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ARTICLE INFO ABSTRACT

Keywords: The coronavirus pandemic, COVID-19 has a global impact on the lives and livelihoods of people. It is charac-
Chi“’sa'{ terized by a widespread infection by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), where
Coronavirus infected patients may develop serious medical complications or even face death. Development of therapeutic is
COVID-19 . .12 . . . . . . . S
. essential to reduce the morbidity and mortality of infected patients. Chitosan is a versatile biomaterial in
Nanomedicine .. s L. . . . . . . .
SARS-CoV-2 nanomedicine and exhibits anti-microbial, anti-cancer and immunomodulatory properties. This review high-

lights the progress in chitosan design and application pertaining to the anti-viral effects of chitosan and chitosan
derivatives (hydroxypropyl trimethylammonium, sulfate, carboxymethyl, bromine, sialylglycopolymer, peptide
and phosphonium conjugates) as a function of molecular weight, degree of deacetylation, type of substituents
and their degree and site of substitution. The physicochemical attributes of these polymeric therapeutics are
identified against the possibility of processing them into nanomedicine which can confer a higher level of anti-
viral efficacy. The designs of chitosan for the purpose of targeting SARS-CoV-2, as well as the ever-evolving
strains of viruses with a broad spectrum anti-viral activity to meet pandemic preparedness at the early stages
of outbreak are discussed.

1. Introduction

The COVID-19 pandemic is marked by a widespread Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection. Infected
individuals may develop serious medical complications such as acute
respiratory distress syndrome or even face death, especially patients
with cancer, immunosuppression or comorbidities who may experience
increased risks of cardiovascular disorders, thromboembolic stroke,
Guillain-Barre syndrome, rhabdomyolysis, brain, hepatic and acute
kidney injury (Bourgonje et al., 2020; Murugan et al., 2021; Sanyaolu
et al., 2020). With lockdown and safety measures for the prevention of
virus spread (Donthu & Gustafsson, 2020), the summative incidences of

SARS-CoV-2 infection have a great impact on lives and livelihoods,
which warrants the advancement of anti-SARS-CoV-2 therapeutics.
SARS-CoV-2 is a spherical virus classified under the order of Nido-
virales, which has a diameter of 100 nm (60-140 nm) and a mass of 1000
MDa (Bar-On, Flamholz, Phillips, & Milo, 2020; Hu, Frieman, &
Wolfram, 2020; Murugan et al., 2021). Its transmembrane spike glyco-
protein (S protein) presents 10 nm-long trimers. The S protein is divided
into two subunits, S1 (N-terminal subunit) and S2 (C-terminal subunit)
(Huo et al., 2020; Xu et al., 2020). The SARS-CoV-2 S protein is postu-
lated to interact with Angiotensin Converting Enzyme 2 (ACE2) re-
ceptors at the host cell surface, and initiate membrane fusion and viral
entry (Walls et al., 2020). S1 initiates viral binding to host ACE2
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receptor at C-terminal receptor binding domain that comprises 200
amino acid residues (Huo et al., 2020). S2 then exposes a site cleaved by
host proteases to mediate membrane fusion (Yan et al., 2020). SARS-
CoV-2 invades host cells via ACE2 receptor-mediated endocytosis, and
viral RNA is then released, replicated and translated into viral proteins
that mature to infect other host cells (McKee, Sternberg, Stange, Laufer,
& Naujokat, 2020). SARS-CoV-2 is highly infectious due to its higher
binding affinity for the ACE2 receptor than SARS-CoV-1 (Bourgonje
et al.,, 2020; Zhuang et al.,, 2020). SARS-CoV-2 first enters ACE2
receptor-expressing epithelial cells in the lower respiratory tract, before
infecting other ACE2 receptor-expressing organs such as the heart,
kidney and gastrointestinal tract (Bourgonje et al., 2020; McKee et al.,
2020).

Severe medical conditions and death of COVID-19 patients are
mainly brought about by excessive inflammatory response that SARS-
CoV-2 induces in its hosts. It is hypothesised that patients with
COVID-19 hyperinflammation have a dysregulated level of macrophage
subtypes, reduced level of tissue-resident alveolar macrophages and a
spike in the number of inflammatory monocyte-derived macrophages
(Merad & Martin, 2020). These inflammatory macrophages may pro-
mote fibrosis production and stimulate an interferon signature that in-
duces macrophage hyperactivation (Merad & Martin, 2020).

Vaccines for SARS-CoV-2 are being developed at a rapid pace due to
the urgent need to control the morbidity and mortality of COVID-19
(Gallagher, 2020). There are more than 50 COVID-19 vaccine candi-
dates on trials. On 11th December 2020, the United States Food & Drug
Administration (FDA) approved the first mRNA vaccine developed by
Pfizer Biotech under the purview of emergency use authorization (EUA)
to control the COVID-19 pandemic (Mahase, 2020). Following the same
month, FDA approved the second COVID-19 vaccine developed by
Moderna company (Cohen, 2020). Other examples of vaccines have also
been developed by Cansino Biologics and Sinovac Biotech, China, and
Gamaleya Research Institute of Epidemiology and Microbiology, Russia
(Burki, 2020; Kaur & Gupta, 2020). However, the design and manu-
facture of vaccine for global supply require a considerable period of
time. This is further challenged by SARS-CoV-2 mutating into new
strains within a short time, thus affecting the vaccine effectiveness
(Gallagher, 2020). On this note, concurrent development of other
pharmacological therapeutics is imperative to ensure effective thera-
peutics are available in the shortest possible time.

1.1. Treatment strategies for COVID-19

COVID-19 patients have been treated with repurposed medications
such as favipiravir (Avigan) and hydroxychloroquine that are anti-
influenza and anti-malarial drugs respectively (Jean, Lee, & Hsueh,
2020). Four treatment modes have been proposed in search of drug
candidates: virus removal or weakening, blocking specific host receptors
or enzymes, preventing RNA synthesis and replication, and restoring the
host's innate immunity.

Drug candidates upon binding to viruses, are able to remove viruses
or inhibit virus-host cell binding. Nanosponges, coated with human cell
membranes containing ACE2 & CD147 viral entry receptors, have been
designed to bind and remove SARS-CoV-2, preventing it from attaching
to human host cells (Zhang et al., 2020). Peptides with structural simi-
larity to the ACE2 receptor and complementary conformation that binds
strongly to the receptor binding domain of SARS-CoV-2, have been
computationally designed. These peptides have been proposed to serve
as multivalent binding sites of nanoparticles for SARS-CoV-2 removal
(Han & Kral, 2020). Umifenovir blocks the trimerisation of SARS-CoV-2
S-protein needed in host cell viral entry and inhibits membrane fusion
between host cell membrane and viral envelope (Vankadari, 2020).
Also, Emodin commonly found in Chinese herbs has been shown to bind
to SARS-CoV-1 and inhibit the interaction of SARS-CoV-1 S-protein with
ACE2 receptor (McKee et al., 2020).

