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Abstract: Brown algae possess a diverse array of acidic polysaccharides, including fucoidan. The
present research intends to investigate the extraction and characterization of algal polysaccharides to
explore their antiviral activity. A light brown sulfated polysaccharide was extracted (with a yield of
18% of dry weight) from Sargassum asperifolium algal powder. The results of fractionation of sulfated
polysaccharide revealed the occurrence of two primary fractions: low-sulfated polysaccharides (SPF1)
and high-sulfated polysaccharides (SPF2). The bioassays conducted on SPF2 demonstrated a greater
level of antioxidant activity compared to SPF1, with respective ICsy values of 17 + 1.3 ug/mL and
31 £ 1.1 ug/mL after a duration of 120 min. The cytotoxicity of SPF2 on Vero cells was determined,
and the calculated half-maximal cytotoxic concentration (CCsp) was found to be 178 £ 1.05 ug/mL.
Based on these results, an antiviral activity assay was conducted on SPF2. The results demonstrated
that SPF2 had greater efficacy against Hepatitis A Virus (HAV) compared to Herpes Simplex Virus
Type 1 (HSV-1), with corresponding half-maximal inhibitory concentrations (ICsp) of 48 + 1.8 pg/mL
and 123 4 2.6 pg/mL, respectively. The active SPF2 was characterized by FT-IR, 'H, and 13C NMR
spectroscopy. The extracted fucoidan can be used as a natural therapeutic agent in combating various
viral infections.
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1. Introduction

In recent years, there has been a notable surge in the prevalence of viral diseases,
resulting in significant detrimental effects on human health [1]. Diverse natural products,
primarily derived from marine macroalgae (seaweeds), are regarded as viable alternative
treatments for multiple viral diseases [2—4]. Marine seaweeds consist of a complex of
dynamic cell walls rich in different types of polysaccharides, such as alginate, laminaran
cellulose, and fucoidan [5]. Due to the vast variation in their molecular weight and
structural parameters, seaweed sulfated polysaccharides are already well-known for their
anti-inflammatory, antiproliferative, anticoagulant, and antioxidant properties and inhibit
adipogenesis [6-8]. Algal sulfated polysaccharides gained attention as an antiviral agent
due to their multiple biological activities and safety [9-11].

Sulfated polysaccharides (SP) represent the prevailing anionic polymers among the
macroalgal community. Cellular damage and subsequent cell death are caused by reactive
oxygen species (ROS) and the destruction of cellular macromolecules, including membrane
lipid peroxidation. Therefore, scientists have pursued targeting marine sulfated polysaccha-
rides for natural antioxidants. Reportedly, these sulfated polysaccharides delay or prevent
oxidation by either scavenging ROS or inhibiting the production of ROS [12]. Fucoidan
is a unique sulfated polysaccharide found in the cell wall matrix of brown algae. The
predominant component of fucoidan is fucose, but it also contains other monomers, such as
xylose, galactose, mannose, and glucuronic acid [13]. The antiviral mechanism of sulfated
polysaccharides is specific to their structure and virus type. For instance, coronaviruses
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are enveloped, positive-stranded RNA viruses with cytoplasmic replication [14]. In order
to deliver the nucleocapsid into the host cell, the coronavirus-cell entry procedure entails
the fusion of the envelope with the host cell membrane, which is primarily determined
by viral S proteins [14,15]. Negatively charged sulfated polysaccharides can interact with
the surface of a virus, preventing it from replicating or killing it directly. The antiviral
mechanism of fucoidans may involve preventing the attachment of the herpes simplex
virus (HSV)-2 virion to host cells [16].

Herpes simplex viruses (HSV-1) are a form of linear double-strand DNA virus com-
posed of at least 18 proteins and a complex spherical structure with four layers. It is a
member of the a-herpesvirus subfamily [17]. The rate of adult herpes simplex virus-1
infection ranges from 60% to 95% [18]. It can induce diseases, such as herpes simplex
keratitis, conjunctivitis, and labialis, among others. Recurrent HSV-1-caused eye infections
are one of the leading causes of blindness [19]. In addition, it has been reported that HSV-1
is an Alzheimer’s disease (AD) risk factor [20]. Hepatitis A virus (HAV) is a picornavirus; it
lacks an envelope and comprises a single strand of positive-sense RNA encased in a protein
shell [21].

