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Abstract: Diseases induced by bacterial and viral infections are common occurrences in our daily life,
and the main prevention and treatment strategies are vaccination and taking antibacterial /antiviral
drugs. However, vaccines can only be used for specific viral infections, and the abuse of antibacte-
rial/antiviral drugs will create multi—drug—resistant bacteria and viruses. Therefore, it is necessary
to develop more targeted prevention and treatment methods against bacteria and viruses. Pro-
teins on the surface of bacteria and viruses can specifically bind to sugar, so glycopolymers can be
used as potential antibacterial and antiviral drugs. In this review, the research of glycopolymers
for bacterial/viral detection/inhibition and antibacterial /antiviral applications in recent years are
summarized.

Keywords: glycopolymer; antibacterial; antivirus; lectin; inhibition; detection

1. Introduction

In recent decades, a variety of infectious diseases have developed caused by bacteria,
including Staphylococcus aureus, Streptococcus haemolyticus type o, Streptococcus haemolyticus
type B and viruses including Ebola, Zika, coronavirus (COV) [1]. As a result, different
regions are experiencing the spread of diseases caused by these pathogens. With the emer-
gence of superbugs, as well as the global epidemic of COVID—19, we are facing significant
challenges in the prevention and treatment of these diseases due to drug resistance and
genetic mutations. At present, the effective prevention and treatment strategy for bacterial
diseases is to take antibiotic drugs, and the prevention and treatment strategy for viral
diseases is mainly vaccination or taking antiviral drugs. However, vaccines can only be
used for specific types of viral infections, and antivirals or antimicrobials can make viruses
or bacteria resistant. Therefore, it is important to develop more targeted prevention and
treatment methods against highly drug—resistant bacteria and viruses. There are a lot
of glycoproteins on the surface of bacteria, viruses and other life forms [2]. Different
kinds of sugars can specifically combine with pathogens that contain different types of
recognition proteins, such as mannose and Escherichia coli, L—Fucose and Vibrio cholerae,
salivary lactose and mumps virus/influenza virus, etc. In addition, the specific binding of
sugars and proteins is also affected by a variety of factors, such as the “multivalent effect”
of polysaccharides [3-6], topology [7-9] (star—shaped, dendritic), heterogeneity [10-16],
etc. Therefore, glycopolymers with various structures have been developed to specifically
recognize and bind with different bacteria and viruses, so as to achieve the application of
inhibiting bacterial infection, virus infection, bacterial detection, etc.

In this review, the research on glycopolymers targeting bacteria and viruses in recent
years is summarized, and the applications of glycopolymers containing different kinds of
sugar side groups, different topological structures and compounds with other materials in
bacterial detection, sterilization and antibacterial infection are reviewed in detail. At the
same time, the methods of different kinds of glycopolymers to inhibit virus infection by
recognizing proteins on the surface of viruses are also summarized and discussed.
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2. Synthetic Glycopolymers Targeting Bacteria

Fimbriae on the surface of bacteria, such as type 1, type G and type S, contain different
types of sugar recognition proteins called lectins, and lectins can specifically bind to
different types of sugars, including mannose, galactose, etc. [17]. Therefore, glycopolymers
with specific sugar moieties can selectively bind to bacteria. Escherichia coli is found to have
been studied most comprehensively because of the broad knowledge base available about
this organism. At the same time, there are many kinds of lectins on its surface. Therefore,
most studies on glycopolymers in the field of bacteria choose Escherichia coli as the research
object.