Anti-malarial drugs, chloroquine phosphate and hydroxychloroq
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uine, hinder SARS-CoV-2 replication in vitro (Jean et al., 2020). They
are hypothesised to work via hindering the glycosylation of the ACE2
receptor (Devaux, Rolain, Colson, & Raoult, 2020). This impedes SARS-
CoV-2 from binding to host cell ACE2 receptors and weakens the ACE2-
SARS-CoV-2 interaction. Other proposed mechanisms include alkalin-
izing the host intracellular pH which inhibits endosome-mediated viral
entry, as well as interferes with post-translational modification of viral
proteins (Devaux et al., 2020). Chloroquine phosphate also stimulates
the host immune system to defend against viral infection by inhibiting
pro-inflammatory cytokine activity and synthesis, or by inducing anti-
SARS-CoV-2 cytotoxic T lymphocytes (Devaux et al., 2020). Many
phytochemicals and natural products, such as luteolin, myricetin,
quercetin and kaempferol, have been shown to exhibit a broad-spectrum
anti-viral activity and suppress the hyperinflammatory response linked
to SARS-CoV-2 infection (McKee et al., 2020; Murugan et al., 2021).
However, their mechanism of action is not fully understood (McKee
et al., 2020). Phytochemicals such as 3,5,7,3',4’,5'-hexahydroxy flava-
none-3-O-p-D-glucopyranoside, amaranthin, methyl rosmarinate, lico-
leafol, calceolarioside B, (2S)-eriodictyol 7-0-(6"-O-galloyl)-B-D-
glucopyranoside and 5,7,3,4'-tetrahydoxy-2'-(3,3-dimethylallyl) iso-
flavone have been reported to be potentially active against the SARS-
CoV-2 (Murugan et al., 2021).

Remdesivir triphosphate displays anti-viral activity against SARS-
CoV-2 in vitro (Amirian & Levy, 2020). Although there is no conclu-
sive evidence of its effectiveness in clinical trials (Amirian & Levy,
2020), remdesivir is considered the most developed COVID-19 thera-
peutic and is authorised for use in emergency and severely inflicted
patients in the USA (McKee et al., 2020). Lately, remdesivir is permitted
to be used in the treatment of suspected or laboratory confirmed COVID-
19 in hospitalized paediatric patients (U.S.FDA, 2020). As an adenine
nucleotide analogue, remdesivir triphosphate acts via competitively
inhibiting natural nucleotide in viral RNA transcription in hosts
(Romano, Ruggiero, Squeglia, Maga, & Berisio, 2020). Substitution of
nucleotide with remdesivir triphosphate in growing RNA strands results
in premature termination of RNA synthesis (Amirian & Levy, 2020), thus
hindering viral propagation.

Clinically, the efficacy of many other drugs such as arbidol, bar-
icitinib, camostat mesilate, darunavir, lopinavir, nafamostat mesilate,
oseltamivir, recombinant human angiotensin converting enzyme 2, re-
combinant interferon-o2p, interferon-p1, ribavirin and ritonavir as well
as immunomodulatory drugs such as ravulizumab, ruxolitinib, sar-
ilumab and sirolimus have been evaluated against SARS-CoV-2 (Mur-
ugan et al., 2021; Tammam et al., 2021). Solid lipid nanoparticles,
nanostructured lipid carriers, nanoemulsion, polymeric nanoparticles,
metallic nanoparticles, dendrimer, PEGylated cationic liposome,
immunoliposome, carbon dots and carbon nanotubes are examples of
nanocarrier developed for the delivery of anti-viral drugs (Shah et al.,
2021). Nanoformulation of such drugs is envisaged to bring about the
following critical advantages: increased drug solubility, prolonged drug
residence/circulation time, reduced off-target drug exposure, sustained
drug retention or transportation across biological barriers, flexibility in
downstream delivery system design, decoratable with targeting ligand
for effective binding to host cells and virus, enhanced cellular uptake
particularly by the immune cells, and nanoscale geometry sufficient to
restrict virus mobility and block its fusion with host (Al-Hatamleh et al.,
2021; Tammam et al.,, 2021; Zhou, Krishnan, Jiang, Fang, & Zhang,
2021).

Lipid nanoparticles have been developed as the carrier of mRNA-
based vaccine, which encodes for a full length, prefusion stabilized S
protein of SARS-CoV-2 (Al-Hatamleh et al., 2021; Shah et al., 2021).
Nanoformulation of remdesivir with PEGylated dendrimer is translated
to sustained drug release behaviour and reduced frequent drug dosing
(Tammam et al., 2021). Nanoformulation of dexamethasone, adminis-
tered via injection or inhalation, has been developed to improve anti-
COVID-19 treatment efficacy (Lammers et al.,, 2020). It directs the
potent corticosteroid drug to target phagocytic cells that initiate and
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propagate inflammation in lung, blood, myeloid and lymphoid tissues,
which aids to control macrophage activation syndrome and cytokine
storm that are responsible for COVID-19 related fatalities. Nano-
formulation may potentiate the anti-edema and anti-fibrotic effects of
dexamethasone by increasing drug bioavailability and activity in the
inflamed lungs. SARS-CoV-2 is believed to gain access through ciliated
cells and this was attributed to the high expression of ACE-2 receptors by
the cells (Tammam et al., 2021). With reference to nasal application,
nanoparticles can be functionalised with cilia binding ligand to promote
targeted drug action on the infected ciliated cells. The anionic nano-
particles with diameters greater than 300 nm have been shown to in-
crease cilia beating frequency upon their deposition on the cell target.
The surface charge and size of nanoparticles can be tailored to promote
viral clearance via the ciliary action. The diffuse alveolar damage in
COVID-19 patients is characterized by the formation of fibrin-rich hy-
aline membranes (Tammam et al., 2021). The fibrin clot in the alveoli,
with collagen accumulation, leads to the development of a fibrotic lung.
Chitosan nanoparticles have been shown to display an intrinsic collagen
binding affinity. Cys-Arg-Glu-Lys-Ala peptide-decorated nanoparticles
are endowed with fibrin-fibrinogen binding ability. They are both
potentially useful in targeted drug delivery to the infected lung and
combat against the SARS-CoV-2.

Chitosan was presented as a promising anti-SARS-CoV-2 therapeutic
in recent studies (Mohd Rasul et al., 2020). N-(2-hydroxypropyl)-3-tri-
methylammonium chitosan chloride has been shown to strongly interact
with the recombinant ectodomain of Human Coronavirus (HCoV) S
protein (Ciejka, Wolski, Nowakowska, Pyrc, & Szczubiatka, 2017).
Importantly, chitosan was reported to have a high binding affinity for
the SARS-CoV-2 S protein trimer cavity (Kalathiya et al., 2020). Chito-
san nanoparticles were found to exert anti-inflammatory effects on
lipopolysaccharide-inflamed Caco-2 cells where lipopolysaccharide-
induced production of tumor necrosis factor-a, interleukin-8 and
monocyte chemoattractant protein-1 was inhibited, unlike nano-
particles of cationic polyamidoamine dendrimer where cellular injury of
lung was induced via deregulation of renin-angiotensin system owing to
their ability to bind to the ACE2 receptors (Tammam et al., 2021).

