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Precision-engineered polymer topologies:
balancing potent antibacterial efficacy with
enhanced biocompatibility

Md Aquib, Vinod Kumar Kannaujiya and Cyrille Boyer (2 *

The escalating threat of antimicrobial resistance demands the development of innovative therapeutic
strategies. Host-defense peptides (HDPs) and their synthetic mimics exhibit broad-spectrum antibacterial
activity, yet their clinical translation is frequently hindered by cytotoxicity arising from nonspecific
interactions with mammalian cell membranes. Recent advances in polymer science, particularly
controlled polymerization techniques, have enabled the precise synthesis of well-defined antibacterial
polymers and systematic evaluation of structure—activity relationships. This review provides a compre-
hensive overview of the development and fundamental mechanisms of antibiotic resistance and high-
lights the evolution of antibacterial polymers from HDP-inspired molecular designs toward precise
biofunction control. Key advances in optimizing structural determinants governing antibacterial activity
and biocompatibility are discussed, with particular emphasis on compositional parameters and polymer
topology, including linear, cyclic, hyperbranched, star, and bottle brush architectures. In addition,
emerging approaches based on stimuli-responsive and self-immolative polymers that enable on-
demand degradation are presented as effective means to reduce long-term cytotoxicity and
environmental accumulation. Concurrently, increasing attention has been directed toward non-
amphiphilic polymer systems, which expand the current design landscape by offering alternative
pathways to antibacterial activity beyond conventional amphiphilic design principles. Finally, future
perspectives involving synergistic and combination therapies, together with data-driven and Al-assisted
approaches for pathogen-specific polymer design, are outlined as promising routes to improve
selectivity while maintaining or even enhancing antimicrobial efficacy.

prolonged hospitalizations if innovative solutions are not
developed.'" Alarmingly, a 2022 report by the World Health

The increasing prevalence of infections caused by multidrug-
resistant (MDR) bacterial and fungal pathogens in recent years
represents a serious threat to human health."™ This global
health concern has been largely driven by the widespread
misuse and overuse of antibiotics,*” resulting in the consump-
tion of over 100000 tons of these drugs annually across both
human and veterinary sectors.®™

To contextualize the global healthcare challenge known as
antimicrobial resistance (AMR), approximately 1.14 million
deaths in 2021 were directly linked to MDR bacteria, and
projections indicate that this number may nearly double to
1.91 million by 2050.'> AMR not only contributes to substantial
mortality but also disrupts the global economy, potentially
costing the European economy €11.7 billion annually due to
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Organization concluded that current and pipeline antibiotics
are inadequate to address the rapidly evolving AMR crisis.'?
Even among the nine new antibiotics approved for “critical”
bacterial pathogens, resistance has already emerged in most
131 This issue is concerning for Gram-negative bacteria,
especially MDR strains, which are often linked to life-
threatening infections and are notoriously more difficult to
treat than Gram-positive bacteria.’®>° These developments
collectively reinforce the urgent need for innovative strategies
and intensified research into novel antibacterial agents.>*

One promising approach to addressing infections caused by
Gram-negative and MDR bacteria involves the use of host-
defense peptides (HDPs), also known as antimicrobial
peptides.**>* These molecules are key components of the
innate immune system in multicellular organisms and serve
as natural defenses against invading pathogens.>®> HDPs typi-
cally consist of amino acid residues that include cationic,
hydrophobic, and hydrophilic groups, allowing them to form

cases.

Chem. Commun.


https://orcid.org/0000-0002-4564-4702
http://crossmark.crossref.org/dialog/?doi=10.1039/d6cc01040g&domain=pdf&date_stamp=2026-04-15
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01040g
https://pubs.rsc.org/en/journals/journal/CC

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 4:27:30 PM.

(cc)

Review Article

amphipathic structures.>>”>” These structures, characterized by
an overall positive charge, primarily exert bactericidal effects by
disrupting bacterial membranes.**>” Membrane disruption by
HDPs is generally driven by their cationic and amphipathic
nature. The positively charged groups initially interact with the
negatively charged bacterial membranes via electrostatic inter-
actions and/or hydrogen bonding. This is followed by the
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insertion of hydrophobic regions into the membrane, compro-
mising its integrity and ultimately leading to cell lysis and
bacterial death.”®*° This broad and non-specific mechanism of
action may also reduce the likelihood of resistance develop-
ment against HDPs.>*3°3?

