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This study highlights the potential of the brown algae Cystoseira myrica,
collected from raw beach seaweed wastes, as a reliable source of bioactive
fucoidan. Fucoidans are natural bioactive sulfated polysaccharides that are
gaining popularity worldwide due to their diverse biochemical composition,
attractive physical properties, and functional pharmacological activities. The
aim of this work is to valorize the beach-Accumulated brown algae C. myrica
by fucoidan extraction and to investigate its anticoagulant and antioxidant
activity. Fucoidan was extracted using several steps of papain digestion
followed by cetyltrimethylammonium bromide (CTAB) precipitation and
calcium chloride treatment to avoid the coextraction of other
polysaccharides. Structural features of the extracted fucoidan were
investigated by Fourier transform infrared spectroscopy (FT-IR), solid-state
nuclear magnetic resonance (NMR) and high-resolution mass spectroscopy.
Agarose gel electrophoresis was used to confirm the purity of the isolated
fucoidan from C. myrica. Anticoagulant properties were studied in vitro by
activated partial thromboplastin time (@aPTT) and prothrombin time (PT)
assays. Furthermore, the antioxidant activity was investigated by 2,2'-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and Fe chelating ability.
Our results indicate that the approach used was effective in extracting
fucoidan with a yield of 3.07%, a high amount of sulfate (27.79%), and
fucose was found to be the major monosaccharide component. The
extracted fucoidan showed an interesting anticoagulant activity. It
prolonged aPTT significantly at a concentration of 10 pg/ml and prolonged
PT at high doses. This demonstrated that fucoidan from C. myrica may affect
intrinsic pathways while having little impact on the extrinsic mechanism of
coagulation. However, the extracted fucoidan significantly exhibited an
interesting antioxidant capacity as shown by the higher ABTS radical
scavenging activity and Ferrous ion-chelating effect. The current findings
suggest that fucoidan isolated from C. myrica has unique structural,
antioxidant and anticoagulant properties and offers innovative
therapeutic possibilities.
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1 Introduction

Marine biomass is a valuable biotechnological resource that
exhibits a wide range of composition and functional capabilities,
owing to the presence of diverse bioactive components such as
polyphenols, peptides, and polysaccharides (Rudovica et al., 2021).
Algae have garnered significant attention in the discipline of
biotechnology due to their economic potential, as they are
abundantly produced in nature and often discarded as waste
material on beaches. The composition of algal biomass makes it a
viable option for a growing array of applications, which continues to
expand in scope (Gonzalez Fernandez et al., 2023). The presence of
algae in coastal environments can be turned from an unpleasant
and potentially hazardous phenomenon into a source of
pharmaceutical candidates. Seaweeds are becoming more
fascinating due to their potential as a renewable reservoir of
bioactive chemicals (Ashour et al., 2022). The expanding range of
uses for seaweeds in the food, feed (Abdelrhman et al., 2022),
cosmetic, and medicine sector highlights the need to investigate
their chemical composition (El-Shenody et al., 2019). A notable
amount of attention is being paid to pharmaceutical candidates
from new natural marine resources that have increased health-
promoting qualities (Shinde et al., 2019; Jin et al,, 2023). Marine
species are rich in sources of beneficial metabolites. Marine
polysaccharides, among the marine-based valued bioactive
substances, are known as unique and attractive resources for the
food and pharmaceutical industries (Mousavian et al., 2022). Great
amounts of polysaccharides with different chemical properties and
several bioactivities are found in seaweeds (Yu et al., 2021). Among
these, fucoidan has shown promise as a therapeutic biomolecule.
Fucoidans are sulfated heteropolysaccharides discovered in 1913,
found in marine invertebrates and brown seaweed (Jin et al., 2013).
They are predominantly made of fucose residues and sulfate groups.
Fucoidan has a complex structure and is commonly composed of (1
— 3)- L-fucopyranose monomers that have a sulfate group at C-4.
However, further C-2 sulfation and 2-O-a-L-fucopyranosyl
branching were reported (Yu et al.,, 2021; Zayed et al., 2023).They
also include minor amounts of protein, galactose, mannose, xylose,
glucose, and uronic acids (Mak et al., 2014). They have wide ranging
biological and therapeutic activities, including anti-inflammatory,
antioxidant, anti-coagulant, anti-viral, anti-tumor, anti-allergic,
anti-hepatopathy and immunomodulatory agents. The Food and
Drug Administration (FDA) has authorized fucoidan for use in the
generally recognized as safe (GRAS) category (Citkowska et al.,
2019). Particularly in the recent years, there has been a significant
increase in the number of published articles about fucoidan and
their therapeutic effects (Wang et al., 2019; Wen et al., 2021). It has
been widely reported that the chemical and pharmacological
properties of fucoidan vary significantly depending on the algal
species, location, harvest season, technique of extraction, and other
factors (Lim and Aida, 2017; Qu et al., 2019). Cardiovascular
diseases are amongst the most prevalent worldwide and their
fatality rate is increasing year after year (Michel et al., 2020).
Cardiovascular diseases are treated with anticoagulants,
antioxidants, and anti-inflammatories (Manggau et al., 2022).
Anticoagulant and antithrombotic compounds work by reducing
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platelet aggregation and thrombus formation, blocking the
coagulation system, and interfering with future plaque extension.
Fucoidans have shown promise as a preventive and alternative
treatment for thrombus-induced cardiac and cerebrovascular
problems. In addition to their potential applications as heparin-
like effect compounds, they have also increasingly been
studied for their biodegradability and non-toxicity. The body’s
production of reactive nitrogen species and reactive oxygen
species (ROS) encourages oxidative stress, which has several
physiological effects, including risk of thrombus formation and
platelet hyperactivity. Previous work has revealed that reactive
oxygen species can influence both thrombus development and
resolution (Gutmann et al., 2020). In addition, it is well
established that platelet activation is reduced in the presence of
antioxidants such as vitamin C and polyphenols (Olas, 2022), as
well as being increased in the presence of ROS donors, showing the
significance of ROS-mediated effects on platelet activation
(Gutmann et al., 2020).