1.2. Chitosan

Chitin is a natural polysaccharide produced from arthropod shells
(Chandra Hembram, Prabha, Chandra, Ahmed, & Nimesh, 2016; Wang
et al., 2019). Chitosan is a deacetylated form (> 50%) of chitin, that
comprises repeating N-acetyl-D-glucosamine and D-glucosamine units
(El Knidri, Belaabed, Addaou, Laajeb, & Lahsini, 2018). Chitosan and
chitin have amino and hydroxyl moieties which provide sites for
chemical modification to produce the desired physicochemical proper-
ties for anti-viral applications (El Knidri et al., 2018). The typical mo-
lecular weight of chitin and chitosan is 1030-2500 kDa and 100-500
kDa respectively (Ravi Kumar, 2000). Chitosan possesses a lower acet-
ylation degree and no inter-sheet hydrogen bonds, and is thus more
aqueous-soluble than chitin (El Knidri et al., 2018). Chitosan is soluble
at pH < 6.5 due to the protonation of amino moieties conferring poly-
cationic characteristics (El Knidri et al., 2018), but is insoluble at pH > 7
(Chandra Hembram et al., 2016). Chemical modification of chitosan
increases its aqueous solubility in a broader pH range. This facilitates the
use of chitosan as drug carrier and vaccine adjuvant.

The chitosan and chitin have identical molecular structures. They
however exhibit different physicochemical attributes. The presence of
polycationic moieties allows chitosan to form complexes with heavy
metals and polyelectrolytes, undergo specific chemical modifications,
and exhibit biological properties (Piegat, Goszczynska, Idzik, &
Niemczyk, 2019). Broadly, chitosan has been reported to exhibit anti-
inflammatory, anti-oxidative, anti-fungal, anti-cancer, anti-bacterial
and anti-viral activities (Sharma et al., 2019). The anti-viral potential
of chitosan and its derivatives is reflected by their affinity to interact
with the cell walls of microorganisms as a function of the state of amino
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protonation, molecular weight and degree of acetylation of chitosan
(Dimassi, Tabary, Chai, Blanchemain, & Martel, 2018; Fernandes et al.,
2010; Sharma et al., 2019), free radical-scavenging and anti-oxidative
activity (Younes et al., 2014), and ability to induce chemotaxis of
mononuclear and polymorphonuclear cells (Kumar, Muzzarelli, Muz-
zarelli, Sashiwa, & Domb, 2004), anti-inflammatory cytokine produc-
tion (Tripathi & Singh, 2018) and immunomodulation (Adhikari &
Yadav, 2018). Chitosan is mucoadhesive (Bonam et al., 2021). It readily
adheres to the mucus of the host for a sufficient period of time to exert its
anti-viral activity.

While there is a strong research interest on chitosan in drug delivery
system development, few studies have focused on chitosan and its de-
rivatives as an anti-viral therapeutic. With reference to COVID-19,
inhalable nanovaccine comprising of chitosan and SARS-CoV-2 spike
protein has been designed to provide a strong spike protein-specific
antibody immune response and augment local mucosal immunity in
bronchoalveolar lavage and lungs (Zhuo et al., 2021). Nonetheless, there
is very limited knowledge about the relationship of the chitosan de-
rivatives with their application as an anti-SARS-CoV-2 therapeutic. In
this critical review, (1) developmental studies using chitosan and its
derivatives as anti-viral therapeutics are identified, and the (2) charac-
teristics of these anti-viral chitosan and derivatives are assessed along
with their potential to translate into nanomedicine and for SARS-CoV-2
treatment.

2. Anti-viral activities of chitosan and its derivatives

The anti-viral activities of chitosan and its derivatives are affected by
three main characteristics—molecular weight, degree of acetylation and
degree of substitution—among others. This paper reports and evaluates
the effects that the characteristics of chitosan-based therapeutics have
on anti-viral activity, in relation to the mechanism of action of chitosan-
based anti-viral therapeutics. Chitosan and its derivatives may exhibit
anti-viral effects via acting on the virus or by host immunomodulation,
where the host refers to the virus-infected organism.

2.1. Chitosan

Moderately large to large molecular weight chitosan (53-1150 kDa,
9.1-32.5% degree of acetylation) inhibit the growth of feline calicivirus
F-9, bacteriophages MS2 (MS2), phiX174 (Ai, Wang, Xia, Chen, & Lei,
2012; Davis, Zivanovic, D'Souza, & Davidson, 2012), Autographa cal-
ifornica multicapsid nucleopolyhedrovirus, Bombyx mori Nuclear Poly-
hedrosis (Ai et al., 2012) and Tobacco Mosaic Virus (TMV) (Davydova
et al.,, 2011) (Fig. 1). Smaller chitosan with a molecular weight of
3.375-10.491 kDa and < 10% degree of acetylation was found to be
active against the Newcastle Disease Virus (NDV) (He et al., 2016).

Increasing the molecular weight of chitosan has different effects on
anti-viral activity against different virus types. While the inhibitory ef-
fect against MS2 increases with the molecular weight of chitosan (Davis,
Zivanovic, Davidson, & D'Souza, 2015; Su, Zivanovic, & D'Souza, 2009),
the growth inhibition of feline calicivirus F-9 and phiX174 is less
dependent on the molecular weight variation of chitosan (Davis et al.,
2012; Davis et al., 2015). Anti-TMV activity is greater with lower mo-
lecular weight chitosan at 15-17 kDa below which, there is no further
increase in the anti-viral activity (Davydova et al., 2011).

Compared to molecular weight, the degree of acetylation of chitosan
weakly affects the anti-viral activity. Generally, the anti-viral influence
of chitosan is mediated via an enhancement of direct and/or
complement-mediated chemotactic activities of macrophages and
polymorphonuclear cells when chitosan of larger molecular weight and/
or lower degree of acetylation is concerned (Chirkov, 2002; He et al.,
2016). With reference to NDV, f-chitosan (3.375-10.491 kDa, < 10%
degree of acetylation) shows a higher anti-viral activity than a-chitosan
(He et al., 2016), possibly due to its parallel orientation contributing to a
less compact intermolecular hydrogen bond network (Dimassi et al.,
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Fig. 1. Chemical structures of chitosan and its anti-viral derivatives (adapted from Baranova, Shastina, & Shvets, 2011; Gao, Liu, Wang, Zhang, & Zhao, 2018; He
et al., 2019; Ishihara et al., 1993; Jeong, Lee, Lee, & Na, 2020; Milewska et al., 2013; Nishimura et al., 1998; Sofy, Hmed, Abd El Haliem, Zein, & Elshaarawy, 2019;

Sosa, Fazely, Koch, Vercellotti, & Ruprecht, 1991).

2018). This in turn increases its aqueous solubility and enhances its
contact with the virus. Chitosan can inhibit neuraminidase, an enzyme
involved in the release of influenza virus from the infected host cells
(Park, Park, Jo, & Lee, 2010), and is thus potentially useful for negating
virus replication. Moderately large to large molecular weight (50-1900
kDa) chitosan inhibits neuraminidase (Park, 2010). Chitosan oligosac-
charides, composed of a few monomer units of chitosan derived from
chitosan degradation (Guo et al., 2018; Naveed et al., 2019), show
greater inhibition toward neuraminidase activity in vitro than hetero-

oligosaccharides of lower molecular weight and lower degree of acety-
lation (Park et al., 2010).

