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A B S T R A C T   

The viral infection caused by SARS-CoV-2 has increased the mortality rate and engaged several adverse effects on 
the affected individuals. Currently available antiviral drugs have found to be unsuccessful in the treatment of 
COVID-19 patients. The demand for efficient antiviral drugs has created a huge burden on physicians and health 
workers. Plasma therapy seems to be less accomplishable due to insufficient donors to donate plasma and low 
recovery rate from viral infection. Repurposing of antivirals has been evolved as a suitable strategy in the current 
treatment and preventive measures. The concept of drug repurposing represents new experimental approaches 
for effective therapeutic benefits. Besides, SARS-CoV-2 exhibits several complications such as lung damage, 
blood clot formation, respiratory illness and organ failures in most of the patients. Based on the accumulation of 
data, sulfated marine polysaccharides have exerted successful inhibition of virus entry, attachment and repli
cation with known or unknown possible mechanisms against deadly animal and human viruses so far. Since the 
virus entry into the host cells is the key process, the prevention of such entry mechanism makes any antiviral 
strategy effective. Enveloped viruses are more sensitive to polyanions than non-enveloped viruses. Besides, the 
viral infection caused by RNA virus types embarks severe oxidative stress in the human body that leads to 
malfunction of tissues and organs. In this context, polysaccharides play a very significant role in providing 
shielding effect against the virus due to their polyanionic rich features and a molecular weight that hinders their 
reactive surface glycoproteins. Significantly the functional groups especially sulfate, sulfate pattern and addition, 
uronic acids, monosaccharides, glycosidic linkage and high molecular weight have greater influence in the 
antiviral activity. Moreover, they are very good antioxidants that can reduce the free radical generation and 
provokes intracellular antioxidant enzymes. Additionally, polysaccharides enable a host-virus immune response, 
activate phagocytosis and stimulate interferon systems. Therefore, polysaccharides can be used as candidate 
drugs, adjuvants in vaccines or combination with other antivirals, antioxidants and immune-activating nutri
tional supplements and antiviral materials in healthcare products to prevent SARS-CoV-2 infection.   

1. Introduction 

The rapid spread of infectious disease in the current pandemic 
caused by Corona Virus (CoV) is striking the world to a great extent. 
Basically, COVID-19 is caused by a CoV that are similar to SARS (Severe 
Acute Respiratory Syndrome). The initial source of SARS-CoV-2 is not 
exactly identified and remains unclear. On the other hand, reports from 
genomic analysis of this virus have suggested logical similarity to 
pangolin CoV and bat CoV genomes [1,2]. SARS-CoV-2 infection is 
estimated to have an average incubation period of 3–7 days in human 
and likely varies on individuals [3]. Besides, several investigations have 

displayed that CoV has high structural complexity and efficient binding 
ability to host cells [4]. There seems to be no specific drugs to prevent 
their binding and entry process despite robust investigation globally. 
Additionally, accurate diagnostics and screening methods are inade
quate to employ it for larger population. Fortunately, social distancing 
and quarantine/self-isolation is the basis for the prevention of virus 
spread, so far. Currently, the repurposing of antivirals [5,6] has been the 
possible strategy to prevent the mild and moderate COVID-19 cases [7, 
8]. Most of the clinical trials involving COVID-19 treatments and vac
cines preparations is on the raise, with encouraging results and out
comes. Especially remdesivir is found to improve the clinical symptoms 
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in COVID-19 patients during early treatment. However, the effectiveness 
of repurposing is still unsuccessful and remains a challenge in severe 
COVID-19 patients [9,10]. Several countries have started vaccine trials 
in humans but it requires longer duration to assess their therapeutic 
efficiency and biocompatibility. 

Marine environment is an exceptional treasure for novel bioactive 
natural products, with diverse structural and chemical features which 
are generally absent in terrestrial natural products. Marine organisms, 
especially, have surplus potential drug candidates which have not been 
largely explored. Thus far, several marine natural products [11] are 
utilized as antitumor, anti-inflammatory, antibacterial, antifungal [12], 
antiparasitic and antiviral due to their promising pharmacological sig
nificance [13,14]. Moreover, the FDA (The Food and Drug Administra
tion) has approved many marine-derived natural products as 
therapeutic drugs, which are already in the market and several of them 
are under different stages of clinical trials [15–17]. Especially, sulfated 
polysaccharides (PS) from marine seaweeds have a broad spectrum of 
antiviral activities and distinctive antiviral mechanisms [18]. Herein, 
we have discussed the possible mechanism of marine sulfated poly
saccharides that deserve detailed investigation related to their antiviral 
effects against SARS-CoV-2. Also, we have summarized the importance 
of repurposing antivirals especially relating sulfated polysaccharides as 
an effective antiviral strategy for the prevention and treatment of recent 
disease outbreak caused by CoV. In light of its importance, this review 
focuses on the interaction of structural features of sulfated poly
saccharides while exhibiting antiviral, immune activation, antith
rombotic, anticoagulant and antioxidant activities. 

2. SARS-CoV-2: Structure, lifecycle, severity of infection and 
exigency of potent antiviral drugs 

2.1. Viral attachment and entry 

SARS-CoV-2 is an enveloped spherical shape virus with a diameter of 
60–140 nm embedded virus particles and their characteristics belong to 
the Coronaviridae family. The virus is composed of spike protein (S), 
envelope protein (E), nucleocapsid protein (N) and membrane protein 
(M) (Fig. 1). It has been proposed that spike protein of this virus, pre
dicted to be 8–12 nm in length can bind to ACE2 (Angiotensin-con
verting enzyme 2) with higher affinity and ensures tight binding process. 
Mostly virus exploit various cellular events to gain entry into cells with 
help of host cell receptors. The interaction of these virus particles and 
cell surface receptors facilitates virus entry. In the case of SARS-CoV-2, 
the glycosylated S proteins present at the surface facilitates the viral 
entry via binding to ACE2 host cell receptor [5,19,20]. ACE2 transcripts 
are mostly distributed in organs such as heart, lungs, kidney, testis, in
testine and thus being the target for SARS-CoV-2 infection. However, 

every virus has its unique entry mechanism by displaying their affinity 
to cell surface receptors. After attachment, the human transmembrane 
protease serine 2 (TMPRSS2) enables the spike protein function that 
processes the SARS-CoV-2 entry into the cells [21,22]. 

2.2. Virus adsorption and internalization 

Following attachment, the virus must enter the cell to release their 
genome into the cells either through endocytosis or membrane fusion of 
the viral envelope with the host membrane. Virus entry into host cells is 
facilitated by the endocytic pathway with various mechanisms [23]. 
During attachment, the viral spike protein clings to ACE2 resulting in 
ACE2/SARS-CoV-2 complex and subjected to endocytosis through a 
clathrin-mediated endocytic pathway (CME) in case of SARS-CoV-2 re
ported in a recent study [24–26]. 

2.3. Membrane fusion 

Fusion generally happens within acidified endosomes, but some 
CoVs can accomplish fusion at the plasma membrane. Membrane fusion 
between viral and host cell membranes in CoV is enabled by the S pro
tein (Fig. 1). CoV S proteins have a hydrophobic “fusion peptide” that 
are exposed during fusion events. This enveloped virus embarks fusion 
process either in the plasma membrane or endosomal membrane. The S 
protein comprises two subunits [27], where S1 at the N-terminus serves 
for virus binding process while the S2 at the C-terminus responsible for 
fusion activity. Subsequently, the completion of fusion events accesses 
the host cell that ensures the release of viral RNA genome (uncoating) 
and initiates the further viral replication cycle [28–30]. 

2.4. RNA synthesis, genome translation and replication 

After the successful accomplishment of uncoating, CoV RNA syn
thesis is mediated by the replication-transcription complex (RTC) which 
is stimulated by nonstructural proteins (nsps) leading to the synthesis of 
+ve strand genomes and mRNAs. The SARS-CoV-2 genome contains 14 
open reading frames (ORFs), led by transcriptional regulatory sequences 
(TRSs) [31]. Moreover, the viral replication machinery of SARS-CoV-2 
includes an array of structural and functional proteins [32]. The trans
lation of main transcriptional units ORF1a and ORF1b from the genomic 
RNA generates two polyproteins, pp1a and pp1ab that includes sixteen 
nonstructural proteins such as pp1a (nsp1–11) and pp1ab (nsp1-10, nsp 
12–16) which are processed by many viral proteases. Subsequently, 
these polyproteins are cleaved by viral cysteine proteases nsp3 
(papain-like) and nsp5 (chymotrypsin-like proteases) [30,33]. Certainly, 
these nonstructural proteins together play a supportive role in accom
modating viral RTC, modulating intracellular components, the supply of 
co-factors, RNA synthesis and modification that eventually leads to viral 
replication [34]. The N protein present in the viral genome involves 
RNA packaging, virus replication and enable the ribonucleoprotein 
(RNP) complex formation during virus assembly [35,36]. Additionally, 
the RNA-dependent RNA polymerase (nsp12), helicase (nsp13) are 
specifically involved in the sub-genomic replication of SARS-CoV-2 in 
the host cells. Following replication and subgenomic RNA synthesis, the 
interaction of viral RNA and structural proteins at the endoplasmic re
ticulum (ER) and Golgi complex enables the assembly of virions. These 
virions are released out of the cells via vesicles by the exocytic process as 
progeny virus [37,38]. 

