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Unlike natural polymers, the chemical composition, functional group type and extent of functionalization, molecular
weight, charge density and distribution, degradation and stability of synthetic polymers can be engineered to

maximize antiviral activity against a specific virus type.

dendrimers synthetic polymers sialyl-based polymers

| 1. Introduction

Polymers are chain-like molecules formed by polymerization of small, reactive organic molecules. Polymers due to
their long chain length or high molecular weight are used extensively in surface coating applications because each
polymer chain can make many physical bonds to irreversibly coat the surface L2, As a result, polymers are very
attractive as an antiviral material to bond irreversibly to viral glycoproteins to cover and conceal the viral surface,
thus blocking the interaction of viral particles with the host cell BIAIBIGIAEIOILLL12]1SI14]ISI16]A7]  Yynlike natural
polymers, the chemical composition, functional group type and extent of functionalization, molecular weight, charge
density and distribution, degradation and stability of synthetic polymers can be engineered to maximize antiviral
activity against a specific virus type 24I18I19 Among synthetic polymers, dendrimers and sialyl-based polymers

have been extensively studied as antiviral agents to fight against infections.

| 2. Dendrimers

Dendrimers due to their nanoscale size and structural uniformity are attractive as a carrier for delivery of antiviral
agents 29, The branched structure of dendrimers results in spherical and symmetric nanostructures with a
monodisperse size in the 2-10 nm range 2. The dendrimer generation which is the number of branches or the
number of repeated synthetic cycles, controls the size of dendrimers 21, The chemical groups on the dendrimer
surface can be functionalized to produce polycationic or polyanionic dendrimers 2122 peptides and drug
molecules can be conjugated to dendrimers via cleavable linkages to form functional dendrimers with controlled
biological activity [23. Antiviral activity of dendrimers is attributed to their multivalency, symmetrical and
monodisperse molecular structure, and the presence of multiple functional groups on the dendrimer surface. The
dendrimer-based antiviral agents act mechanistically by interfering with the interaction of virus with the host cell [24],
As a result, antiviral activity depends on dendrimer molecular weight and type of functional groups present on the
dendrimer surface 24, Among different types, peptide-conjugated dendrimers show excellent antiviral activity
against many virus types. A sulfonated derivative of polylysine dendrimer with a benzhydrylamine core was used to

prevent infection against intravaginal herpes simplex virus (HSV) and simian immunodeficiency virus/human
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immunodeficiency virus (SIV/HIV) chimeric viruses 22128 |n vitro studies with monkey kidney epithelial cells (Vero)
demonstrated that this dendrimer completely prevented adsorption and penetration of the virus in host cells and
inhibited DNA synthesis in the infected cells 28, Figure 1 shows the chemical structure and mechanism of action
of an FDA approved VivaGel® dendrimer (SPL7013), which is used in preventing genital herpes (HSV-2) and HIV.
The VivaGel® is composed of anionic G4-poly(L-lysine) dendrimer with a benzylhydramine-amide-lysine core with
32 sodium (1-naphthyleneyl-3,6-disulphonic acid)-oxyacetamide functional groups 2Z. The functional groups on

the dendrimer surface act to prevent infection by blocking the virus from binding to host cells 27,
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Figure 1.

SPL7013 Dendrimer
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Chemical structure and mechanism of action of VlvaGeI® as an antiviral agent. The image was created by

BioRender software.