Chitosan can exert its anti-viral effects via stimulating the innate
immune system of hosts through the participation of cytokines such as
interleukin-2, interferon-p, interferon-a and tumor necrosis factor-a (He
et al., 2016). A study reported that the chitosan that induces innate
immune responses against H7N9, HIN1 and HON2 influenza viruses, is
accompanied by increased levels of tumor necrosis factor-a, interferon-
Y, monocyte chemoattractant protein-1 and interleukin-6 (Zheng et al.,
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2016). Chitosan regulates the functional activity of macrophages and
granulocytes such as chemotaxis, leucocytosis, nitric oxide production,
and the release of immune response mediators that stimulate T-helper
cells production (Boroumand et al., 2021; Chirkov, 2002). Phagocytosis
of chitosan elicits the production of active oxygen species and y-inter-
feron; these molecules may suppress virus replication via hindering the
genomic RNA or early viral mRNA translation. Furthermore, chitosan
stimulates the synthesis of leukotriene B4, prostaglandin E2, and in-
flammatory mediators that are able to activate the alternative pathway
of the complement system to promote the clearance of dead pathogen
and exert pro-inflammatory effects without inflammatory symptoms
(Chirkov, 2002; Denk et al., 2017; Minami, Suzuki, Okamoto, Fujinaga,
& Shigemasa, 1998).

Additionally, MS2, phiX174 and enteric virus surrogates (murine
norovirus-1, feline calicivirus F-9) have viral capsid proteins with
negatively charged functional groups that positively charged chitosan
binds to (Zhu et al., 2020). This binding may damage viral structures
such as capsid, tail sheath and tail fibres (Davis et al., 2015). Chitosan is
reported to chelate trace metals, inhibit enzymatic activity, expose DNA
and affect nucleic acid synthesis, thereby inactivating viral infection and
replication.

2.2. N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride
(HTCC)

HTCC (250 kDa) displays anti-viral activity against human corona-
viruses such as HCoV-NL63, HCoV 229E, HCoV OC43, and HCoV HKU1
(Ciejka et al., 2017; Milewska et al., 2013) (Fig. 1). HTCC and HTCC
nanospheres/microspheres bind to the recombinant ectodomain of the
coronavirus S protein via electrostatic interaction as a function of the
ionic strength of medium, resulting in the formation of protein-polymer
complexes (Ciejka et al., 2017; Milewska et al., 2016). This in turn
prevents viruses such as HCoV-NL63 from interacting with the ACE2
receptor, thus leading to inactivation of the virus. Although the degree
of N-(2-hydroxypropyl)-3-trimethylammonium substitution (quaterni-
zation) could potentially alter the strength of electrostatic interaction
between HTCC and human coronaviruses, there is no observable trend
between the degree of N-(2-hydroxypropyl)-3-trimethylammonium
substitution and the anti-viral activity level of HTCC. HTCC-63 and
HTCC-65 (0.63 and 0.65 degree of N-(2-hydroxypropyl)-3-trimethy-
lammonium substitution respectively) are active against HCoV-NL62,
while HTCC-62 and HTCC-77 (0.62 and 0.77 degree of N-(2-hydrox-
ypropyl)-3-trimethylammonium substitution respectively) demonstrate
a greater anti-viral activity against HCoV-229E (Milewska et al., 2016).
The relationship between cationic character of HTCC and anti-viral ac-
tion remains elusive. The cationic character however is deemed to
contribute to the aqueous solubility of HTCC and enable it to act on the
viruses.

2.3. Sulfated chitin

Sulfated chitin is more hydrophilic than chitin. Low molecular
weight (16-58 kDa) sulfated chitin exhibits anti-human immunodefi-
ciency virus (HIV) activity (Nishimura et al., 1998) (Fig. 1). The site of
sulfation exerts a greater influence on the anti-HIV activity than the total
degree of substitution of sulfated chitin (Nishimura et al., 1998).
Sulfated chitin 3S with a lower degree of sulfate substitution shows a
greater anti-HIV-1 activity than 6S. Sulfation of the N-acetylglucosamine
residue at the O-6 position seems to reduce the anti-viral activity of
sulfated chitin against HIV-1. It is postulated that the sulfate moieties at
0O-3 and/or O-2 of chitin sulfate associate with the gp120 of HIV-1 in a
specific manner (Nishimura et al., 1998). The binding of negatively
charged HIV gp120 to positively charged T lymphocyte receptors via
electrostatic forces triggers HIV entry into T lymphocyte host cells (Briz,
Poveda, & Soriano, 2006). Through complexing HIV gp120 with 2,3-O-
sulfonated chitin, the infection of T lymphocytes by HIV can be negated
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(Vo & Kim, 2010).

2.4. Sulfated chitosan and sulfated oligochitosan

Sulfated chitosan and sulfated oligochitosan, with molecular weight
of 1.277-100 kDa, 0-25% degree of acetylation and 0.82-1.55 degree of
sulfate substitution, exhibit anti-viral activity against human papillo-
mavirus, HIV-1, vesicular stomatitis virus and NDV (Baranova et al.,
2011; Gao et al., 2018; Karthik, Manigandan, Saravanan, Rajesh, &
Chandrika, 2016; Stepanov et al., 2012) (Fig. 1). They inhibit viral entry
into host cells via binding to viral surface glycoprotein (gp) receptors or
viral capsid proteins; this binding prevents viruses from interacting with
target cells, thus preventing virus-cell fusion (Baranova et al., 2011;
Boroumand et al., 2021; Gao et al., 2018; Karthik et al., 2016). Alter-
natively, they down regulate host cell cellular pathway such as the PI3K/
Akt/mTOR pathway which in turn, inhibits autophagy needed for viral
entry (Gao et al., 2018).

The sulfation of chitosan is important in imparting effective and
selective viral inhibition against HIV and other enveloped viruses. The
anti-viral activity of sulfated chitosan and sulfated chitin are affected by
the sulfation site, while that of sulfated chitosan is also enhanced by a
higher sulfation degree (Ishihara et al., 1993; Karthik et al., 2016;
Nishimura et al., 1998; Stepanov et al., 2012). Using aqueous-soluble
B-chitosan as the polysaccharidic backbone may increase the reactivity
of the chitosan derivative (Dimassi et al., 2018). Chitosan derivatives
with richer sulfate content and higher molecular weight (100 kDa)
display greater anti-viral activity than those of lower molecular weights
(25 kDa) (Stepanov et al., 2012), except those that mediate their anti-
viral action via immunomodulation. In the latter, the influence of mo-
lecular weight on nitric oxide production has mixed reports. Yang et al.
(2018) reported that sulfated p-chitosan (5.030 kDa) induces the
greatest rise in nitric oxide production in hosts compared to those with
higher (14.481 kDa) or lower (3.169 kDa) molecular weights. However,
low molecular weight sulfated chitosan oligosaccharides (< 1 kDa
parent molecule) decrease nitric oxide production in another study (Kim
et al., 2014). The conflicting results may have been confounded by the
sulfation degree, position of substituted sulfate group and preparation
method of sulfated chitosan, among other factors (Yang et al., 2018).
Nitric oxide exhibits anti-viral activity against viruses such as herpes
virus, RNA viruses and SARS coronaviruses (Akaike & Maeda, 2000;
PeNarando, Aranda, & Rodrfguez—Ariza, 2019). It inhibits viral repli-
cation and respiratory tract infection via altering essential viral proteins
and viral RNA synthesis (PeNarando et al., 2019; Xu, Zheng, Dweik, &
Erzurum, 2006). While nitric oxide modulates host immune response,
excessive nitric oxide levels may suppress T-cell-mediated immune re-
sponses, and contribute to respiratory tract inflammation and injury
(PeNarando et al., 2019). The molecular weight of sulfated chitosan
could possibly be adjusted to modulate nitric oxide levels and thus im-
mune response, specific to the inflammatory state of patients.