2.5. Severity of SARS-CoV-2 infection and exigency of potent antivirals 

Currently, CoV disease has evolved as a major outbreak and global 
threat due to its transmission from animal to human and human to 
human through respiratory droplets that are carried by the infected 
individuals in their residing environment. The symptoms begin with a 
cough, fever, fatigue and respiratory illness causes sneezing, breathing 

Fig. 1. Basic structure of SARS-CoV-2: The structure contains four main pro
teins that encapsulates the viral genomic RNA: the envelope protein (E), 
membrane glycoprotein (M), spike glycoprotein (S) and nucleocapsid protein 
(N) [216] (Section 2). 
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difficulty, sore throat and pneumonia in most cases [39]. Several recent 
reports have declared that SARS-CoV-2 causes damage in multiple or
gans, in a majority of the patients [40–42]. Fig. 2 depicts the impact of 
viral infection on the organs and the major symptoms reported so far in 
COVID-19 patients. These adverse effects lead to irreversible loss of 
organ function and most often causes organ failure [43–45]. Despite the 
treatments offered to patients, excess drugs given for the mitigation of 
multiple symptoms cause organ dysfunction in most cases. Seemingly, 
the brain, kidney, lungs and heart are suggested to be highly targeted 
organs in case of SARS-CoV-2 infection (Fig. 2) [46–48]. The virus 
latches its spike protein directly to the receptors of organs which then 
initiates inflammation, cell injury, muscular dysfunction, degeneration 
of small blood vessels and organ malfunction [49]. It has been reported 
that most of the patients affected by pulmonary embolism with 
COVID-19 pneumonia have a higher mortality rate [50]. Moreover, 
neuro-inflammation, dementia, neuronal death were observed in 
COVID-19 patients. The hyperinflammatory response was observed, in 
many patients, due to abnormal immune activation induced by a viral 
infection that eventually leads to a cytokine storm [51,52]. Also, in
dividuals with diabetes, obesity, cancer, liver diseases, cardiovascular 
complications, hypertension and chronic liver disease are more 
vulnerable to SARS-CoV-2 infection [53–55]. These comorbidities are 
the cause for several death cases recorded [56–58]. This pandemic dis
ease is posing stunned challenges all over the world in a short period. 
Unfortunately, we are lacking suitable antiviral drugs, globally, to 
combat the adverse effects encountered by COVID-19 affected patients. 
The need for appropriate treatment is escalating as physicians struggle 
due to lack of adequate equipment facilities and health workers [59,60]. 
This persistently added burden on the healthcare investigators to deploy 
Hydroxychloroquine (HCQ, an antimalarial drug) initially to mitigate 
the dreadful actions of SARS-CoV-2 [61]. Later, the World Health Or
ganization (WHO) has announced that the clinical trial for HCQ has been 
suspended due to its ineffectiveness. There is no FDA approved specific 
drug or standard therapeutic procedure to treat COVID-19 [62]. Besides, 
the rapid progression of COVID-19 led to the use of antibiotics for the 
treatment of respiratory and other bacterial infections in patients. 
However WHO warned about the vulnerability of antimicrobial resis
tance that can cause more deaths [63,64]. Fortunately, convalescent 
plasma therapy seems to be successful in treating COVID-19 patients. In 
this procedure, plasma containing antibodies are collected from recov
ered individuals and injected into the affected patients. As a result, pa
tients have shown gradual recovery and improvement in their health 

status. However, lack of donors, quantity and the complete recovery of 
the patients are being a challenge [65]. To ward off the illness and 
severity of SARS-CoV-2 infection, efficient and specific drugs are 
immediately required to prevent and restore the huge loss posed by the 
global threat. Instead of routine blind dependency over limited action 
and side effect causing drugs, it is essential to disclose the previously 
reported structurally efficient antiviral compounds that have extensive 
scientifically proven data that addresses logical virus inhibiting mech
anisms. The underlying theme will be that ‘If Nature poses a problem, 
resolve the problem using the Nature and its resources’. 

3. Importance and effects of repurposing antivirals 

Creating vaccines for CoV will be a perineal challenge until their 
complete clinical trial outcomes are consistent in all the experiments 
carried out. As an alternative approach, drug repurposing serves as a 
valuable strategy to reuse the existing drugs that have been tested 
already in humans with beneficial therapeutic outcomes. Rapid repur
posing of several other drugs including antivirals are initiated all over 
the world to combat severe complications caused by CoVs [66,67]. 
Before the use of drugs, it is essential to ascertain and assess the key 
cellular events of SARS-CoV-2 and their related cellular functions. Tar
geting any of SARS-CoV-2 cellular events could offer an effective basis 
for repurposing antivirals [25]. Indeed globally many antivirals are 
being enrolled in targeting the key cellular events of SARS-CoV-2 in vitro 
and in vivo [68,69]. Among them, remdesivir has gained more attention 
due to its phenomenal antiviral strategy against several deadly viruses. 
Remdesivir is a prodrug of an adenosine analogue that has a potent 
antiviral activity against several RNA viruses including pneumoviruses, 
filoviruses, paramyxoviruses, and CoVs [70]. It is a clinically approved 
viral RdRp inhibitor that is critical for viruses to replicate with the help 
of RdRp protein. Initially, the remdesivir has been unsuccessful in its 
first randomized clinical trial conducted for COVID-19. Moreover, side 
effects such as nausea and elevation of liver enzymes were observed in 
patients [71,72]. Significantly, both remdesivir and favipiravir were 
found to be effective against SARS-CoV-2 invitro [73]. Favipiravir is also 
a clinically approved viral RdRp inhibitor that halts the viral replication. 
An open-label nonrandomized control study indicated that favipiravir 
has viral clearance potential in patients. It was observed that few cases 
experienced diarrhea, nausea, palpitations and liver injury [74]. 
Another, multicenter randomized controlled study of favipiravir seemed 
to inhibit the polymerase activity of SARS-CoV-2 [75]. But recent 

Fig. 2. The impact of SARS-CoV-2 infection on human organs including major symptoms (Section 2).  
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evidence strongly refuses considering favipiravir for COVID-19 treat
ment due to its carcinogenic and embryotoxic potential [76]. Lopinavir - 
ritonavir (protease inhibitors) have found to affect the proteolytic pro
cess of CoV replication invitro but the therapy was unsuccessful in 
COVID 19 patients [77–79]. Ribavirin (RdRp inhibitor) is a clinically 
approved guanine analogue that has the potential to inhibit in vitro viral 
replication but the dose of the drug has been suggested to be unsuitable 
for the treatment. So far it has been reported to cause hematological 
toxicity and liver injury during different treatments [80,81]. Sofosbuvir, 
a clinically approved anti-hepatitis C virus (HCV), has been recom
mended for clinical trial against SARS-CoV-2 due to its RdRp inhibiting 
potential [82]. An HIV protease inhibitor darunavir (DRV) was found to 
be ineffective against SARS-CoV-2 in their in vitro antiviral activity 
assessment [83]. According to a recent report, an antiparasitic agent 
named ivermectin has shown antiviral activity against SARS-CoV-2 in 
vitro [84]. Interferon Alfa-2B a protein to treat HCV has been found to 
stimulate the immune response in COVID-19 affected individuals when 
given in combination with or without arbidol (Umifenovir) [85]. Despite 
the benefits of these drugs, it remains unclear which antiviral drug can 
effectively fight SARS-CoV-2 without rendering toxicity and troubling 
side effects. Currently, some of these drugs are being tested in ongoing 
clinical trials. However, more confirmatory multinational studies are 
required to validate their effects in COVID -19 patients. While ran
domized clinical trials are underway, consistent COVID-19 recovery 
data by these drugs have to be completely verified. Recently, WHO 
Solidarity Trial reports suggest that remdesivir, hydroxychloroquine, 
lopinavir, and interferon beta-1a regimens were not effective in 
COVID-19 patients [86]. Most of these antiviral agents only have strong 
in vitro data that they fight against SARS-CoV-2 since their clinical 
testing is far away to be considered as effective antivirals for COVID-19 
[9,87]. Therefore it is essential to hasten the exploration of suitable 
natural compound based antivirals that are already reported for their 
absolute virus inhibiting potential. It has been found that sulfated PS can 
inhibit SARS-CoV-2 in vitro [88]. Hence, natural marine sulfated PS can 
be investigated against SARS-CoV-2 for their phenomenal biological 
properties that confer effective antiviral activities from virus entry to the 
replication process since they are less/non-cytotoxic with diverse 
structural features. 