Our previous studies on sulfated polysaccharides from S. latifolium and Padina pavonia
demonstrated significant antiviral activity against the HSV-1 and HAV viruses [22,23]. Sul-
fated polysaccharides from Sargassum wightii have been shown to be hepatoprotective [24].

Sargassum (family Sargassaceae, of the order Fucales, subclass Cyclosporeae, and
class Pheaophyceae) is a genus of brown algae, commonly known as gulfweed. Sargassum
was discovered by Agardh in 1820 and is reported to contain 537 species distributed world-
wide [25]. Sargassum asperifolium was found to be the predominant species growing along
the Farasan Island shores. The objective of the current study is to assess the antioxidative
and antiviral properties of sulfated polysaccharide derived from Sargassum asperifolium, a
new species from a unique collection site, to assess its potential to be a new candidate for
this purpose.

2. Materials and Methodology
2.1. Algal Material

Sargassum asperifolium (Turner) J. Agardh was selected for this study.

2.2. Collection Site

The brown algal sample was collected from Farasan Island, as depicted in Figure 1,
located approximately 50 km off the coastline of Jazan city in the extreme southwest of Saudji
Arabia. Farasan Island is one of the largest islands in the Red Sea (16°48'0" N, 41°51'0” E).
The collection took place between April and May of 2022. The sample underwent a
thorough cleaning process, where it was washed with seawater to remove rocks and
epiphytes, brushed with flowing tap water, and subsequently air-dried at room temperature.
Following the drying process, the sample was finely ground into powder and then stored
in a dry, cold location until its use.
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Figure 1. (A) The map of the Arabic peninsula shows the location of Jazan city in black box, located
in the southwest region of Saudi Arabia. (B,C) Zoomed-in illustrations of Jazan city and Farasan
Island, where the algae samples have been taken. It can be seen that Farasan Island is close to Jazan
city, approximately 50 km away. Panels (A—C) were obtained from Google Maps [26]. (D) The brown
algae that has been collected for the study.

2.3. Extraction

The total sulfated polysaccharide SP was extracted using the previously reported
method with some modifications [27,28]. A sample of 10 g of algal powder was steeped
overnight at room temperature in 100 mL of a mixture solution of MeOH/CHCl;/H,0O
(4:2:1) to remove lipids, pigments, and other low molecular weight compounds. The
suspension was then filtered, and the residue was rinsed multiple times with the same
mixture until a clear-colored filtrate emerged, suggesting that defatting was complete. The
recovered algal biomass was then desiccated at 50 °C for 24 h before being suspended in
distilled water (1:20) at 80 °C for 6 h in a shaker water bath. After 15 min of centrifugation
at 3000 rpm, the supernatant was removed. The algal residue was extracted three times
with boiling water, and the supernatants were collected and precipitated overnight at 4 °C
using 3 volumes of absolute ethanol. The precipitate was centrifuged at a rate of 10,000 g
for 20 min. The white fibrous desiccated polysaccharide was suspended in water and
dialyzed against distilled water for 48 h, after which it was lyophilized and stored in a cool,
dry area until use.

2.4. Fractionation and Purification of Polysaccharide

We dissolved 180 mg of lyophilized SP extract in distilled water and fractionated it
using a DEAE-Sephadex column (50 cm x 2.5 cm i.d.). Then, it was eluted with a step
gradient from 0 to 1.0 M NaCl at a flow rate of 1 mL/min. Five-milliliter fractions were
collected each time. The carbohydrate-high-sulfated fractions were identified [29]. There
were two regular peaks on the elution profile, which were grouped into two main fractions.
The two fractions were dialyzed against deionized water before being lyophilized. Each
fraction was subjected to purification by gel filtration chromatography using Sephacryl
S-300 (80 cm x 2.5 c¢m, i.d.) column. Each fraction was dissolved in 1 mL of 0.1 M NaCl
and then applied to the column. Elution was carried out by using 0.1 M NaCl at a flow
rate of 0.5 mL/min. The purified fractions were categorized as low-sulfated fraction
(SPF1) and high-sulfated fraction (SPF2), which were then dialyzed and lyophilized for
further experiments.
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2.5. Monosaccharide Analysis

