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Monosaccharides are typically employed as targeting ligands in
antimicrobial polymers, yet we discovered that certain glycopoly-
mers prepared by ring-opening metathesis polymerization display
inherent antibacterial activity, despite lacking conventional antimi-
crobial groups. Mannose-functionalized polymers proved potent
against Escherichia coli, which could be rescued by adding excess
mannose to the growth medium.

Bacterial infections are one of the leading causes of mortality
worldwide." The emergence of antimicrobial-resistant (AMR) bac-
terial strains has diminished the effectiveness of antibiotics,>
necessitating development of new treatment methods. Beyond
new small-molecule antibiotics, antimicrobial polymers hold
promise for treating AMR pathogens because they often possess
broad-spectrum antibacterial activity, sustained inhibition,
improved biocompatibility, and less susceptibility to resistance
development by bacteria.>*

Carbohydrates, both in glycopolymers and as small mole-
cules, often play a key role in antibacterial efficacy. For example,
many small-molecule antibiotics, such as macrolides® and amino-
glycosides,® use saccharides in their pharmacophore, while
glycopeptides’ incorporate saccharides to enhance their affinity
for bacterial cell membranes. More broadly, carbohydrates
serve critical functions in many physiological pathways such
as cell signaling, immunity, inflammation, and molecular recog-
nition.>® For example, many pathogens initiate infection by
docking to specific glycans on the surface of targeted cells,"®
such as Escherichia coli, which adheres to oligomannosides."* ™
By mimicking these interactions, glycopolymers can target the
bacterial surface. Consequently, these materials have attracted
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considerable attention in the context of antimicrobial
countermeasures'*'® and other biomimetic interactions.”

Natural glycopolymers have been investigated for antimicro-
bial applications, but diverse sourcing and production processes
often result in batch-to-batch variations.'®" In contrast, synthetic
glycopolymers reduce this variation,* allowing reproducibility
and control over a material’s molecular structure and physical
properties. This control enables the synthesis of materials that
can leverage glycan-mediated recognition by incorporating speci-
fic mono-, di-, or oligosaccharides into the polymer.**** Moreover,
advances in polymerization techniques have enabled the synth-
esis of well-defined glycopolymers with low dispersities.®*
Ring-opening metathesis polymerization (ROMP) is an especially
attractive choice for preparing synthetic glycopolymers due to its
tolerance of a wide variety of functional groups.”*® Typically,
antimicrobial polymers use cationic groups®” or conjugated
antibiotics®® as antimicrobial agents, with glycans serving as
targeting ligands to enhance interactions with bacterial cell
membranes. Here, we investigate the antibacterial properties of
a norbornene-based glycopolymer series, revealing molecular
weight dependent activity even in the absence of other antimicro-
bial moieties.

We synthesized monomers containing four different mono-
saccharides: B-p-galactose, B-p-glucose, B-p-N-acetyl glucose, or
a-p-mannose. We initially attempted to polymerize acrylate-
functionalized monosaccharides (3) directly, but high molecular
weights and narrow dispersities proved challenging to obtain
through controlled radical polymerization of these monomers,
as per previous reports.>”*® Consequently, we investigated
norbornene-based glycomonomers for ROMP.

Historically, norbornene-based glycomonomers are synthe-
sized by installing an (oligo)saccharide onto an existing norbor-
nene monomer; we instead developed an alternative synthetic
strategy where the norbornene is formed directly from an
acrylate-functionalized monosaccharide (Scheme 1). Coupling
norbornene alcohols to a monosaccharide via a Koenigs-Knorr
reaction proved problematic, presumably due to a competitive
reaction between the norbornene alkene and BF;-OEt,. Instead,
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Scheme 1 Synthetic route to norbornene-containing glycomonomers; overall yield of 5 shown in inset.

we directly modified each monosaccharide (1) with 2-hydroxy-
ethyl acrylate (2) using the Koenigs-Knorr reaction, followed
by a Diels-Alder reaction of the resulting acrylate glyco-
monomer (3) with cyclopentadiene (4) to generate the norbor-
nene glycomonomers (5).

This protocol was convenient and could be completed with-
out an intermediate purification step of 3, as 5 was easily
chromatographed. The ethyl norbornene carboxylate glycomo-
nomers (5) were isolated as clear oils with overall yields ranging
from 48% for GlcNAc-5 to 79% for Gle-5, with a ratio of
approximately 70/30 endo/exo norbornene. Hydroxyethyl nor-
bornene carboxylate prepared in an analogous fashion gave a
similar endo/exo ratio.