4. The rationale behind the antiviral activity of marine 
polysaccharides 

Antiviral researches have been on the rise over the last few decades, 
but lack consistency and depth due to less severity of virus-related in
fections in humans, apart from fatal ones being HIV (human immuno
deficiency virus), Ebola and Dengue (DENV). In general, marine 
polysaccharides (PS) include a range of marine animal, plant and mi
crobial polysaccharides. Numerous beneficial biomedical applications 
are obtained from these marine polysaccharides ranging from antiviral, 
antioxidant, antitumor, immunomodulatory, vaccine preparation, cell/ 
gene therapy, drug delivery to biomaterial synthesis [89–91]. Interest
ingly, significant antiviral activities against different viruses have been 
observed by sulfated polysaccharides [92,93]. As per the evidence 
available in the literature and investigational reports, that the diverse 
and novel structural features of marine polysaccharide are responsible 
for broad antiviral activities against several animals and human viruses 
(HSV- herpes simplex virus, HPV-human papillomavirus, HMPV- 
Human metapneumovirus, HIV and DENV) with well-known possible 
mechanisms so far [94–97]. 

Certain common structural motifs of PS suggests influencing anti
viral activity. Based on the data, PS should have the required sugar 
composition, molecular weight (5–10 kDa), polyanionic nature, alde
hyde groups, uronic acid content, carboxyl group, methyl group, phos
phates, (>2 SO3

− ) sulfate group per sugar residue especially on the 
exterior surface and branched-chain length to exhibit antiviral activity 
(Fig. 3). A highly charged molecule can interfere with electrostatic in
teractions between the positively charged region of a viral glycoprotein 
and the negatively charged heparan sulfate chains of the cell-surface 
glycoprotein receptor. Moreover, enveloped viruses are more sensitive 
to polyanionic inhibitors than non-enveloped viruses. Another impor
tant factor for prolonged antiviral activity is the slower degradation of 
polyanions present in the PS [98]. Additionally, sulfate pattern has a 
greater influence on the antiviral activity of PS reported so far [99,100]. 
Chemical modification is quite easier in PS whereas the degree of sul
fation, acetylation and other modifications can be successfully imple
mented to amplify the antiviral activity and immune-stimulatory effect. 
Depolymerization can render the desired molecular weight of PS to 
penetrate efficiently into the cell that provokes higher antiviral effects, 

Fig. 3. Schematic representation of major essential factors influencing the antiviral activity of sulfated polysaccharides, Lambda-carrageenan [217,218], Fucoidan 
[219,220], Ulvanobiuronicacid A3s [221,222] (Section 4). 
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thereby inhibiting the cell to cell spread of the virus [101,102]. Hence, 
concerning antiviral property, the polyanionic nature (charge density 
and distribution) of a PS is a crucial factor and the antiviral activity is 
quantitatively and qualitatively depends on the structural architecture 
of PS (Fig. 3) [103]. 

5. Structural features of sulfated polysaccharides and their 
possible antiviral mechanism 

To be a passable effective antiviral agent, virus attachment should be 
prevented, so that the subsequent process of entry and retardation of 
intracellular events that occur during post entry and replication process 
is inhibited. Few possible inhibition mechanisms can be postulated 
based on in vitro analysis. It also depends on the lifecycle of the virus that 
can enable certain cellular events to invade the host cells. The receptors 
on the virus have an essential role in the downstream events of virus 
entry such as signalling, attachment, internalization, endocytosis, 
uncoating, allostery and replication [132–134]. 

5.1. Shielding effect on viral attachment and entry 

The fact is that the anionic nature of PS interferes with the attach
ment of the virus to its target cells. PS can prevent the binding process of 
the virus by affording three-dimensional gel network over the cell sur
face and interacts with the positive domains of cell surface glycoproteins 
thus providing shielding effect that subsequently prevents binding of the 
virus to host cells (Fig. 4). A sulfated chitosan 36S (58.3 kDa) comprised 
of β-(1 → 4)-linked N-acetyl-2-amino-2-deoxyD-glucopyranose units 
with sulfate substitution at C3 and C6 hydroxyl groups have exhibited 
good anti-HPV activity (Human papillomavirus) and regulated the 
cellular pathways during viral infection. Especially, PS entered HeLa 
cells and down-regulated PI3K/Akt/mTOR pathway. Additionally, PS 
has inhibited HPV infection after adsorption by targeting viral capsid 
protein and host PI3K/Akt/mTOR pathway in human embryonic kidney 
cells (293FT), HeLa and HaCaT cells [129]. Recently in a 
structure-activity relationship study of SARS-CoV-2 and PS obtained 
from Saccharina japonica brown macroalga, PS fractions were reported 
to have a significant antiviral effect on HEK293T cells. One of them is a 
glucuronomannan composed of glucose and mannose as mono
saccharides along the backbone of 1, 4-linked β-D-GlcAp residues and 1, 

2-linked α-D-Manp residues with a molecular weight of 7.0 k Da and 
another one called as sulfated galactofucan composed of 21% sulfate, 
36% fucose and 10% galactose had a molecular weight of 13.7 kDa with 
a backbone of 1, 3-linked α-L-Fucp residues sulfated at C4 and C2/C4 
and 1, 3-linked α-L-Fucp residues sulfated at C4 and branched with 1, 
6-linked β-D-galacto-biose. Both PS have revealed stronger binding ac
tivity to SARS-CoV-2 spike glycoproteins (SGPs) pseudotyped particles. 
The findings showed that strong interactions especially the binding 
ability of PS to viral glycoproteins were attributed to molecular weight 
and sulfates present in the PS. Additionally, these PS have been sug
gested to be good antiviral agents that can target and prevent the 
attachment of SARS-CoV-2 in the cells [135]. Thus more PS needs to be 
explored for their reliable structural-activity relationship against 
SARS-CoV-2 virus. 

An investigation of PS obtained from marine sponges have exerted 
potent anti-HIV activity. Especially Erylus discophorus was found to be 
active high molecular weight (>2000 kDa) PS fraction that has shown 
anti-HIV-1 activity. Significantly, PS has prevented viral attachment, 
entry and fusion in Jurkat lymphocytic cell line. The inhibition mech
anism is due to the high molecular weight of PS [136]. Thus the mo
lecular weight of PS can provide a shielding effect against viral entry and 
attachment. Similarly, another sulfated PS derived from Laminaria 
angustata has prevented HSV-1virus attachment by direct interaction 
with virus particles. This PS has consisted of sulfated xylogalactofucan 
and alginic acid fractions with a backbone of (1→3-, 1→4- and 1 → 
2)-linked fucopyranosyl residues and molecular mass of 56 ± 5 kDa. The 
algin consisted of gulo- (55.5%) and mannuronic (44.5%) acid residues 
with a molecular mass of 32 ± 5 kDa. The findings showed that the 
addition of sulfate groups to PS has blocked the HSV-1 infection over the 
cells [110]. Exopolysaccharide from Porphyridium cruentum has exhibi
ted good antiviral activity by preventing the viral entry against HSV-1, 
Vaccinia virus and Vesicular stomatitis virus in Human Eryth
roleukemia Cells (HEL). The monosaccharides are glucose (22.5–24 M 
%) and arabinose (16 M %), mannose, fucose, xylose and rhamnose in 
minor amounts. Authors suggested that sulfate content, uronic acids and 
carboxyl groups have enhanced the negative charge of EPS to protect the 
cells against the virus [112]. Hence the 
electron-donating/electron-withdrawing functional groups have an 
essential role in the antiviral activity of PS. In a similar fashion, a 
λ-carrageenan (Lambda-carrageenan) which are basically sulfated 

Fig. 4. (A) General schematic representation of virus attachment and entry into the host cell- (i) Initial attachment of virus to cell surface receptors takes place 
through binding process [223,224]. (B) Mode of antiviral action of sulfated polysaccharides (Lambda-carrageenan, Fucoidan, Ulvanobiuronicacid A3s) (ii) The 
polysaccharide involving in the prevention of virus attachment to host cells by providing (iii) shielding effect that fails the (iv) virus receptor binding activity 
(Table 1). (Section5.1). 
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galactans has prevented DENV serotypes entry into human myelomo
nocytic cells (U937) and the human myelogenous erythroleukemic cells 
(K562). Significantly, the inhibitory action of carrageenan was stronger 
and higher during primary infection as well as antibody-dependent 
infection mediated by Fcγ-RII in both cells. Authors indicated that 
carrageenan was more active during viral entry than later steps of virus 
lifecycle [131]. PS are known for their specific interacting ability with 
virus particles and surfaces (Fig. 4). For example, a fucoidan obtained 
from Dictyota bartayesiana (DD) and Turbinaria decurrens (TD) has 
blocked the (HIV-1) viral entry in the PBMC (Peripheral blood mono
nuclear cells). The inhibitory mechanism was due to binding of PS with 
the HIV particle and neutralization of positively charged amino acid on 
the viral envelope glycoprotein (gp120) by their sulfate contents [127]. 
Hence the structural features of PS have an essential role in the pre
vention of virus attachment and initial entry process. Therefore the 
SARS-CoV-2 attachment and entry can be blocked by competitively 
inhibiting PS interaction mode established so far with other enveloped 
virus (Fig. 4) (Table 1) [137]. 