The monosaccharide composition of both SPF1 and SPF2 was analyzed using high-
performance liquid chromatography (HPLC). Both fraction samples (30 mg) were hy-
drolyzed for 5 h at 105 °C using 5 mL of 88% formic acid in a sealed tube [30]. Excess formic
acid was removed using multiple washes with deionized water to ensure the elimination of
any remaining formic acid. Then, the samples were dissolved in absolute ethanol to collect
only monosaccharides. After that, the ethanol was evaporated using SpeedVac. Finally, the
precipitate was dissolved in deionized water before analysis. Using Agilent HPLC model
1100 series (Agilent Technologies, Santa Clara, CA, USA), the monosaccharide concentra-
tion was determined [31]. Following the Official Methods of Analysis (AOAC, 1996), the
uronic acid content of the test sample was determined. The blank in this experiment was
2 mol/L sulfuric acid. As a standard, a 6.25-400 pg/mL solution of D-galacturonic acid
was utilized. Each sample’s uronic acid concentration was expressed as a percentage by
weight (% w/w).

2.6. Determination of Total Sulfate Content

The sulfate content of polysaccharides was determined in both SPF1 and SPF2. Mag-
nesium sulfate was used as a standard [32].

2.7. Determination of Relative Molecular Weight of Both SPF1 and SPF2

HPLC (Hewlett-Packard series 1100 HPLC system, Agilent GPC-Addon, Waldbronn,
Germany) was used to determine the average molecular mass of purified polysaccharides
SPF1 and SPF2. The sample (1.00 g/L) of each was dissolved in 0.5 mol/L NaCl before
being eluted with water. The eluted component was detected using a Refractive Index
detector (HP 1047 A RI Detector, Santa Clara, CA, USA). As molecular markers, Dextran
standards (Fluka) of MW 25, 80, 270, and 670 kDa were utilized to determine the average
molecular weight of the sample [33-35].

2.8. Fourier Transform Infrared (FT-IR) Spectroscopy

The powdered extracts, SPF1 and SPF2, approximately 1 mg of each, were sampled
and mixed well with dry potassium bromide of infrared grade (IR grade). The samples
were pressed into a disc to create a film, and then placed in the holder of the spectroscope
(Shimadzu PC 8201, Kyoto, Japan). The spectra were recorded within 400-4000 cm 1)
wavelength region [34,36].

2.9. 'H and 3C Nuclear Magnetic Resonance ('H and 13C NMR) Spectroscopy

This analysis was conducted on powdered SPF2, polysaccharide. A Varian INOVA
600 MHZ spectrometer was used to record 'H and !3C spectra of the sample in D,O as
solvent (4 mg in 0.55 mL) at 25 °C.

2.10. DPPH Free Radical Scavenging Activity

The free radical scavenging properties of polysaccharides SPF1 and SPF2 were as-
sessed as reported in previous work with some modifications [37]. A fresh solution of
1,1-diphenyl-2-picryl-hydrazyl (DPPH) was prepared in 100 mL of absolute methanol at a
concentration of 0.1 mM, and 1 mL of this solution was added to 1 mL of each polysaccha-
ride sample and ascorbic acid (reference drug) at various concentrations (10-50 pg/mL).
The mixture was vigorously agitated and allowed to rest in the dark for 30, 60, 90, and
120 min before measurement. The absorbance was measured at 517 nm against a blank
using a UV/VIS 2401PC spectrophotometer (Shimadzu, Kyoto, Japan). At a minimum,
measurements were obtained in triplicate. The capacity to scavenge was determined using
the following equation:

DPPH Scavenging ability (%) = (Ac — Ay /Ac) x 100
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where A, is the absorbance of DPPH solution without a sample (control), A¢ is the ab-
sorbance of DPPH solution with the tested polysaccharide sample.

The ECsq value is the effective concentration (ng/mL) of SPF1 and SPF2 at which the
DPPH radicals were scavenged by 50%.

2.11. Antiviral Activity of SPF2
2.11.1. Mammalian Cell Line

The Vero cell lines (derived from the kidney of a normal African green monkey)
were granted by the American Type Culture Collection (ATCC, Manassas, VA, USA).
DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% L-glutamine,
HEPES buffer, and 50 pg/mL gentamycin was used to grow the Vero Cell. All cells were
subcultured twice per week at 37 °C in a humidified atmosphere containing 5% CO, [38].

