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Recent developments in antimicrobial polymers
for biofilm inhibition
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Biofilm-associated infections continue to present a formidable clinical challenge, as surface-adhered

microbial communities exhibit remarkable tolerance toward conventional antibiotics. Polymeric materials

have emerged as a versatile platform for combating biofilms, offering chemical tunability and enabling

diverse antimicrobial strategies. This feature review article highlights recent advances in polymeric

materials designed to prevent biofilm-associated infections by resisting bacterial adhesion (passive

inhibition) or exerting bactericidal effects (active inhibition). These approaches include antifouling

surfaces, polymer–nanoparticle composites, and bioinspired materials. Particular attention is given to

how polymer structure and functionality (e.g., hydrophobicity, charge, and network architecture) govern

bacterial adhesion and viability at interfaces. Emerging glycomaterials are also discussed, where glycan

motifs are integrated with nanoparticles or cationic domains to enhance biofilm penetration and antimi-

crobial efficacy. Collectively, these studies underscore the potential of polymeric materials to modulate

microbe–surface interactions, thereby guiding the design of next-generation antibiofilm materials.

Introduction

The human body hosts trillions of microbes, including bac-
teria, viruses, fungi, and archaea.1 This diverse community,
collectively known as the microbiome, exists in a balanced
symbiosis with the host. Bacteria are especially influential
and abundant. They line our skin as an additional protective
barrier and immune regulator,2,3 form biofilms in the oral
cavity,4–6 and densely populate the gastrointestinal tract, where
they support digestion,7,8 nutrient absorption, and metabolite
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production.9 However, even minor disruptions to this balance
can have profound consequences, as microbial species can
rapidly proliferate and cause disease. The 20th century saw a
dramatic reduction in bacterial infections due to the develop-
ment of antibiotics and improved sanitation. Today, many
bacterial infections can be treated with short courses of anti-
biotics, which disrupt key processes such as cell wall synthesis,
protein production, or nucleic acid replication.10 Yet two chal-
lenges limit their long-term effectiveness. First, because bac-
teria reproduce rapidly, even a few surviving cells can acquire
mutations and develop resistance. Second, bacteria can transi-
tion from free-floating (planktonic) cells to surface-attached
biofilms—a multicellular state that protects them from anti-
biotics and immune cells while anchoring them to surfaces
such as tissues or medical devices (Fig. 1).11,12

Biofilms are particularly problematic in clinical settings. On
indwelling medical devices, such as urinary catheters, they

Fig. 1 Free-floating bacteria can aggregate into larger biofilms on indwel-
ling medical hardware surfaces (e.g., catheters, shunts, etc.) and then
disperse to form new colonies. Polymers can disrupt this process through
either passive (antifouling) or active (bactericidal) inhibition mechanisms.
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resist clearance and seed chronic infections. In wounds, bio-
films promote persistent inflammation and treatment failure;
for example, most diabetic foot ulcers that progress to lower-
limb amputation are biofilm-infected, with serious impacts on
morbidity and short-term survival.13,14 Similarly, catheter-
associated urinary tract infections (CAUTIs)—driven by biofilm
formation that begins within days of catheter insertion—are
among the most common hospital-acquired infections (HAIs).
Annually, CAUTIs afflict hundreds of thousands of U.S.
patients and contribute to thousands of deaths.15 In fact,
CAUTIs account for 30–40% of all HAIs, globally.16

Current clinical strategies are largely reactive, relying on device
removal, and prolonged antibiotic regimens. Unfortunately,
these approaches are often ineffective, contribute to antimicro-
bial resistance, and disrupt the patient’s microbiome. Prevent-
ing biofilm formation altogether represents an urgent yet
unmet need in the medical field.

This review highlights emerging polymer-based strategies
designed to prevent or disrupt biofilm formation on medical
devices. First, we outline the biology of biofilm formation and
the structural features that make these microbial communities
so recalcitrant to treatment. We then discuss how polymer
design has been leveraged to develop two main classes of
antibiofilm materials: active polymers, which kill bacterial cells
directly, and passive polymers, which create antifouling bar-
riers that block bacterial adhesion (Fig. 1). By examining these
approaches, we aim to clarify both the challenges and the
opportunities for translating polymeric antibiofilm technol-
ogies into clinical practice.

Biofilm formation

Bacterial biofilms contribute to the spread of infectious dis-
eases and are frequently implicated in persistent chronic
infections.17,18 Biofilm formation proceeds through several
distinct stages (Fig. 2).3,19,20 Initially, free-roaming (planktonic)
bacteria attach to a surface. This early attachment is followed
by microcolony development, during which cells proliferate
and secrete extracellular polymeric substances (EPS)—a matrix
primarily composed of polysaccharides, proteins, and nucleic
acids—to which additional bacteria can adhere.21 As the bio-
film matures, cells embedded within the EPS can detach and
revert to the planktonic state, enabling dispersal and the
seeding of new biofilms.19,20 The EPS functions as both a
physical and chemical barrier, impeding antibiotic penetration

and shielding resident bacteria from host immune
defenses.22,23 This protective environment contributes to the
persistence and pathogenicity of device-associated
infections.24–26

Bacterial biofilms are a major contributor to HAIs, which
substantially increase patient morbidity and mortality.27

Device-associated infections are responsible for 25.6% of
HAIs,28 and are commonly associated with biofilm-forming
pathogens, which can be endogenous bacteria or exogenous
bacteria introduced during device insertion.27,29–32 Addition-
ally, an estimated 80% of chronic and surgical site infections
are attributable to biofilm-forming organisms.33 These biofilm-
associated infections are most frequently associated with Sta-
phylococcus aureus (S. aureus), Pseudomonas aeruginosa (P. aer-
uginosa), Escherichia coli (E. coli), Staphylococcus epidermidis
(S. epidermidis), and Enterococcus faecalis (E. faecalis), all of
which originate from either the patient’s microbiota or
hospital-acquired sources.33,34

Strategies to control biofilms generally focus on preventing
their formation or eradicating established communities. Both
approaches are hindered by the widespread emergence of
antibiotic resistance.35 Most clinically used antibiotics are
derived from microbial natural products and act by targeting
essential cellular processes.36,37 However, these agents typically
act on a single target, and many have already been compro-
mised by resistance. This problem is further exacerbated by
antibiotic pollution from hospitals, agriculture, aquaculture,
and industry, which causes bacteria to be exposed to sub-
minimum inhibitory concentrations (sub-MIC) of antibiotics.
This low-level exposure drives the selection and dissemination
of resistance genes.38–44

The distinct physiology of biofilms further limits antibiotic
efficacy by restricting diffusion of drugs through the matrix and
reducing metabolic activity such that metabolism-targeting
drugs become less effective.45–48 The development of new
antibiotics is slow, costly, and high risk; research into just
one antibiotic can span 10–14 years and require a company to
invest roughly $1 billion.49,50 However, only a few drug candi-
dates ever enter clinical use.51 Most new agents are structural
analogues of existing drugs rather than scaffolds with novel
mechanisms, and high-throughput screening has likewise
failed to substantially expand the scope of novel small-molecule
antibiotics.52 These limitations have prompted growing interest
in polymers as alternative antimicrobial materials, due to their
structural versatility and ability to act as antibacterial or anti-
fouling agents, or as coatings that integrate multiple antimi-
crobial mechanisms.