5.2. Prevention of virus adsorption, internalization and penetration 

PS can directly enable its virucidal activity by forming a complex 
with virus parts that are possibly facilitated by the net negative charge of 
PS. As a result of firm binding to the virus, PS can alter the structure of 
viral components such as glycoproteins, leading to inactivation of the 
virus that will otherwise infect host cells [130,138]. The virus poses an 
electrostatic interaction to make the initial attachment process on the 
host cells and ensures a stable strong binding. PS can directly interact 
with the virus receptors and conceals the positive charges of host cells 
due to their negative charge, especially the sulfate content. Sulfate 
content and position in the PS has a crucial role in the antiviral activity. 
Such consistent masking effect eventually inhibits the virus adsorption 
and penetration into host cells (Fig. 5). For instance, heterofucans ob
tained from Ascophyllum nodosum and Fucus vesiculosus consisted of 
fucose as major sugar followed by glucuronic acid, mannose, xylose, 
galactose and glucose with molecular weight ranges from 26 kDa to 
2482 kDa. Authors suggested that uronic acids, sulfate and fucose in the 
PS are responsible for enabling the sufficient degree of ionization that 
has inhibited the influenza A/PR/8/34 virus. Functional groups of PS 
blocked the virus adsorption [139,140] by suppressing the viral reverse 
transcriptase (RT) activity. Collectively the monosaccharides, sulfates 
and uronic acids have displayed strong antiviral effect by their direct 
interaction with the virus. Hence the PS can directly interact with virus 
particles and deactivates them by enabling strong antiviral responses 
[118]. In the study of PS fractions obtained from a red alga, Lith
othamnion muelleri has displayed strong antiviral activity by inhibiting 
the early steps of HSV-1 replication in Vero cells. The structural analysis 
revealed that PS fractions are composed of monosaccharides such as 
galactose, glucose, xylose, mannose, rhamnose, arabinose, uronic acid 
(4.17–5.07%) and sulfate (8.94–11.70%) with molecular mass ranges 
from 43 to 60 kDa respectively. Authors conclude that the antiviral ef
fect was effective mainly during adsorption and penetration of the virus 
[141]. In another example, a sulfated glucuronorhamnan (MWS) ob
tained from Monostroma nitidum comprised backbone of 
→3)-α-l-Rhap-(1→, →4)-β-d-GlcpA-(1→ and →2)-α-l-Rhap-(1→ unit. 
Additionally, rhamnose (88.83%) and glucuronic acid (11.17%) were 
their main monosaccharide residues. Moreover, their sulfate groups 
were located at C-4/C-2 of →3)-α-l-Rhap-(1→ and C-4/C-3 of 
→2)-α-l-Rhap-(1→ unit. The MWS was reported to bind with virus par
ticles to inhibit the EV71 virus adsorption and retard the virus lifecycle 
by downregulating the host phosphoinositide 3-kinase/protein kinase B 
signalling pathway in Madin-Darby canine kidney (MDCK) cells [113]. 
According to the demonstration of several reports, the antiviral effect of 
PS is mostly contributed by their molecular weight [88,142,143]. This 
fact is exemplified by the sulfated galactans, sulfated xylomannans and 
sulfated fucans composed of sulfate, uronic acid and monosaccharides 

such as galactose, glucose, arabinose and xylose, mannose, rhamnose in 
different amounts and traces have displayed the inhibition of virus 
adsorption and internalization. The molecular weight of these poly
saccharides fractions was in the range of 30 kDa–60 kDa and suggested 
to influence the anti-DENV activities. Especially sulfate groups that are 
present at C2 or C4 position linked to respective backbone of PS have 
played an essential role in exerting antiviral activity [114]. Hence the 
position of sulfate has a crucial role in exerting strong antiviral activity. 

Based on the reports, uronic acid contents in the PS have a significant 
contribution to biological activities due to the enrichment of carboxylic 
acids. These anionic groups of uronic acids can elevate the acidic nature 
of PS [106,144] by enhancing the negative charge that in turn boosts 
their binding ability to the virus [145]. By this fact, the presence of 
uronic acids has boosted the antiviral activities of several PS. Fucoidan 
from marine alga Cladosiphon okamuranus has strongly inhibited the 
infection and binding of viral strain ThNH-7/93 to BHK-21 cells. The 
authors confirmed that glucuronic acid residues have played an essential 
role in the structure-based study on antiviral activity. The rationale is 
that the positive charge of a few basic amino acid residues on 
ThNH-7/93 strain has specifically interacted with glucuronic acid res
idue of the fucoidan. Additionally, fucoidan has shown anti-dengue 
virus activity by directly binding to the envelope glycoprotein (EGP) 
on DEN2 which is attributed to their sulfate content. Hence uronic acid 
and sulfate contents in PS play a crucial role during the interaction with 
virus particles [101]. For example, a sulfated polysaccharide p-KG03 
from gyrodinium impudium composed of homogenous galactose residues 
with uronic acid and sulfate groups have inhibited mainly viral 
adsorption and internalization by direct interaction with virus particles 
[146]. It was reported that Ulvan (SUF1) obtained from Enteromorpha 
compressa composed of rhamnose, glucuronic and iduronic acid, xylose, 
glucose, galactose and sulfate(6%) with molecular weight (34 kDa) has 
exerted strong anti-herpetic activity due to higher sulfate content (22%) 
achieved by chemical modification. These molecular characteristics 
have hindered virus adsorption and penetration into human larynx 
epithelial cells carcinoma (HEp-2) [119]. Therefore, the structural fea
tures including monosaccharides, acidic groups, uronic acids and mo
lecular weight of PS are capable of inhibiting events such as endocytosis 
and virus internalization to prevent further virus penetration in the cells 
(Fig. 5) (Table 1) [147,148]. Based on these facts and pieces of evidence, 
PS can interact with SARS-CoV-2 with a similar fashion of complex 
formation or by direct interaction and prevent their adsorption or 
internalization into cells. 

5.3. Inhibition of membrane fusion, virus uncoating, transcription and 
replication 

The virus can internalize itself through host endocytosis which then 
is transported to secondary organelles and reaches the cytosol. After the 
internalization, the virus penetrates via membrane fusion and extends 
its intracellular transport in the cytoplasm (Fig. 6). Based on the 
mounting shreds of evidence, several PS have the potential to hinder the 
fusion events that occur between viral and host cell membranes. 
Apparently, PS can inhibit the membrane fusion activity during virus- 
host cell interaction by interfering with membrane proteins respon
sible for fusion events. Specifically, PS can bind to fusion proteins and 
inactivate them by declining their hydrophobic properties. Moreover, PS 
are capable to bind with sugar groups linked to the polypeptide chains of 
the virus thereby preventing their penetration [117,149–152]. In a 
study of sulfated PS (ulvan and fucoidan) obtained from green algae 
Ulva clathrata and Cladosiphon okamuranus fucoidan have demonstrated 
the inhibition of fusion in Vero cells. The structure of ulvan consisted of 
sulfated rhamnose and glucuronic acid, iduronic acid, xylose and 
glucose, galactose in lower proportions. The antiviral activity has been 
attributed to high molecular weight 359,800 g mol− 1 and the direct 
interaction of PS to a fusion protein of Newcastle disease virus (NDV). 
Besides fucoidan composed of sulfate, fucose, glucuronic acid and traces 
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Table 1 
Sulfated polysaccharide from different sources and their mode of virus inhibition.  

