
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



International Journal of Biological Macromolecules 179 (2021) 33–44

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i j b iomac
Review
Underscoring the immense potential of chitosan in fighting a wide
spectrum of viruses: A plausible molecule against SARS-CoV- 2?
Nivya Sharma a, Chandrima Modak b, Pankaj Kumar Singh c, Rahul Kumar a,
Dharmender Khatri a, Shashi Bala Singh a,⁎
a Department of Pharmacology & Toxicology, National Institute of Pharmaceutical Education and Research (NIPER), Hyderabad, India
b Birla Institute of Technology and Sciences (BITS), PILANI, Pilani campus, India
c Department of Pharmaceutics, National Institute of Pharmaceutical Education and Research (NIPER), Hyderabad, India
Abbreviations: ACE2, Angiotensin Converting Enzyme
of deacetylation; FCV, feline calicivirus; GCH, Guanidinylat
trimethylammonium chitosan chloride; MERS-CoV, Midd
Tobacco Mosaic Virus.
⁎ Corresponding author at: Department of Pharmacolog

E-mail address: drshashisingh@gmail.com (S.B. Singh)

https://doi.org/10.1016/j.ijbiomac.2021.02.090
0141-8130/© 2021 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 November 2020
Received in revised form 1 February 2021
Accepted 12 February 2021
Available online 16 February 2021

Keywords:
Chitosan
Sulfonated chitosan
Quaternary amino group
Systemic resistance elicitation
SARS-CoV-2
CD147 receptor
Chitosan is a deacetylated polycationic polysaccharide derived from chitin. It is structurally constituted of N-
acetyl-D-glucosamine and β-(1-4)-linked D-glucosamine where acetyl groups are randomly distributed across
the polymer. The parameters of deacetylation and depolymerization process greatly influence various physico-
chemical properties of chitosan and thus, offer a great degree of manipulation to synthesize chitosan of interest
for various industrial and biomedical applications. Chitosan and its various derivatives have been a potentialmol-
ecule of investigation in the area of anti-microbials especially anti-fungal, anti-bacterial and antiviral. The current
review predominantly highlights and discusses about the antiviral activities of chitosan and its various
substituted derivatives against a wide spectrum of human, animal, plants and bacteriophage viruses. The extrin-
sic and intrinsic factors that affect antiviral efficacy of chitosan have also been talked about. With the rapid
unfolding of COVID-19 pandemic across the globe, we look for chitosan as a plausible potent antiviral molecule
for fighting this disease. Through this review, we present enough literature data supporting role of chitosan
against different strains of SARS viruses and also chitosan targeting CD147 receptors, a novel route for invasion
of SARS-CoV-2 into host cells. We speculate the possibility of using chitosan as potential molecule against
SARS-CoV-2 virus.

© 2021 Published by Elsevier B.V.
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1. Introduction

As antibiotic resistance and zoonotic disease outbreaks are getting
pervasive as documented over the past 30 years, these diminutive path-
ogens are accounting for almost 70% of the infectious diseases with a
scale of public health [1,2]. According to the WHO 2014 global report
on antimicrobial resistance, it has been highlighted how tuberculosis
and gonorrhea treatment with current antibiotics have been an abso-
lute failure due to anti-microbial resistance and is becoming a great
concern worldwide [3]. As a countermeasure, current drug develop-
ment needs to regularly focus on discovery and research for other alter-
native antimicrobial agents.Marine polysaccharides are one of themost
explored molecules for various therapeutics and biomedical applica-
tions. They have been in studies and are in use for decades now because
they exhibit strong antimicrobial activities against abroad spectrum of
bacteria, viruses and fungi [4] e.g. fucoidans extracted from brown
algae found in themarine environment has shown anti- Human Immu-
nodeficiency Virus-1 (anti-HIV-1) activity [5].

Out of numerousmarine studied polysaccharides, chitosan has gained
significant attention as a potent anti-microbial agent. Chitosan is a ran-
domly deacetylated copolymer of β-(1-4)-linked d-glucosamine and N-
acetyl-d-glucosamine (Fig. 1), derived from chitin which is the second
most ubiquitous polysaccharide after cellulose and is present in the
exoskeleton of various crustaceans, insects, and microfibrils of fungi [6].
Chitosan shows potent antifungal activities against deadly fungal strains
like candida strains which contribute to a multitude of infections in
humans, animals and bacterium species. Additionally, chitosan exhibits
antibacterial action against E-coli(gram-negative) and Staphylococcus
aureus (gram-positive) [7], and numerous other pathogenic bacterial
strains [8] like Bacillus megaterium, Salmonella typhimurium, Pseudomonas
fluorescens, Listeria monocytogenes, B. cereus, Lactobacillus plantarum,
L. bulgaricus, L. brevis and Vibrio parahaemolyticus [9].

Chitosan and its derivatives are well-acknowledged as antiviral
materials in the past. Previously S.N Chirkov has cited several re-
search findings to support counter virus worth of chitosan and its
Fig. 1. Chemical illustr
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various derivatives [10]. He spotlighted a peculiar characteristic of
chitosan in terms of eliciting the molecular markers of Systemic
Acquired Resistance (SAR) in plants and the same was later verified
by Iriti et al [11]. Chitosan has shown to facilitate the expression of
RNAse which was related to the induction of resistance to Potato
virus X(PVX) infection, affecting viral replication [11]. Chitosan has
been reported to elicit chemotaxis of macrophage and neutrophils
along with stimulation of nitric oxide production in dog peripheral
blood in-vitro suggesting stimulation of immune response [12,13].
Inhibition of Chlamydia trachomatis bacteria by chitosan in-vitro in
HeLa cells line was reported [10]. In line with applications for thera-
peutics and biomedical uses, chitosan possesses properties of low
allergenicity, biodegradability [14], non-toxicity [6], is economical
to synthesize, and flexible to chemical modifications as has been
documented over the years [8,15–17].

In concurrent to SARS-CoV-2 outbreak, this review explores and
highlights similarity between the binding affinity of spike glycoprotein
to Angiotensin-converting enzyme receptor-2(ACE 2) as a primary cell
entry receptor for both Severe acute respiratory syndrome Coronavirus
(SARS-CoV) and Severe acute respiratory syndrome Coronavirus-2
(SARS-CoV-2) [18,19]. Although studies are underway to completely
comprehend the pathophysiology of SARS-CoV-2, yet inhibition of
spike protein - ACE 2 receptors binding and cell fusion has been looked
upon as potential approaches to treat SARS-CoV-2 infections directed
by various computational modeling and molecular dynamic studies
[20–22], and for this intervention, chitosan and its derivatives stand as
a promising candidates as they are reported to bind with the spike pro-
tein subunits in in-vitro studies done on LLC-MK2 cell line and also in
molecularmodeling studies as discussed later in this review. Also, chito-
san targeting a potential receptor molecule, CD147 having a crucial role
in SARS-CoV-2 invasion has been discussed in this review. With a
dearth of drug candidates to fight this new variant of coronavirus, we
believe that this review will provide some new insights in this field
and will underscore the antiviral potential of compounds derived
from the marine ecosystem.
ation of chitosan.