2.1. Glycopolymers for Bacterial Detection and Capture

Glycopolymers can be used for bacterial capture and detection due to their high
affinity to proteins that are on the surface of bacteria. To realize bacterial detection, flu-
orescence moieties are often introduced into glycopolymers. Disney et al. synthesized
mannose—based glycopolymers with fluorescent groups [18]. When mannose recognizes
and binds flagellin on the surface of Escherichia coli in aqueous solution, a large number of
green aggregates will be formed. Aggregation—induced emission (AIE) molecules, such as
tetraphenylethylene (TPE), emit fluorescence when their intramolecular rotation is limited
by their aggregation state. Li et al. synthesized functional poly(ionic liquid)s (PILs) with
both pendent saccharide units and AIE probes [19]. As a result of the electrostatic interac-
tions and sugar—agglutinin reaction, the glycopolymer can be absorbed onto the bacterial
surface for the imaging and detection of bacteria. Similarly, Hussain et al. synthesized
water—soluble polyfluoroene derivatives containing mannose and quaternary ammonium
groups [20]. As shown in Figure 1, the PEFEBTMNMes* exhibited weak interchain Forster
resonance energy transfer (FRET) in water due to the low amount of benzothiadiazole (BT)
moiety doping along the backbone. When PFBTM—NMe;* binds with the net negative
charge on the surface and the mannose binds with lectin FimH, it shows a strong FRET and
ratiometric response due to the aggregation of polymers. Through electrostatic interaction
and the synergistic effect of the sugar—protein interaction, they can distinguish bacteria and
fungi using fluorescence spectroscopy and imaging technology.
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Figure 1. FRET—mediated selective screening and imaging of fungi and bacteria. Figure reproduced
from ref. [20] with permission.

Glycopolymer—conjugated metal or inorganic nanoparticles are also used for bacteria
detection. Richards et al. modified the end of poly(ethylene glycol) (PEG) with glucose, and
then modified the end—functionalized PEG onto the surface of gold nanoparticles using
Au—Sbond [21]. Gold nanoparticles modified with glycopolymers can specifically identify
Escherichia coli. Glycosylated nanoparticles will change their optical properties when they
bind with FimH—positive bacteria, so that the absorbance at 700 nm can be monitored
with UV —Vis spectroscopy to identify bacterial strains. Similarly, Ajish et al. synthesized
glucose—based glycobis(acrylamide) glycopolymer, which can be self —assembled with
gold nanoparticles [22]. As shown in Figure 2, the intrinsic fluorescence emission of the
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self—assembled glycopolymer will be quenched by AuNPs. However, if ConA (Con-
canavalin A lectin)/Escherichia coli is identified, the glycopolymer will be more inclined to
combine with ConA /Escherichia coli, thus inhibiting the energy transfer between the gly-
copolymer and gold nanoparticles, and restoring the intrinsic emission of the glycopolymer.
The turn—on in the emission intensity can be used for the rapid detection of Escherichia coli.

Glc-bis nanostructures Con A/E coli interacts with Glc-
form AuNPs (10 nm) bis of Glc-bis@AuNPs and
regenerates the fluorescence
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Figure 2. Fluorescence quenching of self—assembled glycopolymers and gold nanoparticles and
emission recovery after addition of ConA. Figure reproduced from ref. [22] with permission.

/

1

In addition to bacteria detection, glycopolymers conjugated with other materials were
fabricated for bacteria capturing. Yang et al. grafted galactose—bearing glycopolymers
onto a polypropylene (PP) microfiltration membrane by UV —induced graft copolymeriza-
tion to obtain a surface that can specifically adhere to Enterococcus faecalis [23]. It proved
that glycopolymers can be applied to selectively prevent or control bacterial adhesion.
Malakootikhah et al. immobilized glucose and/or maltose onto amino MnFe,O4 @SiO,
surface, and those glycopolymers with hyper—crosslinked porous structures can be used
for the efficient capture of bacillus subtilis (over 99%) [24]. Similarly, Hong et al. prepared
magnetic iron oxide nanoparticles immobilized with mannose—based poly(ionic liquid)
brushes for the efficient capturing of bacteria, and the nanocomposites also showed expe-
dient recycling capacity and low cytotoxicity [25]. Ajish et al. prepared a glucose—based
polymer, which was modified on the resin surface [26] (Figure 3). The “glycocluster effect”
presented by the glucose on the resin surface was used to specifically bind Escherichia coli
or ConA, making the functional resin available for capturing and quantifying Escherichia
coli or ConA. As mentioned above, conjugating glycopolymers with other materials is a
potential strategy for the isolation of pathogens.
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Figure 3. Schematic diagram of the synthesis of a glycopolymer—functionalized resin (Resin—Glc) for
capture and quantification of Escherichia coli/ConA. Figure reproduced from ref. [26] with permission.
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2.2. Glycopolymers for Sterilization