Paull and coworkers evaluated the antiviral activity of SPL7013 dendrimer against SARS-CoV-2 28l Compared to
polyanionic biopolymers such as io-ta-carrageenan and heparin (as linear sulphated molecules), the branched
sulfonated structure of SPL7013 dendrimer inhibited SARS-CoV-2 infection in Vero E6 cells early in the replication
cycle by blocking viral entry to the cells. In another study, a new class of dendrimers with tryptophan (Trp)
functional groups on the surface were synthe-sized and their antiviral activity was evaluated against HIV and
enterovirus-71 (EV71) 29, Dendrimers with different surface amino acid groups including aromatic and non-
aromatic, decarboxylated Trp (tryptamine), and methylated Trp were synthe-sized to study the relation between
amino acid structure and antiviral activity 29, According to the results, Trp-conjugated dendrimers act
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mechanistically by interacting with cell surface glycoproteins to interfere with virus-cell interaction early in the HIV
replication cycle prior to viral entry in the host cell 22, The type of peptide and its structure (aliphatic versus
aromatic) affected antiviral activity of the dendrimer. Dendrimers conjugated with aromatic amino acids like
tryptophan showed antiviral activity against both HIV and EV71 whereas dendrimers conjugated with aliphatic
amino acids like alanine were inactive. The natural peptide LL-37 which is a member of cathelicidin family of
peptides show antiviral activity against the respiratory syn-cytial virus (RSV), which is a common lower respiratory
tract pathogen in children B9, However, LL-37 peptide has limited stability in physiological medium. In a re-cent
study, linear (SA-35) and hyperbranched (dendrimeric, LTP) cationic peptides from the helical region of LL-37
peptide were synthesized and their antiviral activity were compared with the natural peptide 1. The results
showed that the linear and hyperbranched peptides had higher antiviral activity as compared to the natural pep-tide
which was attributed to destabilization of the viral envelope and competitive in-hibition of virus attachment/fusion

with the host cell.

A range of polycationic and polyanionic dendrimers have been synthesized and evaluated against viral infections
(32 The antiviral activity of these dendrimers is due to electrostatic interaction between the viral envelope proteins
and the den-drimer’s ionic functional groups B2l In one study, polycationic dendrimers with N-alkylated 4,4'-
bipyridinium units of varying charge density were synthesized and evaluated with respect to inhibition of HIV-1 4],
Results showed that the inhibition of HIV-1 in MT-4 host T cells by the dendrimers was mediated by CXCR4
coreceptor and was independent of charge density of dendrimers. In another study, a polyanionic carbosilane
dendrimer (PCD), designed to inhibit HIV-1 infection, was used to prevent viral infections causing sexually
transmitted diseases 3%, The PCD dendrimer inhib-ited herpes simplex virus-2 (HSV-2) infection by reducing
plague formation in HSV-2 infected Vero cells, which was attributed to direct binding between the sulfonate groups
on the dendrimer surface and glycoprotein B of the virus €. In another study, a PCD consisting of a polyphenolic
core with 24 sulfonate groups on the den-drimer surface was shown to possess antiviral activity against hepatitis C
virus (HCV) at low and high concentrations 8. In another study, PCDs with surface sulfonate or naphthalene
sulfonate functional groups prevented not only HIV-1 infection by inter-fering with cell-virus fusion but also inhibited
cell-to-cell transmission 29, List of studies on antiviral activity of dendrimers against different viruses are presented
in Table 1.

Table 1. Antiviral activity of dendrimers and their mechanisms of action.

Dendrimer

Type Name Virus Cell Line Mechanism of Action Ref.
Phenyldicarboxylic acid
- (BRI6195), . : Inhibit viral binding and [24]
Polyanionic Naphthyldisulfonic acid HIV-L MT-4 replication
(BRI2923)
HSV- - .
Polyanionic ~ SPL-2999 1, Vero Inhibit late stages of viral [26]
HSV-2 replication
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?;:grlmer Name Virus Cell Line Mechanism of Action Ref.
Polyanionic carbosilane dendrimer G2- HIV-1 TZM.bl Inhibit viral entry 53]
STE16
Inhibit viral replication by
Polyanionic G2-S16 HIV PBMC blocking gp120/CD4/CCR5 7]
interaction
HelLa Inhibit viral replication by
Polyanionic G3-S16 and G2-NF16 HIV-1 P4.R5MAGI, blocking gp120/CD4/CCR5 201
TZM.bl interaction
Polycationic Viologen HIV-1 MT-4 cells Block viral entry [34]

