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Abstract

Global pandemic diseases are not new to the existing world; however, the modern age is to be ready to defend the
present and future pandemic existence. Bacterial pandemic diseases are the most exacerbating cause of people’s death,
comparatively than viral pandemic diseases up to the 19t century. An intriguing discovery of ‘antibiotics’ in the 20t
century have almost eradicated the bacterial pandemic diseases and which is still under control by finding new age
antibiotics. Henceforth, such an alternative solution for viral pandemic disease is still lacking and as a result, viral
pandemics are invading the modern era. The COVID-19 is also one among the viral pandemic disease caused by SARS-
CoV-2 virus. It is most successful than SARS-CoV, caused SARS outbreak in 2002-2003; due to spike glycoprotein, which
plays a most important role in tropism and transmission of this disease to global pandemic. The mechanism of spike
glycoprotein is similar with that of the class I type of viral fusion protein, necessary for viral-host internalization and
infection. Intriguingly, the sulphated polysaccharides derived from marine macroalgae are the most successful
neutralizing agents of class I type of viral fusion glycoprotein and prevent viral infection. This was proven from several
in vitro and in vivo studies, which are tabulated as a compendium in this study. Therefore, these sulphated
polysaccharides would be an alternative solution for the control of viral pandemic diseases in the modern era, as how
the discovery of antibiotics eradicated bacterial pandemic diseases.

Keywords: Pandemic diseases; COVID-19; SARS-CoV-2; Macroalgae: Sulphated polysaccharides; Natural antiviral
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1. Introduction

1.1. Global pandemic diseases

Pandemic refers to “all people” in Greek, and pandemic disease is an epidemic disease originated from a region and has
the capability to spread, infect and kill larger proportion of people across international borders and continents globally
[1]. In the history, three pandemic diseases notably The Plague (Black Death) in 14t Century, Small Pox Outbreak in
15t Century, and 1918 Influenza (Spanish Flu) in 19t century are the deadliest, causing approximately 306 million
casualties [2,3].

An approximate estimate of 400 million people had lost their lives to global pandemic diseases (64 % by bacteria and
36 % virus) (Table 1) [3]. Until 19th Century, the global pandemic diseases caused in people were shared by both bacteria
and viruses at percentage values of 80 and 20 respectively. However, in the 20t and present century, viral pathogenesis
alone contributes to 100 % of global pandemic diseases (Fig. 1).
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Table 1 Invasion of global pandemic diseases in humans and its casualties in the past and present [2]

Period (years) | Disease Name Causative agent Host Reservoir Intermediate Host | Casualties
165-180 Antonine Plague Smallpox or Measles virus - - 5000000
541-542 Plague of Justinian Yersinia pestis bacteria Rats Fleas 50000000
735-737 Japanese Smallpox Variola major virus - - 1000000
1347-1351 Black death Yersinia pestis bacteria Rats Fleas 200000000
1520 New World Smallpox Outbreak | Variola major virus - - 56000000
1629-1631 Italian Plague Yersinia pestis bacteria Rats Fleas 1000000
1665 Great Plague of London Yersinia pestis bacteria Rats Fleas 100000
1817-1923 Cholera Pandemic 1-6 Vibrio Cholera (bacteria) - - 1000000
1885 Third Plague Yersinia pestis bacteria Rats Fleas 12000000
1800 Yellow Fever Virus Mosquito - 150000
1889-1890 Russian Flu H2N2 Virus Birds - 1000000
1918-1919 Spanish Flu H1N1 Virus Pigs - 50000000
1957-1958 Asian Flu H2N2 Virus Birds - 1100000
1968-1970 Hong Kong Flu H3N2 virus Birds Pigs 1000000
1981- present HIV/AIDS HIV Chimpanzee - 35000000
2009-2010 Swine Flu H1N1 Virus Pigs - 200000
2002-2003 SARS Coronavirus (SARS-CoV) Bats Civets 770
2014-2016 Ebola Ebola Virus Wild Animals / Bats - 11000
2015-present MERS Coronavirus (MERS-CoV) Bats Camels 850
2019-present COVID-19 Coronavirus (SARS-CoV-2) Unknown Unknown 585727
Total casualties 414773620
By Bacteria 264100000
By Virus 150673620

Note: HIN1 - Hemagglutinin Type 1 and Neuraminidase Type 1 (same abbreviation for all the influenza virus but types hemagglutinin and neuraminidase vary); AIDS - Acquired Immunodeficiency
Syndrome; HIV - Human Immunodeficiency Virus; SARS - Severe Acute Respiratory Syndrome; MERS - Middle East Respiratory Syndrome; CoV - Coronavirus; COVID-19 - Coronavirus disease 2019.
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Intriguingly, the discovery of antibiotics in 20t century has almost eradicated bacterial origin pandemic diseases. Hence,
in the latest centuries (20t and 21st), the rate of casualties has been elevated to 16 % by virus pathogenesis when
compared with the past centuries. Now we are facing a deadly pandemic disease COVID-19 caused by SARS-CoV-2 virus
and it almost deteriorated the global economy.

upto 19th century
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Figure 1 Percentage of casualties caused by the bacteria and viral pandemic diseases on human [2]

2. Coronavirus

Coronaviruses are enveloped viruses, under the order Nidovirales, and are classified into four different genera namely
a, B, v, and §, consists of positive-sense RNA as its genome. Including COVID-19, three S-coronaviruses had infected
human population with deadly pneumonia in the first two decades of 215t century. Severe Acute Respiratory Syndrome
(SARS) caused by SARS-CoV, originated from Guangdong Province, China in 2002 with a fatality rate of 10 % by the year
2003, MERS caused by MERS-CoV originated from Arabian Peninsula in the year 2012 with high fatality rate of 35 %.
Now, we are facing the global pandemic disease COVID-19 originated from Wuhan Province, China from December 2019
caused by SARS-CoV-2 with case fatality rate of 2.09 % as on 34 May, 2021 [4].

All the three global pandemic §-coronaviruses, namely SARS-CoV, MERS-CoV, and SARS-CoV-2 are zoonotic viruses. Bats
are the host reservoir for these pandemic disease-causing viruses with intermediate hosts include Palm civets,
dromedary camels, and Pangolins respectively [5,6,7,8]. Other zoonotic originated endemic coronaviruses are HCoV-
NL63 and HCoV-229E (a-coronaviruses) and HCoV-0C43 and HCoV-HKU1 (B-coronaviruses), which cause about 30 %
of mild respiratory tract infections; hence, it is severe in elderly people, immunosuppressed individuals, and young
children [9,10]. Presently, there are no specific antiviral treatments or vaccines available to combat any human
coronavirus [11].

3. Structure and function

The name coronavirus is based on the projected surface spike glycoproteins on the surface of the enveloped virus gives
crown-like structure to the viruses. The genome of the virus is a single-stranded, positive sense, and non-segmented
RNA [12]. All the three pandemic B-coronaviruses constitutes of genome size 29.751 kbp, 30.119 kbp and 29.903 kbp
respectively for SARS-CoV (NCBI Accession number: NC_004718.3), MERS-CoV (NCBI Accession number:
NC_019843.3), and SARS-CoV-2 (NCBI Accession number: MN908947.3) (Fig. 2) similar to that of other coronaviruses
[13,14,15,16]. All the three genome constitutes of common ORFlab (nonstructural replicase complex) that are
processed into 15 or 16 non-structural proteins (nsp) via proteolytic cleavage [17]. Structural proteins include S -
Surface spike glycoprotein, E - Envelope protein, M - Membrane protein, and N - Nucleocapsid protein followed by
other accessory proteins (Fig. 3). The accessory proteins have no significant homology to the accessory proteins of other
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coronaviruses. However, SARS-CoV has homology with SARS like coronavirus strain SL-CoV-W1V1 of bat coronavirus
[18].

a) SARS-CoV (Genome size: 29.751 kbp)
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Figure 2 Schematic representation of three pandemic disease-causing B-coronavirus genomes; where, ORF: Open
Reading Frame, S: Surface spike glycoprotein, E: Envelope protein, M: Membrane protein, and N: Nucleocapsid
protein. In which, ORF1ab refers to nonstructural replicase complex, S, E, M, and N are structural proteins, and other
proteins (ORFs 3 to 10) are accessory proteins [13,15,16]
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Figure 3 A) Structure of an Enveloped SARS-CoV-2 virus; B) Three dimensional structure of Surface
glycoprotein (homotrimer: red, blue & green) depicting S1 and S2 subunits; C) A single monomer of Surface
glycoprotein depicts Receptor Binding Domain (RBD), N-terminal Domain (NTD) and S2 subunit
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Sequence identity percentage was retrieved for the structural proteins of the three coronaviruses based on pairwise
and multiple sequence alignment. As a result, comparatively, SARS-CoV-2 was found closely related to SARS-CoV than
MERS-CoV (Table 2). However, the surface spike glycoprotein has sequence identity percentage of only 76.2 between
SARS-CoV and SARS-CoV-2. The surface spike glycoprotein consists of about 1255 amino acid residues in SARS-CoV,
whereas it is 1273 in SARs-CoV-2 and 1353 in MERS-CoV. This glycoprotein is the most important than any other
protein; hence it mediates viral-host entry. The S-protein is a class [ viral fusion protein [18,19]. It constitutes of S1 and
S2, two different subunits, which functions in binding to the host receptor and mediates viral-host membrane fusion
respectively [20]. The functional host receptor is identified as hACE2 for SARS-CoV [21] and SARS-CoV-2 [22,23],
whereas, human DPP4 is the functional receptor in the case of MERS-CoV [24].

Table 2 Percentage value of protein sequence identity between the structural proteins of SARS-CoV, MERS-CoV, and
SARS-CoV-2

Structural proteins of 8- SARS-CoV and SARS-CoV and MERS-CoV and
coronaviruses MERS-CoV SARS-CoV-2 SARS-CoV-2
S- Surface spike glycoprotein 28.76 77.21 28.59
E- Envelope protein 38.16 96 38.67
M- Membrane protein 42.01 91 40.18
N- Nucleocapsid protein 48 91.17 48.18

In the case of both SARS-CoV and SARS-CoV2, the viral-host entry not only depends on hACEZ2, it also requires host
TMPRSS2 protease and cathepsin B/L activity [22]. Immunohistochemistry and gene expression study, evidently
exemplifies the high proliferation of ACE2 and TMPRSS2 in type II alveolar epithelial cells [25,26,2728]. This result is
typical for the tropism and pathogenesis of both SARS-CoV and SARS-CoV2 infection [29,30].

After significant receptor binding, the Surface glycoprotein undergoes conformational changes [31,32,33]., in which the
interaction between the S1 subunit and the host receptor hACE2, mediates exposure of secondary cleavage site in S2
which is S2’ present prior to fusion peptide for the cleavage by host proteases mentioned above [34,35,36,37]. This
proteolysis mechanism mediates the binding of fusion peptide into the host membrane followed by conformational
changes in S2 results in first heptad (HR1) and second heptad (HR2) extensions [38,39] which mediates viral and host
membrane fusion and release of viral genome into the cytoplasm of host cell [40]. This kind of fusion machinery is found
similar with that of the class I virus fusion proteins [41,42,43].

The envelope glycoprotein (E-protein) is a pentameric viroporin, serves as an ion transport channel for the viral particle,
activates host NLRP3 inflammosome leading to IL-f overproduction and induce apoptosis. Membrane glycoprotein (M-
protein) is a homomultimer responsible for viral morphogenesis and assembly and also participates in RNA packaging
in virus. Nucleocapsid protein (N-protein) found associated with the genome (RNA) of the virus which are heavily
phosphorylated.

The other accessory proteins were considered for the replication of the viral genome in vitro [44,45,46,47] However,
most of the accessory proteins exhibits viral-host interaction during infection [48,49] by modulating interferon
signaling. Hence, thereby collapsing the host antiviral immunity and facilitates viral pathogenesis and infection
[50,51,52,53]. Extensive research works have been carried out on the surface spike glycoprotein rather than any other
structural protein of coronaviruses, due to its pathogenicity to human host cells.

4. Unique features of SARS-CoV-2 (COVID-19)

Intriguingly, there are only 76.2 % of amino acid sequence identity between the surface spike glycoproteins of SARS-
CoV-2 (2019) and SARS-CoV (2002), since all other structural proteins carry about 90 % of sequence identity. Recently,
16.1 % difference was observed in the RBD of surface spike glycoprotein. This significant variation has altered the
binding capacity of RBD and viral infection of SARS-CoV-2 [54]. Adding to this, novel glycosylation sites have been
discovered in the surface spike glycoproteins of SARS-CoV-2 which might influence the pathogenesis of viral-host
infection [54].
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However, variation in sequence identity of Surface spike glycoprotein between SARS-CoV and SARS-CoV-2 is ambiguous,
since it shared approximately 90 % of sequence identity of all other structural proteins. In contrast, the S glycoproteins
of SARS-CoV-2 shares about 97 % of sequence identity with bat SARS like coronavirus SARSrCoV RaTG13 [8]. Similarly,
it seems that, the SARS-CoV-2 have had undergone RNA recombination between SARS-CoV strain Rf4092 and bat
SARSrCoV strain W1V16 [54]. Therefore, the origin of this 2019 novel coronavirus (COVID-19) by SARS-CoV-2 might
have been obtained by the recombination of existing coronaviruses [54]. Henceforth, the “host-jump” feature of non-
mammal host reservoir to humans and its molecular basis remains unanswerable question [55].