The unique ecosystems and adaptations of the Red Sea in Saudi
Arabia have made it a potentially valuable resource for bioactive
chemicals with remarkable biological activity. Marine macroalgae
are receiving more recognition in the biotechnology sector due to
their economic prospects. This is mostly due to their abundance in
the environment and the fact that they are often thrown as waste
material on beaches. Additionally, they are rich in distinctive
bioactive chemicals. In this study, the brown algae C. myrica, a
beach-cast macroalgae (Figure 1), was evaluated to isolate fucoidan
as an additional, value-added product. To the best of our
knowledge, no prior work has extracted fucoidan from the above-
mentioned algae and studied its bioactivity. As a result, the objective
of this study was to extract fucoidan by combining papain
extraction, CTAB and CaCl, precipitation from the macroalgae
biomass (C. myrica) collected from the coast of Yanbu, Saudi Arabia

FIGURE 1
Beach-Accumulated brown algae C. myrica from the Yanbu coast,
Saudi Arabia.
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in order to avoid the coextraction of other polysaccharides. The
chemical composition and proprieties of fucoidan were assessed by
colorimetric assays, Fourier-transform infrared spectroscopy
(FTIR), NMR and high-resolution mass spectroscopy. Its
antioxidant and anticoagulant capacities were also tested with
several in vitro techniques.

2 Materials and methods

2.1 Fucoidan extraction from the
biomass macroalgae

C. myrica algae were collected from coastlines in Yanbu, Saudi
Arabia (Figure 1). Seaweed was immediately rinsed in seawater
upon collecting and then washed several times with clean water to
remove co-collected impurities. The algae were dried at low
temperatures before being processed to improve the surface-to-
volume ratio. Before fucoidan extraction, algae powder was treated
with ethanol twice to remove low molecular weight components,
pigments and liposoluble compounds and then filtered, dried, and
stored at -80°C. Fucoidan, laminarin and alginate are the three
principal polysaccharides found in brown algae (Li et al., 2021).
Firstly, sulfated polysaccharides were extracted by enzymatic
digestion with papain (100 mg) for 24 hours at 60°C (Dhahri
et al,, 2020). Then, fucoidan was precipitated with 0.4% (w/v)
of the cationic detergent cetyltrimethylammonium bromide
(CTAB) (Dhahri et al., 2020). This step is added to avoid the
coextraction of the Laminarin, a polysaccharide naturally found
in brown algae. Laminarin is a neutral polysaccharide and so will
not react with CTAB and remain water soluble (Dobrincic et al.,
2020). Then, to eliminate alginate, polysaccharide solution was
precipitated by CaCl, 2%, and the solution was kept at 4°C
overnight to precipitate alginate. The supernatant was recuperated
after centrifugation at 14000 rpm for 10 min. Fucoidan was
precipitated by ethanol and the precipitate was recuperated by
centrifugation at 10000 rpm for 20 min. To eliminate protein,
fucoidan was treated by the Sevag method (Li et al.,, 2019). The
extracted fucoidan was dialyzed with a cut-off value of 3500 Da and
finally lyophilized to obtain the crude fucoidan Fc,.