Image of Fig. 1
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2. The Physico-chemical properties of Chitosan affect its antiviral
activity

A gamut of factorsmay account for the anti-microbial efficacy of chi-
tosan against abroad spectrum of microbes i.e. synthesis process (enzy-
matic, hydrolysis, etc.), conditions such as temperature, pH, degree of
deacetylation (DD), degree of substitution (DS), molecular weight,
deproteinization, concentration, and source of native chitin from
which it is derived [9,15,23,24]. DD directly affecting solubility of chito-
san in aqueousmediumand its untimely effects on antiviral activitywill
be elaborated and discussed later in this review [25,26]. Extensive stud-
ies have been conducted to determine a correlation between antimicro-
bial activity and overall charge on chitosan. Chitosan as a native
molecule has limited activity as an antiviral agent over a wide range
of viruses, but substitution at the amino group and hydroxyl group
can significantly alter its efficacy against various viral strains. Likewise,
reports of sulfated chitosan have been shown to possess better antiviral
property against HIV-1 and have provided better results in comparison
to other derivatives due to similarity with heparin structure discussed
in detail later in this review. Chitosan oligomers which are derived by
hydrolysis of chitosan have also been reported for thewide-ranging an-
timicrobial actions by cell death or receptor binding inhibition. More-
over, the mechanism of action along with physico-chemical properties
of chitosan derivatives differs, and is impacted by side-chain substitu-
tions in concordance to chitosan itself [27] as mentioned in the review.

3. Chitosan and its derivatives combating plant viruses

3.1. Chitosan and its derivatives elicit resistance against plant viruses and
their mechanism of action

The direct inhibition mechanism of chitosan against plant virus rep-
lication has been rolled out throughout various reports and findings.
Fig. 2. Summarizing major protective mechanis
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Also, support for chitosan inducing systemic resistance has been emi-
nent [11]. Various intrinsic factors like the impacted plant variety and
sometimes, virus type determine the impact of chitosan to promote
viral resistance in plants. Lectin proteins in plants serve as a protective
barrier by showing their enhanced activity during biotic stress to
develop host plant resistance through a complex signaling pathway.
Chitosan as a response inducer of changes in lectin activity was studied
in tobacco plant leaf discs andwild type potato tuber. Itwas noticed that
pre-treatmentwith chitosanwas able to slightly augment lectin activity
and developed resistance in tobacco plant against TobaccoMosaic Virus
(TMV) (Fig. 2) [28]. The efficacy of chitosan to induce resistance in
cucumber plant against Cucumbermosaic viruswas evaluated. Chitosan
was used as astandalone target molecule and in combination with
glycine betaine. The results of the study indicated significant upregula-
tion of defense genes, as demonstrated by gene expression analysis
along with enhanced phytohormones, enzymatic and non-enzymatic
antioxidants, and osmoprotectant protective mechanisms (Fig. 2).
Conversely, the amount of oxidative stress indicator, malondialdehyde,
and stress hormones, abscisic acid significantly declined. Furthermore,
treatment with a combination of Chitosan and glycine betaine showed
a superior effect than individual chitosan in terms of decreasing the
infection by 90% and 84.21% respectively vs. the control group which
was 95% affected. Also, a significant decline of disease severity to
2.88% and 6.22% respectively vs. the control group at 70% was observed
along with uplifting of protective mechanisms of the host plant [29].
Chitosan caused an increase in intercellular proteolytic enzymes like
RNases and proteases in pre-treated tobacco leaves leading to the
fragmentation of the virions (Fig. 2). The study also underscored that
the thinning of virions is caused by partial untwining of viral capsid sub-
units lowering the proteolysis of viral proteins exposed on the surface
obstructing the binding capacity of virions and there was no evident
toxicity recorded in this study [30]. Chitosan binding to plant cell
surface receptors and stimulation of systemic resistance was also
ms that plants adopt against plant viruses.

Image of Fig. 2
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suggested to act as a cause and effect relationship. A research group con-
cluded that chitosan binds to plant cell surface receptors and stimulates
a defense response leading to the elicitation of systemic resistance. The
mechanism of actionwas suggested to be through nitric oxide signaling
via the production of a second messenger, phosphatidic acid-induced
through phospholipase C in a coordinated effort with diacylglycerol
kinase [31,32]. To underline the mechanism of chitosan induced viral
infection resistance against Tobacco Necrosis Virus (TNV), it was
suggested that chitosan induced apoptosis by a calcium-dependent
mechanism which was directly time-dependent, triggering host de-
fense system by acting as pathogen-associated molecular patternmole-
cule (PAMP) and activating the phospholipase-lipoxygenase pathway
responsible for Reactive Oxygen Species (ROS) production. Calcium-
dependent pathway, cause activation of callose synthase (leading to
callose deposition which constraints cell to cell virus transport),
Mitogen-activated protein kinases activation (MAPK), increase ROS
and Nitric Oxide (NO) production which leads to a hypersensitive reac-
tion at areas of attempted pathogen infection and activates hormonal
signaling cascades (Fig. 2). Although many of these aforementioned
mechanisms garnered support from high-impact studies yet some of
them still face the fire of controversy [11,33]. Abscisic acid has also
been noted to attribute as a major factor of plant-pathogen resistance
mechanism as it was documented to elicit the accumulation of callose
sites in palisademesophyll of tobacco leaves. Since callose is part of sys-
temic permeability in plasmodesmata and abscisic acid is essential for
callose accumulation, the presence of chitosan not only help in eliciting
the concentration of abscisic acid but also helps in forming a uniform
network of callose sites which decreases the virus lesions sites in chito-
san treated leaves affecting the viral spread from cell to cell (Fig. 2) [34].
Studies were also done to underscore the host immunomodulatory re-
sponse at gene level induced by chitosan-N after inoculating papaya
leaf with papaya leaf-distortion mosaic virus. The gene ontology analy-
sis of differentially expressed genes demonstrated the potential of chi-
tosan in upregulating plant disease resistance genes linked with
pathways like starch and sucrose metabolism, phenylpropane biosyn-
thesis and plant hormone signal transduction [35]. Altogether, these
studies reflect that Chitosan promotes the induction of systemic resis-
tance in plants by altering various signaling pathways.