Glycopolymers themselves do not have the ability to kill bacteria, but have the ability
to recognize and combine with specific bacteria. Therefore, glycopolymers can be de-
signed and synthesized with antibacterial groups, or conjugated with nanoparticles with
bacteria—killing ability to realize the function of sterilization. It is possible for poly(ionic
liquid)s (PILs) to approach bacteria due to electrostatic interactions between cationic groups
and negatively charged cell walls. Consequently, PILs insert hydrophobic fragments into
the membranes of bacteria and cause the rupture and death of bacteria [27,28]. Based on
this, Li et al. synthesized mannose—based poly(ionic liquid)s to kill Gram—positive Staphy-
lococcus aureus and Gram—negative Escherichia coli. [19]. As shown in Figure 4, Yuan et al.
modified the surface of gold nanoparticles with poly [2—(methacrylamido)glucopyranose]
(PMAG) and poly [2—(methacryloyloxy)ethyl trimethylammonium iodide] (pMETAI) to
achieve specific killing of Escherichia coli [29]. Quaternary ammonium salt polymers were
cationic polymers that destroyed bacterial cell membranes and caused their death after
coming into contact with them. The modification not only conferred bactericidal properties
to the gold nanoparticles, but also formed a charged protective layer on their surface, main-
taining the stability of the nanoparticles under physiological conditions. The glycopolymer
not only helped the gold nanoparticles recognize Escherichia coli specifically, but also
improved the contact between Escherichia coli and the quaternary ammonium salt polymer,
thus improving the sterilization efficiency.
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Figure 4. Schematic diagram of the bactericidal and recognition functions of gold nanoparticle com-
plexes regulated by modifying different polymers. Figure reproduced from ref. [29] with permission.

Biochar is commonly used as a carrier material because of its high surface area,
chemical inertness and high stability [30]. Based on this, Borjihan et al. modified biochar
with glycopolymer N—halamines as an effective Escherichia coli—specific—killing agent [31].
As shown in Figure 5, the polymer—loaded biochar was treated with NaClO and acted as an
oxidative chlorine (C1*)—bearing agent to inactivate Escherichia coli., while the glycopolymer
PMAG acted as the specific recognizer of Escherichia coli pili protein. Compared with
Staphylococcus aureus, the modified biochar has a higher specific killing capacity against
Escherichia coli.

After being exposed to sunlight, photocatalysts, such as titanium dioxide (TiO2),
can produce reactive oxygen species to drive the disinfection process [32], and further
destroy the cell membrane/cell wall of bacteria, thus inactivating pathogens. Wang et al.
synthesized a lactose—based glycopolymer through copper (0) —mediated living radical
polymerization (Cu(0)—LRP) [33] (Figure 6). After being modified onto the surface of
magnetic nanoparticles, the glycopolymer can be used to capture Escherichia coli, and
Escherichia coli can be killed by TiO,. With the help of lactose—based glycopolymer, Wang
et al. prepared magnetic nanoparticle composites that can capture and specifically kill
Escherichia coli from aqueous solution.
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Figure 5. Schematic diagram of the synthesis of BCPMA —Cl for specific killing of Escherichia coli.
Figure reproduced from ref. [31] with permission.
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Figure 6. Synthetic route of Fe;0,@TiO,@poly(LacA) hybrid nanoparticles. Figure reproduced from
ref. [33] with permission.

In addition to the above metal and inorganic materials, some organics also have the
bactericidal effect, and glycopolymers can also be compounded with those materials. An-
timicrobial peptides (AMPs) are widely used in antibacterial applications and are effective
at killing bacteria [34—45]. Pranantyo et al. used atom transfer radical polymerization,
N—carboxyanhydride ring—opening polymerization, and copper—catalyzed azide-alkyne
“click” cycloaddition techniques to combine mannose, glucose and galactose glycopoly-
mers with antibacterial peptides to form a four—armed star structure [46]. While two
a—polylysine arms were capable of killing bacteria, the other two glycopolymer arms
could moderate their toxicity to mammalian cells and improve their binding affinity to
bacteria. Proper ratios of cationic and hydrophobic moieties in AMPs are key for their
function. By mimicking AMP, synthetic glycopolymers show promising application po-
tential with proper molecular design. Zheng et al. prepared antibacterial glycopolymers
containing cationic and hydrophobic fragments through high throughput technique and
recyclable—catalyst—aided, opened —to—air, and sunlight—photolyzed reversible addition—
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fragmentation chain transfer (ROS—RAFT) polymerization to simulate the antibacterial
principle of antibacterial peptides [47]. As shown in Figure 7, a combination of cationic,
hydrophobic fragments and sugar can be optimized through high—throughput screening
to achieve bactericidal performance with low cytotoxicity. Among them, polymers with
high N—[3—(dimethylamino)propyl] methacrylamide (DMAPMA) content had significant
antibacterial ability against Escherichia coli and Staphylococcus aureus, while polymers with
more MAG had higher killing ability against Escherichia coli compared with Staphylococcus
aureus due to their specific identification with Escherichia coli. By tuning polymer composi-
tion, the modification of glycopolymers allows materials to identify specific bacteria and
kill them more efficiently.
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Figure 7. High—throughput open polymerization to prepare glycopolymers containing hydrophobic
fragments and cations [47].