Most recently, Pradhan et al. have identified about 4 different amino acid insertions in the S glycoprotein of SARS-CoV-
2, which has the similarity with HIV-1 gp120 and Gag protein [56] and are completely absent in any other coronaviruses.
One among the insertion is “PRRAR” which was found to be more flexible and feasible for the proteolytic cleavage which
renders high infection efficiency [16]. Altogether, these insertions might enhance the pathogenesis of viral particle due
to the high flexibility of the S glycoprotein.

In another interesting study, about 100 pg/mL of heparin treatment, 30 min prior to SARS-CoV infection in Vero Cells
had inhibited the virus infection by 50 % [57]. Similarly, Heparin inhibited SARS-CoV HSR1 strain partially, which
suggested that the enveloped virus particle considered to be equipped with positively charged amino acids which could
interact with negatively charged sulfate group of heparins in the host cells. Heparin also inhibited the interaction of V3
region of gp120 of HIV with the host cell and inhibits pathogenesis of HIV [58]. These studies demonstrate that, the
polyanionic effect of heparin possess antiviral activity by interactions with host cells and inhibition of virus entry
through attachment [59]. Several research studies reported that similar kind of mechanism exists in the sulphated
polysaccharide of marine macroalgae.

Potent SARS medications or vaccines are not available in this Corona outbreak and thus, it is the need of the hour to
bring up a novel, effective and cheaper drug for the treatment and control of globally pandemic COVID-19 disease.

5. Antiviral Sulphated polysaccharides from Marine macroalgae (Seaweed)

Marine resource is the most promising gift of nature, for providing thousands of varieties of novel bioactive compounds
from various marine organisms, and many of them are commercially valuable. Marine ecosystem engulfs almost half of
the Earth’s biodiversity and it is an infinite source of novel marine derived bioactive compounds [60]. Several antiviral
compounds are also reported from marine origin and some of them are in preclinical and clinical stages. In future, these
marine derived antiviral bioproducts and reliable new technologies would be a promising strategy for modern
medicines including anti-infective drugs [61,62,63]. For example, Penicillin, Aspirin, Digitalis, and Morphine are natural
bioactive compounds manufactured as drugs from natural resources [64].

Algae are the premiere source of potential antiviral bioactive compounds [65], in which, the marine macroalgae
(seaweed) are marine plants classified into three different classes, namely, Rhodophyceae (Red algae), Phaeophyceae
(Brown algae) and Chlorophyceae (Green algae). Table 3 represents the different types of sulphated polysaccharides
derived from three different groups of marine macroalgae and are reported to have potential antiviral activity against
wide range of human pathogenic viral diseases.

Table 3 Source of sulphated polysaccharides from marine macroalgae and its properties

Source Sulphated Monosaccharide units Molecular % of sulfate
polysaccharide weight (kDa) groups
Rhodophyceae Agaran Galactose 60-300 28-30
Carrageenan Galactose, 3,6- 2-200 18-40
anhydrogalactose
Phaeophyceae Fucoidan Fucose, Mannose, Xylose, 10-100 31.6
Rhamnose, Galactose
Chlorophyceae Ulvan Rhamnose, Xylose, 150-2000 16-23
Glucuronic acid, iduronic
acid
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The sulphated polysaccharides are predominantly distributed in the cell walls of the macroalgae and gives flexibility to
the algae. The characteristic feature, structural parameters and molecular weight of sulphated polysaccharides vary
largely with diverse bioactive potential including anti-tumor, anticoagulant, anti-inflammatory, and antiviral effects
[66,67]. A range between 5-75 % of sulphated polysaccharide content was reported to avail from the dry weight of
macroalgal biomass and each macroalgae species tend to synthesize at least a single type of sulphated polysaccharide
[59]. In some macroalgae, a single species can synthesize more than two different types of sulphated polysaccharides in
their different vegetative structures. These sulphated polysaccharides are the most auspicious choice of antiviral agents
due to its potential antiviral activity on resistant, mutant pathogenic viral strains and very least toxicity on host [68]. All
the sulphated polysaccharides such as agaran, carrageenan, fucoidan, and ulvan derived from marine macroalgae are
proven to have potential antiviral efficacy and could be used as a drug for the treatment of COVID-19 [69]. Similarly,
Chen et al. also suggested the sulfated polysaccharides coated on gold nanoparticles for a new approach COVID-19
treatment [70].

6. Agaran

The sulphated galactans are the major component of polysaccharides derived from the red algae, which constitutes of
linear chains of galactoses with alternating 3-5-D-galactopyranose (G units) and 4-a-D-galactopyranose residues or 4-
3,6-anhydrogalactopyranose residues in their structural backbone (Fig. 4) [71], hence, L-series are classified under
agarans and D-series as carrageenans [72,73]. However, DL-hybrid galactans are also reported from some red algae
[74,75]. Several antiviral studies have been carried out in agarans against DENV-2, HSV-1, and 2 which exhibits efficacy
to inhibit the virus with low toxicity to host. Hence, it has a promising value as antiviral agent [76], and the mechanism
of inhibition is viral-host interaction [77]. Duarte et al., in the year 2004 reported that the agaran sulfate from a red alga
Acanthophora spicifera exhibits potent antiviral efficacy on HSV-1 and HSV-2 viruses with I1Cso values of 1.4 and 2 pg/mL
respectively [71]. However, a sulfated galactan extracted from another red alga Schizymenia binderi also possess
antiviral potency on HSV-1 and HSV-2 with ICso values of 0.18 ug/mL and 0.63 pg/mL [78]. Similarly, sulfated galactan
isolated from a red alga Asparagopsis armata exhibits antiviral efficacy on HIV-1 virus with an ICso value of 8 pg/mL
[79].

OH

Figure 4 The structure of repeating disaccharide unitof Agaran 6-sulfate derived from Acanthophora spicifera,
in which the major monosaccharide unit is Agarose with one sulfate group in its moiety [69]

7. Carrageenan

Euchema, Kappaphycus, Hypnea, Gigartina, and Chondrus are some of the red algae, reported to yield very large of
amount of carrageenans which serves to support marine plants as cellulose in land plants [80]. Naturally, the
carrageenans are negatively charged anionic sulphated polysaccharides with 3,6-anhydrogalactopyranose units with
sulphate groups on its main chain and its arrangement with the molecule further classify into A-, k-, and t-carrageenan
(Fig. 5) [81] with distinct antiviral activities on similar kind of viral agents [82]. Carrageenans are the most extensively
studied sulphated polysaccharide on antiviral efficacies, which are selective inhibitors of non-enveloped and enveloped
human pathogenic viruses by inhibiting the internalization of viral particle into the host cells [83,84].
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Figure 5 Three major chemical structures of repeating disaccharide units of Carrageenan. Galactan is the common
monosaccharide unit in carrageenan. Whereas, kappa carrageenan has one sulfate group, iota carrageenan has two
sulfate groups, and lambda carrageenan has three sulfate groups respectively per disaccharide unit [7 7]

Intriguingly, low molecular weight carageenans ranges from 3 to 10 kDa have promising inhibitory effects on influenza
virus in vivo due to its acylation and sulfation degree [85]. Carrageenan gels made from Chondrus crispus are highlighted
for its inhibition of HIV and HSV transmission while applied at genital warts [86]. Carrageenan isolated from a red alga
Callophyllis variegata exhibits antiviral activities on HSV-1, HSV-2, and DENV2 with 1Cso values of 0.18, 0.21, and 0.29
ng/mL respectively [76]. lota- and kappa-carrageenan and its pharmaceutical composition reported to have antiviral
efficacy on a group of viruses include adenovirus, paramyxovirus, orthomyxovirus and coronavirus [87]. The
pharmaceutical composition with iota or kappa carrageenan was patented to use as a therapeutic agent for upper
respiratory tract viral infections and deblocking stuffy nose (International Patent No.: W02017009351A1) [88,89].

8. Fucoidan

As the name indicates, fucoidan is most commonly composed of L-fucose monosaccharide units in its main chain along
with small number of other monosaccharides include glucose, mannose, uronic acid, and galactose (Fig. 6) [90]. As other
macroalgae, brown algae synthesize fucoidan as its cell wall polysaccharide which gives mucilaginous matrix to the
algae. Fucose forms the main backbone chain of fucoidan, linked with 1 — 2 glycosidic linkages, along with 2-3 fucose
branching units [91]. However, the structure of fucoidan may vary with respect to different macroalgae genus and even
species [92,93]. Therefore, it has a broad range of bioactivities, and each new fucoidan would be a potential antiviral
drug. The most prominent antiviral mechanism of fucoidan is, inhibition of virus-host cell interaction and syncytium
formation [94] even it has high antiviral activity than the antiviral drug ribavirin [95].

: HsC

HO4SO 6
0SO3H

0S0;

0o
I
1
1

Figure 6 The chemical structure of Fucoidan shows its repeating disaccharide unit with three sulfate groups per unit.
Hence, Fucose is its major monosaccharide unit [84]
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Interestingly, the fucoidan extracted and purified from Fucus vesiculosus shows effective inhibition of reverse
transcriptase (RT) enzyme of HIV in vitro [96]. In addition to this, incubation of fucoidan (200 mg/mL) with virus prior
to infection with host cells inhibits about 100 % of HIV-1 infection [97]. In our recent study on antiviral efficacy of
fucoidan, from five different brown algae include Dictyota bartayesiana, Turbinaria decurrens, Padina pavonica,
Stoechospermum marginatum, and Spatoglossum macrodontum, it was resulted that the purified fucoidan content
inhibits HIV-1 proliferation by 89 %, 92 % [96], 95.65 %, 85.65 %, and 89.56 % [98] respectively with ICso values of
57.6 ng/mL, 131.7 ng/mL, 295 ng/mL, 346 ng/mL, and 2 ng/mL respectively. In adding to this, fucoidan has also proved
to be an effective inducer of immune health [91,99]. An antiviral pharmaceutical composition with particularly with
Fucoidan exhibits antiviral efficacy on respiratory viruses include orthomyxovirus and paramyxovirus [88].

9, Ulvan

The sulphated polysaccharide from green algae is referred as Ulvan, and the term came from a green macroalga Ulva sp.
in which it was extracted and purified. In green macroalgae, ulvan and cellulose are the major constituents of cell wall
along with small amounts of glucuronan, and xyloglucan, altogether constitutes about 40 - 55 % of dry algal matter
[100]. Several studies have been reported from ulvan with wide range of bioactive features, include antiviral efficacy
and immunomodulatory efficacy [101,102,103,104,105]. The sulphated polysaccharide ulvan is composed of iduronic
acid (1-9 %), uronic acid (6-20 %), glucose (0.5-6.5 %), xylose (2-12 %), and rhamnose (17-45 %) with sulphate groups
(16-23 %) (Fig. 7) [77]. In which, rhamnose is the major monosaccharide unit contributing to the backbone chain in the
form of 4-0-B-D-glucuronosyl-L-rhamnose and aldobiouronic acid [106,107,108].

Ulvanobiuronicacid A Ulvanobiuronicacid B
-00C 0/ o/
0 0, HyC 0 H,C o
/ 0 - o
HO -00C
OH 0 0
/ OH Py OH
0,5 _0 OH 0,55
Ulvanobiose A Ulvanobiose B

0/
0
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0. S/ / N

0,5 5 0,5
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0 0 H.C 0
/ 0 3 0 /
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OH 0
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Figure 7 Chemical structure of Ulvan showing four different repeating disaccharide units, in which Rhamnose 3-
sulfate is a common monosaccharide unit. Ulvanobiuronoic acid A and B have Glucuronic acid and Iduronic acid
respectively. Similarly, Ulvanobiose A and B have Xylose and Xylose 2-sulfate respectively [77]

The ulvan is most commonly found throughout the order, Ulvales of the systemic classification of Chlorophyceae
[107,109,110]. The ulvan from Ulva lactuca has been reported to inhibit enveloped viral pathogens [111,112,113], due
to its high molecular weight and the degree of sulphation. The mechanism of inhibition is also same in as in the case of
other sulphated polysaccharides mentioned above (Viral-host interaction) [106]. Ulvan isolated from a green alga
Monostroma latissimum have been reported to possess antiviral efficacy against HSV-1, HCMV, and HVI-1 viruses with
ICso values of 0.78, 1.7, and 1.5 pg/mL respectively [114].