2.11.2. Virus Propagation

On confluent Vero cells, the cytopathogenic HSV-1 and HAV viruses were propagated
and tested [39]. Using the Spearman—Karr method, viruses were counted to determine
the 50% tissue culture infectious dose (TCIDsp) with eight wells per dilution and 20 uL of
inoculum per well [40].

2.11.3. Cytotoxicity Evaluation Using Viability Assay

In the cytotoxicity assay, the Vero cell line was inoculated in 96-well plates at a con-
centration of 2 x 10° cells/mL in 100 pL of growth medium [41]. After 24 h of inoculation,
fresh medium was added, including different concentrations of the tested sample. Using a
multichannel pipette, 2-fold dilutions of SPF2 polysaccharide (beginning at 2-1000 ug/mL)
were added to confluent cell monolayers dispensed into 96-well, flat-bottomed microtiter
plates (Falcon, Jersey, NJ, USA). The microtiter plates were incubated for 48 h at 37 °Cin a
humidified incubator with 5% CO,. Three wells were utilized for each examined sample
concentration. Control cells were incubated with or without DMSO and a polysaccharide
sample. The minuscule amount of DMSO found in the wells (no more than 0.1%) did not
affect the experiment. At the end of the incubation period, the mitochondrial-dependent
reduction of yellow MTT (3-4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide)
to purple formazan was used to determine cell viability [42,43]. The media was removed
from the wells and replaced with 100 pL of fresh culture medium, followed by the addition
of 10 uL of the yellow MTT [12 mM MTT stock solution (5 mg/mL PBS)] to each well,
including the untreated controls. The 96-well plates were then incubated for 4 h at 37 °C
and 5% CO,. An Aliquot of the media (85 pL) was removed from the wells, and 50 pL
of DMSO was added to each well. The plate was correctly shaken for 5 min to mix the
formazan produced by viable cells with the solvent and then incubated at 37 °C for 10 min.
Using the microplate reader (SunRise, TECAN, Inc., Morrisville, NC, USA), each well’s
optical density (OD) was measured at 590 nm and subtracted from the background at
620 nm. Each experiment was conducted in triplicate, and the percentage of relative cellular
viability was calculated relative to untreated control cells.

% Cell viability = [(OD;/OD)] x 100

where OD; and OD,, correspond to the average optical density of wells treated with the test
sample and the average optical density of untreated cells, respectively. The relationship
between surviving cells and the evaluated polysaccharide SPF2 concentration is graphed to
obtain the Vero cell line survival curve following treatment. The cytotoxicity concentration
(CCsp) is the polysaccharide concentration that exerts half of the maximum inhibitory
effect and inhibits 50% of cell growth. Using GraphPad Prism software (San Diego, CA,
USA), the CCs was estimated from graphic depictions of the dose-response curve for each
concentration. The maximal nontoxic concentration (MNTC) of SPF2 was determined and
used in subsequent antiviral studies. Regarding the cytotoxicity assay and data analysis,
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all experiments and data analysis were conducted at the Regional Center for Mycology and
Biotechnology (Al-Azhar University, Cairo, Egypt).

2.11.4. Antiviral Assay

The screening antiviral assay system was established at the Regional Center for My-
cology and Biotechnology (RCMB) at Al-Azhar University, Egypt, using a cytopathic effect
inhibition assay. The assay was chosen to demonstrate specific inhibition of a biological
function, namely cytopathic effect (CPE), in sensitive mammalian cells as measured by
the MTT technique [44,45]. Monolayers of Vero cells (2 x 10° cells/mL) adhered to the
bottom of the wells in a 96-well microtiter plate and were incubated for 24 h at 37 °Cin a
humidified incubator containing 5% CO,. The cultures were subjected to a simultaneous
treatment involving two-fold serial dilutions of SPF2 in a newly prepared maintenance
medium. Following this, the cultures were incubated at a temperature of 37 °C for 48 h.
Prior to the incubation, the plates were rinsed with fresh DMEM and subsequently exposed
to 10* doses of HSV-1 and HAV viruses. In order to investigate the impact of SPF2 (specific
factor) on infection control, two experimental groups were established: one group with-
out SPF2 (referred to as the absence of the SPF2 group) and another group without any
infection controls or treatment of Vero cells (referred to as the untreated Vero cell control
group). A total of six wells were employed to measure the concentration of SPF2 in the
experiment. The assessment of the antiviral activity involved the comparison of cytopathic
effect inhibition with a control group, specifically examining the protective effects of SPF2
on the cells. Three separate experiments were evaluated. The cyclovir drug served as the
positive control in this assay. Following the incubation period, cell viability was determined
using the MTT assay, as described previously in the cytotoxicity section.