2.3. Glycopolymers for Inhibiting Bacterial Infection

The specific high affinity between lectins on bacterial pili and polysaccharides on
the surface of host cells determines the adhesion and continuous proliferation of bacteria
in specific host cells. For example, Escherichia coli with type 1 fimbriae contains a lectin
(FimH protein) that can specifically bind to mannose, and type 1 fimbria can enhance
the persistence of Escherichia coli bacteria and the inflammatory response after infection,
thereby enhancing urinary tract infection [48]; Escherichia coli with type P pili express lectin
specifically binding to galactose at the end of pili. Through the interaction of lectin and
galactose groups on cell surface, Escherichia coli will multiply on the surface of kidney cells,
causing pyelonephritis [49]. Glycopolymers with higher affinity to lectins can preferentially
bind to bacteria and occupy the binding sites on the bacterial surface, making it impossible
for bacteria to adhere to the cell surface, so as to achieve the purpose of inhibiting bacterial
infection. Therefore, we can inhibit bacterial infections without killing them.

Yan et al. synthesized an n—heptyl a—D—mannose(HM)—based glycopolymer [50].
Due to the specific binding effect of mannose and Escherichia coli, the glycopolymer can
not only occupy the mannose—specific adhesion site of free bacteria (Figure 8A), but also
compete with cells that have already combined with Escherichia coli, thus breaking the
established interaction between bacteria and intestinal epithelial cells (Figure 8B) and
inhibiting the adhesion and proliferation of Escherichia coli on cells.

In addition to the types of sugar units, there are many other factors that can enhance
the ability of glycopolymers to combine with bacteria. Xue et al. synthesized heterogly-
copolymers (PM—GM) and homoglycopolymers (PM—GG and PM—MM) via Ugi reaction
and click chemistry [16]. Subsequently, the binding constant Ka with Con A was calculated
by Langmuir model. The Ka of PM—GM was 2.09, while the Ka of PM—GG and PM—MM
were 1.36 and 1.62. It proved that heteroglycopolymer PM—GM has the best binding
ability, owing to the heterocluster effect generated by heteromultivant ligands. Meanwhile,
bacteria adhesion studies also demonstrated that the heterocluster effect made a stronger
binding with fimH.
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Figure 8. HM —based glycopolymers for inhibiting bacterial infection are shown in figure. (A) seques-
tration of free bacteria in the lumen of the gut and (B) disruption of established Escherichia coli—cell
interactions. Figure reproduced from ref. [50] with permission.

The structure of glycopolymers also has a significant impact on the ability to bind
with bacteria. Zheng et al. combined enzymatic monomer transformation with reversible
addition—fragmentation chain transfer (RAFT) polymerization to synthesize gradient gly-
copolymers with hyperbranched structure through a one—pot method [51]. At the same
time, gradient linear analogues and block glycopolymers were synthesized for comparison.
The results showed that, compared with linear analogues and block glycopolymers, hyper-
branched glycopolymers had the most significant bacterial binding ability (Figure 9). As
a result, the hyperbranched glycopolymer has a significant inhibitory effect on bacterial

infection.
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Figure 9. Binding of hyperbranched glycopolymer to Escherichia coli [51].