10. Importance of antiviral sulphated polysaccharides

Plethora of antiviral studies have been reported from the sulphated polysaccharides of macroalgae, even it inhibits
mutant strains of both HSV and HIV which had become resistant to antiviral drugs such as retroviral and herpetic drugs
include acyclovir (ACV), azidothymidine (AZT), and ganciclovir (GCV) [94]. Simultaneously, the inhibitory efficacy of
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sulphated polysaccharides is mainly based on the inhibition of virus and host cell infection, which hampers viral entry.
Many in vitro assays are evident that these compounds are effective when supplemented along with the virus or as soon
as the infection of virus. It is blatant, that the ionic interaction between the negatively charged receptors of the host cell
surface and the positively charged sites of viral outer glycoprotein of the enveloped viruses performs viral-host
interaction followed by syncytia formation and infection.

The sulphated polysaccharides are highly dense in negative charge due to the presence of sulphate groups. Therefore,
they highly tend to interact with the positively charged viral glycoprotein and inhibit entry into the host cell. Callahan
et al. proposed that the negative charge of these compounds not only neutralize the viral glycoproteins, but also gives
additional negative charge to the virus and finally disrupts the virus-host interaction [115]. In HIV infection, the
interaction of glycoprotein and CD4 complex (gp120-CD4) enhances the protein conformational changes in the gp120
tends to fuse with coreceptors, CCR5 and CXCR4 (Chemokine receptors), then the transmembrane protein gp41 induces
membrane fusion of viral particle with host cell membrane. This is the unique feature of the class-I type of fusion
mechanism, and in SARS-CoV-2 also similar kind of viral-host interaction takes place. However, the presence of cell
surface heparin sulphate might facilitate the HIV-1 entry based on the quantitative contribution [116,117,118].
Therefore, the ionic interaction between V3 loop of gp120 and heparin sulphate ascribes that the polyanionic nature of
sulphated polysaccharides also neutralize the V3 loop, but hampering the binding and fusion [119,120]. Additionally, it
has been reported that the sulphated polysaccharides interact with the N-terminal domain of gp41 transmembrane
protein and inhibits membrane fusion between viral particle and the host cell [121].
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Figure 8 A) Molecular structure of a sulfated polysaccharide (Fucoidan) from brown algae (Phaeophycea); B) A
predicted Illustration of neutralization of Surface glycoprotein (Class-I fusion protein) of SARS-CoV-2 by sulfated
polysaccharide (Fucoidan), which inhibits viral-host interaction and virus-entry, other sulphated polysaccharide from
marine algae may also have similar kind of reaction with S-protein and inhibits viral entry

Prabakaran et al. found negatively charged ridges on the receptor which provide an effective site for binding to the
positively charged receptor binding domain (RBD) in S-glycoprotein of SARS-CoV. In addition, a greater number of
hydrophobic pockets are found on the surface of ACE2 receptor which enhances high binding affinity to the RBD of S-
glycoprotein [122]. lota-carrageenan suppressed the rhinovirus infection in nasal and upper respiratory pathway and
inhibits replication in nasal epithelial cells [123]. Similarly, i-carrageenan hampers the influenza virus in the nasal
surface epithelia in animal model study and enhances its survival [124].
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Consequently, the neutralizing mechanism of inhibition by sulphated polysaccharide is similar with that of the antibody,
and also suppresses the virus-induced syncytium formation between the infected and uninfected cells [125] with loss
of virus infective ability (Fig. 8). Generally, the sulphated polysaccharide and virion complex is a one-way mode; it is not
areversible process to release viable virion. During pre-infection, the virion-sulphated polysaccharide complex added
to the host cell creates a competition between the bioactive compound and the host cell receptor for the positively
charged viral glycoprotein (Fig. 8 & 9). Several studies on sulphated polysaccharides reported that the antiviral activity
is proportionately enhanced with the molecular weight, ranges between 10-100 kDa [60]. A compendium of research
studies carried out on the efficacy of antiviral sulphated polysaccharides from marine macroalgae on several pathogenic
viruses has been listed in Table 4.

= = / S protein
= :% hACE2

CYTOPLASM

K . [ Nasal Epithelial Cell
g | "

Figure 9 A) Illustration of interaction between Surface glycoprotein (S-protein) and sulfated polysaccharide (SP)
of marine algae, which inhibits the interaction of S-protein with hACE-2 (Human Angiotensin Converting Enzyme-2)
(receptor) followed by the effective inhibition of viral-host interaction, entry, and syncytia formation; B) SARS-CoV-2
virus infection in human

The three major sulphated polysaccharides such as Carrageenan, Fucoidan and Ulvan reported from three different
groups of macroalgae include Rhodophyceae (Red algae), Phaeophyceae (Brown algae), and Chlorophyceae (Green
algae). These are proven to have potent antiviral efficacy on several human pathogenic viruses in vitro and in vivo (Table
4). Hence, these marine sulphated polysaccharides have attracted huge interests and paving way for new age antiviral
drugs [126]. However, occurrence of several types of sulphated polysaccharides, differ in its monosaccharide units,
molecular structure, molecular weight and even degree of sulfation, are the major drawbacks to find suitable one for
the treatment of particular viral diseases. Comparatively, the sulfated polysaccharides from marine algae are the most
auspicious choice of antiviral agents than other sources such as plant and microbial origin. Hence, the plant material
consists of enormous amounts of metabolites, which is unfavorable for isolation of pure compound and even microbial
compounds are least productive and not cost effective. However, cultivation of macroalgae, extraction and isolation of
sulfated polysaccharides from marine algae are more feasible and cost effective than any other source of antiviral
agents.
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Table 4 An extensive illustration of antiviral efficacy of three important sulphated polysaccharides from different marine macroalgae

Macroalgal species Phylum Type of SP Mol. Cytotoxic Viral strain Viral Mechanism of Reference
or Source Wt. value inhibition inhibition
(kDa) value
TCID/mL
Cryptosyphonia woodii | Rhodophyta | Crude extract | >10 - HSV-1 and | 102 Viral replication [127]
and Farlowia mollis HSV-2
CCso CPEso (ug/mL)
(ug/mL)
Commercial Rhodophyta | Iota- - 200 Ad5 >200 Viral protein synthesis [128]
carrageenan
ASF 10
EMC 10
HSV-1 2
HSV-2 10
Measles >200
Polio, type 1 >200
SFV 10
Vaccinia 10
VSV >200
IU/mL IU/mg
Schizymenia pacifica Rhodophyta | SAE ~ 40,000 to | HIV-1 30,0000 + | HIV Reverse [128]
2000 80,000 7000 Transcriptase
CCso ICs0 (ug/mL)
(ug/mL)
Agardhiella tenera Rhodophyta | Galactan - >250 HIV-1 0.5 gp120-CD4 interaction [125]
sulphate and syncytium
formation
HIV-2 0.05
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HSV-1
HSV-2 2.5
CMV 4
Vaccinia virus | 7
Sindbis virus 11
Semliki forest | 85
virus
Junin virus >100
Tacaribe virus | >100
Parainfluenza | 55
virus type 3
1AV 4
IBV >200
RSV 4
VSV 14
Polio virus | >200
type 1
Reo virus type | >100
1
Coxsackie >200
virus type B4
CCso ICs0 (ug/mL)
(ug/mL)
Gymnogongrus Rhodophyta | Carrageenan 1000 DENV1 >50 Viral adsorption and [129]
griffithsiae internalization
DENV2 0.9
DENV3 13.9
DENV4 >50
CCso ICs0 (ug/mL)
(ug/mL)
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Cryptonemia crenulata | Rhodophyta | Carrageenan - 1000 DENV1 >50 Viral adsorption and [129]
internalization
DENV2 1
DENV3 14.2
DENV4 29.3
CCso ICs0 (ug/mL)
(ug/mL)
Commercial Rhodophyta | i-Carrageenan | - <100 HPV 0.006 Viral protein capsid [83]
i-Carrageenan, 0.005
type Il
i-Carrageenan, 0.006
type V
i-Carrageenan, 0.004
type Va
j-Carrageenan 0.044
j-Carrageenan, 0.013
type 11
i/k- 0.021
Carrageenan,
type I
k-Carrageenan 0.01
k- 0.005
Carrageenan,
type IV
Commercial Phaeophyta | Fucoidan 1.1
Cystoseira indica Phaeophyta | sulphated 35 >1,000 HSV 1 2.1 Viral adsorption and [130]
fucan internalization
HSV 2 0.5
CCso ECso (ug/mL)
(ug/mL)