The sialylated glycans in the protective mucin layer of the nasal cavity disrupts the entry of influenza virus (IFV)
particles to host cells by complexation with viral hemagglutinin (HA) B8, The mucin barrier is the first line of
defense in the immune system that traps and clears the viral particles upon mucin turnover, as shown in Figure
2 39 Although sialic acid (SA) and derivatives of SA have a strong affinity for the viral HA, the monovalent
interaction between HA and SA is relatively weak 49, Therefore, polymers modified with SA that can overcome the
low interaction energy by complexation with multiple SA groups can effectively inhibit IFV infections 1. In one
study, the antiviral activity of a multivalent polymer conjugate consisting of poly (methyl vinyl ether-alt-maleic
anhydride) modified with thiosialoside against PR8 influenza strain was comparable to those of Zanamivir® and
Oseltamivir® drugs, as measured by growth inhibition assay [42l. The antiviral activity was attributed to multivalent
binding of the modified polymer to neuraminidase on the viral particles to inhibit enzymatic activity, leading to viral
particle aggregation and inhibition of virus-cell fusion. These results imply that polymers functionalized with
monomeric sialoside groups which possess neuraminidase inhibitory activity can serve as an antiviral scaffold

against early and late stages of influenza infection.
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Figure 2. Schematic

representation for the clearance of influenza virus by the mucin layer or mucin-mimetic glycol-conjugated proteins

prior to uptake by epithelial cells. The image was created by BioRender.com software.

Glycopolymers based on sialyl oligosaccharides with a range of chain lengths and sugar densities were
synthesized by reversible addition-fragmentation chain transfer polymerization (RAFT) for interaction with
hemagglutinin on the surface of influenza virus 43, The extent of interaction and molecular specificity of the

copolymers against different types of influenza virus depended on sugar units (6'- versus 3'-sialyllactose), sugar
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density, and polymer chain length 3l In another study, tri-arm star glycopolymers with homogenous number of
arms consisting of inert spacers and glycomonomer segments were synthesized by a core-first approach. The star
glycopolymers had three arms with each arm having a degree of polymerization ranging from 30 to 100 to match
the sugar-binding pockets of hemagglutinin on influenza virus 4!, The inert core segment was based on poly(N,N-
dimethylacrylamide) (PDMA) whereas the arms were made of 6'-Sialyllactose glycomonomer which served as a
natural ligand for HA binding in human influenza virus 4. The use of arms with different degrees of polymerization
allowed tunning the ligand-receptor interaction to the desired strength for surface HA in influenza virus. In another
study, a polymer brush consisting of side chains ending in a-2,6-linked sialic acid (SA) was synthesized by
protection-group-free, ring-opening metathesis polymerization (ROMP) to enhance multivalent interaction as
determined by hemagglutination binding 2. In this work, the anomeric hydroxyl group of 6'-sialyllatose in the
oligosaccharide was activated and converted to an azide by nucleophilic substitution to form an azido
oligosaccharide. Next, the azido oligosaccharide was reacted with a-norbornenyl, w-acetylene terminated PEG,
prepared from amine-terminated hydroxyl PEG, using a copper-catalyzed click reaction. Then, the a-norbornenyl
terminated oligosaccharide PEG was polymerized by ROMP to produce a brush polymer with oligosaccharide side
chains terminated with SA [43]. According to the results, brush polymers with high degree of polymerization, high SA
density, and long side chains produced strongest antiviral activity as measured by hemagglutination inhibition
assay 22, These brush polymers are useful as a model system to study the antiviral properties of native mucins
with the passage of influenza A virus (IAV) through the epithelial mucin barrier as measured by the strength of
interaction between the viral HA and the sialyloligosaccharides of mucin (Figure 2) 8. List of studies on antiviral

activity of sialylated polymers are presented in Table 2.

Table 2. List of studies on antiviral activity of sialyl-based polymers with their mechanism of action.

Sialyl-Based Polymers VirusCell Line Mechanism of Action Ref.
HIN1, - ) o
Amide-sialoside protein conjugates IAV  H3N2, Blnqllng_ to the virus and inhibiting [39]
replication
HIN2
Thiosialoside-modified poly (methyl inhibiting both early attachment and late 42
: . . IAV  MDCK i o .
vinyl ether-alt-maleic anhydride) release during viral infection
silyl oligosaccharides modified AV HINI Binding with hemagglutinin on viral [43]
glycopolymers surface
B|0|nsp|red br.us'h po!ymers containing AV HIN1 binding hemagglutination on viral [45]
0-2,6-linked sialic acid surface
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