Usually, synthetic glycopolymers can bind with more than one kind of proteins, but
we need other strategies to enhance specificity and obtain glycopolymers that can recog-
nize bacteria more specifically. Luo et al. proposed a method to prepare highly specific
glycopolymers using bacteria as the “living” template [52] (Figure 10). Through this
bacteria—sugar monomer—adaptation—polymerization (BS—MAP) method, glycopoly-
mers obtained from the bacterial surface can recognize Escherichia coli at the strain level.
The specific bacterial binding ability of the glycopolymer was confirmed by bacterial ag-
gregation experiment and quartz crystal microbalance with dissipation. Furthermore,
the anti—infection experiment and co—culture experiment showed that the synthesized
glycopolymer effectively inhibits bacterial infection.
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Figure 10. Two different polymers are obtained by polymerization using bacteria as living templates:
(1) in solution (SP), (2) on the bacterial surface (BP) [52].

3. Glycopolymers Targeting Viruses

There are a large number of sugars on the surface of cells, which facilitate the trans-
mission of biological information between cells by interacting with specific proteins. In
contrast, pathogens also recognize their specific host cells through glycoprotein interactions,
that is, glycorecognition proteins (lectins) on the surface of pathogens interact with sugar
units on the cell surface to cause viral infection. Based on these interaction mechanisms, the
antiviral application of sugar has been heavily studied to develop specific targeting systems
that can act as inhibitors of the virus. This section summarized two common strategies that
have been studied in recent years to prevent virus infection: targeting cell surface proteins
and targeting virus surface proteins.

3.1. Glycopolymers Targeting Cell Surface Proteins

C—type lectin receptor, dendritic cell —specific intercellular adhesion molecule 3 grab-
bing nonintegrin (DC—SIGN), is a pattern recognition receptor expressed on macrophages
and dendritic cells. It has been identified as a receptor for many pathogens, such as
SARS—CoV—2 and HIV. These viruses spread and escape through the binding of DC—SIGN
captured by sugar molecules on their surface and dendritic cell—specific ICAM—3 [53]. In
the context of the recent SARSCoV -2 epidemic, DC—SIGN —mediated viral transmission
and innate immune responses have been identified as a potential factor in the pathogenesis
of COVID—19 [54]. Therefore, the design of glycopolymers with stronger binding capacity
to DC—SIGN to inhibit viral binding to DC—SIGN is an attractive strategy to attenuate
excessive innate immune responses and prevent disease progression.

The ability of glycopolymers binding to DC—SIGN is influenced by multiple factors.
Different types and structures of sugars have different degrees of binding capacity to
the virus. In addition, we can also strengthen the binding ability to virus by simulat-
ing the glycoproteins. Becer et al. synthesized a mannose—based glycopolymer using
copper—mediated living radical polymerization and azide—alkyne [3 + 2] Huisgen cy-
cloaddition reaction to interact with DC—SIGN and inhibit the binding of HIV envelope
glycoprotein gp120 to DC—SIGN [55]. The binding affinity of the glycocopolymer to
DC—SIGN was investigated by multi—channel surface plasmon resonance (MC—SPR).
They used a DC—SIGN functionalized surface to evaluate the binding affinity of glycopoly-
mers (Figure 11a), and used gp120 functionalized surfaces for competitive binding studies
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(Figure 11b). It proved that the increase in mannose content was the key to high affinity; by
contrast, the increase in galactose density decreased the affinity for DC—SIGN.
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Figure 11. (a) DC—SIGN —functionalized surfaces were used to evaluate the binding affinity of glyco-
copolymers; (b) gp120—functionalized surfaces are used for competitive binding studies. (Bottom)
Schematic diagram of DC—SIGN and gp120 structure and chemical structure of glycocopolymer.
Figure reproduced from ref. [55] with permission.

Zhang et al. synthesized a series of mannose—based cyclodextrin glycopolymers,
including sugar clusters and star sugar copolymers, by CuAAC Huisgen coupling and
copper—mediated living radical polymerization [56]. These glycoconjugates exhibit high
binding affinity to the lectin DC—SIGN, so that these glycopolymers act as an inhibitor
to prevent the binding of the HIV envelope protein gp120 to DC—SIGN at nanomolar
concentrations. In addition, they also prepared star block glycopolymers and constructed
an intelligent drug delivery system with sugar recognition sites, showing application
prospects in HIV treatment and intelligent drug delivery (Figure 12).

» Recognition shell

i-Gancer / HIV drug

drophobic short PEG

Glycocluster Star glycopolymer Star diblock glycopolymer

Figure 12. Sugar clusters, star type glycopolymers and star block type glycopolymers. Figure
reproduced from ref. [56] with permission.