World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Commercial Rhodophyta | £ carrageenan >1000 DENV-1 >50 Viral adsorption and [131]
internalization
DENV-2 0.15
DENV-3 2
DENV-4 4.2
Commercial Rhodophyta | icarrageenan >1000 DENV-1 40.7
DENV-2 0.4
DENV-3 4.1
DENV-4 8.2
Commercial Rhodophyta | K- >1000 DENV-1 >50
Carrageenan
DENV-2 1.8
DENV-3 6.3
DENV-4 >50
Commercial Rhodophyta | i- carrageenan >1000 DENV-2 0.4
(Vero)
DENV-3 (vero) | 1.1
DENV-2 0.14
(HepG2)
DENV-3 0.63
(HepG2)
Commercial Rhodophyta | £ carrageenan >1000 DENV-2 0.22
(Vero)
DENV-3 0.6
(Vero)
DENV-2 0.17
(HepG2)
DENV-3 0.63
(HepG2)
CCso ICs0 (ug/mL)
(ug/mL)
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Cladosiphon Phaeophyta | fucoidan - > 1500 NDV 0.75 Viral syncytia [95]
okamuranus formation
CCso ICso (ug/mL)
(ug/mL)
Acanthophora Rhodophyta | £ carrageenan | - 75.9 HSV-1 80.5 Viral replication [68]
specifira (red alga)
RVFV 75.8
Hydroclathrus Rhodophyta | k- - 100.5 HSV-1 100.5
clathratus (brown Carrageenan
alga)
RVFV 95.2
CCso ICs0 (ug/mL)
(ug/mL)
Kjellmaniella Phaeophyta | fucoidan- 53.6 2752 [AV 344 Viral neuraminidase, [131]
crassifolia viral endocytosis
CCso ICso (ug/mL)
(ug/mL)
Fucus evanescens Phaeophyta | Fucoidan 160 200 HSV-1 53 Viral replication [132]
HSV-2 45
ECHO 90
HIV-1 25
CCso ECso (ug/mL)
(ug/mL)
Commercial Rhodophyta | Iota - 200 JEV 15 Viral adsorption and [133]
Carrageenan entry
CyDso EDso (ug/mL)
(ug/mL)
Fucus vesiculosus | Phaeophyta | fucoidan 10 to | 50 HIV-1 1 Syncytium  formation [134]
(brown seaweed) 20 and RT
CyDso EDso (ug/mL)
(ug/mL)
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Schizymenia dubyi Rhodophyta | Galactan 187.5 HSV-1 5 Syncytium  formation [135]
sulfate and RT
187.2 HSV-2 6
60 Polio-2 30
187.5 VSV 15
187.5 HIV-1 10
CCso ICs0 (ug/mL)
(ug/mL)
Acanthophora Rhodophyta | Agaran sulfate >1000 HSV-1 1.4 Viral adsorption and [71]
spicifera entry
HSV-2 2
CCso ICs0 (ug/mL)
(ug/mL)
Stenogramme Rhodophyta | Carrageenan >1000 HSV-1 3.55 Viral glycoprotein and [136]
interrupta entry
HSV-2 1.9
CCso ICs0 (ug/mL)
(ug/mL)
Cryptopleura ramosa Rhodophyta | Sulfated 476 HSV-1 1.6 Viral adsorption [137]
galactan
HSV-2 2.4
CCso ICso (ug/mL)
(ug/mL)
Gigartina skottsbergii | Rhodophyta | Carrageenan >1000 HSV-1 0.4 Viral glycoprotein and [138]
entry
mg/ml PFU/mL
(100
uL./day)
Gigartina skottsbergii | Rhodophyta | lambda- 10 HSV-2 <10 Viral inactivation [139]
(in vivo study) carrageenan
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CCso % of inhibition
(ug/mL)
Commercial Rhodophyta | k-carrageenan | 500 to | 1000 EV71 92% Viral inactivation [140]
800
CCso ICs0 (ug/mL)
(ug/mL)
Nothogenia fastigiata | Rhodophyta | Sulfated - 100 HSV-1 0.6 Viral entry and [141]
Xylomannan replication
HSV-2 2.5
HCMV 0.8
Poliovirus >50
1AV 0.2
IBV 20
Parainfluenza | >100
3 virus
RSV 0.9
Junin virus 10
Tacaribe virus | 7.8
HIV-1 0.25
HIV-2 13.4
SIV 0.4
CCso EDso (ug/mL)
(ug/mL)
Nothogenia fastigiata | Rhodophyta | Sulphated - >200 HSV-1 15 Viral adsorption and [142]
Xylogalactans entry
CCso ICso (ug/mL)
(ug/mL)
Bostrychia montagnei | Rhodophyta | Sulphated 43.7 1000 HSV-1 15.4 Viral adsorption and [143]
galactans entry
HSV-2 12.4
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CCso ICs0 (ug/mL)
(ug/mL)
Leathesia difformis Phaeophyta | Fucoidan 51 400 HSV-1 0.7 Viral adsorption and [144]
glycoprotin gC
HSV-2 0.5
HCMV 1.9
CCso EDso (ug/mL)
(ug/mL)
Commercial Rhodophyta | i-carrageenan | - 200 HAV 2.5 Viral adsorption and [145]
protein synthesis
Rhodophyta | lambda- - 4.5
carrageenan
Rhodophyta | k-carrageenan | - 100.3
CCso TCIDso /ml
(ug/mL)
Commercial Rhodophyta | i-carrageenan | - 1000 HRV 102 Virus  internalization [123]
and replication
CCso ICs0 (ug/mL)
(ug/mL)
Asparagopsis armata Rhodophyta | Sulfated - 500 HIV-1 8 Synctium  formation, [146]
galactans RT, and Viral
replication
CCso ICs0 (ug/mL)
(ug/mL)
Cladosiphon Phaeophyta | Fucoidan - - DENV1 4.7 Viral glycoprotein [147]
okamuranus
CCso ICs0 (ug/mL)
(ug/mL)
Sargassum horneri Phaeophyta | Fucoidan 229 >10000 HSV-1 1 Viral entry and [148]
replication
HIV-1 1.2
HCMV 33
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mg/mL/da % of inhibition
y
Porphyridium sp. (In | Rhodophyta | sulfated - 2 HSV-1 95% Viral adsorption and [149]
vivo study) polysaccharid entry
e
HSV-2 95%
TCIDso /ml
Ulva lactuca Chlorophyta | Ulvan - - IAV 102 - [150]
CCso ICs0 (ug/mL)
(ug/mL)
Nothogenia fastigiata | Rhodophyta | Sulfated 30 120 HSV-1 0.7 Viral replication [151]
Xylomannans
HSV-2 0.6
CCso ICs0 (ug/mL)
(ug/mL)
Monostroma Chlorophyta | Ulvan - 6300 HSV-1 0.78 Viral adsorption and [114]
latissimum (Rhamnan replication
sulfate)
HCMC 1.7
HIV-1 1.5
CCso ICso (ug/mL)
(ug/mL)
Commercial Rhodophyta | i-carrageenan | - >400 H3N2 0.04 Viral entry and Viral [123]
replication
HIN1 0.2
CCso ICso (ug/mL)
(ug/mL)
Gracilaria corticata Rhodophyta | Galactan 1.65 1000 HSV-1 0.19 Viral adsorption and [152]
sulfate entry
HSV-2 0.24
1IU/mL
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Schizymenia pacifica Rhodophyta | Carrageenan 100 - AMV 840000 Viral RT [153]
CCso ICso (ug/mL)
(ug/mL)
Adenocystis utricularis | Phaeophyta | Fucoidan 19 >1000 HSV-1 1.25 - [66]
HSV-2 1.63
CCso ICs0 (ug/mL)
(ug/mL)
Pterocladia cupillacea | Rhodophyta | Sulfated - 500 HSV-1 3.2 Viral adsorption and [154]
galactan entry
HSV-2 7.5
Pseudo rabies | 6.2
virus
HCMV 12
CCso ICs0 (ug/mL)
(ug/mL)
Gymnogongrus Rhodophyta | Carrageenan 45 1000 HSV-2 0.6 Viral glycoprotein [155]
torulosus
DENV2 0.34
% of inhibition
Fucus vesiculosus Phaeophyta | Fucoidan 170 - HIV-1 98.2 Viral RT [156]
Dictyota mertensii Phaeophyta | Fucoidan 24 - HIV-1 99.3 Viral RT [156]
Lobophora variegata Phaeophyta | Fucoidan 1400 - HIV-1 94 Viral RT [156]
CCso TCIDso ug/mL
(ug/mL)
Dygenea simplex Rhodophyta | Galactan 140 1000 HIV 62.5 [157]
sulfate
CCso ECso (ug/mL)
(ug/mL)
Commercial Rhodophyta | i-carrageenan | - >1000 DENV1 40.7 Viral adsorption and [158]
replication
DENV2 0.4
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DENV3 4.1
DENV4 8.2
Commercial Rhodophyta | Lambda- - >1000 DENV1 >50 Viral adsorption and [158]
carrageenan replication
DENV2 0.15
DENV3 2
DENV4 4.2
Commercial Rhodophyta | k-carrageenan | - >1000 DENV1 >50 Viral adsorption and [158]
replication
DENV?2 1.8
DENV3 6.3
DENV4 >50
CCso ECso (ug/mL)
(ug/mL)
Commercial Rhodophyta | i-carrageenan | - 50 DENV2 0.4 Viral glycoprotein and [159]
adsorption
% of inhibition
Commercial (in vivo) Rhodophyta | k-carrageenan | 3 - 1AV 65.7 - [81]
CCso % of inhibition
(ug/mL)
Ulva fasciata Chlorophyta | Ulvan - 100 HMPV >95 % Viral adsorption and [112]
replication
CCso ICso (ug/mL)
(ug/mL)
Ulva clathrata Chlorophyta | Ulvan 35980 | 810 NDV 0.1 Viral Synctium [105]
0 formation
g/mol
Cladosiphon Phaeophyta | Fucoidan 92.1 1136 NDV 0.01 Viral Synctium [105]
okamuranus formation

% of inhibition
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Pelvetia fastigiata Phaeophyta | Fucoidan 100 HBsAg-anti- 91.1 [105]
HBs (HBV)
CCso ICs0 (ug/mL)
(ug/mL)
Commercial Rhodophyta | k-carrageenan | 2 875 [AV 32.1 Viral adsorption and [160]
replication
IC100 (ug/mL)
Commercial Rhodophyta | Lambda- 310 - HIV 7.8 Viral glycoprotein and [161]
carrageenan adsorption
Commercial Rhodophyta | k-carrageenan | 81 - HIV 3.9 Viral glycoprotein and [161]
adsorption
Commercial Rhodophyta | i-carrageenan | 54 - HIV 1 Viral glycoprotein and [161]
adsorption
IC100 (ug/mL)
Commercial Rhodophyta | Lambda- 28 - HIV 3.9 Viral glycoprotein and [162]
carrageenan adsorption
Commercial Rhodophyta | k-carrageenan | 19 - HIV 3.9 Viral glycoprotein and [162]
adsorption
ICs0 (ug/mL)
Dictyota bartayesiana | Phaeophyta | Fucoidan - - HIV 0.05 Viral adsorption and [97]
entry
Turbinaria decurrens Phaeophyta | Fucoidan - - HIV 0.13 Viral adsorption and [97]
entry
Padina pavonica Phaeophyta | Fucoidan - - HIV 0.29 Viral adsorption and [98]
entry
Stoechospermum Phaeophyta | Fucoidan - - HIV 0.34 Viral adsorption and [98]
marginatum entry
Spatoglossum Phaeophyta | Fucoidan - - HIV 0.002 Viral adsorption and [98]
macrodontum entry
CCso ECso (ug/mL)
(ug/mL)
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Stoechospermum Phaeophyta | Fucoidan 40 1000 HSV-1 3.55 Viral adsorption and [163]
marginatum entry
HSV-2 0.63
CCso ECso (ug/mL)
(ug/mL)
Sphaerococcus Rhodophyta | Sulfated 308.7 | >250 HSV-1 4.1 Viral adsorption and [164]
coronopifolius galactans entry
Boergeseniella Rhodophyta | Sulfated 360.3 | >250 HSV-1 17.2 Viral adsorption and [164]
thuyoides galactans entry
CCso ICs0 (ug/mL)
(ug/mL)
Sargassum swartzii Phaeophyta | Fucoidan 45 1000 HIV-1 1.56 Viral adsorption and RT [165]
ECso (ug/mL)
Undaria pinnatifida Phaeophyta | Fucoidan - - HSV-1 5.7 Viral glycoprotein and [166]
adsorption
HSV-2 1.7
Splachnidium rugosum | Phaeophyta | Fucoidan - - HSV-1 7.9 Viral glycoprotein and [166]
adsorption
HSV-2 6.6
Gigartina Rhodophyta | Carrageenan - - HSV-1 1.5 Viral glycoprotein and [166]
atropurpurea adsorption
HSV-2 0.7
Plocamium Rhodophyta | Sulfated - - HSV-1 5.4 Viral glycoprotein and [166]
cartilagineum galactan adsorption
HSV-2 2.4
CCso ICso (ug/mL)
(ug/mL)
Undaria pinnatifida Phaeophyta | Fucoidan 9 >2000 HSV-1 2.5 [167]
HSV-2 2.6
HCMV 1.5
[AV 15
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Poliovirus >100
Coxsackie >100
virus
% of inhibition
Padina pavonica Phaeophyta | Fucoidan 160 - HSV 72.3 [168]
HAV 73.3
CCso ICso ug/mL
(ug/mL)
Macrocystis pyrifera Phaeophyta | Fucoidan - >1500 Measles virus | 1 Viral adsorption and [169]
entry
Eisenia arborea Phaeophyta | Fucoidan - >1500 Measles virus | 0.275
Pelvetia compressa Phaeophyta | Fucoidan - >1500 Measles virus | 1
Ulva intestinalis Chlorophyta | Ulvan - >1500 Measles virus | 3.6
Solieria filiformis Rhodophyta | Carrageenan - >1500 Measles virus | 0.985
CCso ICso ug/mL
(ug/mL)
Dictyota dichotoma Phaeophyta | Fucoidan 23.6 312.5 HSV-1 7.5 [170]
CVB3 15.6
CCso ICso ug/mL
(ug/mL)
Sargassum Phaeophyta | Fucoidan 30 1000 HSV-1 1.4 Viral glycoprotein and [171]
tenerrimum adsorption
ICso ug/mL
Sargassum mcclurei Phaeophyta | Fucoidan - - HIV-1 0.96 [78]
Sargassum polycystum | Phaeophyta | Fucoidan - - HIV-1 0.34
Turbinaria ornata Phaeophyta | Fucoidan - - HIV-1 0.39
CCso ICso ug/mL
(ug/mL)
Grateloupia indica Rhodophyta | Galactan 60 >850 HSV-1 0.27 Viral adsorption and [172]
sulfate entry
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HSV-2 0.31
CCso ICso ug/mL
(ug/mL)
Meristiella gelidium Rhodophyta | Carrageenan 425.6 | >1000 HSV-2 0.05 [173]
to
956.7
DENV2 0.14
CCso ICso ug/mL
(ug/mL)
Scinaia hatei Rhodophyta | Sulfated 160 >1000 HSV-1 0.5 Viral adsorption and [174]
xylomannan entry
HSV-2 0.5
CCso ECso ug/mL
(ug/mL)
Schizymenia binderi Rhodophyta | Sulfated 380 >1000 HSV-1 0.18 Viral adsorption and [77]
galactan entry
HSV-2 0.63
CCso ICso ug/mL
(ug/mL)
Callophyllis variegata | Rhodophyta | Carrageenan 95 >1000 HSV-1 0.18 Viral adsorption and [76]
replication
HSV-2 0.21
DENV2 0.29
CCso ECso ug/mL
(ug/mL)
Sargassum patens Phaeophyta | Fucoidan - >2500 HSV-2 1.3 Viral adsorption and [175]
entry
CCso ECso ug/mL
(ug/mL)
Sargassum patens Phaeophyta | Fucoidan - >2500 HSV-1 1.5 Viral adsorption and [176]
replication

26



World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

CC50 1C50 ug/mL
(ug/mL)
Fucus vesiculosus Phaeophyta | Fucoidan - SARS-CoV-2 >100 Inhibits viral infection [177]
CC50 IC50 ug/mL
(ug/mL)
Undaria pinnatifida Phaeophyta | Fucoidan - SARS-CoV-2 >100 Inhibits viral infection [177]
CC50 1C50 ug/mL
(ug/mL)
Red Algae Ochrophyta | Iota- - SARS-CoV-2 125 Inhibits viral infection [178]
carrageenan
CC50 IC50 ug/mL
(ug/mL)
Brown Algae Phaeophyta | Fucoidan - SARS-CoV-2 15.6 Inhibits viral infection [178]
CC50 EC50 ug/mL
(ug/mL)
Saccharina japonica Phaeophyta | High - SARS-CoV-2 8.3 Inhibits viral infection [179]
molecular
weight
Fucoidan
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10.1. Pitfalls and solutions

The sulphated polysaccharides have poor adsorption when administered orally which failed to attain clinical trials
[180,181]. Intravenous administration might also consider causing toxic effects on the proteins present in the host cells
and the anticoagulant activity also a problem in intravenous administration [180]. However, sulphated polysaccharides
from different sources have been reported to lack anticoagulant activity. The sulphated polysaccharides are ascribed to
use as vaginal antiviral formulation [182,183]. against the spread of sexually transmitted viral diseases. Similarly,
administration of sulphated polysaccharides through nasal route may have potential to inhibit the transmission of air
borne viral infections including SARS-CoV-2.