3.2. Factors affecting antiviralactivity of chitosan

The physico-chemical properties of chitosan such as 1) molecular
structure, molecular mass, DD, 2) Degree of polymerization (DP),
achieved by depolymerization methods such as enzymatic or chemical
hydrolysis concentration, 3) plant variety, and in some cases virus
type as discussed above for mechanism of action [11], significantly im-
pacts viral resistance, as the receptor structure and function differ in dif-
ferent plant varieties with varying affinity to chitosan discussed above.
Studies have elaborated that relatively small molecular mass (17 to
2 kDa) derivatives of chitosan obtained after chemical hydrolysis with
hydrogen peroxide showed high antiviral activity as reflected by the re-
duction in the number of local viral necroses on tobacco leaves by
50–90% [36]. A study by Kulikov et al. demonstrated that antiviral activ-
ity on beanmosaic viruswas impacted by the averagemolecular weight
of chitosan fragments andmethod of hydrolysis used to deacetylate chi-
tosan. There was significant inhibition of the viral spread on the inocu-
lated bean plant with lowmolecular weight chitosan [37]. Furthermore,
a related study on TMV infection reduction by a chitosan derivative
Guanidinylated Chitosan Hydrochloride (GCH) showed that when half
of the leave of N. glutinosa was pre-treated with GCH, the average
local viral lesions count significantly declined by 84% in comparison to
the use of chitosan alone where only 36% count decrease was observed
suggesting initiation of viral resistance by GCH derivative. In the same
study, Chitosan has also been shown to damage viral DNA strands in
in-vitro studies because of its cationic property and high affinity to the
nucleus(Fig. 2) [38,39]. Also, there was a correlation observed between
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the duration of exposure and the presence of viral count to a certain ex-
tent. The shorter span of GCH exposure and concentration of 2 mg/l has
shown higher efficacy for infected leaves in producing systemic resis-
tance against TMV infection. Also, the time exposure and antiviral effi-
cacy were correlated to viral count present to a certain extent. GCH
has also shown passivation activity against TMVwhichwas also depen-
dent on the time of exposure in-vitro (Fig. 2). Moreover, GCH showed
direct killing activity by damaging the viral structure which was ob-
served as flocculation in electron microscopic photographs [40]. Along
similar lines, a study conducted by Noiket et al., treated a Thai variety
of tomato plant Sridathip 3 which grows mostly in the Thailand
peninsula and infected by Tomato yellow leaf curl virus diseases
(TYLCV) with chitosan. During and after 25 days of the plant growth,
it was grafted to an infected plant and viral aggregation was estimated
by Enzyme-Linked Immunosorbent Assay (ELISA)monoclonal antibody
test. A significant reduction of TYLCV irrespective of the concentration
was observed [41]. Likewise, to get rid of the viruses like Papaya
ringspot virus-W and Tomato chlorotic spot virus affecting the vegeta-
ble yield of cucurbits and tomatoes, chitosan was combined with differ-
ent strains of Rhizobacteria, a plant growth promoter. The combination
showed phenomenal infection inhibiting activity against both the vi-
ruses at the high dose of chitosan in a time-dependent manner. How-
ever, high chitosan concentration showed phytotoxicity in plants [42].
To recapitulate, chitosan alone or in combination has shown potent an-
tiviral activity against many different plant viruses and its physico-
chemical properties greatly influences this activity.

4. Chitosan and its derivatives in the battleground, defeating bacteri-
ophage viruses

4.1. Chitosan and its physico-chemical properties affecting its antiviral effi-
cacy against phage infections

The impact of physico-chemical properties of Chitosan on coliphages
T2, T4, and T7 inactivationwas studied by synthesizing its various deriv-
atives differing in terms of the DP, the net charge, and the number of
amino groups. Different phage strains showed different inactivation
abilities in the presence of chitosan fragments, but it varied in a dose-
dependent fashion except for the T2 page. Virulence of T2 Phage relied
on the degree of polymerization, but no specific pattern was observed.
With the same degree of polymerization, unmodified chitosan showed
more activity than deaminated derivatives. Also, amodel based on a de-
crease in anti-phage activity with a decrease in amino groups was ob-
served. Conversely, anionic derivatives with a net negative charge
showed a reduction of activity. Electronic microscopy pictures of T2
phage after treatment with chitosan fragments reflected distinct struc-
ture alterations in terms of the absence of long-tail fibers, contracted
tail sheaths, and deformed basal plate [43]. Inhibition of phage virulence
was reported at lowDPdue to absorption of chitosan in the bacterial cell
wall whereas, in contrast, inhibition of phage infection at higher DPwas
due to decrease of phage bacteria replication. It was also concluded that
inhibition of phage reproduction and inhibition of phage infection
remained independent of the degree of deamination but were depen-
dent on the concentration of chitosan [44]. An inverse relationship be-
tween the DP and concentration was noted for inhibition of phage
infection i.e. lower DP and higher concentration had the best results
whereas, in contrast, degree of deamination was not related to the inhi-
bition property. Overall, low DP, high concentration, and deamination
provided the best yield for Phage infection inhibitions, but it was spec-
ulated that inhibition was caused due to the antibacterial property of
chitosan [45]. For phage viruses like MS2 and phi X 174, Davis et al.,
demonstrated the remarkable decrease in phage infection at different
concentrations andmolecularweights of chitosan for each of the phages
in support of previous studies done before to emphasize the fact that
overall charge on viral surface glycoproteins and charge on chitosan
polymer affect the antiviral efficacy of chitosan. A notable decrease in
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MS2 virus by 5.2 logs and 2.6 logs (pfu)/mL) at a concentrations of (1%
and 0.7%w/v respectively) at 222 kDawere recorded vs. 2.8 logs and 2.6
logs (pfu)/mL) at 53 kDa [46,47]. Althoughmore considerable attention
is given to pH andmolecular weight, a study done by Chatain et al., sug-
gested that different bacteriophages capsid arrangement and other
physico-chemical factors can cause a greater difference in the antiviral
activity of chitosan on different phage viruses. It was observed that
the effect of concentration and pH was not significantly distinguishable
for c2 bacteriophage in contrast to MS2 [48]. Similar studies done on
MS2 bacteriophage by Wilson et al., for viral reduction and removal
showed evidence of the role of overall charge, DD, substitution on the
side chain, and molecular weight of chitosan macromolecule affecting
its antiviral activity. Spot- plate method showed evidence of no viral
lysis and these results were consistent with previous studies done.
Also, the coagulation property of chitosan enables the overall antimicro-
bial property of modified chitosan in line including its surface charge
and available surface area [49].

4.2. Suggested and proposed mechanism of action for antiviral activity

A comprehensive study enlisting antiviral activities by chitosan on
various types of viruses cited some interesting reports to decipher the
possible mechanism of chitosan antiviral activity. A decrease in the
yield of such infectious gene containing phageswas observed and chito-
san binding to smaller peptide fragments in anagar medium was sug-
gested. Oligomer reported better inhibition for phage infections unlike
anionic sulfate substituted groups which were ineffective against
phage infection in contradiction with other viruses [50]. Positive charge
on chitosan amino groups was cited to be a major contributor for the
overall cationic property of chitosan and was suggested to be responsi-
ble for inactivation of phage infection and it was valid for plant viruses
too [51,52]. Three major mechanisms were cited to be responsible for
chitosan antiviral efficiency against phage infections. 1) Cell death of
phage bacteria 2) decrease in the virulence of daughter bacteriophages
3) inhibition of reproduction of virulent phage viruses. It was concluded
Fig. 3. A) Proposed β-chitosan and quaternized ammonium chitosan derivatives preventing
(recognized as primary receptor for SARS-CoV-2 binding). Alongside, interaction of ACE2 to r
CD147 receptors, evolving as new route for virus invasion into the host cell. Chitosan olig
witnessed as potential strategy for reducing the viral infection curve
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that the bactericidal effect was not a contributor to the inhibition of the
phage infection mechanism. It was cited that chitosan has transpired
themorphological damage in virions in support of the second suggested
mechanism, but it is still not ostensible which stage of replication chito-
san affects in phage infection [10].