Antimicrobial coatings

Medical devices represent a persistent point of vulnerability for
infection, as their surfaces readily serve as substrates for
bacterial adhesion and subsequent biofilm formation. Biofilms
are especially problematic because they display an intrinsic
resistance to conventional antibiotic therapies, rendering many
infections difficult to eradicate once established.53 To address
this challenge, polymeric coatings have emerged as aFig. 2 Steps of biofilm formation and colonization of surfaces.
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particularly attractive strategy. These materials can act at the
earliest stage of infection, primarily by preventing the adhesion
of planktonic bacteria to device surfaces. Hydrogels, thin films,
and related polymeric constructs not only provide a protective
barrier between the device and its biological environment but
can also be engineered to incorporate bioactive agents that
actively interfere with microbial colonization (Fig. 3).54 In doing
so, coatings on indwelling medical hardware offer a route to
reducing infection risk by inhibiting bacteria before a mature
biofilm can form.

Protein- and peptide-containing hydrogels. Hydrogels are
hydrated polymeric networks that form a soft, water-rich
interface.55 By establishing a tightly bound hydration layer,
these materials create a barrier that prevents protein adsorp-
tion and bacterial attachment.56 Aside from these advanta-
geous antifouling behaviours, many hydrogels are also
moldable, biodegradable, or capable of encapsulating antimi-
crobial agents.57 Hydrogel coatings have been used for various
biomedical applications ranging from wound dressings to coat-
ings for indwelling medical hardware, such as catheters or
orthopedic implants.58–60 One promising strategy is to incor-
porate antimicrobial proteins into hydrogel matrices. These
proteins can maintain high antibacterial efficacy, while also
lowering the likelihood of resistance development.60 For exam-
ple, Pavlukhina et al. developed a layer-by-layer approach in
which an enzyme, dispersin B, was loaded into glutaraldehyde-
crosslinked polyallylamine.60 In this study, the authors
increased enzyme content with increased hydrogel layers,
resulting in non-eluting enzymatic antibiofilm coatings capable
of multi-day antimicrobial activity. The success of such a
multilayer hydrogel–protein system highlights a broader oppor-
tunity for the field: designing non-leaching, surface-active coat-
ings that maintain long-term antimicrobial performance
without continuous drug release.

Relatedly, antimicrobial peptides (AMPs) are short, low-
molecular-weight biopolymers (typically 12–50 amino acids

long) that can be integrated into hydrogel networks as active
antimicrobial components.61 Unlike passive antifouling coat-
ings, AMP-containing hydrogels can exert direct antimicrobial
activity.62 Their ability to disrupt bacterial membranes while
inducing minimal resistance has made AMPs attractive candi-
dates for biomedical applications.62–64 Moreover, many AMPs
are also capable of self-assembly, enabling the creation of
peptide-only hydrogel coatings that resist colonization while
mimicking aspects of native extracellular environments.
Finally, AMPs’ intrinsic properties—low immunogenicity, high
structural versatility, and biodegradability—further facilitate
their application in coatings for medical devices.65,66

Recent efforts have focused on developing synthetic peptide
mimics with tunable functionality.67–72 For example, Kumar
and coworkers reported an antibacterial hydrogel using
naphthyl anthranilamide (NaA)-capped peptide mimics. These
short peptide sequences, synthesized via ring-opening polymer-
ization (ROP) of isatoic anhydride followed by the incorpora-
tion of cationic substituents, yielded a library of amphiphilic
peptide analogues that could form nanofibrous networks. This
library consisted of ultra-short NaA-capped peptides with varied
cationic group, anthranilamide-core substituent, or counter
ion. The authors observed that peptide mimics containing
primary ammonium groups were the most effective
antibacterials.73 Continuous nanofiber release was observed
when testing against S. aureus, allowing antibacterial efficacy
to last over nine days. The authors noted that the choice of
cationic group significantly influenced the hydrophobicity–
hydrophilicity balance of the overall material.73 This study
demonstrates the potential of peptide mimics as dynamic
antimicrobial coatings.

Polyethylene glycol. The antifouling potential of polyethy-
lene glycol (PEG) was first explored in the 1980s and early
1990s. These early studies focused on blood-contacting bioma-
terials, where the strong hydration and charge neutrality of PEG
were shown to greatly reduce protein adsorption and cell or
platelet adhesion.74–76 Since then, PEG-based hydrogels have
been extensively studied as antifouling materials. For example,
Hult and co-workers developed photocured thiol–ene hydrogel
coatings from PEG to investigate how PEG chain length,
terminal vinyl groups, and thiol crosslinkers influenced degra-
dation and antifouling behaviour.77 Coating degradation is a
critical parameter because the adherence and biofilm for-
mation of microbes results in accelerated surface degradation
and corrosion, as well as increased surface roughening.77

Increasing PEG chain length improved protein and microbial
resistance, but it also accelerated the hydrogel’s degradation.77

Although PEG effectively delays microbial adhesion, its
protection is fundamentally passive. To expand its utility,
PEG has frequently been combined with antimicrobial
agents to provide both passive and active inhibition.27,78–82

For example, Bernthal and coworkers developed a ‘‘smart’’
antimicrobial implant coating using branched PEG-
poly(propylene sulfide) that encapsulates and releases antibio-
tics (vancomycin and tigecycline).83 In a murine implant model,
this coating significantly reduced bacterial load in both the

Fig. 3 Overview of different types of antimicrobial polymer coatings.
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implant and adjacent tissue, with tigecycline outperforming
vancomycin.

Similarly, Sileika and colleagues engineered a PEG–silver
nanoparticle (AgNP) coating on polydopamine-coated polycar-
bonate substrates.84 In this system, PEG slowed the release of
AgNPs, extending their activity from 6 to Z10 days while
simultaneously enhancing bactericidal performance against
E. coli, P. aeruginosa, and S. epidermidis. PEG grafting also
improved antifouling by reducing bacterial attachment relative
to the AgNPs or polydopamine alone. AgNPs and their incor-
poration into coatings have been well investigated for their
broad-spectrum antimicrobial effects,85–90 largely driven by
enzymes (particularly sulfhydryl-containing enzymes) interact-
ing with silver, which blocks enzymatic processes and causes
membrane destabilization.86 Together, these studies illustrate
PEG’s dual role as a passive antifouling barrier and as a
versatile scaffold for incorporating antimicrobial agents.

However, PEG coatings have several drawbacks. First, they
are insufficient once biofilms have become established, under-
scoring the need for more active approaches. Second, PEG’s
long-term clinical use is problematic due to the emergence of
patients who express anti-PEG antibodies.91,92 Efforts have
been made to design PEG-alternatives that maintain PEG’s
desirable properties (e.g., inertness, hydrophilicity) while
avoiding such negative biological side effects: polyglycerols,
poly(2-oxazolines), and poly(acrylamides) are some of many
options.93,94

Furthermore, many PEG-alternatives have been investigated
as antifouling coatings, and some coatings even display anti-
bacterial activity.95 For example, recent studies have looked at
sulfoxide-containing polymers for their antifouling properties
in nanoparticle drug delivery,96,97 and sulfoxides are further
known to possess antibacterial properties when incorporated
into a PEG backbone, highlighting their potential in antibio-
film applications.98 As the field continues to investigate novel
PEG-alternatives, those that display antibacterial activity may
find further utility as biofilm inhibitors. Interested readers can
consult several recent review articles for more expansive dis-
cussions on this growing field.99–102

Polydopamine. The clinical translation of antibacterial coat-
ings is often limited by interfacial incompatibilities that hinder
adhesion across diverse substrates (e.g., medical devices).84

Inspired by the adhesive proteins secreted by mussels,
surface-initiated polymerization of dopamine has emerged as
a versatile strategy to address this limitation. Dopamine spon-
taneously oxidizes to form polydopamine, producing thin,
conformal films that adhere strongly to virtually any substrate
and can subsequently be functionalized with antimicro-
bial agents to inhibit bacterial colonization and biofilm
development.84,103 Although polydopamine has been
reported to exert some intrinsic antibacterial effects, particu-
larly against S. aureus, E. coli, and P. aeruginosa, its most
common role is as an adhesive interface for immobilizing
antimicrobial agents to a surface.104–106 In this capacity, poly-
dopamine provides a robust platform for the incorporation of
antibiotics, metals, or polymeric antimicrobials into coatings

that can be applied to indwelling medical hardware to reduce
HAIs (Table 1).