A most recent study on enzyme depolymerized and native fucoidan have shown that, both are effective in the inhibition
of different stages of HIV-1 replication and similarly, inhibit HSV-2 in vitro. However, native fucoidan had high antiviral
efficacy than the enzyme depolymerized fucoidan [132]. In vivo study also resulted that the intraperitoneal
administration of native and depolymerized fucoidan have improved the survival rate, reduced symptoms and weight
loss, and suppressed viral load induced by HSV-2 [132]. In another study, synthetic highly sulphated glycomimetic
oligomers resemble sulphated polysaccharide inhibits HPV16 inhibition in vitro and in vivo [182]. Kwon et al. (2020)
determined that the high molecular weight Fucoidan isolated from Saccharina japonica had an EC50 value of 8.3 pg/mL
against SARS-CoV-2 in vitro [179]. These sulfated polysaccharides bound with high affinity to the spike glycoprotein of
SARS-CoV-2 virus and inhibits viral entry into the host cell [185]. Similarly, Grassauer et al. (2017), suggested to coat
carrageenan on the surface of sanitary items including facial masks, gloves, tissue paper to neutralize the viral particles
[89]. Therefore, it needs a greater number of research activities on sulphated polysaccharides from different marine
macroalgae for its specific antiviral potential on pathogenic viruses.

11. Future perspectives
More extensive research activities and funding on sulphated polysaccharides against several human pathogenic viruses

may benefit during such pandemic invasion. Some of the benefits are,

e Itmay also be administered as nasal aerosol for the prevention of viral infections.
e Sulphated polysaccharides may benefit as a nanocoating on the surface of PPEs for clinical staffs and in
hospitals to efficiently neutralize contagious viral particles.

12. Conclusion

The discovery of antibiotics has deteriorated the bacterial pandemic diseases in the modern age. However, an
alternative solution for viral pandemic diseases is still lacking. A greater number of research studies on the sulphated
polysaccharides from marine macroalgae have proven its antiviral efficacy on several human pathogenic viral diseases
by blocking the class I type of viral fusion glycoprotein. Similar kind of mechanism exits in the SARS-CoV-2 virus causing
recent COVID-19 outbreak. Therefore, sulphated polysaccharides could be a potential bioactive compound and antiviral
drug against SARS-CoV-2. Marine macroalgae are the cheaper source of sulphated polysaccharide, thus, which can also
be useful to neutralize viral pathogens in other mode of applications include PPE, hand sanitizers and hand wash
solutions.

Compliance with ethical standards

Acknowledgments

The authors like to gratitude the University of Madras for giving us the infrastructure and opportunity for working in
antiviral research.

Disclosure of conflict of interest

The authors declare that there is no conflict of interest.

Authors Contribution

The overall concept of the study was conceived by Dr. SE and prepared by RKG and PPR, along with the help, corrections,
and suggestions given by Dr. SE.

28



World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

References

[1]
[2]
[3]
[4]
[5]

[6]

[14]

Porta MS. (ed.). A Dictionary of Epidemiology., 5th edn, Oxford University Press, Oxford. 2008.

Le Pan N. Visualizing the History of Pandemics. Visual Capitalist. 14 March 2020.

Rosenwald MS. History’s deadliest pandemics, from ancient Rome to modern America. Retropolis. 2020.
WHO (World Health Organization) (2020) Coronavirus disease (COVID-19) outbreak situation. 4 May 2021.

Menachery VD, Yount BLJr, Debbink K, Agnihotram S, Gralinski LE, Plante JA, Graham RL, Scobey T, Ge XY,
Donaldson EF, Randell SH, Lanzavecchia A, Marasco WA, Shi ZL, Baric RS. A SARS-like cluster of circulating bat
coronaviruses shows potential for human emergence. Nature Medicine. 2015; 21(12): 1508-1513.

Menachery VD, Yount BLJr, Sims AC, Debbink K, Agnihotram S, Gralinski LE, Graham RL, Scobey T, Plante JA, Royal
SR, Swanstrom ], Sheahan TP, Pickles R], Corti D, Randell SH, Lanzavecchia A, Marasco WA, Baric RS. SARS-like
W1V1-CoV poised for human emergence. Proceeding of the National Academy of Sciences. 2016; 201517719.

Hu B, Zeng LP, Yang XL, Ge XY, Zhang W, Li B, Xie JZ, Shen XR, Zhang YZ, Wang N, Luo DS, Zheng XS, Wang MN,
Daszak P, Wang LF, Cui ], Shi ZL. (2017) Discovery of a rich gene pool of bat SARS-related coronaviruses provides
new insights into the origin of SARS coronavirus. PLoS Pathogens. 2017; 13(11), e1006698.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu Y, Li B, Huang CL, Chen HD, Chen ], Luo Y, Guo H,
Jiang RD, Liu MQ, Chen Y, Shen XR, Wang X, Zheng X-S, Zhao X, Chen Q-]. Deng F, Liu L-L, Yan B, Zhan F-X, Wang
Y-Y, Xiao G-F, Shi Z-L. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature.
2020; 579: 270-273.

Su S, Wong G, Shi W, Liu ], Lai ACK, Zhou ], Liu W, Bi Y, Gao GF. Epidemiology, Genetic Recombination, and
Pathogenesis of Coronaviruses. Trends Microbiology. 2016; 24(6): 490-502.

Isaacs D, Flowers D, Clarke JR, Valman HB, MacNaughton MR. Epidemiology of coronavirus respiratory infections.
Arch. Dis. Child. 1983; 58: 500-503.

Zhou Y, Hou Y, Shen ], Huang Y, Martin W, Cheng F. Network-based drug repurposing for novel coronavirus 2019-
nCoV/SARS-CoV-2. Cell Discovery. 2020; 6: 14.

Masters PS. The Molecular Biology of Coronaviruses. Adv Virus Res. 2006; 66: 193-292.

Ruan Y, Wei CL, Ee LA, Vega VB, Thoreau H, Yun STS, Chia JM, Ng P, Chiu KP, Lim L, Tao Z, Peng CW, Ean LOL, Lee
NM, Sin LY, Ng LFP, Chee RE, Stanton LW, Long PM, Liu ET. Comparative full-length genome sequence analysis of
14 SARS coronavirus isolates and common mutations associated with putative origins of infection. The Lancet.
2003; 361: 1779-1785.

Rota PA, Oberste MS, Monroe SS, Nix WA, Campagnoli R, Icenogle JP, Pefiaranda S, Bankamp, B., Maher, K., Chen,
MH, Tong S, Tamin A, Lowe L, Frace M, De Risi JL, Chen Q, Wang D, Erdman DD, Peret TC, Burns C, Ksiazek TG,
Rollin PE, Sanchez A, Liffick S, Holloway B, Limor ], McCaustl K, Olsen-Rasmussen M, Fouchier R, Gilinther S,
Osterhaus AD, Drosten C, Pallansch MA, Anderson LJ, Bellini W]. Characterization of a novel coronavirus
associated with severe acute respiratory syndrome. Science. 2003; 300: 1394-1399.

Marra MA, Jones SJM, Astell CR, Holt RA, Brooks-Wilson A, Butterfield YSN, Khattra ], Asano JK, Barber SA, Chan
SY, Cloutier A, Coughlin SM, Freeman D, Girn N, Griffith OL, Leach SR, Mayo M, McDonald H, Montogomery SB,
Pandoh PK, Petrescu AS, Robertson AG, Schein JE, Siddiqui A, Smailus DE, Stott JM, Yang GS, Plummer F, Andonov
A, Artsob H, Bastein N, Bernard K, Booth TF, Bowness D, Czub M, Drebot M, Fernando L, Flick R, Garbutt M, Gray
M, Grolla A, Jones S, Feldmann H, Meyers A, Garbutt M, Gray M, Grolla A, Jones S, Feldmann H, Meyers A, Kabani
A, LiY, Normand S, Stroher U, Tipples GA, Tyler S, Vogrig R, Ward D, Watson B, Brunham RC, Krajden M, Petric M,
Skowronski DM, Upton C, Roper RL. The Genome Sequence of the SARS-associated Coronavirus. Science. 2003;
300(5624): 1399-1404.

Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, Hu Y, Tao Z-W, Tian H-H, Pei Y-Y, Yuan M-L, Zhang Y-L, Dai F-H,
Liu Y, Wang Q-M, Zheng J-], Xu L, Holmes EC, Zhang Y-Z. A new coronavirus associated with human respiratory
disease in China. Nature. 2020; 579: 265-269.

Thiel V, Ivanov KA, Putics A, Hertzig T, Schelle B, Bayer S, Weibbrich B, Snijder E], Rabenau H, Doerr HW,
Gorbalenya AE, Ziebuhr ]J. Mechanisms and Enzymes Involved in SARS Coronavirus Genome Expression. ] Gen
Virol. 2003; 84(Pt 9): 2305-2315.

Ge X-Y, Li ]J-L, Yang X-L, Chmura AA, Zhu G, Epstein JH, Mazet JK, Zhang W, Peng C, Zhang Y-], Luo C-M, Tan B,
Wang N, Zhu Y, Crameri G, Zhang SY, Wang LF, Daszak P, Shi ZL. Isolation and characterization of a bat SARS-like
coronavirus that uses the ACE2 receptor. Nature. 2003; 503: 535-538.

29



[26]

[27]

World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Walls AC, Tortorici MA, Snijder ], Xiong X, Bosch BJ, Rey FA, Veesler D. Tectonic conformational changes of a
coronavirus spike glycoprotein promote membrane fusion. PNAS. 2017; 114(42): 11157-11162.

LiF, Li W, Farzan M, Harrison SC. Structure of SARS Coronavirus Spike Receptor-Binding Domain Complexed with
Receptor. Science. 2005; 309(5742): 1864-1868.

Du L, He Y, Zhou Y, Liu S, Zheng B], Jiang S. The spike protein of SARS-CoV--a target for vaccine and therapeutic
development. Nat Rev Microbiol. 2009; 7: 226-236.

Hoffmann M, Kleine-Weber H, Kriiger N, Miiller M, Drosten C, P6hlmann S. The novel coronavirus 2019 (2019-
nCoV) uses the SARS-coronavirus receptor ACE2 and the cellular protease TMPRSS2 for entry into target cells.
bioRxiv. 2020.

Letko M, Marzi A, Munster V. Functional assessment of cell entry and receptor usage for SARS-CoV-2 and other
lineage B betacoronaviruses. Nature Microbiology. 2020; 5: 562-569.

Raj VS, Osterhaus ADME, Fouchier RAM, Haagmans BL. MERS: Emergence of a Novel Human Coronavirus. Curr
Opin Virol. 2014; 5: 58-62.

Bertram S, Heurich A, Lavender H, Gierer S, Danisch S, Perin P, Lucas JM, Nelson PS, Pohlmann S, Soilleux EJ.
Influenza and SARS-coronavirus Activating Proteases TMPRSS2 and HAT are expressed at multiple sites in
Human Respiratory and Gastrointestinal Tracts. PLoS ONE. 2012; 7(4): e35876.

ZhaoY, Zaho Z, Wand Y, Zhou Y, Ma Y, Zuo W. Single-cell RNA expression profiling of ACE2, the putative receptor
of Wuhan 2019-nCov. 2020.

Zou X, Chen K, Zou ], Han P, Hao ], Han Z. Single-cell RNA-seq data analysis on the receptor ACE2 expression
reveals the potential risk of different human organs vulnerable to 2019-nCoV infection. Frontiers of Medicine.
2020; 14: 185-192.

Qi F, Qian S, Zhang S, Zhang Z. Single cell RNA sequencing of 13 human tissues identify cell types and receptors
of human coronaviruses. Biochem. Biophys. Res. Commun. 2020; 526(1): 135-140.

Chen ], Subbarao K. The immunobiology of SARS. Annu Rev Immunol. 2007; 25: 443-472.

Sungnak W, Huang N, Becavin C, Berg M, Queen R, Litvinukova M, Talavera-Lopez C, Maatz H, Reichart D,
Sampaziotis F, Worlock KB, Yoshida M, Barnes JL. HCA Lung Biological Network. (2020) SARS-CoV-22 entry
factors are highly expressed in nasal epithelial cells together with innate immune genes. Nature Medicine. 2020;
26: 681-687.

Eckert DM, Kim PS. Design of potent inhibitors of HIV-1 entry from the gp41 N-peptide region. PNAS. 2001;
98(20):11187-11192.

Tsai JC, Zelus BD, Holmes KV, Weiss SR. The N-terminal domain of the murine coronavirus spike glycoprotein
determines the CEACAM1 receptor specificity of the virus strain. J. Virol. 2003; 77(2): 841-850.

Zelus BD, Schickli JH, Blau DM, Weiss SR, Holmes KV. Conformational changes in the Spike glycoprotein of Murine
Coronavirus are induced at 37 degrees C either by soluble Murine CEACAM1 receptors or by pH 8.] Virol. 2003;
77(2): 830-840.

Matsuyama S, Taguchi F. Two-step conformational changes in a coronavirus envelope glycoprotein mediated by
receptor binding and proteolysis. ]. Virol. 2009; 83: 11133-11141.

Park JE, Li K, Barlan A, Fehr AR, Perlman S, McCray Jr, PB, Gallagher T. Proteolytic processing of Middle East
Respiratory Syndrome Coronavirus spikes expands virus Tropism. Proc Natl Acad Sci. 2016; 113(43): 12262-
12267.