2.5. Sulfated 6-O-carboxymethyl-chitin (SCM-chitin)

SCM-chitin (430 kDa, 0.0766-1.69 degree of sulfate substitution,
0.56 degree of carboxymethyl substitution) significantly inhibits Friend
murine leukemia helper virus (F-MuLV) and herpes simplex virus-1
growth (Ishihara et al., 1993) (Fig. 1). Viruses may infect host cells
via specific binding to host cell receptors. Since there is no common host
cell adsorption receptor between F-MuLV and herpes simplex virus,
SCM-chitin is likely to exhibit its anti-viral effect via non-specific
binding to the viruses. A high molecular weight (430 kDa) and/or the
presence of sulfate moiety in SCM-chitin could be important contributor
(s) to the anti-viral activity, since its non-sulfated counterpart-CM-chi-
tin—of low molecular weight (63 kDa) has no inhibitory effect against F-
MuLV and herpes simplex virus (Ishihara et al., 1993).
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2.6. N-carboxymethylchitosan N,O-sulfate (NCMCS)

NCMCS is shown to potently inhibit HIV-1 replication in human T
helper cells and Rausher murine leukemia virus (Sosa et al., 1991). The
anti-viral NCMCS has a molecular weight of 7.4 kDa, 16% degree of
acetylation, and 0.18 degree of N-carboxymethyl substitution (Sosa
et al., 1991) (Fig. 1). Ampholytic polymer, NCMCS, varies in its charge
distribution depending on the degree of sulfate and carboxymethyl
substitution, and the pH and ionic strength of the medium (Sosa et al.,
1991). The zwitterionic characteristic of NCMCS could enhance its
binding to the cell or the virus, and cellular permeability. Moreover, the
anti-viral activity of NCMCS is postulated to be affected by the site of
sulfation with O-2 and O-3 sulfated derivatives being the most active
(Boroumand et al., 2021; Vo & Kim, 2010).

The highly negatively charged and ampholytic NCMCS is electro-
statically attracted to and binds to the gp120 of HIV-1 (Sosa et al., 1991).
HIV gp120 is a major viral coat glycoprotein receptor of the HIV-1 virus,
and is important for HIV-1 entry into host cells (Chirkov, 2002). By
binding to the gp120, NCMCS inhibits HIV-1 viruses from adsorbing to
specific target CD4+ cell receptors (Sosa et al., 1991). NCMCS also
competitively inhibits the virus-specific reverse transcriptase (Chirkov,
2002). Overall, NCMCS is likely to inhibit HIV-1 infection via blocking
the fusion of viral and cell membranes and/or inhibition of reverse
transcription of the viral genome.

2.7. 6-Deoxy-6-bromo-N-phthaloyl chitosan (6BrNPC)

6BrNPC with a molecular weight of 1160 kDa and 0.5471 degree of
bromine substitution shows anti-viral activity against NDV (He et al.,
2019) (Fig. 1). It is more active than the non-brominated chitosan de-
rivatives (N-phthaloyl chitosan and 6-aminoethylamino-6-deoxy-N-
phthaloyl chitosan). 6BrNPC increases the expression level of tumor
necrosis factor-a and interferon-f in hosts; these molecules exert an
immune response against NDV, and inhibit virus transcription (He et al.,
2019). It was also reported that bromination of chitosan alters its elec-
tron density and this greatly improves its anti-viral activity (He et al.,
2019). Similar to bromine drugs such as ambroxol, bromocriptine and
brivudine, its exact mechanism remains unknown.

2.8. Chitosan-sialyllactose conjugate

Chitosan-sialyllactose conjugate interacts with influenza viruses via
high affinity binding with hemagglutinin of the virus through its sia-
lyllactose component, and this binding between the chitosan-
sialyllactose conjugate and the virus in turn, inhibits viral binding to
the host cells and infection (Li, Wu, Gao, & Cheng, 2011). The chitosan-
sialyllactose conjugate is characterized by a molecular weight of 219.6
kDa and 0.156-0.623 degree of sialyloligosaccharide substitution
(Fig. 1). Sialic acid analogues in the form of ligands alone do not suc-
cessfully inhibit influenza virus activity via hindering its binding to viral
receptors of the hosts (Umemura et al., 2008). The monomeric 6'sia-
lyllactose-chlorin e6 binds to viral hemagglutinin of influenza in a
weaker manner than 6'-sialyllactose-chitosan-chlorin e6 (SCC), which
has a higher ligand content (Jeong et al., 2020). The interaction between
the sialyllactose ligand and the hemagglutinin of influenza virus de-
pends on their binding affinity and the accessibility of the sialyllactose
ligand to the hemagglutinin of influenza virus (Umemura et al., 2008). A
higher degree of sialyllactose substitution promotes a greater probabil-
ity of ligands binding to the hemagglutinin of influenza virus, which
results in a greater inhibition of influenza virus infection.

It was reported that SCC displays 23% and 50% higher anti-viral
effects on influenza A and B respectively than oseltamivir, the conven-
tional anti-viral drug (Jeong et al., 2020). SCC gives full protection from
influenza virus infection in mice subjected to laser irradiation (Jeong
et al., 2020). Here, chitosan serves as a backbone for conjugation with
multiple 6'-sialyllactose molecules which influenza hemagglutinin
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recognises and binds to (Jeong et al., 2020). The chlorin e6 moiety
produces reactive oxygen species that permanently damage the viral
membrane when excited by light irradiation, thus causing irreversible
inactivation of the influenza virus (Jeong et al., 2020). Therein, 6'-sia-
lyllactose-chitosan-chlorin e6 possesses both prophylactic and anti-viral
potential.

To prevent influenza virus infection, the length of chitosan back-
bone—governed by its polymerisation degree—should exceed the virus
particle diameter (100 nm) to introduce a physical barrier between the
virus and the host (Umemura et al., 2008). As the polymerisation degree
of sialylglycopolymer-conjugated chitosan increases from 20 to 1430, its
strength of inhibition against three strains of human influenza viruses
(H1N1, H3N2 and B/Shanghai/ 361/2002) becomes greater. Aqueous
solubility is lowered with an increase in the polymerisation degree of
chitosan. Chitosan with optimal aqueous solubility and anti-viral ac-
tivity has been found to associate with a polymerisation degree of 500,
0.15 degree of sialyloligosaccharide substitution and a molecular weight
of 219.6 kDa (Umemura et al., 2008). At 500 polymerisation degree, the
“tail” of sialyloligosaccharide-conjugated chitosan is sufficiently long to
prevent the chitosan-bound virus particles from approaching the host
cell surfaces.