Recently, Cramer et al. designed a mannose—modified poly —L—lysine complex [53].
Due to the polyvalent effect of sugar, the complex inhibited the binding of SARS—CoV -2
spike protein to DC—SIGN on the cell surface (Figure 13). As a result, the binding amount
of cells pre—incubated with the complex to the virus expressing SARS—CoV—2 spike
protein is greatly reduced, which limits the spread of the virus between different cells.
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Figure 13. Interaction of triazole—based mannose analogues with DC—SIGN cells. Figure reproduced

from ref. [53] with permission.

3.2. Glycopolymers Targeting Virus Surface Lectin

It is difficult to produce vaccines that are effective against multiple existing and emerg-
ing strains of viruses due to virus mutations [57-59]. To prevent infection, preventing the
virus from attaching to the surface of the cell is the general approach to preventing infection
with many viruses, including influenza [60-62]. Viruses can adhere to cells by binding to
glycans on the cell surface; however, by regulating sugar species, density, topology, etc., gly-
copolymers can have a stronger virus—binding capacity. Therefore, using glycopolymers to
recognize viruses can inhibit viral binding to cells. Viruses can recognize various glycans,
such as glycans terminating sialic acids (Neu5Ac), and glycosaminoglycans (GAGs), such
as heparan sulfates (HS). However, the use of natural polysaccharides as inhibitors for
virus recognition may present many challenges to the safety of clinical applications [63,64].
Firstly, the molecules are heterogeneous. The preparations may be mixed with glycans
and contain a variety of impurities. Secondly, as natural glycans, they may also cause
biological side effects due to their inconsistent quality and traces of contamination. In
search of substitutes, synthetic glycomimetics provide the compound more controllability
over its structure. Glycomimetics have been shown to improve stability, bioavailability
and half—life. Moreover, the activities of glycomimetics are comparable or even higher
than their corresponding natural polysaccharides [65]. Based on this, Soria—Martinez et al.
synthesized highly sulfated synthetic glycomimetics designed to mimic heparin and other
natural polysaccharides with high sulfation degree as viral binding/infection inhibitors
(Figure 14). The synthetic glycomimetics can effectively inhibit human papillomavirus
(HPV16) infection in vitro and maintain the antiviral activity in vivo [66].

viral
infection

sulfated glycomimetics

Figure 14. A model of competition between sulfate—like polymers and cellular glycans to inhibit
virus invasion. Figure reproduced from ref. [66] with permission.
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In the molecular basis of influenza virus attaching to cell surface, the viral mem-
brane protein hemagglutinin (HA) binds to the terminal sialic acid residues of cell surface
glycoprotein. Therefore, inhibition of this interaction can effectively prevent influenza
virus infection. Based on this, Watson et al. synthesized a glycopolymer of sialic acid
and acrylamide, which combined sialic acid with HA to produce a blocking effect on the
virus [67]. In addition, the glycopolymer can also block the contact between viruses and
cells by steric effect. Similarly, Liu et al. prepared glycopolymers by reacting monomeric
S—sialoside with polymers that contained maleic anhydride moieties [68]. Hemagglutinin
and neuraminidase interact multivalently with mucin mimic glycoconjugates to inhibit
viral infection. In addition, Li et al. synthesized sialyllactose—based glycopolymers by
RAFT polymerization using a biotinylated chain transfer agent (CTA) and “post—click”
chemistry [69] (Figure 15). The glyco—magbeads were obtained by reacting the biotinylated
glycopolymers with Streptavidin magbeads, and they can be used to selectively capture
influenza viruses.
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Figure 15. Chemical structures and schematic procedure for the preparation of the glyco—magbeads.
Figure reproduced from ref. [69] with permission.