For example, Schulz and co-workers developed an antibio-
film catheter coating using a polydopamine-antibiotic (genta-
micin) composite (PD-Gent).106 The authors found that when
synthesizing these coatings with dopamine concentrations
41.0 mg mL�1, the composite was unable to inhibit the growth
of planktonic P. aeruginosa and biofilm formation. However,
when these coatings were synthesized with less dopamine
(0.25–1.0 mg mL�1), PD-Gent was consistently effective against
bacterial colonies, despite containing less gentamicin. This
change in bactericidal activity was attributed to polydopamine
aggregates present at higher polydopamine concentrations that
likely prevented antibiotic–bacteria interactions. The PD-Gent
coating remained effective when changing the underlying sub-
strate (polystyrene, polyvinyl chloride, or silicone) or the anti-
biotic (tobramycin, amikacin), demonstrating the versatility of
this approach. Finally, the authors evaluated their coating’s
effectiveness by simulating bacteriuria flow through coated
commercial foley urinary catheters. After 24 hours the PD-
Gent–coated catheters generated a 3-fold reduction in biofilm
formation compared to the uncoated catheters.

Nanomaterials. Nanomaterials have attracted considerable
attention as antibacterial and antibiofilm materials, building
on the extensive research into their use as medical therapeutics
and diagnostics.122 Beyond roles in imaging, many nanomater-
ials exhibit intrinsic antibacterial activity, or can be engineered
to disrupt biofilms. For example, metallic nanoparticles can
generate heat through magnetic hyperthermia (e.g., using iron
oxide nanoparticles), act as carriers for antibiofilm agents, or
directly exert bactericidal effects through metal–microbe
interactions (e.g., gold and silver nanoparticles).123–129 These
properties can be further enhanced by incorporating nano-
particles into polymer matrices, yielding a hybrid system that
integrates the mechanical stability and processability of

Table 1 Examples of polydopamine facilitating attachment of antimicro-
bial agents to various surfaces

Antimicrobial agent Polydopamine-coated surface Ref.

H2O2-generating catechol Polypropylene 107
Silver nanoparticles (AgNPs) Silicone 108

Polycarbonate 84
Polymer-ceramic composite 109
Titanium 110 and

111
Sulfobetaine Silicone 112
e-polylysine/gum arabic
layer-by-layer assembly

Anodized titanium 113

Lipopeptide Polyurethane 114
Nitric oxide Glass 115

Titaniuma 116
Iron oxide Nanoparticles 105
Siliconea 117
Selenium Nanoparticlesb 118

Cu2+ Titanium 119
Vancomycin Titanium 120
Curcumin Titanium 121

a Nitric oxide was generated in situ assisted by copper. b Nitric oxide
was generated in situ assisted by selenium.
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polymers with the antimicrobial and cytotoxic activity of metal-
lic nanoparticles.130 Such polymer–nanoparticle composites have
been investigated as antibiofilm coatings for catheters, which
remain prone to persistent biofilm-associated infections.123–129,131

Polymer–nanoparticle composites are particularly attractive
due to their tuneable physiochemical properties (i.e., particle
size, morphology, metal identity, and polymeric surface coat-
ing), which can be adjusted to modulate stability and antimi-
crobial activity.132–137 For example, Rahaman et al. synthesized
copper nanoparticles stabilized with poly(vinyl pyrrolidone)
(PVP) or poly(vinyl alcohol) (PVA), demonstrating the advan-
tages of polymer coatings in nanoparticle stabilization and
antibiofilm performance.138 Both formulations significantly
reduced the growth of planktonic bacterial cells (with slightly
greater inhibition against S. aureus) and diminished exopoly-
saccharide production, suggesting that polymer coatings can
not only stabilize copper nanoparticles against aggregation and
oxidation, but also enhance overall antibiofilm performance.

Beyond metallic systems, non-metallic polymer-based nano-
materials have been increasingly explored for antibiofilm appli-
cations. These systems include nanoemulsions,139,140

nanogels,141,142 and polymeric nanoparticles that frequently
incorporate biological or synthetic components such as cell
membranes,143,144 lipids,145,146 natural polymers,147–149 or syn-
thetic polymer matricies.142,150,151 Usually, the nanomaterial’s
primary function is to facilitate the targeted delivery of anti-
microbial agents within the biofilm matrix. For example,
Anjum et al. synthesized poly(lactic-co-glycolic acid) (PLGA)
nanoparticles loaded with xylitol and functionalized with con-
canavalin A for treating S. aureus and P. aeruginosa biofilm
infections.152 Free xylitol poorly penetrates the biofilm matrix;
however, when delivered via PLGA nanoparticles, the authors
observed improved penetration and biofilm inhibition. In fact,
the xylitol-loaded nanoparticles successfully permeated S. aur-
eus biofilm, P. aeruginosa biofilm, and a polymicrobial biofilm
with both bacterial species after 30 minutes. Live/dead viability
assays corroborated these findings, revealing markedly greater
biofilm eradication by xylitol-loaded nanoparticles compared to
free xylitol. The authors attributed this enhanced activity to the
improved transport of the nanoparticles through the biofilm
matrix, enabling localized drug release. This study highlights
the promising ability for nanoparticles to overcome the physi-
cal and chemical barriers that impede conventional drug
delivery.

Overall, nanomaterials provide a powerful toolkit for anti-
biofilm intervention by enhancing targeting and penetration.
Nevertheless, several translational challenges remain. Many
nanomaterial synthesis strategies are complex and difficult to
scale up, and the toxicity profiles of these materials must be
evaluated in a case-specific manner. Additionally, most
advances remain confined to the laboratory scale at present.
Bridging the gap between lab and clinic will require the
development of reproducible, scalable synthetic methodolo-
gies, comprehensive long-term toxicity studies, and rigorous
clinical evaluations to fully realize the therapeutic potential of
nanomaterials.

Cationic polymers

Cationic polymers are one of the most widely explored classes
of antimicrobial materials because they can bypass conven-
tional mechanisms of antibiotic resistance.153 Their activity
typically relies on two synergistic features: a cationic moiety
that promotes electrostatic adsorption to the negatively
charged cell membrane of the bacteria, and hydrophobic
groups that insert into the lipid bilayer to destabilize the
membrane and cause cell lysis.154 Common cationic function-
alities include quaternary ammonium (QAC), imidazolium,
guanidinium, pyridinium, triazolium, and phosphonium
groups, which can be introduced directly into polymer back-
bones or pendant side chains, or formulated as ionic liquids
(Table 2).155,156 By varying charge density and hydrophobicity–
hydrophilicity balance, these polymers can be tailored to opti-
mize antimicrobial potency while maintaining biocompatibil-
ity. A wide range of structural motifs have been explored to
exploit this charge–hydrophobicity balance, which highlights
how variations in cationic group and backbone architecture
influence antibacterial efficacy and cytocompatibility (Table 2).

Table 2 Representative examples of cationic polymers showing antibac-
terial efficacy

Polymer backbone Strain MIC mg mL�1 Ref.