Simmons G, Gosalia DN, Rennekamp A], Reeves ]D, Diamond SL, Bates P. Inhibitors of Cathepsin L prevent Severe
Acute Respiratory Syndrome Coronavirus entry. Proc Natl Acad Sci. 2005; 102(33): 11876-81.

Park Y], Walls AC, Wang Z, Sauer MM, Li W, Tortorici MA, Bosch BJ, DiMaio F, Veesler D. Structures of MERS-CoV
spike glycoprotein in complex with sialoside attachment receptors. Nat. Struct. Mol. Biol.2019; 26: 1151-1157.

Bosch BJ, van der Zee R, de Haan CAM, Rottier PJM. The coronavirus spike protein is a class I virus fusion protein:
structural and functional characterization of the fusion core complex. ] Virol. 2003; 77(16): 8801-8811.

Bullough PA, Hughson FM, Skehel JJ, Wiley DC. Structure of Influenza Haemagglutinin at the pH of membrane
fusion. Nature. 1994; 371(6492): 37-43.

Walls AC, Park Y], Tortorici, MA, Wall A, McGuire AT, Veesler D. Structure, Function and Antigenicity of the SARS-
CoV-2 Spike Glycoprotein. Cell. 2020; 181(2): 281-292.

30



World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Baker KA, Dutch RE, Lamb RA, Jardetzky TS. Structural basis for paramyxovirus-mediated membrane fusion. Mol.
Cell.1999; 3: 309-3109.

Melikyan GB, Markosyan RM, Hemmati H, Delmedico MK, Lambert DM, Cohen FS. Evidence that the transition of
HIV-1 gp41 into a six-helix bundle, not the bundle configuration, induces membrane fusion. ] Cell Biol. 2000;
151(2): 413-423.

Russell C], Jardetzky TS, Lamb RA. Membrane fusion machines of paramyxoviruses: capture of intermediates of
fusion. EMBO J. 2001; 20(15): 4024-4034.

deHaan CAM, Masters PS, Shen X, Weiss S, Rottier PJM. The group-specific murine coronavirus genes are not

essential, but their deletion, by reverse genetics, is attenuating in the natural host. Virology. 2002; 296(1): 177-
89.

Haijema BJ, Volders H, Rottier PJM. Live, attenuated coronavirus vaccines through the directed deletion of group-
specific genes provide protection against Feline infectious Peritonitis. ] Virol. 2004; 78(8): 3863-71.

Yount B, Roberts RS, Sims AC, Deming D, Frieman MB, Sparks ], Denison MR, Davis N, Baric RS. Severe acute
respiratory syndrome coronavirus group-specific open reading frames encode nonessential functions for
replication in cell cultures and mice. ] Virol. 2005; 79(23): 14909-14922.

Hodgson T, Britton P, Cavanagh D. Neither the RNA nor the proteins of open reading frames 3a and 3b of the
coronavirus infectious bronchitis virus are essential for replication. ] Virol. 2006; 80(1): 296-305.

Liu DX, Fung TS, Chong KK-L, Shukla A, Hilgenfeld R. Accessory proteins of SARS-CoV and other coronaviruses.
Antiviral Res. 2014; 109: 97-109.

Narayanan K, Huang C, Makino S. SARS Coronavirus Accessory Proteins. Virus Res. 2008; 133(1): 113-21.

Frieman M, Yount B, Agnihotram S, Page C, Donaldson E, Roberts A, Vogel L, Woodruff B, Scorpio D, Subbarao K,
Baric RS. Molecular determinants of severe acute respiratory syndrome coronavirus pathogenesis and virulence
in young and aged mouse models of human disease. ] Virol. 2012; 86(2): 884-897.

Zhang F, Zheng Z, Liu S, Lu W, Zhang Z, Zhang C, Zhou P, Zhang Y, Long G, He Z, Pang DW, Hu Q, Wang H. Self-
biotinylation and site-specific double labeling of baculovirus using quantum dots for single-virus in-situ tracking.
Biomaterials. 2013; 34: 7506-7518.

Cruz D], Koishi AC, Taniguchi JB, Li X, Milan Bonotto R, No JH, Kim KH, Baek S, Kim HY, Windisch MP, Pamploma
Mosimann AL, de Borba L, liuzzi M, Hansen ME, Duarte Dos Santos CN, Freitas-]Jr LH High content screening of a

kinase-focused library reveals compounds broadly-active against dengue viruses. PLoS Neglected Tropical
Diseases. 2013; 7(2): e2073.

Dedeuwaerder A, olyslaegers DAJ], Desmarets LMB, Roukaerts IDM, Theuns S, Nauwynck H] ORF7-encoded
accessory protein 7a of feline infectious peritonitis virus as a counteragent against IFN-a-induced antiviral
response. Journal of General Virology. 2014; 95: 393-402.

Kumar S, Maurya VK, Prasad AK, Bhatt MLB, Saxena SK Structural, glycosylation and antigenic variation between
2019 Novel Coronavirus (2019-nCoV) and SARS Coronavirus (SARS-CoV). Virus Disease. 2020; 31(1): 13-21.

Cyranoski D, Abbott A. Virus detectives seek source of SARS in China's wild animals. Nature. 2003; 423(6939):
467.

Pradhan P, Pandey AK, Mishra A, Gupta P, Tripathi PK, Menon MB, Gomes ], Vivekanandan P, Kundu B. Uncanny
similarity of unique inserts in the 2019-nCoV spike protein to HIV-1 gp 120 and Gag. bioRxiv. 2020.
Luscher-Mattli M. Polyanions-a lost change in the fight against HIV and other virus diseases? Antivir Chem
Chemother. 2000; 11(4): 249-259.

Moulard M, Lortat-Jacob H, Mondor I, Roca G, Wyatt R, Sodroski ], Zhao L, Olson W, Kwong PD, Sattentau QJ
Selective interactions of polyanions with basic surfaces on Human Immunodeficiency Virus type 1 gp120. ] Virol.
2000; 74(4): 1948-60.

Witvrouw M, De Clercq ESulfated polysaccharides extracted from sea algae as potential antiviral drugs. Gen
Pharmacol. 1997; 29(4): 497-511.

Tziveleka L-A, Vagias C, Roussis V. Natural products with anti-HIV activity from marine organisms. Curr Top Med
Chem. 2003; 3(13): 1512-35.

Sipkema D, Franssen MCR, Osinga R, Tramper ], Wijffels, RH.) Marine sponges as Pharmacy. Mar Biotechnol.
2005; 7(3): 142-162.

31



World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Prudhomme ], McDaniel E, Ponts N, Bertani S, Fenical W, Jensen P, Le Roch K. Marine actinomycetes: a new source
of compounds against the human malaria parasite. PLoS ONE. 2008; 3(6).

Yasuhara-Bell Lu Y. Marine compounds and their antiviral activities. Antiviral Res. 2010; 86(3): 231-40.

Roussis V. Preface, Hot Topic: Marine Natural Products, Current Medicinal Chemistry; Schiphol. 2005; 11(13): 1-
2.

Schaeffer D], Krylov VS. Anti-HIV activity of extracts and compounds from algae and cyanobacteria. Ecotoxicol
Environ Saf. 2000; 45(3): 208-227.

Ponce NMA, Pujol CA, Damonte EB, Flores ML, Stortz CA. Fucoidans from the brown seaweed Adenocystis
utricularis: extraction methods, antiviral activity and structural studies. Carbohydr Res. 2003; 338(2): 153-165.

Albuquerque IR, Queiroz KC, Alves LG, Santos EA, Leite EL, Rocha H.A.) Heterofucans from Dictyota menstrualis
have anticoagulant activity. Braz ] Med Biol Res. 2004; 37: 167-171.

Gomaa HHA, Elshoubaky GA. Antiviral activity of sulfated polysaccharides carrageenan from some marine
seaweeds. International Journal of Current Pharmaceutical Review and Research. 2016; 7(1): 34-42.

Periera L, Critchley AT. The COVID 19 novel coronavirus pandemic 2020: seaweeds to the rescue? Why does
substantial, supporting research about the antiviral properties of seaweed polysaccharides seem to go
unrecognized by the pharmaceutical community in these desperate times? Journal of Applied Phycology. 2020;
32:1875-1877.

Chen X, Han W, Wang G, Zhao X. Application prospect of polysaccharides in the development of anti-novel
coronavirus drugs and vaccines. International Journal of Biological Macromolecules. 2020.

Duarte ME, Cauduro JP, Noseda DG, Goncalves AG, Pujol CA, Damonte EB, Cerezo AS. The structure of the agaran
sulfate from Acanthophora spicifera (Rhodomelaceae, Ceramiales) and its antiviral activity. Relation between
structure and antiviral activity in agarans. Carbohydrate Research. 2004; 339(2): 335-347.

Mc Candless EL, Craigie JS. Sulphated polysaccharides in red and brown algae. Planta. 1979; 112: 201-212.

Delattre C, Fenoradosoa TA, Michaud P. Galactans: An overview of their most important sourcing and applications
as Natural polysaccharides. Brazilian Archives of Biology and Technology. 2011; 54(6): 1075-1092.

Stortz CA, Cerezo AS. Novel findings in carrageenans, agaroids and “hybrids”’red seaweed galactans. Currents
Topics in Phytochemistry. 2000; 4: 121-134.

Estevez M, Ciancia M, Cerezo AS. DL-Galactan hybrids and agarans from gametophytes of the red seaweed
Gymnogongrus torulosus. Carbohydr Res. 2001; 331(1): 27-41.

Rodriguez MC, Merino ER, Pujol CA, Damonte EB, Cerezo AS, Matulewicz MC. Galactans from cystocarpic plants
of the red seaweed Callophyllis variegata (Kallymeniaceae, Gigartinales). Carbohydr. Res. 2005; 340: 2742-2751.

Matsuhiro B, Conte AF, Damonte EB, Kolender AA, matulewicz MC, Mejias EG, Pujol CA, Zuniga EA. Structural
analysis and antiviral activity of a sulfated galactan from the red seaweed Schizymenia binderi (Gigartinales,
Rhodophyta). Carbohydr Res. 2005; 340(15): 2392-402.

Thuy TTT, Ly BM, Van TTT, Quang NV, Tu HC, Zheng Y, Sequin-Devaux C, Mi B, Ai U. Anti-HIV activity of fucoidans
from three brown seaweed species. Carbohydr Polym. 2015; 115: 122-128.

Wang W, Wu ], Zhang X, Hao C, Zhao X, jiao G, Shan X, Tai W, Yu G. Inhibition of Influenza A virus infection by
Fucoidan targeting viral neuraminidase and cellular EGFR pathway. Scientific Reports. 2017; 7: 40760.

Lahaye M. Developments on gelling algal galactans, their structure and physico-chemistry. Journal of Applied
Phycology. 2001; 13(2): 173-184.

Vera ], Castro ], Gonzalez A, Moenne A. Seaweed polysaccharides and derived oligosaccharides stimulate defense
responses and protection against pathogens in plants. Mar Drugs. 2011; 9(12): 2514-2525.

Renn D. Biotechnology and the red seaweed polysaccharide industry: status, needs and prospects. Trends in
Biotechnology. 1997; 15(1): 9-14.

Buck CB, Thompson CD, Roberts JN, Muller M, Lowy DR, Schiller JT. Carrageenan is a potent inhibitor of
Papillomavirus infection. PLoS Pathog. 2006; 2(7): e69.

Grassauer A, Weinmuellner R, Meier C, Pretsch A, Prieschl-Grassauer E, Unger, H. Iota-Carrageenan is a potent
inhibitor of rhinovirus infection. Virology Journal. 2008; 5(1): 107.

Tang F, Chen F, Li F. Preparation and potential in vivo anti-influenza virus activity of low molecular weight k-
carrageenans and their derivatives. Journal of Applied Polymer Science. 2013; 127(3).

32



[100]
[101]
[102]
[103]
[104]
[105]

[106]

[107]

World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Bhakuni DS, Rawat DS. Bioactive marine natural products. New York, NY. 2005.

Luescher-Matttli M. Algae, a possible source for new drugs in the treatment of HIV and other viral diseases.
Current Medicinal Chemistry - Anti-infective Agents. 2003; 2(3): 219-225.

Grassauer A, Prieschl-Grassauer E. Antiviral composition comprising a sulfated polysaccharide. International
Patent No. W02009/027057A1, Application PCT/EP2008/006910, Published on 05-03-2009.

Grassauer A, Prieschl-Grassauer E, Bodenteich A, Koller C, Morokutti-Kurz M. Stuffy nose deblocking composition
having antiviral activity. International Patent No. W02017009351A1. 2017.

Thomas NV, Kim SK. Fucoidans as a natural bioactive ingredient for functional foods. Journal of Functional Foods.
2013; 5(1): 16-27.

Patankar MS, Oehninger S, Barnett T, Williams RL, Clark GF. A revised structure for fucoidan may explain some
of its biological activities. ] Biol. Chem. 1993; 268(29): 21770-21776.