The blocking effect is influenced by a variety of parameters. In addition to the binding
of specific sugars to viruses, the sugar density also affects their binding ability to viruses.
Nagao et al. synthesized glycopolymers bearing sialyllactoses by “post—click” chemistry
and evaluated their interaction with the influenza virus, and they proved that glycoho-
mopolymers are not always the best structures, and the sugar density must be appropriate
to exhibit a cluster glycoside effect as a result of a potential lack of flexibility [70]. More-
over, hemagglutinin has three binding sites on the surface, and the interaction between
glycopolymers and the influenza virus will be enhanced if the polymer length is longer
than the distance between the binding sites of hemagglutinin. Matsuoka et al. prepared
sialyl o2 — 3 lactose(Slac)—based glycopolymer with acryl amide (AAm) as regulator for
the arrangement of sugar density, and the glycopolymers showed inhibitory effects on the
mumps virus [71] (Figure 16). The results showed that the glycopolymer with the lowest
sugar density had the highest inhibitory capacity among three kinds of glycopolymers
with 100%, 71.5% and 41% sugar contents. The results suggest that an appropriate distance
between a sugar residue and the adjacent sugar residue in the glycopolymer is needed as
the glycopolymer with the 41% sugar content is the most effective in binding MuV—HNs
on the viral surface.
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In addition, the topology of the glycopolymers has a significant impact on the bind-
ing ability of viruses. As shown in Figure 17, Nagao et al. synthesized a three—arm
star—shaped glycopolymer containing sialyllactose based on the structure of HA with three
sugar—binding pockets [72]. Precisely synthesized glycopolymers recognize HA on the
surface of influenza viruses and interact with influenza H3N2. Among them, the interac-
tion of the star copolymers with HA depends on the length of the polymer arm. When
the hydrodynamic diameter of star copolymer and the distance between sugar—binding
pockets of HA were comparable, the interaction of the star glycopolymers with HA was
maximized.

l

Controlled
Polymerization

Star Polymers with Glycounits Hemagglutinin

Figure 17. Topological design of star polymers with glycounits (left) and hemagglutinin (right).
Figure reproduced from ref. [72] with permission.

4. Conclusions and Outlook

Glycopolymers have been widely studied in the fields of bacterial detection and
capture, inhibiting bacterial infection, inhibiting viral infection and so on. Additionally, gly-
copolymers may be applied to detect the type of pathogen or to perform precise treatment
without affecting the intestinal flora for practical applications. Glycopolymers have the
ability to recognize proteins specifically, and the binding of glycopolymers with bacteria
and viruses can be improved and regulated by varying sugar type, sugar density and
topological structure. A variety of sugars, such as mannose and glucose, have been chosen
to synthesize glycopolymers that identify bacteria. The current reported articles show great
potential for the application of glycopolymers in the treatment of bacterial and viral infec-
tion, although most reports are still very preliminary. Moreover, the use of glycopolymers is
unnecessary if broad —spectrum sterilization is needed. It should be noted that many bacte-
ria have similar sugar—binding sites towards certain sugars. For example, both Escherichia
coli and Salmonella spp. have binding sites toward mannose. In order to increase specificity,
polymer chain composition, sequence and structure need to be tailored for different bacteria.
The cytotoxicity of glycopolymers is another parameter that needs to be considered. Mam-
malian membranes are rich in cholesterol and composed primarily of lipids with a lower
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net charge compared to bacterial membranes [73]. Therefore, glycopolymers with high
antibacterial activity and low cytotoxicity are required based on the different natures of bac-
terial and mammalian cell membranes. It is worth noting that most synthetic antibacterial
glycopolymers reported in the literature are nondegradable and might stimulate immune
cells to elicit some unknown immune effects, which limits their application in vivo. Inactive
and low —toxic polymers may reduce the possibility of bacteria becoming resistant to them
as well as the accumulation of cytotoxicity in their environment. In addition, new elements,
such as selenium [74] and molecular “needles” or “razors” [75], can be incorporated into
the glycopolymer chain for enhanced antibacterial performance. Regarding the application
in the field of inhibiting virus infection, the reported strategies are divided into two main
types: 1. Binding to virus directly. For example, sialyllactose—containing polymers can
bind to influenza virus and mumps virus. 2. Binding to host cells that are the targets of
the virus, so the virus cannot compete with the glycopolymer to bind to the host cells.
For example, mannose—based glycopolymers can bind to DC—SIGN on the surface of
dendritic cells, which is usually a target of HIV. Glycopolymers with enhanced specificity
and appropriate polymer chain composition, sequence and structure are required. Another
important future direction may be host—directed immunotherapy, as the disadvantages
of pathogen—directed therapeutics include resistance selection and virus mutation. The
effectiveness of cancer immunotherapy has aroused people’s great interest in applying
these methods to treat bacterial and viral infections [74-78]. Glycopolymers have shown
potential in cancer immunotherapy [79,80], which is believed to be a good candidate for
bacterial and viral immunotherapy treatment with proper molecular design.
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