5. Chitosan and its derivatives giving a tough fight against
coronaviruses

5.1. Correlation between spike glycoprotein of coronaviruses and role of
ACE 2 receptor and spike glycoprotein in cell entry

The virulence of the SARS-CoV virus is primarily attributed to the
ability of its spike protein to bind the ACE-2 receptors present in the
human respiratory tract and initiate infection [21,22,53]. Cryo-electron
microscopy images have revealed the structure of spike protein as a
homotrimeric peptidewith theS1 and theS2 subunits in eachmonomer.
Cryo-electron microscopy performed for spike protein in its prefusion
state at 3 Å resolution put forward some insightful observations. It
was noted that one of the three Receptor Binding Domains (RBDs) of
S1 subunit of spike protein stays in up-conformation (state of instability
and receptor accessible position) which is coveted for receptor binding.
As soon as the receptor binds to it, the entire receptor binding domain
undergoes hinge like movement leading to augmented instability and
turning all the three RBDs in to up-conformation. Following this, the
whole S1 subunit out of sheer instability sheds apart leading to refolding
of S2 subunit [54]. This stimulates the S2 subunit to acquire a stable state
required for membrane fusion which subsequently results in virus in-
troduction into the host cell [21,22,55]. The Receptor Binding Domain
(RBD) of theS1 subunit comprises a core and a receptor-binding motif,
the latter one being highly desired for specific recognition and strong
binding to ACE2 receptor (Fig. 3A) [56]. It has been observed that
SARS-CoV and SARS-CoV-2 both use human ACE2 receptor as a port of
entry to gain access to host cells (Fig. 3A). However, the binding affinity
of the spike protein's RBD of latter virus to hACE2 ismore but the overall
the SARS-CoV-2 infection by inhibiting the binding of spike protein to ACE2 receptors
eceptor binding domain of SARS-CoV-2 has been displayed, B) Spike protein binds to the
osaccharide has been reported to downregulate the CD147 expression level which is

Image of Fig. 3
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interaction of its spike protein with hACE2 is low compared to the
former virus type. These results were generated from a protein
pull-down assay, using cell surface-expressed SARS-CoV-2 and
SARS-CoV spike proteins as the targets and recombinant hACE2 as
the bait. The paradox here pertains to the dynamic state of RBD and
also, emphasizes the role of human proteases in dismantling the
spike protein and exposing the receptor-binding domain. This
study also points towards the deliberate evading of immune surveil-
lance by the hidden receptor binding domain of SARS-CoV-2 [57].
Upon analyzing the crucial residues of receptor binding motif (the
highly variable region of RBD of SARS-CoV-2) using sequence align-
ment approach and high resolution crystal structure analysis, it
was found that nine single amino acid substitutions at Q498, S459,
P499, Q474, N501, E484, K452, T470 and R439caused a loss of bind-
ing affinity of RBD for human ACE2 receptors. Six of them are already
validated [55,56,58] and three new mutations (S459, P499, Q474)
were observed in this study. Conversely, it was noteworthy that
five single amino acid substitutions at Q493, P499, A475, F486 and
L455 favored the binding. All these highlighted residues play direct
or indirect role in virus binding to the receptor and subsequent sta-
bilization. By leveraging single amino acid substitution mutagenesis
scanning, some stark differences were concluded in the antigenic po-
tential of RBD of SARS-CoV and SARS-CoV-2 viruses owing to differ-
ent amino acid composition [59]. Analysis of Bioinformatics data
also showed evidence of similarity between the spike glycoprotein
gene sequences of SARS-CoV and SARS-CoV-2 [60]. The use of similar
receptors for cell entry by SARS-CoV and SARS-CoV-2 was confirmed
by Hoffmann at the cellular level [61]. A comparative study on the
cellular tropism of NL63-spike protein-bearing pseudovirions with
SARS-CoV-spike protein-bearing pseudotypes concluded that both
use ACE2 for cell entry and infection. However, the binding affinity
to ACE2 varied wildly because the alignment of the ACE2-binding
site of SARS-CoV with the most closely related sequence in NL63-S
had only 14% amino acid similarity, which makes it harder in getting
one definite answer to CoV family infections. These variations in the
amino acid residues involved in binding interactions may reflect
different strategies evolved by difference strains of corona viruses
to penetrate human cells, sometimes by binding to different regions
of the receptor or using different amino acid residues in receptor
recognition [62].

5.2. Present antiviral derivatives of chitosan against different strains of
coronaviruses, mechanism of action and future scope

As discussed above, molecular classifications of Human Coronavirus
have suggested some structural similarity in spike protein alongside
ACE2 being the choice of receptor to attach to the host cell and causing
respiratory illnesses being a trait common among the corona viridae
genus including SARS and SARS-CoV-2 [63]. Milewska et al., studied
the inhibition factor of N-(2-hydroxypropyl)-3-trimethylammonium
chitosan chloride (HTCC) polymer, a quaternized chitosan, and its hy-
drophobic derivative. It was observed that these polymers had a signif-
icant inhibition factor for human coronavirus, HCoV-NL63 and human
murine virus. Extensive study to fathom the mechanism of inhibition
reflected that the polymer made a complex with the ectodomain of
the spike protein of HCoV-NL63 without causing significant levels of
cytotoxicity. It was also suggested that inhibition is only caused due to
site-specific binding [64]. Later, a study based on the effect on viral
entry inhibition by HTCC polymer in LLC-MK2 cell line delivered
some interesting insights of the polymer inhibiting the interaction
between cell receptors and spike protein by aggregation of spike
proteins as one of the mechanisms of action for blocking its cell
entry in support of his previous studies. Also, it demolishes the co-
localization of ACE-2 receptors by virions. The range of the human
coronavirus (HCoV-OC43, HCoV-229E,HCoV-NL63and HCoV-HKU1)
infections being impeded was varied for different degrees of
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substitution. Another noteworthy result was inferred that closely re-
lated viruses required various degrees of substitutionwhichwas a pecu-
liar trait observed concerning this moiety activity [65]. Later, a
subsequent study was done on the antiviral efficacy of HTCCwas deter-
mined in pathogenic coronaviruses, Middle East respiratory syndrome-
Coronavirus(MERS-CoV), and SARS-CoV-2 through in-vitro studies
using Vero and Vero E6 cell lines and ex-vivo studies by deploying
upon human airway epithelium (HAE) model. The results of the survey
reflected the potential of HTCC in hampering virus replication with
more pronounced effects in SARS-CoV-2. It also significantly inhibited
the internalization of viruses into vulnerable cells by reacting with
spike protein through electrostatic interactions [66].