The viral inhibition rate was calculated as follows: [(A — B)/(C — B)] x 100%

The variables A, B, and C represent the absorbance values of the tested compound
(SPF2) in the presence of virus-infected cells, the absorbance of the viral control, and the
absorbance of the cell control, respectively.

Based on the graphical plots, the ICsg (50% inhibition dose) of the viral infection has
been determined using the available data in relation to the virus control. The ICsy values
were directly calculated by graphing the inhibition of viral yield against the concentration
of the samples. The selectivity index (SI) was calculated by comparing the CCs; to ICs
ratios [46]. This calculation aimed to evaluate if the SPF2 polysaccharide possessed an-
tiviral properties that were superior to its level of toxicity. It was reported before that any
compound with a structural integrity (SI) value equal to or greater than 2 was deemed to
possess activity [38].

2.12. Statistical Analysis

Statistical analysis of antioxidants is carried out using two-way ANOVA coupled with
a CO-state computer program. Data on cytotoxicity and antiviral activity were analyzed
by one-way analysis of variance (ANOVA) using the Statistical Package for the Social
Sciences (SPSS) program, version 14 (IBM Software, Armonk, NY, USA). The difference
was considered significant at p < 0.05.

3. Results and Discussion
3.1. Extraction and Purification of the Sulfated Polysaccharide via Chromatography

On a dry weight basis, the extraction yield of crude sulfated polysaccharide from the
desiccated algal sample S. asperifolium was approximately 18%. A schematic illustration of
the purification procedure is depicted in Figure 2A. The crude extract was fractionated on a
DEAE Sephadex column using a step gradient from 0 to 1.0 M NaCl. Two main fractions,
designated SPF1 and SPF2 (Figure 2B), were obtained. The ability of SPF2 to bind to DEAE-
cellulose and then be eluted with NaCl solution suggests that SPF2 is anionic in nature.
The fraction SPF1, however, did not attach to the anion exchanger and was quickly washed
away with water containing a very low concentration of NaCl. It was a polysaccharide
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with a minor anion charge. According to the results of the sulfate determination test,
both fractions contained sulfate, but SPF2 contained 15.32% and SPF1 contained 9.65%
(Table 1). The average sulfate content of S. asperifolium falls within the 9-40% range reported
for the genus Sargassum [47-50]. Additional esterification of the R-O-503-groups of the
polysaccharide could account for the neutral nature of SPF1 sulfated polysaccharide [51].
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Figure 2. (A) An illustration of the purification processes of sulfated polysaccharides using various
chromatography techniques. Different color dots represent a mixture of different molecules and
the variation in their movement along the column. (B) Ion exchange chromatography of sulfated
polysaccharide on the DEAE Sephdex column. The crude extract was dissolved in distilled water
and applied on column. The column was eluted with 0-1.0 M NaCl. The carbohydrates in each
fraction were determined by phenol-H;SOj. (C,D) Gel filtration chromatography of SPF1 and SPF2
on Sephacryl S-300 column, respectively. The column was eluted with 0.1 M NaCl. Each fraction was
determined by phenol-H;SO;.
Table 1. Chemical composition, sulfate contents, weight-average (Mw), number-average (Mn), and
polydispersity (PI) of the sulfated polysaccharides SPF1 and SPF2.
Molec:ll/ar N{ass]IDV[ ())ments Monosugars Molar Ratio
SpP g/mo? or a Uronic Acid %  Sulfate %
Mw Mn PI1*  Glucuronic Acid Glucose Mannose Fucose
SPF1 549 x 10° 495 x 10° 1.1 1.8 2.8 1.9 1.0 21.08 9.65
SPF2 346 x 10° 197 x 10° 175 1.6 25 1.0 1.8 25.34 15.32