S. 
No 

Name of the Polysaccharide and 
Organism 

Sources Virus Inhibition mechanism Type of Virus References 

1 Carrageenan Acanthophora 
specifira 
Hydroclathrus clathratus 

Marine red alga 
Brown alga 

Inhibition of propagation Herpes simplex virus type 1 (HSV-1) and Rift valley 
fever virus (RVFV) 

[104] 

2 Grateloupia filicina Marine macroalga Inhibition of viral entry Avian Influenza Virus (H9N2 subtype) [105] 
3 Ascophyllan 

A-Fucoidan 
S- Fucoidan 
Ascophyllum nodosum 
Fucus vesiculosus F8190 

Marine brown algae Inhibition of early step of viral infection Human immunodeficiency virus (HIV-1) and 
vesicular stomatitis virus (VSV)-G-pseudotyped 
HIV-1 

[106] 

4 Sulfated rhamnan 
Monostroma latissimum 

Marine green alga Inhibition of invasion, replication and 
reduction of viral titers 

Enterovirus 71 (EV71) [107] 

5 Sargassum naozhouense Brown macroalga Not specified Herpes simplex virus HSV-1 strain F [108] 
6 Erylus discophorus Marine Sponge Prevention of viral attachment and 

entry 
Human immunodeficiency virus HIV-1 [109] 

7 Laminaria angustata Marine brown alga Inhibition of virus attachment Herpes simplex virus HSV-1 [110] 
8 Fucoidan and alginate 

Eisenia arborea Solieria filiformis 
Brown and red 
macroalga 

Inhibition of virus penetration and 
reduction of syncytia formation 

Measles virus [111] 

9 Porphyridium cruentum Marine microalga Inhibition of virus entry Vaccinia virus and Vesicular stomatitis virus [112] 
10 Glucuronorhamnan 

Monostroma nitidum 
Green macroalga Prevention of adsorption and blocking 

of the virus life cycle 
Enterovirus 71 (EV71) [113] 

11 Grateloupia indica, Scinaia hatei 
Gracilaria corticata 
Stoechospermum marginatum 
Cystoseira indica 
Caulerpa racemosa 

Red, brown and green 
macroalgae 

Prevention of adsorption and 
internalization 

Dengue virus (DENV) [114] 

12 Fucoidan 
Cladosiphon okamuranus 

Brown alga Inhibition of syncytia formation and 
cell-to-cell spread of NDV 

Newcastle Disease Virus (NDV) [115] 

13 P-KG03 
Gyrodinium impudium 

Marine red microalga Prevention of viral adsorption and 
internalization 

Influenza type A virus [99] 

14 Sphaerococcus coronopifolius 
Boergeseniella thuyoides 

Marine red algae Inhibition of replication HIV and HSV-1 [116] 

15 Fucosylated chondroitin sulfate 
(FuCS-1) 
Thelenota ananas 

Sea cucumber Blocking entry and replication HIV strains [117] 

16 Fucans 
Ascophyllum nodosum 
Fucus vesiculosus 

Brown macroalgae Inhibition of adsorption and blocking 
fusion events 

Influenza A/PR/8/34 virus 
H1N1 virus 

[118] 

17 Ulvan 
Enteromorpha compressa 

Green alga Inhibition of adsorption and 
penetration 

HSV [119] 

18 Fucoidan 
Sargassum swartzii 

Marine brown algae Reverse transcriptase inhibition 
activity 

HIV-1 [120] 

19 Xylomannan sulfate 
Sebdenia polydactyla 

Red macroalga Inhibition of replication and direct 
virucidal activity 

HSV-1 [121] 

20 Ulvan 
Ulva pertusa 

Marine green alga Inhibition of infection and replication Vesicular stomatitis virus (VSV) [122] 

21 Calcium spirulan 
Arthrospira platensis 

Marine blue-green alga Inhibition of virus entry HSV-1 
HIV-1 

[123] 

22 Nostoflan 
Nostoc flagelliforme 

Blue-green alga Inhibition of virus binding to host cells HSV-1 and HSV-2, human cytomegalovirus, and 
influenza A virus 

[124] 

23 A1 and A2 
Cochlodinium polykrikoides 

Marine red microalga Not specified HIV-1, influenza virus types A and B, respiratory 
syncytial virus types A and B 

[125] 

24 Mucopolysaccharide (OKU40) 
Dinoflagellata 
Sulfated polysaccharide 
(OKU41) 
Pseudomonas 

Marine algae and 
marine bacteria 

Inhibition of virus-cell fusion and viral 
adsorption. 
Suppression of syncytium formation. 
Inhibition of binding of HIV-1 to cells 

HIV-1 and HIV-2 
HSV-herpes simplex virus type 1, influenza virus A 
and B, respiratory syncytial virus and measles virus 

[126] 

25 Fucoidan 
Dictyota bartayesiana (DD) 
Turbinaria decurrens 

Marine brown 
macroalgae 

Inhibition of propagation and 
proliferation 

HIV [127] 

26 Polyguluronate sulfate Marine brown algae Inhibition of protein expression and 
transcription 

Hepatitis B virus [128] 

27 Sulfated chitosan 36S Artificially synthesized 
(fungi and shrimps) 

Inhibition of viral entry and adsorption Human papillomavirus [129] 

28 Iota-Carrageenan Red macroalga Prevention of virus binding, entry and 
replication 

Human rhinovirus (HRV) [130] 

29 Agarans and carrageenan 
Acanthophora muscoides 
Gracila riabirdiae 
Solieria filiformis 

Macroalgae Inhibition of virus adsorption and early 
viral replication 

HSV-1 and HSV-2 [103] 

30 λ-carrageenan Red Macroalgae Inhibition of virus entry during both 
primary and antibody-dependent 
infection 

DENV serotypes [131]  
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of xylose with a molecular weight of 92.1 kDa. It was reported that 
sulfate and uronic acids have been essential factors for antiviral activ
ities [153]. A fucoidan obtained from Cladosiphon okamuranus has 
inhibited syncytia formation by interacting with the viral fusion protein 
and prevented cell to cell spread of Newcastle Disease Virus [115]. It 
was observed that curdlan sulfate (CRDS), a sulfated 1→3-β-D glucan 
(41 kDa) has prevented the entry and attachment of DENV to LLC-MK2 
cells and blocked the viral fusion with host vesicular membranes which 
eventually halted the release of the viral genome into the host cyto
plasm. Unfortunately, PS was unable to inhibit replication of DENV 

sub-genomic replicon. Additionally, PS restricted syncytia formation 
and cell-to-cell infection efficiently. The authors indicated that PS has 
interfered with the viral binding and membrane fusion steps that 
blocked further replication. Sulfate and high molecular weight have 
been significant attributes for efficient binding and prevention [154]. 
All of these results suggested that PS can interact with fusion proteins 
and destabilize the hydrophobic properties that protect the cells from 
viral infection. Thus PS, when exposed to fusion peptides, can exhibit an 
anti-fusion effect in the cells (Fig. 6) (Table 1) [155]. Hence PS can 
interact with fusion peptides of SARS-CoV-2 and inhibit their membrane 

Fig. 5. (A) General schematic representation of the virus lifecycle post attachment into the host cell- (i) Virus adsorption and internalization after the attachment to 
the receptor (ii) initiation of fusion event by the virus with plasma membrane of the host cell via endocytosis and its transportation/translocation to the cytoplasm 
leading to (iii) virus penetration [225,226]. (B) Mode of antiviral action of sulfated polysaccharides (Lambda-carrageenan, Fucoidan, Ulvanobiuronicacid A3s) (iv) 
inhibition of virus adsorption and internalization (v) inhibition of membrane fusion (plasma membrane) and (vii) inhibition of virus penetration by the interaction of 
polysaccharides that confers (vi) masking effect, complex formation and destabilizing of fusion peptides (Table 1). (Section 5.2). 

Fig. 6. (A) General schematic representation of later stages of virus lifecycle- (i) partial uncoating of virus particles takes place in the cytosol/nucleus. Initiation of 
(ii) transcription (iii) translation and (iv) replication resulting in the (v) biosynthesis and assembly of new virions (vi) virus release through exocytosis and (vii) 
budding of progeny virus [227–229]. (B) Mode of antiviral action of sulfated polysaccharides (Lambda-carrageenan, Fucoidan, Ulvanobiuronicacid A3s) (viii) in
hibition of endosomal membrane fusion and virus uncoating (ix) inhibition of RNA genome and (x) protein synthesis. (xi) inhibition and deactivation of enzymes 
responsible for replication by the interaction of polysaccharides (Table 1). (Section 5.3). 
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fusion that orchestrates the viral penetration and genome uncoating 
process. 

According to various demonstration, the virus genome that is highly 
condensed by the proteins and membrane bilayers has to be uncoated at 
the nucleoplasm to replicate in the host cell. In such a case, PS can 
interfere with the uncoating process and retard the stepwise allosteric 
process due to their strong polyanionic features. During the interaction, 
PS can decrease the protein synthesis of the virus in the cells and ensure 
specific binding to the replicating enzymes which in turn arrests the 
initiation of replication [156–160]. An investigation of a xylomannan 
derived from a red seaweed Sebdenia polydactyla has inhibited HSV-1 
viral replication in Vero cells. The antiviral effect was attributed to 
the anionic features and structural characteristics of PS which consisted 
of 0.6 sulfate groups per monomer unit (mannose and xylose) with the 
backbone of α-(1 → 3)- linked D-mannopyranosyl residues substituted at 
position 6 with a single stub of β-D-xylopyranosyl residues and molecular 
weight of 150 kDa. Besides, the degree of sulfation from 1.0 to 1.6 in the 
PS fractions have exhibited higher antiviral activity by preventing vi
rions attachment to the cells [121]. Therefore the certain chemical 
modification can amplify the antiviral capacity of PS. 