A recent molecular dynamics study by Kalathiya et al.,
underscored the tremendous potential of chitosan in having a strong
binding affinity for homotrimer pocket and RBD of spike protein
which can be further exploited to design chitosan based drugs and
vaccines for attenuation of spike protein and disrupting virus bind-
ing to host receptors [67]. However, they could not validate their re-
sults by comparing them with those coming from a cryo-electron
microscopy or crystallized structure of other structurally related
proteins. Chitosan and its oligomers were cited to be able to inhibit
ACE-1 activity too [68]. In a study to comprehend the role of β-
chitosan in inhibiting the binding of SARS-CoV-2 spike protein RBD
with ACE2 along with underlying mechanisms, some interesting in-
sights were drawn. The native-PAGE analysis demonstrated that β-
chitosan strongly binds to the ACE2 and spike-RBD under normal
physiological conditions and further addition of β-chitosan silenced
the binding of spike-RBD and ACE2. In-vitro analysis indicated down-
regulation of ACE2 levels by β-chitosan in Vero E6 cells, further
diminishing the probability of spike-RBD binding to ACE2 and a sig-
nificant reduction in the colocalization of RBD and ACE2 as was
witnessed by dwindling immunofluorescence intensity of 6.91%
against 33.6% when ACE2 and the spike-RBD were colocalized in β-
chitosan's absence. Furthermore, addition of β-chitosan also exerted
an anti-inflammatory effect in cells by reducing the expression of
proteins surrounding Spike-RBD binding induced cell inflammation.
In the in-vivomodel when β-chitosan was intranasally administered,
β-chitosan prevented lung morphological changes produced as an
after-effect of SARS-CoV-2 binding with ACE2 receptors, downregu-
lated ACE2 expression and inflammation, and blocked the binding
of spike-RBD to lung cells harboring ACE2 receptors. The downregu-
lation of ACE2 expression was attributed to the activation of
ADAM17 metalloproteinase (Fig. 3A) [69].

Along similar lines, cross-linking of chitosan with genipin, a plant
originated compound was done to obtain nano/micro spheres of N-
(2-hydroxypropyl)-3-trimethyl chitosan. These spheres were evalu-
ated for their antiviral efficiency in two strains of coronavirus
namely human coronavirus NL63 (HCoV-NL63) and human corona-
virus HCoV-OC43. The nano/micro spheres perfectly adsorbed
former strain with high selectivity which led to plummeting virus in-
fective potential by (7.2 ± 0.8) × 106 copies/ml, which accounts for
92% of virions but failed to show same activity with the later. The
mechanism of action was elucidated to be electrostatic interaction
between viral nucleic acid and the sphere complex. The ability of
virus desorption from the adsorbent surface was found to be depen-
dent on the cationic strength of the polymer complex [70]. A very re-
cent opinion on the probable use of positively charged chitosan
nanofibers in Personal Protective Equipments (PPE) against rising
SARS-CoV-2 infection in healthcare providers bolsters the ambit of
using Chitosan in this direction. This study centers on exploiting
the electrostatic repulsive forces of Chitosan to reduce the viral
load. It also touches upon a few quaternized chitosan derivatives
like N,N,N-trimethyl chitosan (TMC), the single N-quaternized
(QCS) and the double N-diquaternized (DQCS) as efficient molecules
in this regard due to the presence of abundant cationic amino groups
which can provide better viral repulsion results [71].
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5.3. Another potential receptor for SARS-CoV-2 invasion and the potential
role of chitosan oligosaccharide in targeting the same

The exploration of other potential receptors for SARS-CoV-2 binding
shows that the spread of COVID-19 virus is not limited to ACE-2 ex-
pressing cells and it quickly gains access to innate and adaptive immune
cells of the lungs and in the periphery, which do not express ACE-2 re-
ceptor. An exciting study highlighted the role of a transmembrane re-
ceptor, CD147 (also called basigin) in mediating SARS-CoV-2 infection
to T cells and cells of epithelial origin in-vitro. The same receptor has
shown cardinal importance in facilitating infection in HIV-1 and mea-
sles virus [72]. A study based on Gene profiling analysis reflected the
abundance of CD147 receptors in airway epithelium and respiratory
mucosa, strongly supporting the involvement of a variety of receptor
proteins in mediating SARS-CoV-2 initial infection (Fig. 3B) [73]. A
research-oriented study by Wang et al., is imperative in understanding
the novel route of attacking CD147 receptor adopted by SARS-CoV-2
for invasion. Usage of monoclonal antibody against CD147 for its block-
age has shown responsive dropinCOVID-19 infection in-vitro in Vero
cell lines. This study suggests the interaction between the receptor-
binding domain of spike protein of SARS-CoV-2 and CD147 for invading
host cell [74].With the same foundation, the clinical trialwas conducted
to estimate the safety and efficacy of a specifically targeted monoclonal
antibody, Meplazumab against CD147 receptor to treat COVID-19 infec-
tion in patients. The results were very promising with patients recover-
ing from COVID-19 associated pneumonia [75]. This draws attention to
exploring CD147 targeting as a potential treatment option in tackling
COVID infection. However, more investigation in this direction is
demanded before something concrete can be concluded. Inflammation
caused by cytokine storm is a cornerstone in the development of
COVID infection. A study based on the involvement of immune cells in
aggravating rheumatoid arthritis (RA) condition spotlighted the indul-
gence of CD147 receptors in causing local inflammation and bestowing
the chemotactic ability to CD4+ and CD161+ expressing T-cells. CD147
interacts with CD98 for regulating T cell activation and function. Pa-
tients with RA expressed high levels of CD147 receptors on T-cells and
a blockade of these receptors not only significantly reduced the local in-
flammation but also led to a remarkable decrease in the chemotactic
ability of T-cells to the inflamed area [76]. Study done by Varadarajan
et al., underscored the potential of CD147 receptor in binding toSARS-
CoV-2 virus and facilitating its entry into the host cell. The results
showed that upregulation of CD147 receptor in oral squamous cell car-
cinoma patients made them highly susceptible to COVID-19infection.
The binding of the spike protein of coronavirus to CD147 receptor
leads to its exhaustion and subsequent reduction in carcinogenesis
[77]. Chitosan oligosaccharide has been shown to downregulate the ex-
pression of CD147 receptors in gastric cancer patients and thereby, re-
ducing metastatic potential [78]. This study underscores that chitosan
and its derivatives can be potential molecules in confining the spread
of COVID-19 viral particles to immune cells, expressing CD147 receptors
and demands further studies (Fig. 3B).