E. coli and S. aureus. 1 157

E. coli and S. aureus. 62.5 158

E. coli 18 159

MRSA 50

160

E. coli 25–50

B. subtills 4

161

S. aureus 4
E. coli 2–4
E. faecalis 2
E. faecium 4
K. pneumoniae 2–4
A. baumannii 2
P. aeruginosa 4
M. smegmatis 2.5
M. tuberculosis 25
E. cloacae 2–4
MRSA 2
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Recently, selenium-based cationic polymers have garnered
significant interest due to their promising antimicrobial
performance.162–165 For example, Zhu and coworkers developed
a degradable family of selenium-containing polyesters
via ring-opening polymerization of selenide-functionalized
e-caprolactone monomers, followed by methylation to yield
polyselenonium salts.157 In this study, four variants with side
chains of differing hydrophobicity—C3, C5, C10, and phe-
nyl—were prepared, with degrees of polymerization between
12 and 13. All four polymers exhibited potent antibacterial
activity against E. coli and S. aureus while maintaining good
mammalian cell viability at biocidal concentrations. Among
them, the phenyl-substituted polyselenonium salt displayed the
lowest MIC (1 mg mL�1) and minimum bactericidal concen-
tration (MBC) (2 mg mL�1), along with superior biocompatibility
(before and after degradation) compared to its alkyl-substituted
counterparts. Hydrophobicity was identified as a key determi-
nant of efficacy: moderate hydrophobicity (C5 or phenyl)
enhanced bacterial killing, whereas excessively long alkyl
chains (C10) reduced solubility and biocompatibility (Fig. 4).

In this report, mechanistic studies using zeta potential and
quartz crystal microbalance revealed that cationic selenium
species first adsorb electrostatically onto the bacterial surface,
shifting cell surface potentials from –43.6 mV to –7.4 mV
(E. coli) and –34.3 mV to –3.79 mV (S. aureus). Subsequent
insertion of hydrophobic groups into the lipid bilayer caused
membrane disruption, collapse, and cytoplasmic leakage.
Importantly, cytotoxicity assays showed 480–90% fibroblast
viability at antibacterial concentrations, and biocompatibility
further improved upon polymer degradation. These results

suggest that phenyl-substituted polyselenonium salts offer an
optimal balance of hydrophobicity, antimicrobial potency, and
safety, making them promising candidates for antibacterial
coatings.157

Finally, there has been recent interest in developing
polyurethane-based cationic biofilm inhibitors, as polyur-
ethanes are already frequently used when fabricating medical
devices.166–169 For example, work from the Joy lab has featured
polyurethanes with fixed charge-to-hydrophobicity ratios
(60:40) that incorporate amino acid mimetics: arginine or
lysine mimetics for cationic functionality and alanine or phe-
nylalanine mimetics for hydrophobic character. Though the
charged polyurethanes generally exhibited poor activity against
planktonic bacteria (MICs 4250 mg mL�1 were predominately
observed), the materials consistently inhibited biofilm colony
growths of E. coli, P. aeruginosa, and S. aureus at significantly
lower concentrations (MICs o8 mg mL�1). This stark difference
in activity can be explained, in part, by the fact that the
materials derive their activity not from typical bactericidal
mechanisms (e.g., cell membrane rupturing) but instead from
disrupting key processes in biofilm development. Primarily the
polymers prevented colony formation by altering the bacteria’s
cell surface charge and by reducing bacteria swarming motility,
or the bacteria’s ability to migrate across surfaces.167

Antibiofilm glycopolymers

Cell surfaces are coated with a dense layer of glycosylated
biomolecules, collectively known as the glycocalyx. These
surface glycans mediate diverse molecular recognition events,
and many bacteria display lectins that specifically bind to host
glycans, enabling adhesion and initiating biofilm formation.170

These interactions between sugar-binding sites and cell-surface
glycans are crucial biological events that have often been
exploited to develop biomimetic molecules.171,172 Drawing
inspiration from these natural recognition processes, synthetic
glycopolymers—polymers bearing pendant carbohydrate moie-
ties—have been developed to mimic the glycocalyx and mod-
ulate cell–microbe interactions.

Across Gram-negative and Gram-positive species, bacteria
typically develop resistance against conventional antibiotics
through five mechanisms: enzymatic drug degradation, target
modification, altered porin expression, efflux pump activity,
and biofilm formation.173,174 However, bacteria are unable to
circumvent interactions with glycopolymers through such
mechanisms. By targeting highly conserved bacterial structures
such as fimbriae, glycopolymers use an inhibition mechanism
with a lower risk for resistance development.175–177

Glycopolymers leverage the principle of multivalency,
wherein multiple carbohydrate units along the polymer back-
bone simultaneously engage multiple bacterial lectins (Fig. 5).
These interactions are facilitated through cooperative binding,
with affinities far exceeding those of individual monovalent
interactions.178 For example, single carbohydrate–protein inter-
actions typically exhibit dissociation constants (Kd) in the
millimolar range. Multivalent analogues can enhance binding

Fig. 4 Heatmap of MBCs and MICs for polyselenoniums. Reproduced
from ref. 157 with permission from the American Chemical Society, copy-
right 2022.

ChemComm Feature Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/9

/2
02

6 
12

:3
2:

55
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc06617d


Chem. Commun. This journal is © The Royal Society of Chemistry 2026

by several orders of magnitude, reaching micromolar to nano-
molar affinities.179–181

Antibacterial glycopolymers typically incorporate additional
antimicrobial motifs, such as cationic side chains, to couple
competitive binding with direct bactericidal activity (see Table 3
for a summary of these materials). However, unfunctionalized
glycopolymers can also inhibit bacteria. By presenting sugars in
a multivalent manner, glycopolymers can outcompete native
glycans for bacterial lectins and inhibit growth. For example,
Schulz and coworkers demonstrated this strategy using glyco-
polymers prepared via ring-opening metathesis polymerization.
Polymers with mannose side-chains selectively inhibited E. coli
growth, consistent with the high affinity of Type 1 fimbriae for
a-D-mannose residues.85 Typically, Type 1 fimbriae on the E. coli
pathogen selectively recognize terminal a-D-mannose residues
on host polysaccharides to mediate adhesion and initiate
biofilm formation.182 This study demonstrates the ability of
unfunctionalized glycopolymers to inhibit bacterial growth
without the addition of conventional antibacterial moieties.

In this review we discuss only materials developed to inhibit
or disrupt biofilm formation. For further information on anti-
bacterial glycopolymers more broadly, we direct readers to
several excellent reviews of the field.183–185 Here, we divide
antibiofilm glycomaterials into three categories: unfunctiona-
lized glycopolymers, cationic glycopolymers, and glycosylated
nanomaterials (Fig. 6).

Unfunctionalized glycopolymers. Unfunctionalized glycopo-
lymers represent a distinct class of antibiofilm materials
wherein the material’s activity arises exclusively from the
presence of pendant saccharides. Rather than relying on an
intrinsic bactericidal mechanism, these polymers act through a
passive mechanism: multivalent sugars along the polymer
backbone engage bacterial adhesins and disrupt the early

stages of surface colonization. Importantly, this inhibition
occurs without compromising bacterial viability. This antibac-
terial activity echoes the natural role of the mucin glycoproteins
in mucus, where sugar-mediated interactions suppress adhe-
sion and slow biofilm development. While the nonbiocidal
nature of these materials may limit applications requiring
direct bactericidal action, it also presents opportunities in
designing antifouling materials for cases where preserving
the native microbial balance is desirable.175–177,186–191 Such
passive strategies highlight the potential of glycopolymers to
modulate host–pathogen interactions while minimizing selec-
tive pressure for resistance, and the passive inhibition para-
digm has motivated efforts to translate unfunctionalized
glycopolymers into practical antibiofilm materials.192–196

Several studies have drawn inspiration from natural, mucin-
mediated suppression of bacterial colonization. For example,
Werlang et al. developed silk-based glycopolymers functiona-
lized with a series of different monosaccharides: N-acetyl
glucosamine (GlcNAc), N-acetyl galactosamine (GalNAc), N-
acetyl neuraminic acid (Neu5Ac), galactosamine (GalN), and
glucosamine (GlcN) (Fig. 7).177 The authors then evaluated each
polymer’s ability to inhibit Streptococcus mutans (S. mutans)
biofilm formation.177 Only glycopolymers that contained Gal-
NAc or Neu5Ac demonstrated biofilm reduction compared to
media controls. The authors also compared the polymers’
antibiofilm efficacy against that of native mucus. Native mucus
(containing highly glycosylated serine, threonine, and proline
domains) reduced biofilm formation by 70%, compared to
GalNAc- and Neu5Ac-functionalized polymers, which showed
a 98% and 40% reduction, respectively. Mechanistic studies
revealed distinct modes of action. Neu5Ac-containing polymers
decreased planktonic viability of S. mutans, while GalNAc-
containing polymers suppressed biofilm formation by directly
interfering with bacterial adhesion without affecting cell viabi-
lity. On the other hand, GlcNAc-containing polymers induced
biofilm growth. These findings illustrate how changing the
glycan identity can generate distinct pro- or antibiofilm
pathways.