2.2 Physicochemical characterization

2.2.1 Chemical composition analysis

The Dische method (Dische and Shettles, 1948) and Carbazole
(Cesaretti et al., 2003) method were used to determine the amount
of fucose and uronic acid. Fucose and uronic acid content were
estimated by using the slopes of standards. The amount of sulfate
was determined by sulfate assay kit (MAK132) from sigma Aldrich.
The results are represented as weight % of the dry sample.
Elemental analysis was used as described by Dhahri et al. to
estimate the molar ratio of carbon (C), hydrogen (H), sulfur (S),
and nitrogen (N) (Dhahri et al., 2020).
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2.2.2 Polysaccharide hydrolysis, derivatization,
and high-resolution mass spectroscopy

According to Dhabhri et al, Fc,,, was hydrolyzed with TFA (4 M)
and then derivatized using 1-phenyl-3-methyl-5-pyrazolone (PMP)
as well as standards (Dhahri et al., 2023). We used an Orbitrap IDX
spectrometer which is characterized by a dependable mass accuracy
(5 ppm mass error) and high resolution (> 120,000) to evaluate the
m/z of the extracted polysaccharides. Samples were analyzed in
positive mode electrospray ionization. The derivatized samples were
chromatographed using an Acquity UPLC HSS C18 column
(2.1x100mm, 1.8y). For separation, the mobile phase A was water
+ 0.1% formic acid + 25 mM ammonium formate. The mobile
phase B was acetonitrile + 0.1% formic acid. Monosaccharide
standards (fucose, galactose, glucose, xylose, arabinose mannose
and rhamnose) were used for the detection and quantitation of
monosaccharides in extracted fucoidan, Fcp,.

2.2.3 Spectroscopic analysis

The structural properties of F,,, were studied by FT-IR analysis
and solid-state’>’C NMR and compared to fucoidan standard
purchased from Molekula. Briefly, samples including F¢,, and
standard fucoidan were mixed with KBr, pressed, and examined
using an FT-IR spectrometer (Nicolet FTIR iS10, Thermo Scientific,
USA) with a scanning range of 400 to 4000 cm™". The solid-state >C
NMR spectrum was analyzed using the WB Bruker 400 AVANCE
III spectrometer (Bruker BioSpin, Rheinstetten, Germany) (Alkordi
et al., 2015; Chisca et al., 2015; Dhabhri et al., 2020).

2.2.4 Agarose gel electrophoresis

The purity of the extracted fucoidan was studied by agarose gel
electrophoresis, performed as described by Stelling et al. (Stelling
et al., 2019). Agarose gel (0.5%, w/v) in 0.05 M 1,3 diamino
propane/acetate buffer (pH 9.0) was used to separate 10 pg of
Fcm and fucoidan standard. The separated samples were fixed with
0.1% CTAB before staining with 0.1% toluidine blue in acetic acid:
ethanol:water (0.1:5:5, v/v). Finally, acetic acid:ethanol (0.1:1,v/v)
was used for destaining.

2.3 Anticoagulant activity

The anticoagulant activity of extracted fucoidan was evaluated
by using human plasma (P9523) from sigma. Before testing, the
plasma was prepared as described by Escobedo et al. (Escobedo
etal., 2006). Briefly, after warming at room temperature, the plasma
was reconstituted by adding the appropriate amount of deionized
water and the liquid was gently swirled until a suspension is
formed. Plasma was used in the following assays to study the
anticoagulant activity. Fc,, solution at various concentrations
was prepared in HEPES buffer (20 mM HEPES, 150 mM NaCl,
0.1% polyethylene glycol Mr 8000, pH 7.4) (Pratt and Monroe,
1992). The clotting agents were injected into the tested samples
using a multichannel pipette. The anticoagulant assays
were performed on a Synergy 2 Multi-Mode Microplate reader
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in kinetic mode and coagulation time was calculated from
the absorbance measured at 405 nm (Pratt and Monroe, 1992;
Indumathi and Mehta, 2016).

2.3.1 Activated partial thromboplastin time assay

aPTT assays were performed as described by Pratt et al.
(Pratt and Monroe, 1992). Briefly, 30 pl of plasma was incubated
with 30 pl of various concentrations of Fc,, solution and 30 pl
of aPTT reagent in microplate wells. Heparin was used as a
reference. The plate was incubated for 5 min at 25°C and the
absorbance was recorded at 405 nm for 1200 s. Assays were
performed in triplicate.

2.3.2 Prothrombin time assay

PT assay was performed by mixing 30 pl of plasma with 30 pl of
Fcm solution at various concentrations. After 2 min of incubation,
clotting was initiated by adding 30 ul of 5% thromboplastin in 25
mM in 25 mM CaCl2. The absorbance at 405 nm was recorded for
1200 s. The rate of change of absorbance was proportional to
clot formation.