Dietrich CP, Farias GGM, Abreu LRD, Leite EL, Silva LF, Nader HB. A new approach for the characterization of
polysaccharides from algae: presence of four main acidic polysaccharides in three species of the class
Phaeophycea. Plant Sci. 1995; 108: 143-153.

Rocha HAO, Moraes FA, Trindade ES, Franco CRC, Torquato R]S, Veiga SS, Valente AP, Mourao PAS, Leit EL, Nader
HB, Dietrich CP. Structural and hemostatic activities of a sulfated galactofucan from the brown alga Spatoglossum
schroederi: An ideal antithrombotic agent? ] Biol Chem. 2005; 280(50): 41278-41288.

Damonte EB, Matulewicz MC, Cerezo AS. Sulfated seaweed polysaccharides as antiviral agents. Curr Med Chem.
2004; 11(18): 2399-24109.

Elizondo-Gonzalez Cruz-Suarez LE, Ricque-Marie D, Mendoza-Gamboa E, Rodriguez-Padilla C, Trejo-Avila LM. In
vitro characterization of the antiviral activity of fucoidan from Cladosiphon okamurans against Newcastle
Disease Virus. Virology Journal. 2012; 9: 307.

Moen LK, Clark GF. A novel reverse transcriptase inhibitor Fucus vesiculosus. Int Conf AIDS. 1993; 9: 145-161.

Sanniyasi E, Gayathri V, Madhu Mitra A, Preethy P Raj, Rajesh Kanna G. In vitro anti-HIV-1 activity of the bioactive
compound extracted and purified from two different marine macroalgae (seaweeds) (Dictyota bartayesiana
J.V.Lamouroux and Turbinaria decurrens Bory). Scientific Reports. 2019; 9: 12185.

Rajesh Kanna G, Preethy P Raj, Elumalai S. In vitro anti-HIV-1 activity of sulphated polysaccharide from three
different marine macroalgae (seaweeds); In: International Science Symposium on HIV and Infectious Diseases
(ISSHID 2019), Chennai, India. 12-14 October 2019, BMC Infectious Diseases. 2020; 20(Suppl 1): 324, Abstract-
277.

Leite EL, Medeiros MGL, Rocha HAO, Farias GGM, Silva LF, Chavante SF, Abreu LRD, Dietrich CP, Nader HB.
Structure and pharmacological activities of a sulfated xylofucoglucuronan from the alga Spatoglossum
Schroederi. Plant Sci. 1998; 132: 215-228.

Lahaye M, Robic A. Structure and functional properties of Ulvan, a polysaccharide from green seaweeds.
Biomacromolecules. 2007; 8(6): 1765-1774.

Mao W, Zang X, li Y, Zhang H. Sulfated polysaccharides from marine green alga Ulva conglobata and their
anticoagulant activity. Journal of Applied Phycology. 2006; 18: 9-14.

Leiro JM, Castro R, Arranz JA, Lamas J. Immunomodulating activities of acidic sulphated polysaccharides obtained
from the seaweed Ulva rigida C. Agardh. Int Inmunopharmacol. 2007; 7(7): 879-888.

Qi H, Liu X, Zhang ], Duan Y, Wang X, Zhang Q. Synthesis and antihyperlipidemic activity of acetylated derivative
of ulvan from Ulva pertusa. Int ] Biol Macromol. 2012; 50(1): 270-272.

Tabarsa M, han JH, kim CY, You SG. Molecular characteristics and immunomodulatory activities of water-soluble
sulfated polysaccharides from Ulva pertusa. Med Food. 2012; 15(2): 135-144.

Alves A, Sousa RA, Reis RL. In vitro cytotoxicity assessment of ulvan, a polysaccharide extracted from green algae.
Phytother Res. 2013; 27(8): 1143-1148.

Aguilar-Briseno JA, Cruz-Suarez LE, Sassi J-F, Ricque-Marie D, Zapata-Benavides P, Mendoza-Gamboa E,
Rodriguez-Padilla C, Trejo-Avila LM. Sulphated polysaccharides from Ulva clathrata, Cladosiphon okamurans
seaweeds both inhibit viral attachment/entry and cell-cell fusion, in NDV infection. Mar Drugs. 2015; 13(2): 697-
712.

Robic A, Sassi J-F, Dion P, Lerat Y, Lahaye M. Seasonal variability of physicochemical and rheological properties
of ulvan in two Ulva species (Chlorophyta) from the Brittany Coast(1).] Phycol. 2009; 45(4): 962-73.

33



[108]
[109]
[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Quemener B, Lahaye M Bobin-Dubigeon C. Sugar determination in ulvans by a chemical-enzymatic method
coupled to high performance anion exchange chromatography. Journal of Applied Phycology. 1997; 9: 179-188.

Pefia-Rodriguez A, Mawhinney TP, Ricque-Marie D, Cruz-Sudrez LE. Chemical composition of cultivated seaweed
Ulva clathrata (Roth) C. Agardh. Food Chem. 2011; 129: 491-498.

Quemener B, Marot C, Mouillet L, Riz V, Diris J. Quantitative analysis of hydrocolloids in food systems by
methanolysis coupled to reverse HPLC. Part 1. Gelling Carrageenans. Food Hydrocolloids. 2000; 14: 9-17.

Trejo-Avila LM, Morales-Martinez ML, Ricque-Marie D, Cruz-Suarez LE, Zapata-Benavides P, Moran-Santibafiez
K, Rodriguez-Padilla C. In vitro anti-canine distemper virus activity of fucoidan extracted from the brown alga
Cladosiphon okamuranus. Virus Dis. 2014; 25: 474-480.

Mendes G, Angelica RS, Fernando M, maria A, Sonia C, Yocie YV, Monica GL, Norma S, Maria R. Antiviral activity
of the green marine alga Ulva fasciata on the replication of human metapneumovirus. Revista do Instituto de
Medicina Tropical de Sao Paulo. 2010; 52: 3-10.

Chiu YH, Chan YL, Li TL, Wu CJ. Inhibition of Japanese Encephalitis Virus infection by the sulfated polysaccharide
extracts from Ulva lactuca. Marine Biotechnology. 2012; 14: 468-478.

Lee ]B, Hayashi K, Hayashi T, Sankawa U, Maeda M. Antiviral activities against HSV-1, HCMV, and HIV-1 of
Rhamnan Sulfate from Monostroma latissimum. Planta Med. 1999; 65(5): 439-41.

Callahan LN, Phelan M, Mallinson M, Norcross MA. Dextran sulfate blocks antibody binding to the principal
neutralizing domain of Human Immunodeficiency Virus type 1 without interfering with gp120-CD4 interactions.
Virol. 1991; 65(3): 1543-1550.

Roderiguez G, Oravecz T, Yanagishita M, Bou-Habib DC, Mostowski H, Norcross MA. Mediation of Human
Immunodeficiency Virus type 1 binding by interaction of cell surface Heparan sulfate proteoglycans with the V3
region of envelope gp120-gp41. ] Virol. 1995; 69(4): 2233-2239.

Mondor I, Ugolini S, Sattentau QJ. Human Immunodeficiency Virus type 1 attachment of HeLa CD4 cells is CD4
independent and gp120 dependent and requires cell surface heparans. ] Virol. 1998; 72(5): 3623-3634.

Ibrahim ], Griffin P, Coombe DR, Rider CC, James W. Cell-surface heparan sulfate facilitates human
immunodeficiency virus type 1 entry into some cell lines but not primary lymphocytes. Virus Res. 1999; 60: 159-
1609.

Schols D, De Clercq E, Balzarini ], Baba M, Witvrouw M, Hosoya M, Andrei G, Snoek R, Neyts ], Pauwels R, Nagy M,
Gyorgyi-Edelenyi ], Machowich R, Horvath I, Low M, Gorog S. Sulphated polymers are potent and selective
inhibitors of various enveloped viruses, including herpes simplex virus, cytomegalovirus, vesicular stomatitis
virus, respiratory syncytial virus, and togaarena- and retroviruses. Antiviral Chemistry and Chemotherapy. 1990;
1: 233-240.

Batinic D, Robey FA. The V3 region of the envelope glycoprotein of Human Immunodeficiency Virus type 1 binds
sulfated polysaccharides and CD4-derived synthetic peptides. ] Biol Chem. 1992; 267(10): 6664-6671.

Gordon M, Guralnik M, Kaneko Y, Mimura T, Baker M, Lang W. A phase I study of curdlan sulfate- an HIV inhibitor.
Tolerance, pharmacokinetics and effects on coagulation and on CD4 lymphocytes. Journal of Medicine. 1994;
25(3-4): 163-180.

Prabakaran P, Xiao X, Dimitrov D. A model of the ACE2 structure and function as a SARS-CoV receptor.
Biochemical and Biophysical Research Communications. 2004; 314: 235-241.

Grassauer A, Weinmuellner R, Meier C, Pretsch A, Prieschl-Grassauer E, Unger H. lota-Carrageenan is a potent
inhibitor of rhinovirus infection. Virology Journal. 2008; 5: 107.

Leibbrandt A, Meier C, Konig-Schuster M, Weinmullner R, Kalthoff D, Pflugfelder B, Graf P, Frank-Gehrke B, Beer
M, Fazekas T, Unger H, Prieschl-Grassauer E, Grassauer A. Iota-Carrageenan is a potent inhibitory of Influenza A
virus infection. PLoS ONE. 2010; 5(12): e14320.

Witvrouw M, Desmyter ], De Clercq E. Antiviral portrait series: Polysulfate as inhibitors of HIV and other
enveloped viruses. Antiviral Chem Chemother. 1994; 5: 345-359.

Wang SC, Bligh SWA, Shi SS, Wang ZT, Hu ZB, Crowder ], Branford-White C, Vella C. Structural features and anti-

HIV-1 activity of novel polysaccharides from red algae Grateloupia longifolia and Grateloupia filicina.
International Journal of Biological Macromolecules. 2007; 41(4): 369-375.

Deig EF, Ehresmann DW, Hatch MT, Riedlinger DJ. Inhibition of Herpesvirus replication by marine algae extracts.
Antimicrob Agents Chemother. 1974; 6(4): 524-5.

34



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]
[137]

[138]

[139]
[140]

[141]

[142]

[143]

[144]
[145]

[146]

[147]

[148]

World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Gonzalez ME, Alarcon B, Carrasco L. Polysaccharides as antiviral agents: antiviral activity of carrageenan.
Antimicrob Agents Chemother. 1987; 31: 1388-1393.

Talarico LB, Pujol CA, Zibetti RGM, Faria PCS, Noseda MD, Duarte MER, Damonte EB. The antiretroviral activity
of sulfated polysaccharides against Dengue virus is dependent on virus serotype and host cell. Antiviral Res.
2005; 66(2-3): 103-110.

Mandal P, Mateu CG, Chattopadhyay K, Pujol CA, Damonte EB, Ray B. Structural features and antiviral activity of
sulphated fucans from the brown seaweed Cystoseira indica. Antivir Chem Chemother. 2007; 18(3): 153-162.

Talarico LB, Duarte ME, Zibetti RG, Noseda MD, Damonte EB. An algal-derived DL-galactan hybrid is an efficient
preventing agent for in vitro Dengue virus infection. Planta Med. 2007; 73(14): 1464-1468.

Krylova NV, Ermakova SP, Lavrov VF, Leneva 1A, Kompanets GG, Lunikhina OV, Nosik MN, Ebralidze LK,
Falynskova IN, Silchenko AS, Zaporozhets TS. The comparative analysis of antiviral activity of native and modified
fucoidans from brown algae Fucus evanescens in vitro and in vivo. Mar Drugs. 2020; 18(4): 224.

Rothan HA, Yusof R. Antiviral and virucidal activities of sulphated polysaccharides against Japanese Encephalitis
Virus. bioRxiv. 2020.

Beress A, Wassermann O, Tahhan S, Bruhn T, Beress L, Kraiselburd EN, Gonzalez LV, de Motta GE, Chavez PI. A
new procedure for the isolation of anti-HIV compounds (polysaccharides and polyphenols) from the marine alga
Fucus vesiculosus. ] Nat Prod. 1993; 56(4): 478-488.

Bourgougnon N, Lahaye M. Chermann ]JC, Kornprobst JM. Composition and antiviral activities of a sulfated
polysaccharide from Schizymenia dubyi (Rhodophyta, Gigartinales). Bioorganic & Medicinal Chemistry Letters.
1993; 3(6): 1141-1146.

Caceres P, Carlucci M, Damonte E, matsuhiro B, Zuniga E. Carrageenans from Chilean samples of Stenogramme
interrupta (Phyllophoraceae0: Structural analysis and biological activity. Phytochemistry. 2000; 53: 81-86.

Carlucci M], Scolaro LA, Errea MI, Matulewicz MC, Damonte EB. Antiviral activity of natural sulphated galactans
on Herpes Virus multiplication in cell culture. Planta Med. 1999; 63(5): 429-432.

Carlucci M]J, Pujol CA, Ciancia M, Noseda MD, Matulewicz MC, Damonte EB, Cerezo AS. Antiherpetic and
anticoagulant properties of carrageenans from the red seaweed Gigartina skottsbergii and their cyclized
derivatives: correlation between structure and biological activity. Int ] Biol Macromol. 1997; 20: 97-105.