Glycopolymers have also been explored as synthetic mimics
of host–bacteria interactions, leveraging sugar–lectin binding
events to block bacterial adhesion and subsequent biofilm
formation. In P. aeruginosa, the LecB lectin recognizes L-
fucose and D-mannose residues on host cell surfaces. Inspired
by these interactions, Hartmann and coworkers, synthesized a-
L-fucose–functionalized polyamide oligomers (1.9–3.0 kDa) that
outcompeted host glycans in binding LecB. These synthetic
glycopolymers effectively disrupted bacterial adhesion and
suppressed biofilm production by 15–20%, illustrating the
potential of targeted lectin–ligand interactions as a design
principle for antifouling materials.197 However, no clear trend
in antibiofilm activity emerged from changing the fucose
content, even though LecB-binding assays confirmed that
polymers with a higher fucose density displayed stronger
interactions between polymer and lectin, consistent with multi-
valent binding principles. These results suggest that P. aerugi-
nosa biofilm development is governed by processes more

Fig. 5 Monovalent (glycan) vs. multivalent (glycopolymer) interactions
with bacteria lectins.

Fig. 6 Major classes of glycomaterials that are designed to inhibit biofilm
formation.
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complex than LecB–carbohydrate recognition alone, underscor-
ing the limitations of purely passive glycopolymer strategies.

Though unfunctionalized glycopolymers demonstrate that
glycan presentation alone can weaken bacterial adhesion and
biofilm formation, these materials’ activity remains highly
specific to the glycan–pathogen pairs they mimic. This specifi-
city limits their utility as broad-spectrum antifouling
agents. This limitation is potentially addressed by designing
active glycopolymers that combine adhesion-blocking motifs

with bactericidal or disruptive functionalities. Such dual-
acting materials may offer more robust and generalizable
antibiofilm performance, bridging the gap between passive
mimics of mucin and fully synthetic antimicrobial polymers.
Nevertheless, unfunctionalized glycomaterials have provided
the glycopolymer community with key fundamental insights
into polymer-bacteria interactions.

Cationic glycopolymers. Cationic polymers have emerged as
a widely adopted framework for designing antibacterial

Table 3 Examples of glycopolymers showing antibiofilm efficacy against different bacterial strains. Abbreviations: Photothermal therapy (PTT),
photodynamic therapy (PDT), quaternary ammonium compound (QAC), gold nanorods (AuNRs), nanoparticle (NP)

Glycan a/b Active moiety Polymer backbone Strain Ref.

b N/A Dendritic peptide P. aeruginosa 194
b QAC Chitosan P. aeruginosa 200
b PDT/QAC Polyacrylate P. aeruginosa, E. coli, S. aureus,

and B. amyloliquefaciens
203

b CuS NP/ Photothermal therapy (PTT) Polymethacrylate P. aeruginosa, S. aureus 207
b Gold nanorods (AuNRs) Polymethacrylate P. aeruginosa 211
b AgNP Polyacrylamide S. mutans, E. coli, S. aureus,

P. aeruginosa
212

b Tobramycin Polyacrylamide P. aeruginosa 225
b Spiropyran (PTT) Polyacrylate P. aeruginosa 214
b Guanidine (cationic)/BODIPY (PDT) Polymethacrylate S. mutans 226
b BODIPY (PDT) Polymethacrylate P. aeruginosa 227
b Graphene oxide NP PEG linker P. aeruginosa 217

a QAC Chitosan P. aeruginosa 200
a/b AuNRs Polymethacrylate P. aeruginosa 211
b Graphene oxide NP PEG linker P. aeruginosa 217
a/b AuNRs Polymethacrylate P. aeruginosa 175
a N/A Oligo(amido amine) P. aeruginosa 228

a Graphene oxide NP PEG linker P. aeruginosa 217
N/A Lysine (cationic) Block co-beta peptide A. aureus, MRSA, S. aureus,

S. agalactiae, S. pyogenes,
S. pneumonia, E. faecalis

229
230

a Tobramycin Polyacrylamide P. aeruginosa 213
a Cu/AgNP Pentaerythritol dendrimer core E. coli 208

b N/A Silk fibroin S. mutans 177

a/b AgNP/QAC Polyacrylamide P. aeruginosa, E. coli,
S. aureus, and B. amyloliquefaciens 210
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materials, due to their capacity to disrupt bacterial membranes
and maintain efficacy against drug-resistant strains. The incor-
poration of carbohydrate functionalities extends the utility of
cationic polymers by guiding bacterial targeting, tempering
cytotoxic side effects, and introducing synergistic modes of
action.198,199 These attributes position cationic glycopolymers
as a promising class of active antibiofilm agents that move
beyond passive adhesion blockers toward more aggressive,
multifunctional strategies.200

Zhang et al. highlighted the advantages of combining car-
bohydrates with cationic motifs by synthesizing block copoly-
mers of glucose and lysine prepared via cationic ROP.201 b-
Lactam-based monomers were used that enabled the formation
of well-defined polymer blocks (Fig. 8). The initial antibacterial
assays revealed that the lysine homopolymer was broadly active
against most Gram-positive bacteria but was also highly cyto-
toxic and hemolytic. In contrast, a glucose:lysine block copoly-
mer with a 7 : 13 ratio retained a comparable potency against S.
aureus, while eliminating the hemolytic side effects. This

modular strategy illustrates how glycan units can be incorpo-
rated within the polymer backbone, creating a framework
to balance antibacterial potency with biocompatibility.201

This copolymer also displayed potency against community-
and hospital-acquired methicillin-resistant S. aureus (MRSA)
strains, including those resistant to vancomycin and daptomy-
cin (Fig. 8). In addition to dispersing and eradicating MRSA
biofilms with a 99.9% reduction (substantially outperforming
vancomycin), the copolymer provided complete protection
in vivo. All mice challenged with a lethal dose of MRSA survived
when treated with the copolymer, compared to only a 67%
survival rate for those treated with vancomycin. These results
underscore the advantages of carbohydrate incorporation into
cationic polymers, which enhances selectivity and antibiofilm
performance while mitigating cytotoxicity. Subsequent mecha-
nistic studies investigated this synergy. It was found that the
cationic block intercalated into the bacterial cell envelope,
imparting bactericidal activity, while the carbohydrate segment
acted as an antifouling domain, reducing bacterial adhesion
and disrupting biofilm matrix interactions. Together, these two
mechanisms suppressed biofilm growth and promoted disper-
sion, demonstrating that the combination of glycans and
cationic functionalities can overcome the toxicity and hemoly-
sis issues that often limit cationic antimicrobial polymers.202

Similarly, Dai et al. developed cationic glycopolymers that
incorporated a photodynamic therapy (PDT) unit to generate
reactive oxygen species (ROS) (Fig. 9).203 The design involved
thiazole-derived cations that anchored within bacterial mem-
branes, while the PDT moiety produced ROS to induce bacter-
icidal effects. Galactose units were incorporated to enhance
biocompatibility and bacterial specificity. The resulting poly-
mers inhibited biofilm formation and eradicated S. aureus and
P. aeruginosa biofilms, with increasing potency with increasing
glycan content. Notably, cytotoxicity assays revealed B80% cell
viability at concentrations greater than 500-fold above the MIC,
highlighting the material’s large therapeutic window. Collec-
tively, these studies illustrate the value of pairing cationic
activity with carbohydrate functionalities to create potent,
selective antibiofilm agents. By simultaneously disrupting bac-
terial membranes, dispersing biofilm matrices, and maintain-
ing host compatibility, cationic glycopolymers address many of
the limitations inherent to purely sugar- or cationic-based
systems.

