S5 5e
ol 03sl s 4 gl e Jle s gl lagts, S gles xS il
Co gl 55l (SFE) il s G5 sole ol il e 3 55 oo oalind Loty 5Ly
(UAE) &yl 5 oS @ 7 5zl (SCWE) Iy 5 < ] 5zl (PLE) SLud
4yl 4 4 5k (MAE) 5155 S0l S 4 ¢l il 5 (BAE) o 51 a8 4 ¢ s
ls OLES 1) O35S 58 el it 3y a8 Jlo i 3 Sl 51 (ool 3l
53 b s Glaedd ana s 53 e 51l G OIS S 58 oS 5 Sl eslinal 5 2l
GMBLle 5 Koty slge 4 ST 2l o o el glie la iy
(il Al s gl pgu e ST b sl A el e Y e
308 ol glasd i 5 bl Slas a5 (S5 5 olend 5050 el

Aas gp a1 1A o s Ol S b

AR XEVARVAR] :a‘g‘)é é)u
VESO/YIIA 1ig5sls g

VECO/TWINY 5l

1S olds
DS S b

ol

Slosgd Sl 5 S
WJd ey LS 5

i glo

10.48311/£5ct.2026.118663.83019

*

RGOy Prvy

236


http://www.fsct.modares.ac.ir/