Lopes et al., [2017] reported that Ulvan from Enteromorpha com
pressa has inhibited the DNA replication and transcription by down
regulating HSV protein synthesis in the human epithelial type 2 cells 
(HEp-2). Authors indicated that anti-herpes simplex virus activity of PS 
has interfered with later steps of virus replication [119]. This implies 
that PS can obstruct the virus replication and suppress the viral nucleic 
acid synthesis through various modes of inhibition. Investigation of 
calcium spirulan obtained from Spirulina platensis that was made of 
rhamnose, ribose, mannose, fructose, galactose, xylose, glucose, glu
curonic acid, galacturonic acid, sulfate and calcium with a molecular 
weight of 2.6 × 105 and 3.1 × 105 kDa has displayed significant antiviral 
activity. Noticeably PS was more active towards enveloped viruses 
during inhibition of penetration and replication than non-enveloped 
viruses. Their results inferred that sulfate content had a major influ
ence on the antiviral effect against HIV-1, HSV-1, and HCMV (human 
cytomegalovirus) in the cells (HeLa, human embryonic lung (HEL), 
green monkey kidney-Vero, MDCK), and MT-4 cells) [123]. Another 
investigation of low molecular-weight sulfated derivative, namely pol
yguluronate sulfate (PGS) composed of 2, 3-O-disulfated-1, 4-poly-
L-guluronic acid with about 1.5 sulfates per sugar residue has inhibited 
the replication of hepatitis B virus (HBV) and the expression of Hepatitis 
B antigens (HBsAg and HBeAg) in HepG2.2.15 cells. It was clearly 
inferred that HBV release and replication in the cells were inhibited 
through upregulation of NF-κB and Raf/MEK/ERK pathways to enhance 
the interferon system. Besides, PGS has stimulated the production and 
secretion of interferon beta (IFN-β) in the cells [128]. In the present 
study, carrageenan with 21.14% of sulfate derived from Solieria filiformis 
against Measles virus (MeV), exerted higher antiviral activity by inhib
iting post-binding events that take place after the viral adsorption. Be
sides another PS obtained from Eisenia arborea consisted of fucoidan, 
alginic acid with 12.85% sulfate and uronic acid has exhibited the best 
antiviral activity before viral infection. As a result of their study, the 
authors suggested that both these PS have strong potential to hinder the 
viral penetration, adsorption and syncytia formation thereby inhibiting 
the viral replication [111]. These results confirm that sulfated PS tend to 
occupy the cellular sites where the virus utilizes for their intracellular 
signalling mediated virus propagation and replication. According to the 
above-mentioned results, structural features of PS have a significant 
contribution towards an antiviral activity that can prevent transcription; 
protein translation; deactivate the replicating enzymes and initiation of 
replication (Fig. 6) (Table 1) [161]. However, more in vitro and in vivo 
structure-activity studies should be carried out by exploiting the struc
turally efficient sulfated PS against SARS-CoV-2. 

6. Activation of host immune system 

Host immune response serves as an essential mechanism against the 
development of viral infections and recruits immune cells to suppress 
the infection. Interaction among various immune cells, mediated by a 
complex network of cytokines and chemokines enforce antiviral effect. 
The release of cytokines, interferon-gamma (IFN-γ), interferon-alpha 
(IFN-α), tumor necrosis factor-alpha (TNF-α) can induce an antiviral 
state in cells [162]. Significantly, CoVs enable immune evasion mech
anisms that cause a delay in the activation of interferon systems; supply 
of immune cells that eventually leads to deregulation of the immune cell 
function (CD8+ and CD4+ cells) responsible for antiviral effect [163]. As 
a result of viral infection, the lymphocytes levels are reduced and in
flammatory cytokines are higher in COVID-19 patients. This abnormal 
excess cytokine production leads to the severity of the infection and 
causes death. The hyperinflammatory state of the host can induce 
hyperferritinaemia, cytopenia and a higher ratio of other immune cells 
which in turn embarks severe damages to host cells [164]. Any com
pound that is capable of regulating (upregulation/downregulation) the 
immune system either through enhancement or suppression of host re
sponses can be considered as immunomodulators. Based on various 
studies, PS have a major contribution in activating the immune system. 
Moreover, they elicit broad immunomodulatory activities through 
various mechanisms reported so far. Among them, PS can reduce surface 
antigen levels of virus, stimulate phagocytosis, activate host macro
phages, B lymphocytes, T lymphocytes and Natural Killer cells, and 
enables the secretion of antibodies, cytokines, and complement mole
cules (Fig. 7). Especially PS activates interferon system (type1) of host 
thus recruits stronger immune reaction against viral infection 
[165–167]. Sun et al., [2018] investigated the immunomodulatory ef
fects of xylogalactomanans (CLGP4) isolated from green seaweed Cau
lerpa lentillifera that is composed of xylose, mannose and galactose with a 
molecular weight of 3877.8 kDa and a minor amount of uronic acids 
(2.37%) and high sulfate content (21.2%). According to the results, PS 
exhibited strong immunoregulatory activity by enhancing the prolifer
ation of macrophages, phagocytosis, increased NO production and 
phosphatase activity in macrophages. Their results suggested that the 
monosaccharide composition, sulfate content and ultrastructure of PS 
are involved in the immunostimulation, especially sulfate group had 
influenced the binding of PS with surface receptors of RAW 264.7 cells 
through hydrogen bonding and electrostatic interactions [168]. Another 
example of sulfated PS extracted from red algae Gracilariopsis lemanei
formis composed of uronic acid 6.0%, 3, 6-anhydrogalactose 12.9% and 
sulfate 29.3% with a molecular weight of 2856 Da has increased 
T-lymphocytes proliferation and reduced B- lymphocytes proliferation 
in-vitro. It was inferred that PS can modulate immune cell proliferation 
that is beneficial for both immune suppression and activation (Fig. 7). 
Further, the PS has shown good superoxide scavenging due to their 
electron density at carbon atoms in the heterocyclic ring of PS [169]. 
The study involved in the assessment of immunologically active PS 
namely UPP-2 extracted from Undaria pinnatifida which is composed of 
abundant uronic acid (13.0%), low sulfate content with xylose 
(64.55%), glucose (23.81%), arabinose (5.90%) and mannose (4.26%) 
with a molecular weight of 1035.52 kDa that includes the glycosidic 
linkage of →2)-α-D-Xylp-(1→, →4)-α-D-Glcp-(1→, α-D-Xylp-(1→ and 
→2,4)-β-D-Xylp-(1 →, it has stimulated the proliferation and pinocytic 
capacity of RAW264.7 cells and upregulated the mRNA expressions of 
inducible nitric oxide synthase (iNOS), TNF-α, IL-6 and IL-1β. Addi
tionally, a significant increase in the secretions of nitric oxide (NO), 
TNF-α and IL-6 were observed. The results suggested that a higher 
amount of glucose, mannose, xylose and their glycosidic linkage have 
played an essential role in the immunostimulatory activity of PS. It was 
inferred that especially monosaccharides have significantly facilitated 
the binding activity of PS to pattern recognition receptors (PRRs) such as 
Toll-like receptors [170]. According to these above-mentioned reports, 
PS can be efficiently recognized by these type of cellular receptors due to 
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their broad structural features to elicit immunomodulatory activities. 
Antivirals that induce cellular synthesis of interferons have been rec
ommended as an effective strategy to combat COVID-19 [171]. Since PS 
are a rich source of polyanions, it can stimulate the production of in
terferons in the host cells thereby promoting immune response against 
viral infection. Despite these evident reports, many robust investigations 
of sulfated PS against SARS-CoV-2 are necessary to reveal their immu
nomodulation potential. Hence PS can be a suitable interferon inducers, 
natural immunomodulatory drugs or food supplements for the treatment 
of COVID-19 due to the efficient immune activation and modification of 
cellular signalling mechanisms that provokes higher antiviral responses 
in the cells. 