Fig. 8 Interaction between the Co-b-peptide and Cell Envelope Com-
ponents of MRSA. Reproduced from ref. 201 with permission from Springer
Nature, copyright 2019.

Fig. 9 Cationic glycopolymers with PDT units to generate ROS for
combating biofilm formation. Reproduced from ref. 203 with permission
from the American Chemical Society, copyright 2018.

Fig. 7 Silk-based glycopolymers to treat oral pathogenic S. mutans and
commensal S. sanguinis. Reproduced from ref. 177 with permission from
the American Chemical Society, copyright 2024.
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However, significant obstacles still limit the translation of
cationic glycopolymers into clinical practice. Carbohydrate
incorporation often attenuates cytotoxicity of cationic scaffolds
in vitro; however, this benefit can fail to manifest in vivo.204

Additionally, manipulating the material’s structural parameters
(i.e., charge density, hydrophilicity, molecular weight, and
architecture) can strongly influence the in vivo toxicity of
cationic polymers.205 However, these parameters have not been
systematically examined for cationic glycopolymers.

Glycosylated nanomaterials. Glyconanotechnology provides
a versatile platform for applications spanning drug delivery,
diagnostics, and pathogen recognition.206 Within this broad
field, biofilm inhibition and removal represent particularly
promising directions. A common strategy integrates biocidal
metal nanoparticles with glycopolymer conjugates to create
multifunctional nanocomposites that couple antimicrobial
potency with carbohydrate-mediated specificity.207–211 In a
recent study, Wei et al. reported glycopolymersome-supported
silver nanocomposites designed to combat multidrug-resistant
bacteria and disrupt biofilms (Fig. 10).212 Using reversible
addition-fragmentation chain transfer (RAFT)-mediated
polymerization-induced self-assembly, galactose-based acryla-
mide glycomonomers were first polymerized and then
chain-extended with a pyridine block. The silver ions that
were coordinated to the pyridine segment were sub-
sequently reduced with sodium borohydride to generate
AgNPs embedded within the glycopolymersome structure. The
resulting nanocomposites exhibited markedly enhanced anti-
bacterial activity compared to either AgNPs or glycopolymers
alone.

Against E. coli, the MIC decreased from 462 mg mL�1 for
AgNPs to 16 mg mL�1 for the nanocomposites. Concentration-
dependent biofilm inhibition was also observed, with 70–80%
inhibition across E. coli, S. aureus, and P. aeruginosa. The
strongest efficacy was against P. aeruginosa, which was attrib-
uted to galactose–LecA lectin interactions. The cytocompatibil-
ity also improved: hemolysis remained below 5% while cell

viability remained above 70% at all concentrations tested,
reflecting the protective role of the glycopolymer shell. In vivo
evaluation using a rat dentin model with S. mutans showed that
these glycosylated nanocomposites fully prevented biofilm
formation over 14 days, whereas untreated controls or treat-
ments with AgNPs or glycopolymers alone were ineffective. This
work illustrates how encapsulating silver nanoparticles within
glycopolymersomes can lower toxicity, enhance antibacterial
potency, and improve biofilm inhibition, highlighting the
potential of glyconanocomposites as multifunctional, biocom-
patible antibiofilm platforms.

While metallic nanomaterials have dominated glyconano-
technology research, non-metallic nanostructures conjugated
with glycopolymers have also been explored for antibiofilm
applications. A prevalent strategy leverages glycosylated
nanoassemblies as targeted drug-delivery vehicles to enhance
the penetration and efficacy of conventional antibiotics within
biofilms.213

In parallel, glycopolymer-based nanoparticles have been
engineered to deliver PDT agents. In these systems, the glyco-
polymer shell mediates selective biofilm targeting and penetra-
tion, after which irradiation induces the generation of ROS to
eradicate resident bacteria while minimizing off-target
damage.214–216 For instance, Tricomi et al. investigated
glycopolymer-coated graphene oxide nanomaterials to combat
P. aeruginosa biofilms.217 In this study, L-fucose, D-mannose,
and D-galactose were conjugated to graphene oxide surfaces
through a green mechanochemical ball-milling process and
subsequently evaluated for their antibacterial efficacy. The
fucose- and galactose-functionalized derivatives killed more
than 99% of P. aeruginosa at half the concentration of unfunc-
tionalized graphene oxide. Similarly, these derivatives signifi-
cantly reduced biofilm attachment to polystyrene surfaces.
Scanning electron microscopy revealed that the glycosylated
graphene oxides were able to inhibit bacteria from forming
mature biofilm colonies, whereas the control graphene
oxide did not. This work reinforces the observation that strate-
gic carbohydrate functionalization can enhance both the
potency and biofilm-disrupting capabilities of antimicrobial
nanomaterials.

Despite the rapid growth of glycosylated nanomaterials,
some debate remains over their associated health risks.218

Designing non-toxic nanomaterials has proven challenging
due to the intrinsic structural complexity and unique behaviors
of nanomaterial structures (e.g., aggregation), making standard
toxicological measurements potentially insufficient for captur-
ing the material’s full biological impact.219,220 This challenge
is particularly relevant for the multifunctional systems dis-
cussed here, where surface coatings, ligands, and diverse
functional groups can influence interactions with biological
environments. Comprehensive and tailored toxicological
studies are thus essential to assess the safety, biodistribution,
and long-term effects of these emerging antimicrobial
platforms.

Concluding thoughts on glycopolymers. Over the last few
decades, glycomaterials have emerged as powerful componentsFig. 10 Illustration of glycopolymersome-supported AgNP composite.212
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in the design of next-generation antibacterial strategies, parti-
cularly in the face of escalating antimicrobial resistance
(Table 3). This review focuses on systems targeting biofilms
as a central mechanism of resistance, although many of these
materials also display direct bactericidal activity. Across diverse
platforms, integrating glycopolymers with complementary anti-
microbial functionalities consistently yields clear advantages,
including reduced cytotoxicity and enhanced antibacterial effi-
cacy. However, significant challenges persist. To date, most
reported systems remain confined to the academic lab, with
progression toward clinical evaluation still exceedingly rare.

Although not strictly classified as glycopolymers, polysac-
charides such as cationic poly(acetyl, arginyl) glucosamine
(PAAG) have been extensively studied for their ability to inhibit
and disrupt biofilms across multiple bacterial species.221–224

These systems provide valuable mechanistic insights that may
guide the rational design and safety optimization of future
glycosylated materials. While polysaccharide-based materials
such as PAAG have advanced into clinical trials, no synthetic
glycopolymer systems are currently under such evaluation.

Key barriers to translation include the cost and complexity
of synthesis, which can impede large-scale production and
commercial viability. However, these challenges are not unique
to glycomaterials and echo similar challenges that currently
successful therapeutic materials also faced during their early
development. Moving forward, establishing predictable, cost-
effective, and scalable synthetic routes will be essential to
enable broader application. Equally important will be the
integration of glycopolymers into practical delivery platforms
that align with clinical manufacturing and regulatory frame-
works. By addressing these challenges, the field will be well-
positioned to translate the unique advantages of glycopolymers
from the laboratory into real-world antibiofilm intervention
therapies.