2.3.3 Fluorometric assay

Factor thrombin and Xa screening kits were used according to
the manufacturer’s instructions to detect the direct inhibition of
Fem on thrombin and factor Xa. The factor Xa inhibitor screening
kit (MAK239) and thrombin Inhibitor Screening Kit (MAK243)
from sigma use the capability of Factor Xa and thrombin,
respectively, to cleave a synthetic substrate, thereby releasing a
fluorophore, AMC, which can be measured by a fluorescence
reader. In the presence of a Factor Xa inhibitor or thrombin
specific inhibitors, the amount of the cleavage reaction is
decreased or fully stopped. The loss in the fluorescence intensity
can be correlated to the amount of inhibitor present in the
assay solution.

2.4 Antioxidant activities

2.4.1 ABTS radical scavenging assay

ABTS radical cation (ABTS™*) was produced by reacting the
ABTS solution (7 mM) with potassium persulfate (2.45 mM). After
incubation at room temperature in the dark for 12 to 16 hours, the
ABTS"" solution was diluted with PBS to get an absorbance at 734
nm of 0.7. Then, 10 pl of F¢,, or fucoidan standard purchased from
Molekula was mixed with 190 ul ABTS reagent in 96 well plate
(Acharya, 2017). After shaking the plate and incubating for 5
minutes in the dark, the absorbance was determined at 734 nm.
The following equation was used to calculate the degree of
scavenging:

Abs0 — Absl

ABTS i t (%)=————x100
scavenging effect (%) b0~

Where: Abs0 is the absorbance of the control (water instead of
the sample) and Absl is the absorbance of the sample.
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2.4.2 Metal chelating assay
Ferrous ion chelating activity was investigated according to the
method described by Zhang et al. (Zhang et al., 2019) and compared
to fucoidan standard purchased from Molekula. In 96-well
microplate, the reaction mixture including 50 pL of samples at
various concentrations, 160uL of deionized water and 20uL of
FeSO4 solution (0.30 mmol/L) was incubated for 5 min at room
temperature. 30uL of ferrozine solution (0.80 mmol/L) was then
added to each well. The absorbance was measured at 562 nm, after
15 min of incubation and the capacity of samples to chelate ferrous
ion was calculated using the following equation:
Abs0O — Absl

) T Cor) -
Chelating ability (%) — a0 < 100

AbsO is the absorbance of the control (water instead of the
sample) and Absl is the absorbance of the sample.

2.5 Statistical analysis

Analysis was carried out in triplicate and results are presented
as mean standard deviation (SD). ANOVA was used to evaluate the
data, and differences are considered statistically significant if the
value of p< 0.05.

3 Results and discussion
3.1 Extraction

Sulfated polysaccharides isolated from brown algae are
recognized as fucoidans (Usov et al, 2022). The process of
commercial manufacture of fucoidans from brown algal biomass
was first proposed in 1952 by Black et al. (Black et al., 1952) and has
been adjusted recently, aiming to enhance yields and purity
(Jayawardena et al., 2022). Fucus vesiculosus and Ascophyllum
nodosum are the two popular sources of commercial fucoidans,
which have similar chemical and biological characteristics (Usov
et al,, 2022). Numerous studies are currently being conducted to
isolate fucoidans with interesting therapeutic effects using various
extraction techniques. In this study, fucoidan was extracted from
Cystoseira myrica by combining papain extraction, CTAB and
CaCl, precipitation. Fucoidan was obtained with a ratio of 3.07%
and contains 3.25% of uronic acid and 35.12% of fucose (Table 1).
This fucoidan yield was higher than that extracted from brown
seaweed (Lakshmanasenthil et al., 2014; Fauziee et al., 2021; Tsou
et al., 2022). For instance, fucoidan was extracted from brown
seaweed T. ornata with a yield of 1.8% (Lakshmanasenthil et al.,
2014). Fucoidan obtained by isolation with water and ethanol
gradient precipitation from the brown seaweed Sargassum
pallidum had a ratio of isolated concentrations ranging between
0.31% to 0.96% and had low amounts of sulfate (3.84-6.85%) (Xin
etal., 2016). In addition, fucoidan was extracted from S. polycystum
with a ratio of 4.51 + 0.24% and contained 38.76 + 0.26%, 22.35 +
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0.23%, 3.9 £ 1.8%, and 4.7 £ 0.43% of carbohydrate, sulphate,
uronic acid and protein, respectively (Palanisamy et al., 2017).
Extraction method, seaweed harvesting season, location, and level
of maturation may all influence fucoidan yield and chemical
composition (Rani et al., 2017; Baba et al., 2018). Recently, Tsou
et al, has extracted fucoidan samples at two temperatures (65 and
80°C) from Sargassum ilicifolium collected from five different
locations in southern Taiwan and confirmed that location and
temperature of extraction can significantly influence the yield
(1.47%-2,73%) and the chemical composition of fucoidan (Tsou
et al,, 2022). The amount of sulfate and the position of sulfation
have been reported to influence the bioactivity of fucoidan as well as
the amount of fucose (Jayawardena et al., 2022). The amount of
sulfate in the extracted fucoidan Fc,, is comparable to fucoidan
obtained from S. polycystum (Palanisamy et al., 2017) and higher
when compared to the brown seaweed S. pallidum (Xin et al., 2016).
A sulfated polysaccharide extracted from C. myrica collected from
the Jazan coasts, Saudi Arabia, with an antiviral effect present with
an amount of sulfate of 22.3% (Mohamed et al., 2015). As shown in
Table 2, the carbon (C%), hydrogen (H%) and sulfur content (S%)
were comparable to commercial fucoidan. In contrast, the isolated
fucoidan had low nitrogen content (N%), differing from
commercial fucoidan that lacks nitrogen, indicative of the
presence of some amino-containing compounds (amino sugars or
protein) (Saravana et al., 2016). Additionally, the monosaccharide
composition of fucoidan isolated from C. myrica was determined by
high-resolution mass spectrometry (HR-MS) and summarized in
Table 1. Fg,, contains fucose as the major sugar component
with a ratio of 86.48%. In addition, galactose (0.42%), glucose
(1.26%), xylose (0.42%), and arabinose (0.42%) were also
detected. The result is comparable to the monosaccharide
composition of fucoidan from F. vesiculosus that shows a high
content of fucose of 84.0%, in addition to the presence of galactose
(7.3%), xylose (6.0%) and mannose (2.0%) (Lahrsen et al., 2018).
Hence, the algal species and extraction method have a strong
influence on the chemical composition of fucoidan. For instance,
fucoidan isolated from U. pinnatifida contains four major
monosaccharides including fucose, galactose, xylose, and glucose,
which were also found in different proportions in the fucoidan
standard from the brown seaweed species U. pinnatifida (Koh et al.,
2019). C. myrica could be an interesting source of “good quality
fucoidan” given that Fc,, presents a high level of fucose and sulfate
(January et al., 2019).