We polymerized these glycomonomers using ROMP to pro-
duce a series of glycopolymers (Scheme 2). Polymers with four
degrees of polymerization (DP = 50, 100, 250, and 500) were
targeted to evaluate polymer molecular weight effects on anti-
bacterial activity. '"H NMR spectroscopy was used to monitor
the conversion of 5 to 6, showing complete disappearance of 5
after one hour, and the molecular weights of 6 were analyzed
using size-exclusion chromatography (Table 1). General agree-
ment was observed between the theoretical and actual mole-
cular weights. In some cases, however, the dispersity was
higher than often seen in ROMP, possibly due to the nature
of the glycomonomers themselves, which have several heteroa-
toms that may coordinate to the metal center and adversely
affect the polymerization. As ruthenium is known to be cyto-
toxic, residual catalyst was removed by filtering each polymer
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Scheme 2 Synthetic route to glycomaterials (7) via ROMP and deacetylation.
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Table 1 Molecular weight data for peracetylated glycopolymers

Target Actual Target  Actual

Polymer DP DP  Abbreviation M, (kDa) M, (kDa) b

Aco PAC 50 43 Gal-6s, 24.5 22.2 1.10
§ o 100 81  Gal-6500 51.3 41.3 1.16
AcO o 250 228 Gal-6,5 128 117 1.20
OAc ™ 500 353  Gal-6se 256 181 1.14

Gal-6
OAc 50 52 Gle-6sp 25.7 26.8 1.24
100 96  Gle-6100 51.3 49.4 1.21
A0S O 0 250 224 Glebys, 128 115 1.36
OAc * 500 449  Glc-6500 256 230 1.43

Glc-6
OAc 50 36  GlcNAc-6s,  25.7 18.4 1.19
100 87  GleNAc-6,90 51.3 44.6 1.23
Ac%gé&/o 250 215  GIcNAc-6,5, 128 110 1.34
NHAc ® 500 554  GlcNAc-659, 256 284 1.46

GIcNAc-6
OAc 50 43 Man-6s, 25.7 22.0 1.16
OSC 100 80  Man-6,0 51.3 41.1 1.54
Af\‘go 250 242  Man-6,5, 128 124 1.18
o, 500 415  Man®6s, 256 213 1.43
N
Man-6

through a pad of silica gel. Deacetylation of 6 was carried out
using sodium methoxide to produce 7, as indicated by the
complete disappearance of the acetyl CH; signals in the NMR
spectrum.

Disk diffusion assays showed deprotected glycopolymers (7)
did not inhibit the growth of Staphylococcus aureus NorA knockout
mutant (ANorA) but did produce zones of inhibition against E. coli
TolC knockout mutant (ATolC) with the Man-7 glycopolymers
(Fig. 33, ESIt). These strains were selected as weakened repre-
sentatives of Gram-positive and Gram-negative bacteria. The
selectivity towards E. coli is especially promising: Gram-negative
bacteria are particularly difficult to kill due to their outer
membrane, but this feature is presumably targeted by these
glycomaterials based on the lack of activity against S. aureus.

To quantify the activity, broth dilution assays using the four
series of glycopolymers were tested with E. coli ATolC along
with a low-molecular-weight polyethyleneimine (PEI, 600 Da) as
a positive control. Glycomaterials functionalized with mannose
(Man-7) were most effective (Table 2). The activity of the Man-7

This journal is © The Royal Society of Chemistry 2025
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Table 2 MIC assays reveal that the Man-7 glycopolymers best inhibited
the growth of E. coli. PEl used as positive control showed inhibition of
1.25mg mL™*

MIC (mg mL ™)

Gal-7 Gle-7 GlcNAc-7 Man-7
Monomer >5 >5 5 5
DP = 50 >5 >5 2.5 2.5
DP =100 5 5 5 2.5
DP = 250 5 5 5 1.25
DP = 500 5 5 5 1.25

polymers increased with DP, indicating that the molecular
weight likely plays a role in the mode of action. Indeed,
the deacetylated p-mannose glycomonomer had MIC values of
5 mg mL ™" or greater, indicating that the polymeric structure
enhances activity. We performed dynamic light scattering (DLS)
measurements on the mannose-functionalized materials and
observed aggregates of ~100-200 nm at all molecular weights,
with small populations of micron-scale aggregates occurring
with higher molecular weight materials. Consequently, these
polymers are likely interacting with the bacteria in an aggre-
gated form, at least initially. The fact that the aggregates are of
similar sizes for all molecular weights, however, suggests that
the observed molecular weight-dependent inhibition may be
driven by non-aggregated polymer-bacteria interactions.

While the MIC values for the larger mannose glycomaterials
are relatively high, the fact that these glycomaterials show any
antimicrobial activity is surprising. Previous studies treated
sugars only as targeting agents to potentiate the activity of other
moieties, rather than exploring the possibility of their inherent
antimicrobial effects. Man-7 polymers were bacteriostatic at
these concentrations with bactericidal concentrations being 4-
fold greater for the most active polymers (Table S3, ESIt).