Clinical perspectives

Antimicrobial resistance is one of the most significant global
health challenges of the twenty-first century, projected to con-
tribute to more than 8 million deaths per year by 2050.231 No
major new classes of antibiotics have been discovered since the
1980s, and most antibiotic candidates are based on existing
chemical frameworks.232–235 Importantly, reliance on conven-
tional systemic antimicrobials not only drives drug resistance
but also causes unintended off-target effects, ranging
from potentially irreversible side effects to profound disrup-
tions in the microbiome, including Clostridioides difficile
infections.236,237 For example, it is estimated that nearly one
in five emergency room visits in the United States are related to
an antibiotic adverse event,238 and exposure to antimicrobials
directly affects the risk of developing drug-resistance genes.239

The overall prevalence of medical devices has increased in
recent decades, coinciding with advancements in device devel-
opment and an aging population.240,241 Devices now exist for
almost every organ system, including central venous and urin-
ary catheters, surgical meshes, vascular grafts, shunts, deep
brain stimulators, cochlear implants, prosthetic valves,

pacemaker-defibrillator systems, left ventricular assist devices,
and prosthetic joints. This increase in device use has also led to
a rise in associated infections.240,242 As expected, infections on
devices that are difficult to remove surgically are associated
with high rates of morbidity and mortality.240,242 For example,
prosthetic-valve endocarditis is associated with over 30%
mortality,242,243 and prosthetic hip infections carry a 21%
mortality rate by 5-years, a 4-fold increase from age-based
rates.244 Often, these types of infections require both invasive
surgical procedures and prolonged courses of systemic anti-
biotics, posing a significant burden to patients and the health-
care system.241–243

Though some prophylactic techniques have been developed,
approaches to biofilm-related infections are largely reactive,
focusing on treatment only after an infection has been diag-
nosed. There is a critical need for biofilm prevention strategies
that exist outside of these treatment paradigms. The design of
polymers that prevent surface adhesion could offer multiple
advantages for implanted devices, including a lower risk of
colonization, reduced reliance on systemic antimicrobials, and
more selective local targeting of specific pathogens or organ
systems. To have a clinical impact, such surfaces would not
necessarily need to be bactericidal, since planktonic cells are
readily cleared by the immune system or targeted antimicro-
bials. Such an approach represents a treatment strategy that
preserves conventional antimicrobials, combats multidrug-
resistant pathogens, and protects the host microbiome.

Conclusion

Throughout this review, we have highlighted recent advances in
the design and application of polymeric materials for antibio-
film purposes. Current research demonstrates two major
approaches: (i) engineering polymers with intrinsic antibiofilm
activity through chemical and structural modification, and
(ii) employing polymers as platforms to enhance the delivery
or efficacy of established antimicrobial agents.

The diversity of polymer functionalities explored to date—
including cationic moieties, nitric oxide donors, metallic and
glycosylated systems, photosensitizers, and antibiotic conjuga-
tes—underscores the versatility of synthetic polymers in
addressing biofilm-associated infections. Subtle changes in
polymer parameters such as topology, molecular weight, back-
bone identity, and functional group chemistry can yield mark-
edly different antibiofilm outcomes. Glycopolymers are a
particularly interesting case, where small variations in glycan
stereochemistry can switch their effects from inhibitory to
promotive, revealing unique biofilm-modulating mechanisms
beyond conventional bactericidal action.

Despite this promise, clinical translation of antibacterial
polymers remains a major challenge. Synthetic complexity,
high production costs, and limited scalability often hinder
real-world implementation. Consequently, a growing emphasis
has emerged on developing practical, application-driven mate-
rials. Moving forward, efforts to develop cost-effective and
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scalable fabrication methods must proceed in parallel with the
discovery of new antibiofilm materials. Realizing the transla-
tional potential of these materials will require integrating
polymer design with device engineering, thus ensuring that
materials are optimized not only for performance but also for
deployment in clinical and commercial settings.

Beyond these translational obstacles, major fundamental
questions remain. The mechanisms by which polymers interact
with bacterial membranes, EPS networks, and surface adhesins
remain only partly understood, and even small changes in
polymer structure can produce large effects. Mapping these
(often nonlinear) structure–function relationships and integrat-
ing them into predictive models is both a major challenge and a
major opportunity. A deeper mechanistic foundation will make
it possible to move beyond empirical screening toward an
increasingly rational and sophisticated design of antibiofilm
polymers.

As scientific and translational challenges are addressed in
parallel, the field is poised for rapid progress. The convergence
of increasingly precise polymer synthesis tools, deeper micro-
biology insights, and growing clinical need creates an excep-
tional opportunity. Increasing interactions among historically
siloed but scientifically interrelated fields allow us to ask—and
answer—questions that were out of reach only a few years ago.
As these advances come together, the prospect of creating
robust, clinically deployable antibiofilm materials becomes
increasingly realistic. The next generation of polymer-based
strategies may therefore not only complement existing thera-
pies, but fundamentally change how we prevent and treat
biofilm-related infections.
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228 K. S. Bücher, N. Babic, T. Freichel, F. Kovacic and L. Hartmann,
Monodisperse Sequence-Controlled a-l-Fucosylated Glycooligo-
mers and Their Multivalent Inhibitory Effects on LecB, Macromol.
Biosci., 2018, 18(12), e1800337.

229 K. Zhang, Y. Du, Z. Si, Y. Liu, M. E. Turvey, C. Raju, D. Keogh,
L. Ruan, S. L. Jothy, S. Reghu, K. Marimuthu, P. P. De, O. T. Ng,
J. R. Mediavilla, B. N. Kreiswirth, Y. R. Chi, J. Ren, K. C. Tam,
X. W. Liu, H. Duan, Y. Zhu, Y. Mu, P. T. Hammond, G. C. Bazan,
K. Pethe and M. B. Chan-Park, Enantiomeric glycosylated cationic
block co-beta-peptides eradicate Staphylococcus aureus biofilms
and antibiotic-tolerant persisters, Nat. Commun., 2019, 10(1), 4792.

230 K. Zhang, C. Raju, W. Zhong, K. Pethe, A. Gründling and
M. B. Chan-Park, Cationic Glycosylated Block Co-b-peptide Acts
on the Cell Wall of Gram-positive Bacteria as Anti-biofilm Agents,
ACS Appl. Bio Mater., 2021, 4(5), 3749–3761.