SPF1: low-sulfated polysaccharide fraction mainly eluted with 0.4 M NaCl in anion exchange chromatography.
SPE2: high-sulfated polysaccharide fraction mainly eluted with 0.55 M NaCl in anion exchange chromatography.
* PI: polydispersity = Mw/Mn of the polysaccharide.
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Further purification of SPF1 and SPF2 was performed by gel filtration chromatography
on a Sephacryl 5-300 column using a 0.1 M NaCl solution for elution (Figure 2C,D). It was
discovered that SPF1 and SPF2 each had a single peak. By comparing SPF1 and SPF2 to a
standard dextran molecular marker, the relative molecular weight of both was calculated.
They were two molecule-sized compounds. Table 1 shows that the average Mw of SPF1
and SPF2 was 5.49 x 10° Da and 3.46 x 10° Da, respectively. These values lie within
the ranges previously reported for fucoidan obtained (18-359 kDa) [52]. Other fucoidan
Mw values have been reported for Ascophyllum nodosum, Saccharina longicruris, and Fucus
vesiculosus (417, 454, and 529 kDa, respectively), which are too close to the value found
for S. asperifolium [49]. The variation in fucoidans Mw has been linked to species-specific,
seasonal variations and the processing conditions used to extract the biomolecules [52].

3.2. Monosaccharide Compositions of Purified Polysaccharides SPF1 and SPF2

The polysaccharide composition of the purified polysaccharides is shown in Table 1.
SPF1 was characterized by a higher content of glucose and mannose than SPF2. The fucose
concentration in SPF2 was roughly twice that of SPF1. The monosaccharide composition
indicates that SPF1 is predominantly laminaran due to its high glucose and mannose con-
tent, whereas SPF2 is predominantly fucoidan because of its high fucose content. Previous
studies have demonstrated that brown seaweed fucoidan contains significant amounts of
fucose [13,53,54].

3.3. FT-IR Analysis

The FT-IR spectra of both SPF1 and SPF2 are presented in Figure 3 and Table 2.
The major absorption bands between 3405 and 3445 cm~! and bands between 2924 and
2961 cm ™! are attributed to the O-H stretching of hydroxyls and the CH stretching peak
of CH, groups, respectively. The absorption bands located between 1410 and 1456 cm ™!
are attributed to the symmetric stretch vibration of COO- and the stretch vibration of C-O
within COOH [55]. In addition, the absorption bands between 1229 and 1251 cm ! and 1307
and 1321 cm ! have been identified as S=O stretching vibrations, indicating the presence of
esterified sulfate. The band between 825 and 840 cm ™! is attributed to the bending vibration
of sulfate’s C-O-S. The peaks at 1148.4 and 1032.6 cm ! in the polysaccharide fingerprint
region of 1200-800 cm ! were attributed to vibrations of C-O-C glycosidic bonds [56]. The
B-pyranose peaks at 941.0 and 892.8 cm ! have been identified [57]. The modest absorption
at 820.5 cm~! may be attributable to the presence of mannose, which is consistent with the
compositional results of monosuars [58]. The FTIR results were completely consistent with
previously published results concerning the structural analysis of fucoidan [59].

Table 2. FT-IR spectra of purified sulfated polysaccharide of S. asperifolium in the frequency range
400-4000 cm 1.

Frequency (cm~1) of Spectra

Sample 1229-1252 825-840 3405-3445 2924.08 2121-2143 1410-1456 1035-1070
SPF1 1219.76 819.59 3373.85 2926.45 2113.6 1431.89 1030.77
SPF2 1237.11 820.563 3433.64 2919.7 2116.49 1425.14 1032.69
Functional group 5=0 C-0-5 O-H C-H Fucose CO within COOH  C-O-C glucosides

SPF1: low-sulfated polysaccharide fraction mainly eluted with 0.4 M NaCl in anion exchange chromatography,
SPF2: high-sulfated polysaccharide fraction mainly eluted with 0.55 M NaCl in anion exchange chromatography.
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Figure 3. FT-IR spectrum of the purified polysaccharides, SPF1 (A) and SPF2 (B), extracted from
S. asperifolium. The red arrows represent the fucose peak in both samples.