As a preliminary evaluation of toxicity against non-bacterial
cells, we conducted a hemolysis assay using the Man-7 polymer
series. The hemolysis assay demonstrated that Man-7 minimally
lysed red blood cells (RBCs) at lower molecular weights (Fig. 1A)
with Man-75, and Man-74,, causing 4.2% and 1.5% lysis, respec-
tively, at the highest concentration tested (5 mg mL™") (Fig. 1B).
However, the Man-7,5, and Man-75, (the best inhibitors of E. coli
with MICs of 1.25 mg mL ") caused 15% and 18% lysis, respec-
tively, at 5 mg mL ™', indicating that membrane interactions
and lysis by these mannose-containing glycomaterials are not
restricted to bacteria. The PEI control did not show significant
lysis of RBCs at the concentrations and incubation time used.

As the disk diffusion assay results showed no activity against
Gram-positive S. aureus, the mechanism of action is likely some
form of interaction with the outer membrane that is present
exclusively in Gram-negative bacteria. In a previous study by Liu
et al.,* modifying PEI with mannose increased the activity of
PEI 22-fold against E. coli through enhanced interaction with
the cell membrane. PEI kills bacteria by rupturing membranes,
a mode of action driven by the positive charges on the polymer.
Mannose-functionalized PEI is hypothesized to bind to FimH
proteins,®” resulting in more effective delivery of PEI to the
E. coli, thereby enhancing activity. While attraction to fimbriae
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Fig. 1 (A) Results of hemolysis assays testing Man-7 polymers at 5 mg mL™.
Negative control is PBS (vehicle), positive control is Triton X-100; (B) results of
hemolysis assays testing mannose-functionalized glycomaterials at various
concentrations.

or another component of the outer membrane is likely with our
mannose-functionalized polymers, the lack of a positive charge
on the polynorbornene backbone suggests the activity of Man-7
may function through a different mechanism.

Cationic amphiphilic polymers are attracted to the negative
charge of the bacterial cell membranes.'*** After binding, their
hydrophobic groups create small pores, enabling fluid entry
that leads to lysis. Man-7 may cause lysis in the same manner,
but its lack of positive charge suggests that the attractive force
is derived from the mannose. Consequently, we hypothesize
that the pendent mannoses are recognized by the cell surfaces,
causing an attractive interaction. Once the mannose glycopoly-
mer and cell surface come into contact, the hydrophobic back-
bone may interact with the lipid bilayer, causing disruption,
with higher molecular weight polymers having an amplified
interaction. Indeed, hydrophobicity has been shown to enhance
antibacterial properties and produce greater hemolytic activity
due to cell membrane disruption.** However, this explanation is
undermined by the lack of activity of the lower molecular weight
materials, which have the same ratio of hydrophobic to hydro-
philic moieties. Molecular weight is clearly playing a central role,
as is mannose functionalization, since the other glycopolymers
did not display similar activity despite having the same backbone.

Alternatively, a combination of mannose-driven attraction
and backbone rigidity may drive activity. The stiffness of the
rings and double bonds of the polymer backbone may transfer
to the cell membrane, producing greater rigidity and reducing
fluctuations, thus preventing growth. The observed bacterio-
static inhibition (Table S3, ESIt) supports an interaction of this
type. This effect would be expected to increase with higher
molecular weights and is in accord with the observed results
(Table 2).%* Furthermore, we probed the ability of free mannose
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to rescue E. coli from the inhibitory polymer by adding 1x and 10x
mass equivalencies of mannose along with the polymer to the
bacterial culture (Table S4, ESIt). No significant change in inhibi-
tion was observed when an equal mass of mannose was present in
the growth medium, but at 10-fold mannose no inhibition was
observed. This finding suggests that sufficiently high concentra-
tions of free mannose can outcompete binding of the Man-7
polymer to the bacterial membrane. These results underscore the
role of mannose recognition in the polymer’s antibacterial activity.

While these data support interaction with the cell surface,
another possibility is that the higher DP polymers may simply
better permeate the membrane and inhibit bacterial growth via
interaction with an intracellular target. Regardless of the mecha-
nism, the higher molecular weight Man-7 polymers showed greater
antibiotic activity, demonstrating that mannose-functionalized
polymers are themselves inherently antimicrobial, even without
traditionally active functional groups.

In conclusion, glycopolymers with pendant monosaccharides
were synthesized to evaluate how polymer composition and mole-
cular weight impact antibacterial properties. We developed a facile
synthesis of norbornene glycomonomers (5) that required only a
single purification and could be polymerized using ROMP. Higher
molecular weight polymers (DP = 250 and 500) were effective at
inhibiting E. coli, and MIC assays revealed that the mannose-
functionalized polymers showed bacteriostatic inhibition at con-
centrations as low as 1.25 mg mL ', similar to the known
antimicrobial polymer PEIL These results demonstrate that sacchar-
ides cannot be treated merely as targeting agents on antibacterial
polymers but can contribute antimicrobial activity themselves.
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