7. Antioxidant defense and protection 

ROS (Reactive oxygen species) are byproducts of cellular meta
bolism. During viral infection, individuals are at higher risk of free 
radical-induced pathogenicity. Especially, oxygen radicals and nitric 
oxide can cause oxidative damages to the tissues and reduce the host 
immune responses drastically. Any drop in the antioxidant levels can 
weaken the function and solidity of the host immune system. Hence 
antioxidants are crucial in the viral pathogenesis [172]. More shreds of 
evidence suggest that patients affected by any type of RNA viruses can 
undergo chronic oxidative stress. Relatively, several changes can occur 
in the host antioxidant defense system, especially in both enzymatic and 
non-enzymatic antioxidants. Moreover, RNA viral infection mediated 
oxidative stress can induce apoptosis (cell death), loss of 
immune-related functions, virus replication, increase lipid peroxidation 
in tissues, loss of body weight, exhaust the micronutrients and elevates 
free radical generating enzymes. Significantly ROS (as signalling mole
cules) along with virus provokes severe damages to the proteins, mito
chondrial DNA and alters cellular signalling pathways [173,174]. 
Similarly, SARS-CoV-2 is a positive-sense single-stranded RNA virus, 
which has a high mutation rate that causes its escape from host immu
nity and shows drug resistance so far [175]. As per the evidence, 
SARS-CoV-2 can cause severe oxidative stress especially to the tissues of 
the vital organs [176]. Marine sulfated PS are good sources of antioxi
dants for their effective scavenging and chelating potential in various 
applications. The diverse structural features of PS renders desirable 
physicochemical properties, efficient biological properties and 

functional behaviors. The structural features of PS have shown 
remarkable antioxidant activities and reduced oxidative stress in various 
diseases thus far. Several of them are utilized as protectants, pre
servatives, additives, thickeners, stabilizers and emulsifiers in various 
pharmaceutical and food applications [177–179]. It has been suggested 
that marine algal antioxidants have potent antiviral activity against 
several viruses. Moreover, they have the potential to promote cellular 
survival against different stages of viral infections [180]. Sulfated PS are 
complex macromolecules that can interact with eukaryotic cellular 
proteins due to their complex structure that has abundant polyanions. 
Recently PS represents a new approach for preventing the free radical 
generation in several biomedical and food industrial applications espe
cially due to their reliable structure-activity relationships [181]. In the 
study of PS derived from a marine alga Solieria filiformis which is an 
iota-carrageenan with a molecular weight of 210.9 kDa and high sulfate 
content has exhibited strong scavenging actions over DPPH and 
chelating activity of ferrous ion. Besides, PS has protected gastric cells of 
mice against the ethanol-induced damage; prevented glutathione 
consume; reduced malondialdehyde (MDA) and hemoglobin levels in 
gastric mucosa [182]. Another study of three different fractions of PS 
obtained from marine diatom namely Navicula sp. is composed of 
glucose, galactose, rhamnose, xylose and mannose with molecular 
weight 17, 107 and 108 kDa have shown higher DPPH and ABTS scav
enging activity. The antioxidant activity was attributed to the molecular 
weight and sulfate content of PS [183]. It is a well-known fact that PS are 
good elevators of intracellular antioxidant enzymes and protectors of 
cells based on the accumulation of several reports (Fig. 8). This was 
inferred from a novel agar-type galactans produced by Gracilaria caudata 
composed of 3,6-α-L-anhydrogalactose (LA) and β- D-galactose attached 
to LA and sulfate groups at C-6 of galactose residues with a molecular 
weight of 116.51 kDa which has exhibited good chelating activities. 
Additionally, PS has elevated cellular antioxidant enzymes such as 
Catalase (CAT) and superoxide dismutase (SOD) levels in the rats treated 
with 2,2′-azobis(2-methylpropionamidine) dihydrochloride (ABAP). 
The research results suggested that antioxidant potential was due to 
nucleophilic nature of the free electrons that belongs to hydroxyl and 
sulfate groups [184]. Another important antioxidant function of PS is to 
reduce the intracellular ROS generation and protect the cells from ROS 
damages (Fig. 8). This was inferred from a fucoidan composed of fucose, 
galactose, mannose, xylose and glucuronic acid with high sulfate 

Fig. 7. Schematic representation of sulfated polysaccharides (Lambda-carrageenan, Fucoidan, Ulvanobiuronicacid A3s) influencing various modes of immune 
activation/modulation (Section 6). 
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content from a marine algae Chnoospora minima which had shown high 
DPPH and alkyl radical scavenging activities. Significantly, PS has 
exhibited high AAPH (2,2′-azobis(2-amidinopropane) dihydrochloride 
and H2O2 scavenging activities in Chang liver cells thereby reducing 
intracellular ROS production. The antioxidant properties were enhanced 
by sulfation and influenced by the structural features of PS [185]. In the 
present study, a sulfated polysaccharide extracted from a red seaweed 
Porphyra haitanensis that consisted of galactose and 3,6-anhydrogalac
tose with a backbone of → 4–3,6-anhydro-α-L-galactopyranose-(1 → 
3)-β-D-galactopyranose, sulfate 3.8%, hydroxyl groups and molecular 
weight of 2.5 × 105 Da has displayed effective ABTS (2, 2-azino-bis-3-e
thylbenzothiazoline-6-sulfonic acid) scavenging activity and moderate 
DPPH activity. However, scavenging abilities are attributed to their 
structural complexity (Fig. 8) [186]. Hence, PS as potential radical 
scavengers [187,188] can attenuate the severity during viral infections 
as antioxidants. Due to their structural features like several 
electron-donating and electron-withdrawing functional groups, a vari
ety of monosaccharides which are rich in aldehyde groups, uronic acids 
can provide effective antioxidant activity and reduce intracellular ROS 
production. Significantly, PS can elevate the intracellular antioxidant 
status of the host to prevent the tissue injuries caused by lipid peroxi
dation [189–191]. Collectively these results suggest that PS can reduce 
oxidative stress, maintain homeostasis and protect the cells. Therefore 
PS can be a suitable source for the therapeutic application against viral 
infection-induced oxidative stress either as a drug or antioxidant food 
supplement. However, more cell line and animal studies are required to 
investigate the promising antioxidant effects of sulfated PS against viral 
infection-induced oxidative stress. 

8. Antithrombotics and anticoagulants 

Apart from severe lung and blood vessel damages, the autopsies 
revealed unusual blood clots (micro clots) in the lung region that seem to 
cause low oxygen levels and can cause death in the COVID-19 patients. 
Moreover, it has been suggested to use blood thinners to subside the 
clots for all the COVID-19 patients, including the mild cases [192,193]. 
The reason for clot formation is still unclear and therefore an area for 
intense investigation. Recently researchers from Aurora have disclosed 
that COVID-19 patients are at high risk of blood clot formation that can 

eventually cause clot-related complications like stroke, venous throm
bosis and renal failure. Normal blood flow in the lungs was restricted by 
the accumulation of blood clots. Due to this fact, oxygen supply to the 
tissues of the host can be diminished and embarks hypoxic conditions in 
organs which then leads to oxidative stress and malfunction of organs. 
However, the use of blood thinners has been discussed [194,195]. On 
the other hand, platelet aggregation is a critical event in thrombosis and 
is necessary for effective hemostasis at the sites of vessel/vascular 
injury. Arterial thrombosis results from the clot formation induced by 
atherosclerotic plaques, platelet aggregation, and thrombus forming 
collagen and tissue factors, vessel occlusion and ischemic stroke. Agents 
that inhibit the events of platelet aggregation and the signalling path
ways that are orchestrated by the various aggregating agents can be 
relied on for use as antiplatelet agents [196]. 

Literature reveals that marine PS can serve as effective antiplatelet, 
antithrombotic and anticoagulant agents due to their biofunctional ef
ficacies and similarities related to Heparin (HP), the first approved 
anticoagulant. PS (sulfated fucans, sulfated galactans and GAGs) can 
inhibit both venous and arterial thrombosis. The rationale is that anionic 
PS can interact with cationic proteins (Cofactors) responsible for coag
ulation cascade resulting in the complex formation due to the electro
static interaction. Especially, sulfated low molecular weight PS have 
greater influence over resisting the clot formation (coagulation and 
platelet aggregation). Some common mechanism of PS can block/inhibit 
thrombin activity, activate anti-thrombin III, delay the clot formation by 
either or both intrinsic and extrinsic pathways (Fig. 9). Both anti
thrombin III (ATIII) and Heparin cofactor II (HCII) are two main heparin 
dependent thrombin inhibitors present in the human plasma. Notably, 
the anticoagulation activity of PS can be enhanced through modifica
tions such as sulfation, reduction or oxidation [197–199]. 

In the study, PS obtained from a red alga Gelidiella acerosa has 
exhibited good antithrombotic and antiplatelet effects in the rats by 
interacting with the blood coagulation system and hemostasis. The 
structure consisted of β-D-galactose (37.2%), α- Lanhydrogalactose 
(41.7%) and 6-O-methyl-β-D-galactose (20.9%) and sulfate groups with a 
molecular weight of 284.8 kDa which is basically a sulfated agaran. The 
results suggested that sulfate content and structural conformation have 
influenced the inhibition of thromboplastin-induced thrombus forma
tion without hemorrhage [200]. The serine protease factor Xa has the 