3.4. 'H and '3C NMR Spectroscopy

The 'H and '3C NMR spectra of polysaccharide (SPF2) are presented in Figure 4A,B.
The presence of polysaccharide was confirmed by the presence of anomeric proton signals
in the downfield region (5 3.0-5.5 ppm) of the 'H NMR spectrum (Figure 4A). The signal at
b 5.15 ppm was identified as the proton anomer in glucose [60]. The integral ratios observed
within the two regions, specifically 4 4.8-5.6 ppm and 6 3.3-4.2 ppm, suggest the presence
of several monosaccharide structures. This finding supports the notion that the substance
under investigation (referred to as SPF2) is a heteropolysaccharide. These results align
with the outcomes obtained from both the monosaccharide analysis and the FT-IR study.
The a-type configuration appears in the 'H NMR spectrum at 4.8-5.6 ppm, and the B-type
configuration appears at 6 4.4-4.8 ppm [61]. Consequently, the signals at 6 4.58, 5 4.66,
and 6 4.68 ppm correspond to 3-glycosidic bonds [62]. Signal at 6 4.81 ppm indicated the
presence of hydrogen-containing sulfate at C4 position. The H2-H6 signatures in SPF2 had
peaks between & 4.07 and & 3.48 ppm. The 3CNMR spectrum of SPF2 (Figure 4B) revealed
an anomeric carbon signal at 6 103.25 ppm. C4 with a sulfate moiety was detected as a peak
at 6 81.25 ppm, while the position of C3 was confirmed by a signal at § 76.57 ppm [63-65].
Peaks at 6 61.53-81.60 ppm, signal of C2-C6 resonance in residual hexose, but 6 103.25 ppm
attributed to C1 of fucose, are consistent with HPLC results. The absence of 5 82-88 ppm
signals in >*CNMR spectra indicated that all residual sugars were in the pyranose form [55].
Fucoidan is a sulfated polysaccharide typically derived from brown algae, and the results
of the FT-IR and NMR analyses of the SPF2 fraction were in perfect agreement with the
reports on fucoidan.
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Figure 4. NMR spectra of the purified polysaccharide SPF2 extracted from S. asperifolium, 'H NMR
spectrum (A) and IBCNMR spectrum (B).
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3.5. Assessment of In Vitro Antioxidant Activity of SPF1 and SPF2 Polysaccharides

The antioxidant activities of algal polysaccharides are closely related to their physic-
ochemical properties, such as sulfate group content, uronic acid content, and molecular
weight [66]. Compounds with the functional groups -OH, -SH, C=0, COOH, -S, and
5-O-S have been shown to be more effective at scavenging free radicals [67]. Figure 5
demonstrates a linear increase in free radical quenching activity for both SPF1 and SPF2
fractions compared with ascorbic as a control, but the scavenging activity of DPPH by SPF2
was greater than that of SPF1. It was also observed that scavenging activity depended
on the period of treatment as well as the concentration of each polysaccharide. SPF2
displayed the greatest inhibition effect with ICsg values of 30 & 2.1, 24 + 0.3, 19 £ 0.82,
and 17 £ 1.3 ug/mL after 30, 60, 90, and 120-min ration, whereas SPF1 displayed ICs
values of 45 £ 1.5, 37 £ 0.81, 33 = 1.2, and 31 £ 1.1 pg/mL after 30, 60, 90, and 120-min
ration. The results also showed a negative correlation between antioxidant activity and
sulfated polysaccharide fractions, SPF1 and SPF2, that may be related to the non-compact
structure of low-MW SPF2 and, consequently, the more potentially available hydroxyl
groups reacting with free radicals [68].
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Figure 5. In vitro antioxidant activity of sulfated polysaccharides SPF1 and SPF2 extracted from
S. aserifolium and ascorbic acid by measuring the DPPH scavenging effect (%) at various concentrations
and different times. SPF1: low-sulfated polysaccharide fraction mainly eluted with 0.4 M NaCl in
anion exchange chromatography. SPF2: high-sulfated polysaccharide fraction mainly eluted with
0.55 M NaCl in anion exchange chromatography.