6. Chitosan and its derivatives standing strong against several hu-
man viruses

6.1. Correlation between heparin sulfate like structure and CD4+ receptor
for anti-HIV-1 activity of sulfate and sulfonated derivatives of chitosan

Several studies have suggested the Heparan sulfate binding re-
ceptor (GAGs)as the primary non-selective cell binding receptor for
cellular entry and pathway mediator, by different viruses such
asHIV-1, Sindbis virus, Herpes simplex virus, Japanese encephalitis
virus, human cytomegalovirus, and several other retro, alpha,
parvo, flavor, picorna, and papillomaviruses [79–85]. A study on
Moloney murine leukemia virus having Heparan sulfate receptor in-
ferred that sulfate substitution on succinic acid of succinyl Chitosan
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backbone showed the competitive inhibition effect in comparison
to positive control dextran sulfate among other Chitosan derivatives,
when studied on SC-1 and NIH-3T3 cell lines. The study also inferred
that higher the molecular weight and degree of substitution, the
greater will be the antiviral efficacy [86]. A study done by Artan
et al., on inhibition of HIV-1 strains by sulfated chitosan oligosaccha-
rides suggested that adding sulfation of amine group, and hydroxyl
group can increase anti- HIV-1 activity at a lower molecular weight
(MW 3–5 kDa being the most effective) and concentration. Sulfated
chitosan oligosaccharide showed an EC [50] as 2.19 μg/ml, and lytic
effect (EC [50] 1.43 μg/ml)) against HIV-1 virus. Also, data demon-
strated that sulfated chitosan oligosaccharides inhibit the infected
cell to cell fusion or syncytia formation and receptor interaction
between HIV-1 strain and host cell receptor CD4+ (Fig. 4) [87].
Further studies indicated that sulfate substitution on the chitosan
backbone. Nishimura et al., performed a comparative study with
the addition of sulfonic groupsatan amine groupofcarbon-2 (C-2)
&hydroxyl groupofcarbon-3 (C-3) versus Carbon-6 (C-6). The results
derived with the addition of sulfonic group at C-2 and C-3 showed
maximum inhibition compared to only atC-6, also it was observed
that the addition of sulfonic groups at the hydroxyl groupofC-6 had
no significant role in theanti-HIV-1 activity. They have suggested
that theanti-HIV-1 activity of sulfonic groups at C-2 and C-3 is due
to interaction with GP120 envelope glycoprotein as they have
shown anticoagulant property whereas substitution atC-6 had non-
specific ionic interaction with blood coagulating factors [88]. This ar-
gument of non-specific ionic interaction of sulfate substitution was
supported by a study determining anticoagulation activity of sul-
fated chitosan, which was undertaken by Yang et al., by performing
a coagulation assay of thrombin time (TT), prothrombin time (PT)
and activated partial thromboplastin time (APTT),having sodium
heparin as referral standard. In the APTT and TT assay, it was ob-
served the anticoagulation activity of sulfated chitosan was depen-
dent on concentration, molecular weight and degree of sulfation
and it was inferred that sulfate substitution of chitosan only affected
the intrinsic mechanism of coagulation. The ionic interaction was in-
vestigated as potential reason behind surface charges on sulfated
chitosan and binding potential with cell receptors, in support of pre-
vious studies done on the same [89]. A sulfated derivative of Chito-
san, N-carboxymethyl chitosan-N-O-sulfate was tested for its
capacity to stop HIV-1 infection in CD4+ cells. It blocked virus bind-
ing to host cell receptors in CD4+ cells, virus adsorption on host cell
and also participated in competitive inhibition of reverse transcrip-
tase enzyme. The mechanism of action was attributed to its high
and localized negative charge along with ampholytic nature. Dose-
dependent inhibition was observed without any significant toxicity
of chitosan anionic derivative to the host cell [90]. An article pub-
lished by Jayakumar et al., comprehensively captured the anti-HIV-
1 activity of sulfated polysaccharides like chitosan and its deriva-
tives. They have mentioned the mechanism of action as inhibition
of viral replication and blocking virus binding to host receptor, CD-
4 (Fig. 4). It also touched upon the site selectivity by referring to
the superior anti-HIV-1 activity of these polysaccharides with
sulfation at Oxygen-2 and/or Oxygen-3 sites [91].

Besides, Dimassi et al., have summarized various physico-
chemical properties and substitution position of chitosan in a wide
range of biomedical applications and new trends. Authors highlight
that sulfonation of chitosan at various sites of free amino groups
and/or at hydroxyl administers a better antimicrobial activity similar
to heparin or other sulfated glycans which binds through different
intra- and extracellular pathways inhibition mechanism. It also
cites previous study done by Sosa et al. [90] based on using the pro-
cess of random sulfonic substitution and determining inhibition po-
tential of HIV-1 reverse transcriptase and CD-4 receptor binding
along the line as discussed above. The paper also stipulates that the
immune factor stimulation by sulfated chitosan through nitric



Fig. 4. Underscoring the molecular mechanism behind antiviral activity of sulfated chitosan against HIV-1. Binding of GP120 receptors to the CD4+ receptors of T-cell is shown to be
inhibited along with disruption of HIV-1 reverse transcriptase enzyme. Conversely, sulfated chitosan oligosaccharide has been shown to hamper the syncytium formation (merging of
infected cell with neighboring healthy cells to give rise to multinucleate giant cell) of CD4+ cell infected with HIV-1 virus. This reduces virus replication and further infection.
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oxide production in dose dependent manner has been comprised
[92].

6.2. Other derivatives of chitosan showing anti –HIV-1 activity

Modification of low molecular weight chitosan oligomers (COS)
with tripeptides like tryptophan (W), glutamine (Q) and methionine
(M)in different combinations was done to determine their potential in
reducing HIV-1 infectivity. The results highlighted a significant inhibi-
tion of syncytia formation, cytopathic effect, and viral replication along
with downregulating levels of p24 antigenic protein visible on virus af-
fected cells, envelope protein and viral infection factor proteins of virus
and thus, reflecting a potent antiviral activity against various HIV-1
strains. QMW-COS effectively inhibited the host cell-virus interaction
by altering the binding process. However, the effect was weaker for
WMQ-COS [93]. Polyelectrolyte nano-complexes of chitosan and
hyaluronan stabilized with Zinc (II) were evaluated for their synergistic
effect when they were loaded with a very potent anti-HIV-1 drug,
Tenofovir. When internalized inside human peripheral blood mononu-
clear cells infected with HIV-1, these nanocarriers caused considerable
reduction in viral infection by limiting capsid p24 protein production
[94].

6.3. Chitosan derivatives against other viruses and their mechanism of
action

Studies reviewed by Ishihara et al., done on modified chitosan moi-
ety for effectiveness against influenza virus A put out interesting in-
sights [95]. One of them was a study done by Mori et al., centered
around the use of chitosan silver nanoparticles composite nano-fiber
sheet designed to trap virions and making them immobilized for better
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virucidal actions of silver nanoparticles against influenza virus A
pertaining to the enhanced surface area provided by chitosan silver
nanoparticles composite nano- fibersheet [96]. One similar review anal-
ysis was done on the antimicrobial activity of microbial polysaccharides
by Smelcerovic et al., who cited the use of chitosan as an adjuvant that
helped to boost the immuneresponse against influenza virus (Texas
H1N1) and Panama virus when introduced with antigen vaccine in a
mouse model [68].