3.2 Spectroscopic analysis

FTIR and NMR analysis are efficient techniques to elucidate
structural properties and have been widely used by researchers to

TABLE 1 Chemical composition of fucoidan isolated from C. Myrica.

Ratio (%) Uronic acid (%) Fucose (%) Sulfate (%)

10.3389/fmars.2023.1327408

characterize extracted fucoidan from natural sources. The FTIR
spectra shown in Figure 2 indicates that the extracted sulfate
polysaccharide from Cystoseira myrica presents similar structural
properties to commercial fucoidan. It is possible to see two distinct
absorbance bands at 3423 cm™ and 2940cm’’, which are the most
prevalent spectral features related to CH and OH stretching of
polysaccharides. The wavelength range between 550-1800 cm™ is
the fingerprint region for fucoidan in the FTIR spectra. The peaks at
2929 cm™ and 1627 cm™ relate to CH stretching vibration and to
the presence of a carbonyl group from uronic acid (Ganapathy et al.,
2019). The bands ranging from 1200 to 970 cm™ suggest the
presence of C-O-C glycosidic linkages as well as C-C and C-O-C
pyranose rings (Daub et al., 2020). The IR band at 1412 cm™ can be
attributed to stretching of the neutral monosaccharide -CH, groups
and the fucosyl residue -CHj; groups (Apostolova et al., 2022). The
0=S=0 stretching vibrations of sulfates, a distinctive characteristic
of sulfated polysaccharides like fucoidans, can be attributed to the
major peak between 1220 and 1270 cm™' and a smaller peak at 583
cm™ (Fernando et al., 2020) (Daub et al., 2020). The peak around
820 cm™ corresponds to the bending vibration of COS (Fernando
et al., 2017).

Solid-state NMR (Figure 3) showed structural similarities
between extracted fucoidan and commercial fucoidan. As
described in the literature, the spectra displayed strong chemical
shift signals at 175.7 for fucoidan and 180.2 for F¢,,, that indicate
the presence of the carbonyl group. In addition, an intense peak at
101.1 for fucoidan and 100.8 related to the anomeric carbon (ClI)
(Lim et al,, 2016; Ganapathy et al., 2019). The difference between the
anomeric carbons (C1) of F¢,, and fucoidan standard could be due
to the position of sulphate groups, which influence the chemical
shift of anomeric carbons, as illustrated by Daniel et al. (Daniel
et al,, 2001; Lim et al.,, 2016). The intense peaks at 17.1 ppm (Fcy,)
and 16.96 ppm (fucoidan standard) were due to methyl groups (C6)
of a-L-fucopyranose units (Synytsya et al,, 2010; Lim et al., 2016). A
comparable chemical shift at 17.92 ppm was obtained with o-fucose
monomer. It is well recognized that location, season, and
environment can affect the chemical properties of fucoidan (Lim
et al., 2016).