2.9. Chitosan-peptide conjugate

Chitosan oligomers (< 1 kDa, 10% degree of acetylation), conjugated
with tripeptides containing tryptophan, methionine and glutamine,
have been reported to show anti-HIV-1 activity (Karagozlu, Karadeniz,
& Kim, 2014). Chitosan-peptide conjugates bind to viral glycoprotein
gp41 and thus inhibit gp41 from interacting with the receptors on CD4
host cell membrane, impeding HIV-1 fusion with infected and unin-
fected cells. The study also reported that chitosan-peptide conjugates
protect cells from lysis and inhibit HIV-triggered syncytia formation in a
co-culture assay. The type, sequence and number of specific amino acid
attached to the oligochitosan backbone could be key factors in the anti-
viral effect displayed by chitosan-peptide conjugates. Notably, the
peptide sequence was found to be similar to a strong HIV-1 fusion in-
hibitor (CP621-652), which inhibits the protein binding domain of the
HIV-1 gp41 (Karagozlu et al., 2014).

2.10. Poly-quaternary phosphonium oligochitosan (PQPOC)

PQPOC with 0.2855 degree of poly-quaternary phosphonium sub-
stitution shows greater anti-viral activity against feline calicivirus,
hepatitis A virus, and Coxsackievirus B4 than that of lower substituent
content (Sofy et al., 2019) (Fig. 1). PQPOC is constituted of a perma-
nently positive charged moiety in the polymer chain and exhibits a
higher ionic character than the zwitterionic chitosan. The positively
charged PQPOC is likely to interact with negatively charged viral cap-
sids, which may block viral replication via causing structural injury to
the viral capsids. The chitosan backbone in PQPOC could hinder the
virus propagation by promoting ribonuclease activity in hosts, which
increases viral RNA degradation, and therefore, hinders virus tran-
scription and translation.

3. Insights into anti-viral action of chitosan-based therapeutics

Overview of the literature indicates that the chitosan derivatives that
inhibit viral replication via binding to enveloped viruses have a mo-
lecular weight of 1-430 kDa, 14-16% degree of acetylation, 0.18-0.56
degree of carboxymethyl substitution, 0.0766-1.69 degree of sulfate
substitution and 0.62-0.77 degree of N-(2-hydroxypropyl)-3-trimethy-
lammonium substitution. The chitosan derivatives that inhibit envel-
oped NDV via stimulation of the host immune response are generally
characterized by a molecular weight of 1-1160 kDa, < 10% degree of
acetylation, and 0.5471 degree of bromine substitution.

The anti-viral effects of chitosan can be virus-specific and are
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dependent on the molecular weight, degree of acetylation, and/or
conjugate type and its substitution site and extent. Generally, chitosan-
based therapeutics express positive charges that are favourable to
interact with the protein domain of the virus or negatively charged
virus. The positive charges promote aqueous solubility at physiological
pHs (Chandra Hembram et al., 2016) and this enhances their contact
with the target. Chitosan-based therapeutics are characterized by a
polymerisation degree that enables them to protect the viral binding site
of the host from the virus.

The relationship of the chemical descriptor with the anti-viral ac-
tivity, however, may not be linear. A rise or reduction in the molecular
weight of a polymeric therapeutic may increase its anti-viral effects.
Each chitosan-based therapeutic is likely to have an optimal molecular
weight, specific to the virus used in the study. The extent of conjugate
substitution may not be critical to combat the virus, when compared to
its substitution site or vice versa, probably depending on the target
variant of virus and choice of parent polymer. The choice of substituent
to be conjugated with chitosan can be critical in the eradication of a
specific virus. A study reported that while some sulfonated non-chitosan
polymers exhibited anti-H3N2 influenza virus activity, N-sulfonated
chitosan did not (Ciejka et al., 2016). A change in chemical character-
istics, such as molecular weight, may affect the anti-viral mechanisms of
the therapeutics. Chitosan-based therapeutics that directly interact with
virus particles tend to be of larger molecular weight. Conversely, the
chitosan-based therapeutics that activate and increase the host immune
response had mixed reports on their molecular weight effects.

Fig. 2 summarizes the general anti-viral mechanisms of actions of the
chitosan and chitosan derivatives. Broadly, chitosan-based therapeutics
act on non-enveloped viruses (murine norovirus-1, MS2, feline cal-
icivirus F-9, human papillomavirus, hepatitis A virus, Coxsackievirus
B4, phi X174) through viral capsid interaction and (human papilloma-
virus) through host immunomodulation. One or more mechanisms of
action may take place. The positively charged chitosan has been
postulated to bind to viral nucleic acid and reduce the viral genome
integrity (Zhu et al., 2020). With respect to enveloped viruses, chitosan-
based therapeutics may stimulate the immune system (to inhibit NDV),
bind to envelope glycoprotein to inhibit viral entry (of HIV-1, influenza)
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and/or inhibit the virus growth (of herpes simplex virus) in a non-
specific manner. The anti-viral actions of such therapeutics and their
respective physicochemical constructs can be exploited to eradicate the
SARS-CoV-2, another variant of enveloped virus.

SARS-CoV-2 infection is characterized by pulmonary mucus hyper-
secretion and mucus plugging in COVID-19 patients (Kumar, Binu,
Devan, & Nath, 2021). The mucin gene is overexpressed under the in-
fluence of pro-inflammatory cascades involving interferon-y and inter-
feron-p which activate aryl hydrocarbon receptor signaling thereby
leading to mucus hypersecretion, impaired mucociliary clearance,
airway obstruction and respiratory distress. Mucus targeting is fore-
seeably a viable approach in the delivery of drugs to a site where a high
viral load is reflected by its pathophysiological conditions. The chitosan
is a mucoadhesive (Gulati, Dua, & Dureja, 2021). As an anti-viral ther-
apeutic, the high affinity for mucus enables it to interact with the host
and/or virus in a close proximity and exert the biological action. The
chitosan derivatives adhere to mucus via hydrogen bonding and/or
electrostatic attraction (Wang et al., 2020). Quaternization of chitosan
at C;—N (HTCC) or attaching a phosphonium moiety to the chitosan
(PQPOC) provides permanent positive charges that electrostatically
bind to the negatively charged sialic acid of the mucus. Carbox-
ymethylation and sulfation could promote chitosan-mucus interaction
via the formation of hydrogen bonding. With reference to 6BrNPC and
SCC that active against the enveloped viruses, the introduction of
phthaloylation and sialyllactose is expected to reduce the intermolecular
binding between the chitosan molecules, thus facilitating the chitosan to
bind to the mucus. Overall, the binding affinity of chitosan derivatives
for mucus is governed by a complex interplay of chemistry of sub-
stituents and their degree of substitution, molecular weight and chain
flexibility of derivatives, as well as ionic and pH environments of mucus
as a function of the disease progression (Collado-Gonzalez, Espinosa, &
Goycoolea, 2019).