Selectors modified Chitosan for inhibition and trapping of influenza
viral particles was studied by Li et al., and derived some critical results.
According to the study, the introduction of sialyllactose on chitosan
moiety has shown a high affinity to bind with influenza viral surface
resulting in blocking of host cell receptor interaction with viral surface
in comparable levels to influenza virus blockers whereas, sialyllactose
alone had no binding affinity to the viral surface. Degree of substitution
has been a significant contributor to its efficacy as higher the replace-
ment, higherwas the inhibition potential [97]. Further, Cheng et al., syn-
thesized chitosan sialyl oligosaccharides complex in support of the
study done by Li et al., and found that this complex has a high potency
of blocking cell receptor interaction with influenza viral glycoprotein
for viral entry [98]. To explain the inhibition mechanism, it was sug-
gested that glyco cluster formation disrupts viral adhesion to the cell
surface as a previously studied phenomenon of glycoside cluster effect
on glycan-protein interaction by Collin & Paulson et al., and Lee et al.
[99,100].

Influenza virus infectivity inhibiting effect of chitosan was docu-
mented when intra nasal administration in mice model was studied
against rapidly evolving strain of new Avian Influenza A virus, H7N9
virus which is one of the culprits behind virus-related various respira-
tory tract infections. The study reported a dose-dependent protective
effect and survival rate directly proportional to the chitosan

Image of Fig. 4
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concentration (as survival rates started to dwindle with lower amounts
of chitosan (30 μg or 10 μg)). They also observed a significant reduction
in virus load and augmented inflammatory markers and leukocyte
infiltration in lung/trachea tissue. Notably, the protective immune
responses lasted for ten days. However, changing the route to intraper-
itoneal protected only 10% of animals even at the highest dose of chito-
san (100 μg). Comparatively, a low protective effect was recorded
against PR8 strain of influenza virus unlike H1N1 and H9N2 strains
where full-fledged protection was seen [101].

Although metal ions have higher affinity binding with proteins, the
study done by Lin et al., showed that type of protein residue, position,
and pH affects their binding affinity. Also, it was observed that nickel
ions had the best binding affinity to enterovirus-71 in the presence of
chitosan as Ni2+ has six available coordination bonds. Chitosan chelat-
ing with nickel ions provided a greater chelation potential to Ni2+

with the exposed protein of enterovirus-71 and also provided more ex-
cellent stability of the bond formation between them concerningNi2+

and protein binding [102].
During a study conducted by Paul T as his scholarly work, antiviral

action of chitosan on an adenovirus which causes respiratory ailments
in younger children derived some exciting results. 0.1% chitosan treated
infected NIH-3 T3 cell line of mouse embryo tissue with green fluores-
cent protein (GFP)-adenovirus, exhibited the best decline in fluores-
cence with respect to positive control group and to confirm the same,
flow cytometrywas done and the resultswere consistent. Also, 0.1% chi-
tosan showed the best cell viability with respect to other concentration
of 0.5 and 1 [103].

HPV has been one of the prominent causes of Sexually Transmitted
Diseases (STD) and with vaccines being of high cost and lower eco-
nomic background countries being susceptible groups at higher risk, al-
ternative methods to prevent viral transmission are always looked into.
As sulfonated chitosan has previously shown antiviral activity so, Gao
et al., studied the substitution of H+ at 3 and 6 carbon of chitosan by sul-
fate groups and their studyprojected some interesting results. Themod-
ified chitosan, 3,6-O-sulfated chitosan (with58.3 kDa as average
molecular weight and the sulfate content 45.8%) was able to inhibit a
broad spectrum of HPV Pseudovirus (HPV PV). The inhibition was
dose-dependent and chitosan binds with HPV PV capsid for the early
stage of replication with a good selectivity index (CC50/IC50 =
1222.3), preferably at low pH conditions (pH = 5). Other observations
on HeLa cell line showed a long incubation time required by sulfated
chitosan to gain entry into the host cells while host cell surface binding
happening immediately. While studying the mechanism, it was ob-
served that the expression of L1 capsid proteinwas remarkably reduced
which suggested cellular PI3K/Akt/mTOR pathway inhibition by sul-
fated chitosan in HPV infected cells, after western blot assay [104].

Sulfate substitution has added a new advantage over other deriva-
tives. Ishihara et al., studied sulfate group substitution (with7.66% de-
gree of sulfation) on carboxyl methyl chitin backbone chain. It showed
an effective reduction of Friend murine leukemia virus foci studied in-
vitro in dunni cells at high concentrations (100 and 300 μg/ml) and for
herpes simplex type -1 virus. The decline showed dose-dependency
whichwas comparable to dextran sulfate when treated during viral ab-
sorption. However, no activity was found before or after viral uptake,
studied in-vitro on Vero & ATCC-VR-539 cell lines [105].

The antiviral efficacy of chitosan nanoparticles prepared from
Luciliacuprina maggots was tested against three viruses; Herpes Sim-
plex Virus (HSV-1- a DNA virus), Rift Valley Fever virus (RVFV) and
Coxsackie viruses (RNA virus) on a Vero cell line. The outcomes of this
study reflected a significant log reduction in virus infectivity titer and
inhibition of cytopathic effects for all three infectionswithmaximum in-
hibition for RVFV showing a 24.9% reduction in virus infection followed
by Coxsackie virus at 26.1% andHSV-1 standing at 18.8% reduction post-
treatment with chitosan nanoparticles compared to control [106].

In support of studies conducted using graphene as non-selective
protein absorbent with N-2-hydroxypropyl)-3-trimethylammonium
41
chitosan chloride (HTCC) for removal of virus in drinking water by Bai
et al. [107], sulfate substitution have added new advantage over other
derivatives. Later in line with the application of the quaternized deriva-
tive of chitosan, Mi et al., developed an electrospun mat with the use of
polyvinyl alcohol (PVA) and cross-linker glutaraldehyde to decrease hy-
drophilicity of HTCC polymer for its use as virus absorbent in water
treatment. They found that there was a higher log removal value than
the recommendation by the Environmental Protection Agency (EPA)
guidelines for enveloped Sindbis virus and non-enveloped Porcine par-
vovirus [108].

7. Highlighting potent antiviral activity of chitosan and its deriva-
tives against animal viruses

Noroviruses present in unsafe food and environmentalwaters hold a
strong threat to animals and humans' health by causing gastroenteritis
and diarrheal diseases. Zhu et al. examined the antiviral property of chi-
tosan microparticles against two human norovirus surrogates, murine
norovirus, and bacteriophage MS2. They noticed a reduction in murine
noroviral genome titer in a concentration and time-dependent manner
of chitosan microparticles with 0.3% concentration and increased con-
tact time of 24 h taking the viral titer to undetectable levels. Notably,
chitosan microparticles showed immediate antiviral activity against
both the surrogates at high concentrations. Plaque assay and Rt-qPCR
studies based on the effect of chitosan microparticles on MS2 titer
showed immediate antiviral activity at 0 h contact time at all chitosan
microparticles concentrations. At 0.3% concentration of chitosanmicro-
particle, MS2 viral titer fell to the limit of detection of 1.85 log PFU/ml.
The binding study reflected that a majority of murine norovirus was
present in the unbound state to chitosan microparticle in the superna-
tant, suggesting a differentmechanism of action of chitosanmicroparti-
cles for dismantling of virus [109]. Similarly, antiviral efficacy of
different molecular weight Chitosan dissolved in two different solvents,
water, and low pH acetic acid or aqueous Hydrochloric acid against
human norovirus and four enteric virus surrogates including murine
norovirus (MNV-1), feline calicivirus (FCV-F9), and bacteriophages,
MS2 and phiX174 were determined. The study highlighted that the
pH of the medium had a bigger say on virus infectivity than the type
of solvent used to lower the pH of chitosan, except in the case with
high molecular weight chitosan dissolved in hydrochloric and acetic
acid and had activity against MS2 and FCV-F9 strains. Moreover,
chitosans were found to be the most potent antiviral agents against
MS2, followed by FCV-F9 and phi X174 viral strains, while no activity
was observed against MNV-1. Decrease in MS2 infectivity by chitosan
reflected a directly proportionate dependence on molecular weight
but the sensitivity of FCV-F9 and phi X174viruses was found to be mo-
lecular weight independent [110].