Carlucci M, Scolaro L, Noseda M, Cerezo A, Damonte E. Protective effect of a natural carrageenan on genital Herpes
Simplex Virus infection in mice. Antiviral Research. 2004; 64: 137-141.

Chiu YH, Chan YL, Tsai LW, Li TL, Wu CJ. Prevention of Human Enterovirus 71 infection by kappa Carrageenan.
Antiviral Res. 2012; 95(2): 128-34.
Damonte E, Neyts ], Pujol CA, Snoeck R, Andrei G, Ikeda S, Witvrouw M, Reyman D, Haines H, Matulewicz MC,

Cerezo A, Coto CE, De Clerco E. Antiviral activity of a sulphated polysaccharide from the red seaweed Nothogenia
fastigiata. Biochemical Pharmacology. 1994; 47(12): 2187-2192.

Damonte EB, Matulewicz MC, Cerezob AS, Coto CE. Herpes Simplex Virus-Inhibitory sulfated xylogalactans from
the red seaweed Nothogenia fastigiata. Chemotherapy. 1996; 42: 57-64.

Duarte MER, Noseda DG, Noseda MD, Tulio S, Pujol CA, Damonte EB. Inhibitory effect of sulfated galactans from
the marine alga Bostrychia montagnei on herpes simplex virus replication in vitro. Phytomedicine. 2001; 8(1):
53-58.

Feldman SC, Reynaldi S, Stortz CA, Cerezo AS, Damonte EB. Antiviral properties of fucoidan fractions from
Leathesia difformis. Phytomedicine. 1999; 6(5): 335-340.

Girond S, Crance JM, Van Cuyck-Gandre H, Renaudet ], Deloince R. Antiviral activity of carrageenan on Hepatitis
A virus replication in cell culture. Research in Virology. 1991; 142(4): 261-270.

Haslin C, Lahaye M, Pellegrini M, Chermann ]C. anti-HIV activity of sulfated cell-wall polysaccharides from
gametic, carposporic and tetrasporic stages of the Mediterranean red alga Asparagopsis armata. Planta Med.
2001; 67(4): 301-305.

Hidari KIPJ, Takahashi N, Arihara M, Nagaoka M, Morita K, Suzuki T. Structure and anti-dengue virus activity of
sulfated polysaccharide from a marine alga. Biochem. Biophys. Res. Commun. 2008; 376(1): 91-95.

Holshino T, Hayashi T, hayashi K, Hamada ], Lee ] B, Sankawa U. An antivirally active sulfated polysaccharide from
Sargassum horneri (TURNER) C. AGARDH. Biol Pharm Bull. 1998; 21(7): 730-4.

35



[149]
[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]
[159]
[160]
[161]

[162]

[163]

[164]

[165]
[166]
[167]
[168]

[169]

World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Huleihel M, Ishanu C, Tal ], Arad S. Activity of Porphyridium sp. polysaccharide against Herpes Simplex Virus in
vitro and in vivo. Journal of Biochemical and Biophysical Methods. 2002; 50: 189-200.

Ivanova V, Rouseva R, kolarova M, Serkedjieva ], Rachev R, Manolova N. Isolation of a polysaccharide with
antiviral effect from Ulva lactuca. Preparative Biochemistry. 1994; 24(2): 83-97.

Kolender AA, Pujol CA, Damonte EB, matulewicz MC, Cerezo AS. The system of sulfated alpha-(1@3)-linkedD-
Mannans from the red seaweed Nothogenia fastigiata: structures, antiherpetic and anticoagulant properties.
Carbohydr Res. 1997; 304(1): 53-60.

Mazumder S, Ghosal PK, Pujol CA, Carlucci M], Damonte EB, Ray B. Isolation, chemical investigation and antiviral
activity of polysaccharides from Gracilaria corticata (Gracilariaceae, Rhodophyta). Int ] Biol Macromol. 2002;
31(1-3): 87-95.

Nakashima H, Kido Y, Kobayashi N, Motoki Y, Neushul M, Yamamoto N. Antiretroviral activity in a marine red

alga: reverse transcriptase inhibition by an aqueous extract of Schizymenia pacifica. Journal of Cancer Research
and Clinical Oncology. 1987; 113: 413-416.

Pujol CA, Errea MI, Matulewicz MC, Damonte EB. Antiherpetic activity of S1, an algal derived sulphated galactan.
Phytotherapy Research. 1996; 10(5): 410-413.

Pujol CA, Estevez M, Carlucci M], Ciancia M, Cerezo AS, Damonte EB. Novel DL-galactan hybrids from the red
seaweed Gymnogongrus torulosus are potent inhibitors of Herpes Simplex Virus and Dengue Virus. Antiviral
Chemistry & Chemotherapy. 2002; 13: 83-89.

Queiroz KCS, Medeiros VP, Queiroz LS, Abreu LRD, Rocha HAO, Ferreira CV, Juca MB, Aoyama H, Leite EL.
Inhibition of reverse transcriptase activity of HIV by polysaccharides of brown algae. Biomed Pharmacother.
2008; 62(5): 303-307.

Sekine H, Ohonuki N, Sadamasu K, Monma K, Kudoh Y, Nakamura H, Okada Y, Okuyama T. The inhibitory effect

of the crude extract from a seaweed of Dygenea simplex C. Agardh on the in vitro cytopathic activity of HIV-1 and
its antigen production. Chem Pharm Bull (Tokyo). 1995; 43(9): 1580-1584.

Talarico LB, Damonte EB. Interference in Dengue Virus adsorption and uncoating by Carrageenans. Virology.
2007; 363(2): 473-485.

Talarico LB, Noseda MD, Ducatti DRB, Duarte MER, Damonte EB. Differential inhibition of Dengue Virus infection
in Mammalian and Mosquito cells by lota-carrageenan. ] Gen Virol. 2011; 92(Pt 6): 1332-1342.

Wang W, Zhang P, Hao C, Zhang XE, Cui ZQ, Guan HS. In vitro inhibitory effect of carrageenan oligosaccharides on
influenza A H1N1 virus. Antiviral Research. 2011; 92: 237-246.

Yamada T, Ogama A, Saito T, Watanabe ], Uchiyama H, Nakagawa Y. Preparation and anti-HIV activity of low-
molecular -weight carrageenans and their sulfated derivatives. Carbohydrate Polymers. 1997; 32(1): 52-55.

Yamada T, Ogamo A, Saito T, Uchiyama H, Nakagawa Y. Preparation of O-acylated low-molecular-weight
carrageenans with potent anti-HIV activity and low anticoagulant effect. Carbohydrate Polymers. 2000; 41: 115-
120.

Adhikari U, Mateu CG, Chattopadhyay K, Pujol CA, Damonte EB, Ray B. Structure and antiviral activity of sulfated
fucans from Stoechospermum marginatum. Phytochemistry. 2006; 67(22): 2474-2482.

Bouhlal R, Haslin C, Chermann ]C, Colliec-Jouault S, Sinquin C, Simon G, Cerantola S. Riadi H, Bourgougnon N.
Antiviral activities of sulfated polysaccharides from Sphaerococcus coronopifolius (Rhodophyta, Gigartinales)
and Boergesniella Thuyoides (Rhodophyta, Ceramiales). Mar Drugs. 2011; 9(7): 1187-209.

Dinesh S, Thangam M, Hanna L, Suresh V, Sathuvan M, Manikannan M. anti-HIV-1 activity of fucoidan from
Sargassum swartzii. International Journal of Biological Macromolecules. 2015; 82.

Harden EA, Falshaw R, Carnachan SM, Kern ER, Prichard MN. Virucidal activity of polysaccharide extracts from
four algal species against herpes simplex virus. Antiviral Research. 2009; 83(3): 282-289.

Lee JB, Hayashi K, Hashimoto M, Nakano T, Hayashi T. Novel antiviral Fucoidan from sporophyll of Undaria
pinnatifida (Mekabu). Chem Pharm Bull (Tokyo). 2004; 52(9): 1091-1094.

Mohamed S, Agili FA. Antiviral sulphated polysaccharide from brown algae Padina pavonia characterization and
structure elucidation. International Journal of ChemTech Research. 2013; 5: 1469-1476.

Moran-Santibanez K, Cruz-Suarez LE, Ricque-Marie D, Robledo D, Freile-Pelegrin Y, Pena-Hernandez MA,
Rodriguez-Padilla C, Trejo-Avila LM. Synergestic effects of sulfated polysaccharides from Mexican seaweeds
against Measles virus. Biomed Res Int. 2016; 8502123.

36



[170]
[171]
[172]

[173]

[174]

[175]

[176]
[177]
[178]
[179]
[180]
[181]
[182]

[183]

[184]

[185]

World Journal of Advanced Pharmaceutical and Life Sciences, 2022, 02(02), 001-037

Rabanal M, Ponce NMA, Navarro DA, Gomez RM, Stortz CA. The system of Fucoidans from the brown seaweed
Dictyota dichotoma: Chemical analysis and antiviral activity. Carbohydr Polym. 2014; 101: 804-811.

Sinha S, Astani A, Ghosh T, Schnitzler P, Ray B. Polysaccharides from Sargassum tenerrimum: Structural features,
chemical modification and anti-viral activity. Phytochemistry. 2010; 71(2-3): 235-242.

Chattopadhyay K, Mateu C, Mandal P, Pujol C, Damonte E, Ray B. Galactan sulfate of Grateloupia indica: Isolation,
structural features and antiviral activity. Phytochemistry. 2007; 68: 1428-1435.

Faria Tischer P, Talarico L, Noseda M, Guimaraes S, Damonte E, Duarte ME. Chemical structure and antiviral
activity of carrageenans from Meristiella gelidium against Herpes Simplex and Dengue virus. Carbohydrate
Polymers. 2006; 63: 459-465.

Mandal P, Pujol CA. Carlucci M], Chattopadhyay K, Damonte EB, Ray B. Anti-herpetic activity of a sulfated
xylomannan from Scinaia hatei. Phytochemistry. 2008; 69(11): 2193-2199.

Zhu W, Chiu L, Ooi V, Chan PKS, Ang PO Jr. Antiviral property and mode of action of a sulphated polysaccharide
from Sargassum patens against herpes simplex virus type 2. International Journal of Antimicrobial Agents. 2004;
24:279-283.

Zhu W, Chiu L, Ooi V, Chan P, Ang P]r. Antiviral property and mechanisms of sulphated polysaccharide from the
brown alga Sargassum patens against Herpes Simpelx virus type 1. Phytomedicine. 2006; 13(9-10): 695-701.

Fitton JH, Park AY, Karpiniec SS, Stringer DN. Fucoidan and Lung Function: Value in Viral Infection. Marine Drugs.
2021; 19: 4.

Song S, Peng H, Wang Q, Liu Z, Dong X, Wen C, Ai C, Zhang Y, Wang Z, Zhu B. Inhibitory activities of marine sulfated
polysaccharides against SARS-CoV-2. Food Funct. 2020; 11: 7415-7420.

Kwon PS, Oh H, Kwon §J, Jin W, Zhang F, Fraser K, Hong J], Linhardt R], Dordick S. Sulfated Polysaccharides
effectively inhibit SARS-CoV-2 in vitro. Cell Discovery. 2020; 6: 50.

Lorentsen K], Hendrix CW, Collinss JM, Kornhauser DM, Petty BG, Klecker RW, Flexner C, Eckel RH, Lietman PS.
Dextran sulphate is poorly absorbed after oral administration. Annals of Internal Medicine. 1989; 111: 561-566.

Hartman NR, Johns DG, Mitsuya H. Pharmacokinetic analysis of dextran sulfate in rats as pertaining to its clinical
usefulness for therapy of HIV infection, AIDS Res. Human Retrovir. 1990; 6: 805.

Pearce-Pratt R, Phillips DM. Studies of adhesion of lymphocytic cells: implications for sexual transmission of
human immunodeficiency virus. Biol Reprod. 1993; 48: 431-445.

Stafford MK, Cain D, Rosenstein I, Fontaine EA, McClure M, Flanagan AM, Smith JR, Taylor-Robinson D, Weber, ].,
Kitchen VS. A placebo-controlled, double-blind prospective study in healthy female volunteers of dextrin sulfate
gel: a novel potential intravaginal virucide. Journal of Acquired Immune Deficiency Syndromes and Human
Retrovirology. 1997; 14: 213-218.

Soria-Martinez L, Bauer S, Giesler M, Schelhaas S, Materlik ], Janus K, Pierzyna P, Becker M, Snyder NL, hartmann
L, Schelhaas M. Prophylactic antiviral activity of sulfated glycomimetic oligomers and polymers. ] Am Chem Soc.
2020; 142(11): 5252-5265.

Kim SY, Jin W, Sood A, Montgomery DW, Grant OC, Fuster MM, Fu L, Dordick JS, Woods R], Zhang F, Linhardt R].
Characterization of heparin and severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) spike
glycoprotein binding interactions. Antiviral Res. 2020; 181: 104873.

37