3.3 Agarose gel electrophoresis

Agarose gel electrophoresis was used to confirm the purity of
the isolated fucoidan from C. myrica. An agarose gel of Fc,, stained
with toluidine blue showed a clear single spot that migrates as far as
the fucoidan standard (Figure 3D), validating the purity and the
presence of fucoidan in Fcp,,. The results confirmed the effectiveness
of the employed technique by combining enzymatic digestion,
CTAB precipitation and calcium chloride treatment for fucoidan

Monosaccharide composition (%)

Fucose Galactose Glucose Arabinose

Xylose

3.07 3.25 3512 27.79
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TABLE 2 Elemental analysis results of extracted and
commercial fucoidan.

Fem Fucoidan standard
N (%) 1.682 0
C (%) 26.630 28.117
H (%) 4.893 5.254
S (%) 6.216 6.495
DS'! 0.525 0.519

'DS = 2.25 x % S/% C.

extraction. The small difference in the electrophoretic mobilities
was caused by the complex formed between sulfated
polysaccharides and diamine, which resulted in CTAB
precipitation. These changes resulted from the structure of
fucoidan and sulfated patterns (Ganapathy et al., 2019).

3.4 Anticoagulant activities

The anti-coagulant activity of Fc,, was studied in vitro by
aPTT and PT assays that characterized the pathways of the
cascade of coagulation. APTT assay evaluated coagulation
activity via both the intrinsic and common coagulation pathways,
and PT assay mostly evaluated the extrinsic pathway (Yao and Yim,
2021). These pathways converge at the common point where
prothrombin is transformed to thrombin, resulting in the
production of fibrin threads (Dhahri et al., 2020). In the current
study, anticoagulant activity of Fc,, was studied by microplate
reader which is highly reproducible and allows us the analysis of
a large number of samples at the same time (Walkowiak
et al., 1997).

As shown in Figure 4, Fc,, prolonged clotting time in a
concentration dependent manner. Several previous studies have
found that fucoidan prolongs APTT. At a concentration of 10 ug/
ml, Fe,,, prolonged aPTT significantly by 1.5-fold. F¢,, was more
active than fucoidan isolated and purified from Ceratophyllum

10.3389/fmars.2023.1327408

Submersum L. (16.38% of sulfate, 42.11% of fucose) and extended
the clotting time at 500 ug/ml by approximately 2-fold compared
with our fucoidan that doesn’t show any clot formation at the same
concentration (Figure 4). The effect of fucoidan extracted from
brown seaweed F. vesiculosus L. (27.0% of sulfate) of the Barents Sea
was slightly higher than the effect of Fc,, that causes a prolongation
of aPTT by 2.5-fold at 10 ug/ml (Pozharitskaya et al., 2020). Fop,
had a potential anticoagulant activity but lower than that of
heparin (p<0.05). In fact, the same effect of heparin (10pug/ml)
was obtained at 500 pg/ml of Fg,,. The effect of Fc,, on aPTT
was more pronounced than in the PT assay as shown in Figure 5.
The result of the PT assay was expressed as the ratio of the
clotting time in the presence and absence of fucoidan (Figure 5).
Fcm doesn’t show any effect at low concentrations ranging
from 10 to 100 pg/ml. However, Fc,, concentrations above
200 pg/ml resulted in an extension of prothrombin time.
The greatest prolongation of 2.67-fold was obtained with F¢,,
at 500 pg/ml. These findings are comparable to fucoidan
isolated from F. vesiculosus L. and Tasmanian U. pinnatifida,
that had no effect on PT in vitro at low concentrations,
but high concentrations above 80 pg/ml and 125 pg/ml,
respectively, enhanced PT (Irhimeh et al, 2009; Pozharitskaya
et al., 2020). Consequently, fucoidan from C. myrica
demonstrated strong anti-coagulant effects. At high doses, it
prolongs PT and considerably prolongs aPTT in a concentration
dependent manner. This demonstrated that Fc,,, may affect intrinsic
pathways while having little impact on the extrinsic mechanism
of coagulation.

The inhibition of enzymes and cofactors of the common
pathway may also cause an increase of aPTT. The common
pathway begins with the activation of factor X (to factor Xa) via
either the extrinsic or intrinsic pathways. It is the last step in the
coagulation cascade and results in the synthesis of thrombin and
fibrin (Palta et al., 2014). For this reason, fluorometric assays using
thrombin and factor Xa inhibitor screening kits were employed to
check the direct effect of the extracted fucoidan on thrombin or
factor Xa. No inhibition was observed when thrombin or factor Xa
was incubated with Fg,, alone over a range of concentrations
(results not shown). The anticoagulant mechanism of fucoidan
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FIGURE 2

Fourier transform infrared analysis of the extracted fucoidan, Fcp,, from Cystoseira myrica (A) compared to standard fucoidan (B).