3.6. In Vitro Cytotoxicity of SPF2 Polysaccharide

Before studying the antiviral effect of sulfated polysaccharide extracted from S. asperi-
folium, SPF2, which was used in this study, it was imperative to determine its maximum
nontoxic level. MTT ((3-4,5-dimethylthiazol-2yl1)-2,5-diphenyl tetrazolium bromide) as-
say was performed to determine the cytotoxic properties of Vero cell lines. As shown in
Figure 6A, the number of viable Vero cells decreases as the concentration of polysaccharides
increases. A concentration of 50 ug/mL kept the viability of Vero cells to approximately
90%, while the concentration that was cytotoxic to 50% of Vero cells (CCs)) was determined
to be 178 + 1.05 pug/mL.
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Figure 6. (A) In vitro cytotoxic effect of the isolated sulfated polysaccharide SPF2 against Vero cells.
(B) Antiviral activity of sulfated polysaccharide fraction SPF2 against both HSV-1 and HAV in Viro
cells. SPF2: high-sulfated polysaccharide fraction mainly eluted with 0.55 M NaCl in anion exchange
chromatography. CCsp: concentration of sulfated polysaccharide is cytotoxic to 50% of Vero cells,
ICs0: concentration of sulfated polysaccharide that inhibits viral infectivity (cytopathic effect) by 50%,
SI: selective index = CCs /1Csp.

3.7. Antiviral Activity of SPF2 Polysaccharide

The antiviral activity of the isolated sulfated polysaccharide SPF2 isolated from S. as-
perifolium, was assayed by using MTT, the assay chosen to demonstrate specific inhibition of
a biological function, cytopathic effect (CPE), in sensitive mammalian cells. Cytopathogenic
HSV-1 and HAV viruses were propagated and tested in confluent Vero cells. MTT is re-
duced in metabolically active cells to yield an insoluble purple formazon product. Our
results demonstrate that SPF2 had a potent inhibitory effect on the HAV virus, with an ICsg
of 48 & 1.8 ug/mL and a selective index (SI) of 3.71, whereas its effect on HSV-1 was less
potent, with an ICsp of 123 £ 2.6 ug/mL and a SI of 1.44. It was mentioned before that the
higher molecular weight of sulfated polysaccharides, with higher fucose content and highly
branched structures, contribute towards their antiviral activity. Fucoidan (3.90-500 pg/mL)
can prevent SARS-CoV-2 entry into the cell via binding to the glycoprotein [69]. According
to the cytopathic effect inhibition assay, the loss of infectivity of HSV-1 and HAV viruses
could be attributed to the effect of the sulfated polysaccharide SPF2 on the viral genome or
the effect on the viral capsid protein. Queiroz et al. have investigated the role of fucoidan’s
sulfate and carboxyl groups in HIV inhibition. Even at modest concentrations, they found
that fucoidan has a significant effect on reverse transcriptase in vitro. [70]. A few species of
Sargassum were tested against HSV-1. Fucoidan was isolated from S. polycystum, and S.
ilicifolium displayed strong activity with ICsg of 31.63 and 17.29 ug/mL, respectively [71].
Water-soluble polysaccharides isolated from Sargassum fluitans also showed activity against
HSV-1 with ECs of 42.8 ug/mL [72]. Fucoidan isolated from Sargassum henslowianum
showed higher activity by using plaque reduction assay against HSV with ICs; of 0.89
and 0.48 pg/mL against HSV-1 and HSV-2, respectively [16]. On the other hand, sulfated
polysaccharide isolated from Sargassum muticum displayed very low activity against HSV.
It was reported that the low antiviral activity in Sargassum muticum may be related to
the lower sulfate groups [73]. In this research, we have proven the antiviral activity of
sulfated polysaccharide from S. asperifolium, as a new species, against HSV-1 and HAYV,
which suggests a potential added-value product for seaweed stranding.

4. Conclusions

In the current study, sulfated polysaccharides (SPF1 and SPF2) were extracted from
brown alga, Sargassum asperifolium harvested for the first time from Farasan Island, Jazan,
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Saudi Arabia. The fucose-rich fraction (SPF2) was fully characterized by using FI-IR,
1H, and 3C NMR analysis. The findings of the in vitro antioxidant as well as antiviral
activity against both HAV and HSV-1 viruses showed the potential broad activities of
SPE2. Its biological activities are possibly attributed to its galactofucan skeleton compared
to other classes of fucoidans. These comparative data suggested that the investigated
polysaccharide (SPF2) could be a new additional candidate, as isolated from new species,
a therapeutic agent against viruses. Focusing on new species in this field from a unique
location, Farasan Island, can make a contribution to the field. These results need further
investigation on the specific mechanism of viral inhibition.
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