4. Manufacturability of chitosan-based therapeutics into
nanomedicine

Chitosan is widely employed as the excipient of choice in the
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development of nanomedicine for a wide range of diseases (Alhajj et al.,
2020; Calderon et al., 2013; Loutfy et al., 2020; Meng, Sturgis, & Youan,
2011; Xue et al., 2015; Zhao et al., 2014). With reference to anti-viral
application, several attempts to formulate chitosan nanoparticles for
the treatment of HIV, and hepatitis B and C viruses have been initiated
(Loutfy et al., 2020; Meng et al., 2011; Xue et al., 2015). Chitosan de-
rivatives of molecular weight of 3-1000 kDa, 5-27.8% degree of acet-
ylation and 0.07-1.48 degree of conjugate substitution, have been used
in nanoparticle development for pharmaceutical applications (Table 1).
The synthesized nanoparticles exhibit a wide range of size (5.1-1279
nm), polydispersity index (0.034-0.780), and zeta potential (—50.5 to
+55.2 mV) that are influenced by choice of pH and/or substituent. They
are spherical or cuboidal, and are generally presenting with smooth
surfaces. While chitosan is usually partially crystalline, drug-loaded
chitosan nanoparticles are typically amorphous with a few exceptions.
Drug loading into chitosan nanoparticles has varied or no effect on the
size, polydispersity and surface charge of chitosan, depending on its
formulation and preparation method.

The molecular characteristics of chitosan that are used in the nano-
medicine development resemble those of chitosan derivatives that show
positive anti-viral effects and can potentially be developed as anti-SARS-
CoV-2 polymeric therapeutics. It is hypothesised that the chitosan-based
therapeutics, with proven anti-SARS-CoV-2 if any, can be easily pro-
cessed into nanomedicine that can possibly bring about a higher inter-
action propensity with the viral transmembrane spike glycoprotein. As
the chitosan derivatives are largely ionic in nature, their required
aqueous solubility for nanoparticle preparation can be met via simple
solution pH modulation or solubilization process. The nanofabrication
of chitosan-based anti-SARS-CoV-2 therapeutics may be introduced with
an additional anti-viral agent to synergistically promote the therapeutic
effect. An example is PQPOC, which synergistically stabilises silver
nanoparticles that have the ability to bind to the viral envelope glyco-
protein, through the formation of a PQPOC-silver nanoparticle bio-
composite (Karagozlu et al., 2014; Sofy et al., 2019). This prevents the
virus from binding and entering into the host cell to a greater extent than
the chitosan therapeutics alone.

Polymersomes are artificial vesicles that are constituted of amphi-
philic block or grafted copolymers (Al-Hatamleh et al., 2021). They
exhibit a high colloidal stability and ease of being decorated with tar-
geting ligand. Lately, the polymersomes have been advocated as an anti-
viral drug carrier. In comparison to liposomes (3-5 nm), the introduc-
tion of polymers provides a resultant bilayer thickness of 5-50 nm. The
polymersomes are physicochemically more stable than liposomes. With
reference to anti-viral chitosan therapeutics that are polymeric in na-
ture, their use in the development of polymersomes is expected to lead to
the formation of a strong and mucoadhesive nanostructure with pro-
longed residence time and biological action in the nanoscale. Combi-
nation of chitosan therapeutic with anti-viral drug in polymersomes can
have their anti-viral actions synergized with chitosan controlling drug
release and activity.

5. Conclusion and future perspectives

The present review highlights that chitosan is a viable biopolymer for
the development of broad-spectrum anti-viral therapeutics. Structural
modification of chitosan through conjugating with hydroxypropyl tri-
methylammonium, sulfate, carboxymethyl, bromine, sialyllactose,
peptide and phosphonium moieties grants or greatly improves the anti-
viral activity of the parent polymer. Chitosan conjugates—such as
HTCC, sulfated chitosan, SCM-chitin, NCMCS, 6BrNPC and SCC
—exhibit broad-spectrum anti-viral activity against human coronavirus,
HIV, herpes simplex virus, influenza virus, NDV, human papillomavirus
and F-MuLV. Their anti-viral effectiveness depends on the interplay of
molecular weight, degree of acetylation, degree and site of conjugate
substitution. One or more substituents may be introduced to a chitosan
monomeric residue. The resultant conjugate may be blended with
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alternative anti-viral agents such as silver nanoparticles in the
advancement of a more efficacious nanomedicine (Sofy et al., 2019).
Further, it is envisaged that the anti-viral chitosan therapeutics can be
processed into nanomedicine as their physicochemical characteristics
are similar to those of chitosan and derivatives used in nanomedicine
design. The nano-enabling process is foreseen to promote the anti-viral
activity of the chitosan therapeutics to a greater extent.

Generally, the chitosan and its derivatives are associated with low
cytotoxicity levels at the effective in vitro therapeutic doses (Artan,
Karadeniz, Karagozlu, Kim, & Kim, 2010; Ciejka et al., 2016; Gao et al.,
2018; Karagozlu et al., 2014; Milewska et al., 2013, 2016; Nishimura
et al., 1998; Sofy et al., 2019; Sosa et al., 1991; Stepanov et al., 2012).
Several in vivo studies conducted in mice and chicken eggs similarly
suggest that the chitosan-based anti-viral therapeutics are relatively safe
(He et al., 2019; Ishihara et al., 1993; Jeong et al., 2020). The median
inhibitory concentration (ICsp) values of repurposed drugs such as
chloroquine and remdesivir are 9.12 pM (4.71 pg/mL) and 11.41 pM
(6.88 pg/mL) respectively against SARS-CoV-2 (Jeon et al., 2020). The
chitosan-based therapeutics are characterized by ICso values of
0.28-100 pg/mL against various viruses (Gao et al., 2018; Karagozlu
et al., 2014; Milewska et al., 2013; Sosa et al., 1991; Stepanov et al.,
2012; Umemura et al., 2008). Current studies of chitosan and its de-
rivatives as anti-viral therapeutics are mainly conducted at the in vitro
level (Ai et al., 2012; Artan et al., 2010; Ciejka et al., 2016, 2017; Davis
et al., 2012; Davis et al., 2015; Gao et al., 2018; Karagozlu et al., 2014;
Karthik et al., 2016; Li et al., 2011; Milewska et al., 2013, 2016; Nish-
imura et al., 1998; Park, 2010; Park et al., 2010; Sofy et al., 2019; Sosa
etal., 1991; Stepanov et al., 2012; Su et al., 2009; Umemura et al., 2008;
Zhu et al., 2020). Strong chitosan-based anti-viral therapeutics with
relatively low ICsg values may be effective against SARS-CoV-2. How-
ever, in vitro studies by means of cell cultures may not fully account for
their anti-viral effects in organs and complex systems of organisms. In
vivo evaluation is required to fully elucidate the actual potential and
side effects of chitosan-based therapeutics.

Chitosan can potentially inhibit SARS-CoV-2 via binding with the
SARS-CoV-2 spike glycoprotein trimer cavity (Kalathiya et al., 2020).
SARS-CoV-2, as an enveloped virus, may be treated with chitosan-based
therapeutics developed with due consideration to the structure-activity
relationship of chitosan derivatives substituted with carboxymethyl,
sulfate, bromine, N-(2-hydroxypropyl)-3-trimethylammonium, phtha-
loyl and sialyllactose moieties that are active against other enveloped
virus variants. Future studies may also research on the optimal charac-
teristics— molecular weight, degree of acetylation, degree and site of
conjugate substitution—of chitosan which will provide the greatest anti-
viral effect against SARS-CoV-2. Further, conjugating chitosan with
optimal anti-viral characteristics by other anti-SARS-CoV-2 ligands, may
confer additive or synergistic effects, and greater effectiveness in
inhibiting SARS-CoV-2 replication.