Frontiers in Marine Science

06

frontiersin.org


https://doi.org/10.3389/fmars.2023.1327408
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Dhabhri 10.3389/fmars.2023.1327408

NN

200 150 100 50 [ppm] 200 150 100 50 [ppm]

D
Fucoidan
FCm standard
FIGURE 3

Solid state NMR of Fc, (A), fucoidan standard (B) and fucose (C). Agarose gel electrophoresis of F¢, and fucoidan (D).
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Activated partial thromboplastin time in the absence or presence of extracted fucoidan FCm (10 - 500 pg/mL) and standard heparin (10pg/ml). The
red curves correspond to the actual instrument output of the reading on a microplate well, indicating increasing absorbance at 405 nm as a function
of time.

has been previously studied. Fucoidan, like heparin, involves  studied the antithrombotic activities of three fucoidans from brown
antithrombin or heparin cofactor II for thrombin and factor Xa  seaweeds that have different structural properties including sulfate
inhibition (Lapikova et al., 2008). The antithrombotic effect in vivo ~ content, sulfation pattern and monosaccharide composition
has also been confirmed in several studies. Ustyuzhanina et al.  (Ustyuzhanina et al., 2013). Molecular weight, glycoside
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Prothrombin time in the absence or presence of extracted fucoidan Fcp, (10 ~500 pg/mL). Data shown are the mean and standard deviation.

branching, sulfate/total sugar ratio, sulfate content and position
have a significant impact on the anticoagulant activity of fucoidan
(Wang et al., 2019). For instance, Jin et al. compared the
anticoagulant activity of eleven fucoidans by studying the
correlation between structure and anticoagulant activity. They
also showed that the anticoagulant action of fucoidans was
influenced by both the molar ratio of fucose to galactose and the
average molecular weight (Zayed et al., 2023).

3.5 Antioxidant activities

The antioxidant activity of extracted fucoidan was studied by
ABTS assay and Fe chelating test and compared to commercial
fucoidan as shown in Figure 6.

3.5.1 ABTS assay

The ABTS scavenging assay depends on the decolorization of
ABTS™™ when it reacts with a hydrogen-donating antioxidant

—o—FCm

—e— Fucoidan standard

ABTS Scavening Activity (%)
8
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FIGURE 6

(Huang et al., 2018). Fcn, showed ABTS radical scavenging
activity dose-dependently (Figure 6A). It was also found that the
antioxidant activity of F¢,, was 93.6% at concentrations of 5000 pg/
ml and the IC50 was 1148 + 0.02 pg/mL. The ABTS radical
scavenging effect of Fc,, is similar to the antioxidant effect of
fucoidan extracted from Kjellmaniella crassifolia (Tang et al,
2022). In contrast, commercial fucoidan shows a very low
scavenging effect of 598 + 0.6% at 5000 pg/ml concentration,
with a comparable amount of sulfate (Table 1). Barahona et al.
studied the kinetic profiles of the antioxidant capacity of
seaweed polysaccharides with ABTS" radical cations and
confirmed that sulfate content and antioxidant activity were not
correlated, whereas monosulfation position in the monosaccharide
residues and antioxidant capacity were found to be positively
correlated (Barahona et al.,, 2011). In addition, the link
between antioxidant activity and chemical structure was studied
for five fucoidans from different brown seaweeds, showing
that although a sulfate group is necessary for antioxidant
activity, fucoidans with high sulfate group content did not
necessarily exhibit higher antioxidant activity (Ajisaka et al,

—o—FCm

—8— Fucoidan standard

Fe Chelating ability (%)
«
3

0 200 400 600 800 1000 1200
Concentration (pg/ml)

ABTS radical scavenging activity (A) and ferrous ion-chelating effect (B) of extracted fucoidan obtained from C. myrica and standard fucoidan at

different concentrations. Data shown are the mean and standard deviation
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2016). The molecular mass of polysaccharides and their bioactivities
are highly connected, for example Lahrse et al. have proved that
pharmacological activities of depolymerized fractions obtained by
hydrothermal and H,O, treatment of fucoidan from seaweed F.
vesiculosus decreased with decreasing molecular weight (Lahrsen
et al., 2018).