Enterovirus is associated with wide-ranging human health
syndromes. An in-vitro study based on treating Vero cells with
chitosan‑nickel microcomposites was conducted for their effect on en-
terovirus 71 infectionwhich showed blockage of viral cytopathic effects
in cells, an inhibitory effect on virus infectivity by capsid binding with
no virus residues observed at high concentration due to high osmolarity
and virus replication [111].

New castle disease virus from the paramyxovirus group is known to
cause avian viral infections and adding up tomortalities. Low molar
weight sulfated chitosan, extracted from the cuttlebone of Sepia
pharaoniswas exploited for its antiviral activity through in-vitro studies.
The data showed the exceptional abilities of this low molecular weight
oligosaccharide to inhibit haemagglutination at a titer value of 64
against serially diluted virus-infected cultures and preventing viral pro-
liferation inside the avian bloodstream and further host cell invasion by
competing with the virus for Red Blood Cell (RBC) binding [112].

Previous studies have steered attention on the radical scavenging ac-
tivity of amino groups in chitosan polymer, imparting the antimicrobial
activity of chitosan. The introduction of amino groups to the chitosan
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polymer increased its antiviral activity against the Newcastle diseases
virus (NDV). Inhibition effect studies at 1 g/L concentration along with
bromine substitution at C6 of chitosan showed the best results by
resulting in absolute inhibitionwith hemagglutination titer to a negligi-
ble level. The suspected reason was the electron density and 3-D struc-
ture of the chitosan polymer. However, the mechanism of action was
not confirmed andwas suspected to be an increase in immune response
and decrease in genetic material as analyzed by Real Time-Polymerase
Chain Reaction (RT-PCR) test [113]. Similar studies were done on NDV
by Him et al., to understand how the 3-D structural arrangement af-
fected the antiviral efficacy of chitosan. They had performed a hemag-
glutination titer test for ⍺- and β- chain arrangement of chitosan. And
the resultswere eminentwith respect to titer count reaching zero for di-
rect inhibition of NDV by β- chitosan. Also, the better prevention effect
was observed for β- chitosan than ⍺- chitosan at lower molecular
weights. This provides evidence of a better opportunity for use ofβ- chi-
tosan which is more abundant than the other two forms of chitosan
[114]. In support of a previous study done by Suet al., where chitosan ol-
igosaccharides and higher molecular weight water soluble chitosan
were compared on inhibition capacity of FCV, higher concentration
reflected high efficacy for inhibition in contrast to Phage infections
where therewas no evidence of the influence of concentration on infec-
tion inhibition [47]. The antiviral action of chitosan against foot and
mouth diseases virus (FMDV) (which affect domestic livestock and
some wild animals) was recorded in a study by Li et al., where it was
noted that when suckling mice with FMDVwas administered with chi-
tosan, it helped in delaying the death of thosemice [115], also it was in-
ferred that chitosan accelerates the expression of the immune response
to decreases the viral expression not only for FMDV but also for other vi-
ruses like H1N1 influenza virus and Panama virus when administered
with respective viral antigens in mice [116]. Jan et al., study showed
there was notable increase in NDV antibody titer, cytokines
Interleukin-10 (IL-10), Interferon-ɣ(IFN- ɣ), and the cluster of differen-
tiation 4(CD4) T-cells within 30 days in broiler chicken when the feed
was mixed with diluted chitosan at a concentration of 25 mg/l. Lower
mortality and diseases progressionwas observedwith respect tithe con-
trol group [117].

Chitosan in combination with other antiviral drugs has demon-
strated a synergistic effect with respect to augmenting efficacy and ab-
sorption of its partners. Curcumin has long been treated as a potent
antiviral compound. However, its activity is limited by less solubility
and bioavailability. To circumvent these pharmacokinetic issues,
curcumin loaded chitosan nanocomposites were synthesized and their
antiviral activity was evaluated against hepatitis C virus infection in
the human hepatoma cell line. Nanocomposite and chitosan nanoparti-
cles alone showed a100 percent reduction in viral titer (an indication of
virus entry to the cells) compared to that of curcumin alone,
underscoring synergism between chitosan nanoparticles and curcumin
and also supporting antiviral efficiency of chitosan nanoparticles. Fur-
thermore, a significant reduction inHepatitis C Virus (HCV) core protein
indicated that virus replication was observed for nanocomposites post
treatment [118]. Caffeic acid abundant in Traditional Chinese medicine
(TCM) herbs like Los Lonicerae Japonicae -Fructus Forsythiais a potent
counter-virus agent but its use is limited by low bioavailability issues.
In an in-vitro and in-vivo study, chitosan oligosaccharides were
employed in combination separately with the four TCM herb prepara-
tions and they significantly improved integral absorption of caffeic
acid by liberating tight junctions and acting as absorption enhancer
which further strengthened its antiviral effect against influenza A
virus subtype, H1N1 virus [119].

8. Conclusion

This review brings under light the immense potential hold by Chito-
san as anti-microbial therapeutic and adjuvant for existing drugs given
the challenges in antibiotics drug discovery especially antivirals.
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Chitosan, a cationic polysaccharide is obtained from Chitin, found ubiq-
uitously in the exoskeleton of crustaceans, insects, and fungi and is gen-
erated abundantly as waste product of marine animal processing
industry. Technical advancement and better characterization processes
are required for mass usage of this macromolecule. In the last few de-
cades, Chitosan and its' various derivatives have proved its worth
against a gamut of deadly disease-causing bacteria, fungi and viruses.
They have shown strong antiviral property against a wide spectrum of
plant, animal, bacteria and human viruses including HIV-1 and Influ-
enza virus. Chitosan's ability to mediate a two-pronged attack on plant
viruses in terms of indirectly eliciting systemic resistance and directly
affecting virus proliferation has been duly focused upon. With the
COVID-19 pandemic grappling the World today and taking away pre-
cious human lives, there exists an exigency to develop interventions
against this minuscule deadly virus. This review spotlights the ability
of chitosan and its' derivatives to bind to the virus essential protein
and host receptors required for successful virus binding and invasion
into the host cell and initiating infection. We see Chitosan as a hope to
combat this COVID-19 virus and strongly believe in the further explora-
tion of this molecule in various preclinical models against SARS-CoV-2
infection to develop chitosan-based therapeutics and vaccines.
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