Fig. 8. Schematic representation of sulfated polysaccharides (Lambda-carrageenan, Fucoidan, Ulvanobiuronicacid A3s) influencing their antioxidant activity 
(Section 7). 
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main role in coagulation and platelet activation. This Xa is an enzyme 
that serves for both extrinsic and intrinsic coagulation pathways. This Xa 
combines with factor V to generate prothrombinase (Xa-Va) which then 
initiates the clot formation via the conversion of prothrombin to 
thrombin [201]. In such a case, the thrombus formation can be 
decreased by the complex formation of PS with antithrombin-III that 
mediates the enzymatic inhibition of coagulation factors (Xa) with 
possible coagulation pathways. For example, a novel PS (MS-1), a 
sulfated heterorhamnan extracted from a marine green alga, Mono
stroma nitidum made up of 4-linked β-D-xylose, 4-/6-linked D-glucose, 
terminal β-D-glucuronic acid, and 3-/2-linked α-L-rhamnose with a mo
lecular weight of 79.8 kDa has displayed strong anticoagulant activity 
both in vitro and in vivo. Additionally, PS inhibited thrombus formation 
in vitro and delivered strong inhibition of coagulation and platelet ag
gregation in carotid artery thrombosis in vivo. Significantly, PS has 
synergized the inhibitions of thrombin and coagulation factor Xa by 
heparin cofactor-II and antithrombin-III respectively. Hence these re
sults confirm that PS has interacted with both the intrinsic and/or 
common pathways of coagulation; prevented thrombin activity or con
version of fibrinogen to fibrin and inhibited them eventually. As re
ported by authors, these blood-thinning properties and specific 
interactions of PS are facilitated by the molecular size, charge density, 
sulfate position and the linkage pattern of rhamnose residues [202]. 
According to various demonstration, the PS can delay the coagulation 
time and reduce the thrombus formation. In their study, Reis et al., 
[2020] reported that the PS of Ulva lactuca L is an ulvan composed of 
rhamnose as the major component and other monosaccharides such as 
glucose, galactose, uronic acid, sulfate groups have possessed good 
blood-thinning properties. One fraction of PS namely F50U1 had a 
molecular weight of 185.28 kDa and is enriched with ulvanobioronic 
acid. The suggested mechanism of in vitro anticoagulant activity of this 
F50U1 is involved by extending the plasma coagulation time whereas 
the anti-Xa activity is enabled by the inhibition of factor Xa and IIa 
activity. The results indicated that the PS fraction has inhibited all the 
coagulation pathways by their possible interaction. Moreover, the 
venous thrombus formation was inhibited by the association of PS to the 
anticoagulant pathway mediated by antithrombin III (Fig. 9) [203]. 
Altogether, the blood-thinning properties of these PS were attributed to 
their interaction of negative charges with positive charges of peptide 
sequences in the coagulation system. Therefore these PS might be a 

hopeful source to prevent blood clot formation induced by viral infec
tion through various mechanism either as drugs or functional food that 
benefits the recovery of patients who are vulnerable to intense clot 
formation. 

9. Adjuvants in the vaccine 

Vaccination is a powerful weapon against the mortality of the in
fectious disease and promotes life anticipation. After constant and un
tiring efforts, several vaccines have been produced against Human 
PapillomaVirus (HPV), hepatitis C virus (HCV), Chikungunya Virus 
(CHIKV) and Influenza (Flu) virus. The development of vaccines for CoV 
has been critical due to their nature and mutation of strains that reside in 
the host [204]. Adjuvants are the bioactive substance that is added to the 
vaccine in order to promote immune responses along with the vaccine 
antigens. The addition of adjuvants enhances the efficacy of vaccines by 
enabling long term immunological memory and protection of the im
mune system. Adjuvants (polysaccharides, cytokines, saponins, lipo
somes etc.) are ingredients that can induce or amplify a stronger 
immune response along with purified antigens in the vaccines; stimulate 
subtype antibodies production and complement activation. PS, which 
function as adjuvants, have promising effects for promoting 
antigen-specific immune response and enhance host immunity due to 
their polydispersity. The high molecular weight of PS plays an essential 
role in eliciting immunomodulation than low molecular weight PS. 
Reports suggest that sulfated PS have strong immune-stimulatory ac
tivity and are suitable as vaccine adjuvants [205–207]. PS are nontoxic, 
non-mutagenic, biodegradable, and biocompatible that can activate 
humoral and cellular immunity, elicit mucoadhesion, boosts antigen 
absorption, enhances residual time at mucosal sites, sustained release, 
promotes cellular antigen uptake and improves mucosal immunity 
[208–210]. Sulfated PS can provide a significant approach towards 
producing therapeutic vaccines due to their desired physicochemical 
properties and structural features that are readily suitable for modifi
cations. Based on the reports, fucoidan possessed the best adjuvant 
qualities that can be adopted for future vaccine preparations since en
ables strong cell-mediated and humoral immune responses [211]. 
Moreover, these PS can be utilized for carbohydrate-based conjugate 
vaccine preparations to achieve desirable immunogenicity and efficacy. 
Carrageenan has enhanced the peptide vaccine potency by stimulating 

Fig. 9. Schematic representation of sulfated polysaccharides (Lambda-carrageenan, Fucoidan, Ulvanobiuronicacid A3s) influencing their antithrombotic and anti
coagulant activity (Section 8). 
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E7-specific CD8+ T cell (antigen-specific) immune response by acti
vating the TLR4 pathway and antitumor activity in the mice vaccinated 
with human papillomavirus type 16 (HPV-16) [212]. In the assessment 
of vaccine adjuvant and antitumor effect of λ-carrageenan, it has 
inhibited tumor progression and increased the production of M1 mac
rophages, dendritic cells and CD4+CD8+ T lymphocytes in melanoma 
B16–F10 and mammary cancer 4T1 bearing mice. Additionally, it has 
stimulated Interleukin 17A (IL17A) and Tumor Necrosis Factor-alpha 
(TNF-α) in tumor. Their results demonstrated that λ-carrageenan has 
increased the efficiency of ovalbumin (OVA) based preventative and 
therapeutic cancer vaccine which stimulated anti-OVA antibody pro
duction in mice that was injected by (OVA)-expressing E.G7 cells. 
Therefore PS can elicit adjuvant effects by immunostimulating cells and 
increase the production of proinflammatory cytokines [213]. Especially 
chitosan has been suggested as potential adjuvants [214] for promoting 
vaccine immune effect that stimulates humoral and cell-mediated im
mune responses, especially in RNA virus vaccines. Authors reported that 
chitosan has reduced the respiratory syncytial virus (RSV) infection in 
mice and enhanced the antigen-specific immune responses [215]. Thus, 
PS can be a potential adjuvant candidate in the preparation of antiviral 
vaccines for SARS-CoV-2 infection. However more in vivo studies and 
verifications are required to achieve effective vaccines against CoVs. 

10. Conclusion 

Currently, there is no FDA approved drug to prevent deadly SARS- 
CoV-2 infection and standard treatment procedure is still lacking. Be
sides oxygen supplement, mechanical ventilation and symptom sup
pressing clinical management are being primary supportive care for 
hospitalized COVID-19 cases. Lack of plasma donors, tougher job to 
convince donors and lesser population recovery from plasma-treated 
COVID-19 have been a major crisis to accomplish further plasma ther
apy. Repurposing of previously reported clinically approved antivirals 
have been under rapid clinical trials. Subsequently, most of the drugs 
have been found ineffective after their initial clinical trials and reported 
to have few adverse effects during treatments. Recently, remdesivir, 
hydroxychloroquine, lopinavir, favipiravir and interferon regimens are 
considered ineffective antivirals for the mitigation and treatment of 
COVID-19 due to their incomplete action against the infection and side 
effects. Researchers are focusing on targetable cellular processes to 
prevent the virus entry and further replication in the host cells using 
already approved antivirals. However multiple in vivo and clinical trial 
data are required to conclude the anti-CoV effects of repurposed drugs. 
To resolve the drug precariousness, it is essential to entail the existing or 
already reported natural marine polysaccharides, especially poly
guluronate sulfate, chitosan, carrageenans, sulfated galactans, sulfated 
rhamnans, alginates, fucoidans, fucans, ulvan and related poly
saccharides for further investigation on animal studies and clinical trials 
against SARS-CoV-2. They have potential antiviral effects by interfering 
with the life cycle of the virus which makes them have a great appli
cation prospect in the prevention of SARS-CoV-2 entry and replication. 
Especially sulfated PS can strongly prevent the virus attachment and 
entry by devitalizing the viral proteins responsible for efficient binding 
process either through direct interaction or complex formation. Also, 
sulfated PS are capable of modifying the structural characteristics and 
hydrophobic features of viral proteins responsible for fusion, penetra
tion and replication. In accordance with these facts, sulfated PS are 
biocompatible, non-toxic, chemically modifiable that can amplify the 
higher antiviral activities through efficient binding abilities and inter
active anionic features. Hence the electron-donating/withdrawing 
functional groups especially sulfate and carboxyl, monosaccharides, 
uronic acids, high molecular weight, sulfate pattern of PS have a major 
influence in intensifying the antiviral activities and activation of host 
immune responses. According to the importance of antiviral and 
immune-stimulatory effects of PS in combatting viral infections, clari
fying the exact mechanism of actions against SARS-CoV-2 could pave the 

way for new antivirals and treatments. The multifarious activities of 
sulfated PS can be exploited for COVID-19 treatment as candidate drug, 
adjuvants in vaccine preparation, combination with other antivirals, 
nutrition for enhancement of host immunity, blood thinners, and 
formulation of antioxidant based functional foods and production of 
biosafety antiviral materials in healthcare products (Gloves, sprays, 
masks, handling tools). 
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