A low scavenging activity of 11% and 4.1% was observed for the
crude fucoidan (1000 pg/ml) obtained from Fucus evanescens by hot
acidic extraction and with aqueous calcium chloride solution,
respectively (Imbs et al., 2015). Moreover, sulphated
polysaccharides extracted from the seaweed F. vesiculosus by two
different techniques (autohydrolysis and microwave-assisted
extraction) showed different ABTS scavenging capacity, with a
maximum of inhibition of 49.1 £ 1.1% at 1000 pg/mL
(Rodriguez-Jasso et al., 2014). Fucoidan has been shown to
have a variety of ABTS radical scavenging effects (Ashayerizadeh
et al, 2020) that can be influenced by extraction techniques,
solvents, seaweed origin, and physicochemical structures. The
difference of the antioxidant activity between commercial
fucoidan and extracted fucoidan could be due to coextracted
secondary metabolites such as terpenoids and polyphenols
(Schneider et al., 2015; Lahrsen et al., 2018), for instance.
Shneider et al. have compared the antioxidant effects of four
different batches of crude commercial fucoidan by DPPH test and
found that they exhibited a significant batch-to-batch DPPH
scavenging effect variance that could correlate with the phenolic
content (Schneider et al., 2015).

3.5.2 Fe chelating ability

Ferrous ions were revealed to stimulate lipid peroxidation and
have been recognized as an effective pro-oxidant in food systems
(Huang et al., 2016). The ferrous ion chelating activity of F¢,, and
commercial fucoidan at different concentrations is shown in
Figure 6B. The extracted fucoidan Fc, exhibited a dose-
dependent ferrous ion-chelating effect. FCm was proved to have a
maximal ferrous ion-chelating activity at 500 ug/ml of 91.23%. The
IC50 of F¢yy, for chelating 50% of ferrous ion was 166.9 + 0.87 pg/ml
revealing a greater metal ion-binding ability. Our results were
higher than that obtained by Tsou et al. from S. ilicifolium
extracted at two temperatures (65 and 80°C) with antioxidant
effects of 93% and 92% at concentrations of 1000 ug/mL (Tsou
et al, 2022). Furthermore, Ashayerizadeh et al. have recovered
fucoidan from Sargassum tenerrimum by two water-extraction
methods and their antioxidant capacity to chelate ferrous ions
were 78.3% for DFM1 and 89.4% for DFM2 at 10 mg/mL
concentration (Ashayerizadeh et al., 2020). The standard
fucoidan (Figure 6B) revealed a weak ferrous ion-chelating effect
of 20.83% at 1000 pg/ml which was comparable to the antioxidant
activity of the crude fucoidan isolated from L. japonica that present
a chelating effect of 24.95% at 1180 pg/ml (Wang et al., 2008).
Recently, Kong et al. have isolated a fucoidan from Saccharina
japonica that has the capacity of reducing cellular ROS and cell
death in Vero cells stimulated by 2,2-azobis(2-amidinopropane)
hydrochloride (AAPH) (Kong et al., 2022). It has previously been
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demonstrated that the sulfate/fucose ratio has an obvious
correlation with the chelating ability (Wang et al., 2008).
Also, it appears that various fucoidan processing methods
and pre-treatments of seaweeds have an impact on their ion-
chelating activity (Ashayerizadeh et al., 2020). According to
recent research, several brown algal polysaccharides found in cell
walls are related in a complicated way with polyphenols (Usov et al.,
2022) that are also related to the antioxidant activity (Tsou et al.,
2022). The demonstrated antioxidant activity of F¢,, boosts their
significance as a potential new source of natural additives (Dore
et al., 2013).

4 Conclusions

This study proposes an effective approach to extract fucoidan,
an active polysaccharide that have therapeutic applications, from
the beach-accumulated brown C. myrica algae. In the current study,
the chemical properties and the purity of the isolated fucoidan were
determined and confirmed using several techniques. Fc,,, has dual
anticoagulant and antioxidant properties, which may be influenced
by the combination of various factors, including monosaccharide
composition, the degree of sulfates, uronic acid content and others.
Results indicate that fucoidan had prominent anticoagulant activity
in vitro that may affect intrinsic pathways while having little impact
on the extrinsic mechanism of coagulation since it significantly
prolongs aPTT in a concentration dependent manner and it
prolongs PT at high doses. However, F¢,, significantly exhibited
an interesting antioxidant capacity as shown by the higher ABTS
radical scavenging activity and Ferrous ion-chelating effect.
According to the findings, C. myrica algae can be used as a
competitive feedstock to make high-value sulfated polysaccharides
like fucoidan that present beneficial effects, suggesting possible
future innovative therapeutic possibilities for numerous diseases.
This study provides a mechanism for scaling up marine macroalgae
biomass conversion into value-added goods and particularly, the
presence of the brown C. myrica algae accumulated in coastal
environment can be turned from an unpleasant phenomenon into
a source of pharmaceutical candidates.
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