The current pandemic preparedness planning is focused on expe-
diting vaccine research and repurposing the use of approved anti-virals
and other drugs (Cho & Glenn, 2020). Such an approach may be insuf-
ficient in promptly controlling the spread of contagious viral infections
such as COVID-19. It has been highlighted that investing time and re-
sources to develop an anti-viral therapeutic for a single virus may not be
worthwhile (Cho & Glenn, 2020). Therefore, an effective broad-
spectrum anti-viral strategy will be the next generation solution to
work against various viruses, including COVID-19 and other novel ones.
Such an approach is foreseeable to enable potential viable therapeutics
to greatly improve pandemic preparedness at early stages of outbreaks.
The anti-viral chitosan derivatives described herein are characterized by
a broad spectrum anti-viral activity. They can be the potential lead in the
development of anti-SARS-CoV-2 therapeutics and novel ones in future.

CRediT authorship contribution statement

Rebecca Shu Ling Tan: Validation, Formal analysis, Investigation,



PR UL TSY

Table 1
Physicochemical attributes of chitosan and chitosan-based nanomedicine.
Chitosan Nanomedicine Reference
Molecular Degree of Substituent Degree of Site of Size Polydispersity Zeta potential Surface Crystallinity ~ Processing method
weight (kDa)  acetylation conjugate substitution (nm) index (mV) morphology
(%) substitution
3 9.7 a) Lactobionic acid a) 0.152 - 163.8-237.3 0.111-0.134 +25.9 — Spherical, - Crosslinking; Wang et al.,
b) Bromelain b) 0.283 +34.1 (pH uniform immobilisation of 2018
4.5) diameter bromelain on
+ 1.5 - +14.2 nanoparticles surface
(pH 8.5)
5 - Dithiodipropionic acid 0.059-0.063 - 78.8-83.4 0.183-0.207 +12.3 — Spherical - - Xu et al., 2020
mono benzyl ester +13.1
5-20 - a) Carboxymethyl a) 1.282-1.477 2-NH,; and 134-232 0.09-0.27 —50.5 to Spherical - Lyophilisation, Zhang, Huo,
group b) 0.554-0.585 6-OH —24.2 centrifugation and Zhou, Yu, & Wu,
b) Octyl group dialysis technique 2009
5; < 10; - - - 175.2-287.9 0.18-0.27 —29.8 to Spherical - - Yasar et al., 2018
90 10-25 (anionic starch- (anionic starch- —14.6
(protasan) (protasan) chitosan core chitosan core (anionic
polyplexes) polyplexes) starch-
204.6-214.0 0.14-0.17 chitosan core
(protasan coated (protasan coated  polyplexes)
anionic core anionic core + 25.5 —
polyplexes) polyplexes) +28.0
(protasan
coated anionic
core
polyplexes)
10-50 17 - - - 100-200 0.15-0.35 +30 - - - Kolonko, Bangel-
Ruland,

Goycoolea, &
Weber, 2020

23.7 20 Thio group - - 5.10-5.32 - +24.8 — Spherical, Crystalline Tonic gelation/ Rajawat, Shinde,
+32.8 smooth, crosslinking & Nair, 2016
uniform size
distribution
50 15.3 278 +14.9 Spherical, - Depolymerisation and Jamali et al.,
smooth, lyophilisation 2018
uniform size
distribution
50 5 (2-Hydroxy)-propyl-3- 0.425 N- 87-1025 0.15-0.30 +19.0 — Spherical - Complexation and Sun et al., 2019
trimethylammonium substituted +22.5 (NC); lyophilisation
chloride -24.6 - -5.5
(NE)
50-136 - Methylene phosphonic 0.37-0.46 - - - - - Amorphous - Ramos et al.,
acid 2003
50-190 15-25 - - - 163-306 - +9.8 — +31.4 - - Confined Impinging Zelenkova,

jets mixing; multi-inlet ~ Onnainty,
vortex mixing; solvent Granero, Barresi,
displacement method; & Fissore, 2018
freeze drying

50-190 17.4 - - - 36 0.41 +30 Spherical - - Canepa et al.,
2017
50-190 8 - - - 182.4-602.4 0.226-0.436 +46.4 — Spherical - - Meng et al.,
+55.23 2011
50-190 15-25 - - - 239.2-365.8 - - Tonic gelation

(continued on next page)
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Table 1 (continued)

Chitosan Nanomedicine Reference
Molecular Degree of Substituent Degree of Site of Size Polydispersity Zeta potential Surface Crystallinity ~ Processing method
weight (kDa)  acetylation conjugate substitution (nm) index (mV) morphology
(%) substitution
+42.1 — Spherical and Ng, Selvarajah,
+53.3 cuboidal Hussein, Yeap, &
Omar, 2020
50-190 12-13 - - - 113 0.104 -34 Spherical, Amorphous Tonic gelation Singh et al.,
smooth, 2018
uniform size
distribution,
non-aggregated,
well distributed
60-170 15 - - - 213.7-276.1 0.301-0.416 +9.84 — Spherical - Physical adsorption Li et al., 2019
+13.12
190 5 a) Pelargonic acid a) 0.07 - 147-192 0.13-0.18 +18.9 — - - Stepwise extrusion Kozhikhova
b) Lauric acid b) 0.085 +35.1 through inorganic etal., 2018
membranes
190-310 15 - - - 208-497 0.26-0.78 +14.3 — - - Tonotropic gelation/ Russo et al.,
+24.5 crosslinking 2014
190-310 15-25 Carboxymethyl group - O- and N,0- 80-100 high —2to —13 Core-shell - One-step Shanavas et al.,
substituted formation nanoprecipitation 2019
190-310 15-25 a) Carbonyl group - - 15-25 - - Core-shell Crystalline - Hasantabar,
b) Azide group formation Tashakkorian, &
Golpour, 2019
250 (glycol 10 Farnesyl group 0.109-0.158 - 200-500 0.15-0.28 (pH +25 — +47 Spherical - Facile synthesis Ho et al., 2018
chitosan) 5)
282 27.8 - - - 40-400 0.31-0.67 +18.9 — Spherical - - Chiesa et al.,
+34.6 2019
310-375 <25 - - - 136-379 0.24-0.47 +0.1 — 4+28.5 Core-shell - Tonic gelation Ngo, Ezoulin,
formation Murowchick,
Gounev, &
Youan, 2016
1000 5 - - - ~10 (carboxylic - - Ill-defined - in situ precipitation Chen, Hu, Shen,
multiwalled interface & Tong, 2013
carbon between
nanotube) inorganic and
organic phases
- 17.6 - - - 324.6-1279.0 - - Spherical, - Ionic gelation and Soh et al., 2019
smooth, freeze drying
uniform size
distribution
- 15 Hydroxypropyl- 0.3404 O- 199.42-317.05 - +46.36 Spherical Amorphous Tonic crosslinking Dai et al., 2015
trimethyl-ammonium substituted
chloride
- <10 - - - 50 - —26.4 to Spherical - Double crosslinking Zhou et al., 2020
-28.1
- 15-25 - - - 39.4 0.034 +32.4 - - - Moodley &
Singh, 2020
- - - - - 299.1-387.1 0.221-0.242 +22.3 — Spherical - Emulsifier-free Hunsawong
+38.2 emulsion et al., 2015
polymerisation
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