231 M. Naghavi, S. E. Vollset, K. S. Ikuta, L. R. Swetschinski, A. P. Gray,
E. E. Wool, G. Robles Aguilar, T. Mestrovic, G. Smith, C. Han,
R. L. Hsu, J. Chalek, D. T. Araki, E. Chung, C. Raggi, A. Gershberg
Hayoon, N. Davis Weaver, P. A. Lindstedt, A. E. Smith, U. Altay,
N. V. Bhattacharjee, K. Giannakis, F. Fell, B. McManigal, N.
Ekapirat, J. A. Mendes, T. Runghien, O. Srimokla, A. Abdelkader,
S. Abd-Elsalam, R. G. Aboagye, H. Abolhassani, H. Abualruz, U.
Abubakar, H. J. Abukhadijah, S. Aburuz, A. Abu-Zaid, S. Achalapong,
I. Y. Addo, V. Adekanmbi, T. E. Adeyeoluwa, Q. E. S. Adnani, L. A.
Adzigbli, M. S. Afzal, S. Afzal, A. Agodi, A. J. Ahlstrom, A. Ahmad,
S. Ahmad, T. Ahmad, A. Ahmadi, A. Ahmed, H. Ahmed, I. Ahmed,
M. Ahmed, S. Ahmed, S. A. Ahmed, M. A. Akkaif, S. Al Awaidy, Y. Al
Thaher, S. O. Alalalmeh, M. T. AlBataineh, W. A. Aldhaleei, A. A. S.
Al-Gheethi, N. B. Alhaji, A. Ali, L. Ali, S. S. Ali, W. Ali, K. Allel, S. Al-
Marwani, A. Alrawashdeh, A. Altaf, A. B. Al-Tammemi, J. A. Al-Tawfiq,
K. H. Alzoubi, W. A. Al-Zyoud, B. Amos, J. H. Amuasi, R. Ancuceanu,
J. R. Andrews, A. Anil, I. A. Anuoluwa, S. Anvari, A. E. Anyasodor,
G. L. C. Apostol, J. Arabloo, M. Arafat, A. Y. Aravkin, D. Areda,
A. Aremu, A. A. Artamonov, E. A. Ashley, M. O. Asika, S. S. Athari,
M. M. W. Atout, T. Awoke, S. Azadnajafabad, J. M. Azam, S. Aziz,
A. Y. Azzam, M. Babaei, F.-X. Babin, M. Badar, A. A. Baig, M. Bajcetic,
S. Baker, M. Bardhan, H. J. Barqawi, Z. Basharat, A. Basiru,
M. Bastard, S. Basu, N. S. Bayleyegn, M. A. Belete, O. O. Bello,
A. Beloukas, J. A. Berkley, A. S. Bhagavathula, S. Bhaskar, S. S.
Bhuyan, J. A. Bielicki, N. I. Briko, C. S. Brown, A. J. Browne,
D. Buonsenso, Y. Bustanji, C. G. Carvalheiro, C. A. Castañeda-
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I. M. Ilic, S. M. S. Islam, F. Ismail, N. E. Ismail, C. D. Iwu, C. J. Iwu-Jaja,
A. Jafarzadeh, F. Jaiteh, R. Jalilzadeh Yengejeh, R. D. G. Jamora,
J. Javidnia, T. Jawaid, A. W. J. Jenney, H. J. Jeon, M. Jokar,
N. Jomehzadeh, T. Joo, N. Joseph, Z. Kamal, K. K. Kanmodi,
R. S. Kantar, J. A. Kapisi, I. M. Karaye, Y. S. Khader, H. Khajuria,
N. Khalid, F. Khamesipour, A. Khan, M. J. Khan, M. T. Khan, V. Khanal,
F. F. Khidri, J. Khubchandani, S. Khusuwan, M. S. Kim, A. Kisa,
V. A. Korshunov, F. Krapp, R. Krumkamp, M. Kuddus, M. Kulimbet,
D. Kumar, E. A. P. Kumaran, A. Kuttikkattu, H. H. Kyu, I. Landires,
B. K. Lawal, T. T. T. Le, I. M. Lederer, M. Lee, S. W. Lee, A. Lepape,
T. L. Lerango, V. S. Ligade, C. Lim, S. S. Lim, L. W. Limenh, C. Liu,
X. Liu, X. Liu, M. J. Loftus, M. H. I. Amin, K. L. Maass, S. B. Maharaj,
M. A. Mahmoud, P. Maikanti-Charalampous, O. M. Makram,
K. Malhotra, A. A. Malik, G. D. Mandilara, F. Marks, B. A. Martinez-
Guerra, M. Martorell, H. Masoumi-Asl, A. G. Mathioudakis, J. May,
T. A. McHugh, J. Meiring, H. N. Meles, A. Melese, E. B. Melese,
G. Minervini, N. S. Mohamed, S. Mohammed, S. Mohan, A. H.
Mokdad, L. Monasta, A. Moodi Ghalibaf, C. E. Moore, Y. Moradi,
E. Mossialos, V. Mougin, G. D. Mukoro, F. Mulita, B. Muller-Pebody,
E. Murillo-Zamora, S. Musa, P. Musicha, L. A. Musila, S.
Muthupandian, A. J. Nagarajan, P. Naghavi, F. Nainu, T. S. Nair,
H. H. R. Najmuldeen, Z. S. Natto, J. Nauman, B. P. Nayak,
G. T. Nchanji, P. Ndishimye, I. Negoi, R. I. Negoi, S. A. Nejadghaderi,
Q. P. Nguyen, E. A. Noman, D. C. Nwakanma, S. O’Brien, T. J. Ochoa,
I. A. Odetokun, O. A. Ogundijo, T. R. Ojo-Akosile, S. R. Okeke,
O. C. Okonji, A. T. Olagunju, A. Olivas-Martinez, A. A. Olorukooba,
P. Olwoch, K. I. Onyedibe, E. Ortiz-Brizuela, O. Osuolale,
P. Ounchanum, O. T. Oyeyemi, M. P. A. Padukudru, R. R. Parikh,
J. Patel, S. Patil, S. Pawar, A. Y. Peleg, P. Peprah, J. Perdigão, C. Perrone,
I.-R. Petcu, K. Phommasone, Z. Z. Piracha, D. Poddighe, A. J. Pollard,
R. Poluru, A. Ponce-De-Leon, J. Puvvula, F. N. Qamar, N. H. Qasim,
C. D. Rafai, P. Raghav, L. Rahbarnia, F. Rahim, V. Rahimi-Movaghar,
M. Rahman, M. A. Rahman, H. Ramadan, S. K. Ramasamy,
P. S. Ramesh, P. W. Ramteke, R. K. Rana, U. Rani, M.-M. Rashidi,
D. Rathish, S. Rattanavong, S. Rawaf, E. M. M. Redwan, L. F. Reyes,
T. Roberts, J. V. Robotham, V. D. Rosenthal, A. G. Ross, N. Roy,
K. E. Rudd, C. J. Sabet, B. A. Saddik, M. R. Saeb, U. Saeed, S. Saeedi
Moghaddam, W. Saengchan, M. Safaei, A. Saghazadeh, N. Saheb
Sharif-Askari, A. Sahebkar, S. S. Sahoo, M. Sahu, M. Saki, N. Salam,
Z. Saleem, M. A. Saleh, Y. L. Samodra, A. M. Samy, A. Saravanan,
M. Satpathy, A. E. Schumacher, M. Sedighi, S. Seekaew, M. Shafie,
P. A. Shah, S. Shahid, M. J. Shahwan, S. Shakoor, N. Shalev,
M. A. Shamim, M. A. Shamshirgaran, A. Shamsi, A. Sharifan,
R. P. Shastry, M. Shetty, A. Shittu, S. Shrestha, E. E. Siddig,
T. Sideroglou, J. Sifuentes-Osornio, L. M. L. R. Silva, E. A. F. Simões,
A. J. H. Simpson, A. Singh, S. Singh, R. Sinto, S. S. M. Soliman,

S. Soraneh, N. Stoesser, T. Z. Stoeva, C. K. Swain, L. Szarpak,
S. Tabatabai, S. S. T Y, Z. M.-A. Taha, K.-K. Tan, N. Tasak, N. Y. Tat,
A. Thaiprakong, P. Thangaraju, C. C. Tigoi, K. Tiwari, M. R. Tovani-
Palone, T. H. Tran, M. Tumurkhuu, P. Turner, A. J. Udoakang, A. Udoh,
N. Ullah, S. Ullah, A. G. Vaithinathan, M. Valenti, T. Vos, H. T. L. Vu,
Y. Waheed, A. S. Walker, J. L. Walson, T. Wangrangsimakul,
K. G. Weerakoon, H. F. L. Wertheim, P. C. M. Williams, A. A. Wolde,
T. M. Wozniak, F. Wu, Z. Wu, M. K. K. Yadav, S. Yaghoubi, Z. S. Yahaya,
A. Yarahmadi, S. Yezli, Y. E. Yismaw, D. K. Yon, C.-W. Yuan, H. Yusuf,
F. Zakham, G. Zamagni, H. Zhang, Z.-J. Zhang, M. Zielińska, A. Zumla,
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