Despite their therapeutic potential, HDPs face several lim-
itations that hinder widespread clinical application, including
complex and costly synthesis, susceptibility to endogenous
and/or exogenous peptidases, and toxicity to host cells.?*3%3*
To address these issues, antimicrobial polymers (APs) have
emerged as promising synthetic analogs of HDPs. However,
achieving high antibacterial potency in APs often comes at the
expense of increased cytotoxicity, as excessive cationic charge
density or hydrophobic content can disrupt mammalian mem-
branes and cause hemolysis.>* *° Therefore, the rational design
of APs requires careful optimization of the balance between
bactericidal activity and cytocompatibility to enhance selectivity
toward bacterial cells.*'™**

Thanks to advances in polymer chemistry—particularly the
development of reversible deactivation radical polymerization
(RDRP) techniques such as atom transfer radical polymeriza-
tion (ATRP) and reversible addition-fragmentation chain trans-
fer (RAFT) polymerization, have enabled the scalable synthesis
of well-defined polymers that are more resistant to proteolysis
and economically viable to produce.****”>" These controlled
polymerization strategies offer precise control over amphiphilic
balance, molecular weight, dispersity, composition, and overall
macromolecular topology, thereby allowing fine-tuning of APs
to address the limitations associated with both natural HDPs
and conventional synthetic polymer analogs.>*~>®
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Among various molecular design parameters, polymer topol-
ogy has emerged as a particularly influential factor. Non-linear
architectures—such as hyperbranched (HP),*® cyclic,°>®" star
(SP),>**” and bottle brush polymers,®*°® often exhibit superior
biocompatibility and selective antibacterial activity compared
to their linear counterparts.>**%®%®! Despite the growing
research interest in topology-driven polymeric materials, most
prior investigations have predominantly focused on linear
amphiphilic copolymers.>”***%3454%5 Congequently, systema-
tic studies comparing the effects of distinct polymer topologies
on antibacterial efficacy and biocompatibility remain
limited. Moreover, several reports have highlighted that the
long-term accumulation of synthetic polymers in vivo and
their potential release into the environment after administra-
tion remain significant concerns.®®"*® To mitigate these chal-
lenges, stimuli-responsive APs that undergo degradation
in response to biological or external stimuli such as
enzymatic activity, redox conditions, light, or pH could emerge
as a promising strategy,®”°>’® expanding their applications
from drug-delivery systems to antimicrobial materials.®””*""*
Upon degradation, these systems yield low-molecular-
weight fragments, that can be readily cleared from the body,
thereby reducing systemic accumulation and minimizing
toxicity.®””*

Consequently, the development of APs has accelerated
significantly, leading to the emergence of a wide variety of
polymeric systems with diverse structural and functional attri-
butes. Several recent reviews have examined APs from multiple
perspectives, including molecular design principles,”*”*”* anti-
microbial mechanisms,**”®”” bacterial uptake and killing
pathways,”® antibiofilm strategies,”®’® advanced antibacterial
polymeric nanostructures, and polypeptide-based
systems.””®'"®* Building on these important contributions,
the present review provides a more integrated and focused
perspective, with a specific emphasis on synthetic APs to enable
a targeted and in-depth analysis of the field. In particular, this
review encompasses the fundamental mechanisms of antibiotic
resistance together with the evolutionary trajectory of antibac-
terial polymers from HDP-inspired structural design toward
precise biofunction control. Key advances in the optimization
of structural determinants governing antibacterial efficacy and
biocompatibility, including compositional parameters and
polymer topology, are critically discussed. In addition, emer-
ging strategies based on stimuli-responsive and self-immolative
polymers are highlighted, as these systems enable on-demand
degradation and offer a promising route to mitigate long-term
cytotoxicity, alongside recent developments in non-amphiphilic
polymer systems that exhibit distinct antibacterial mechan-
isms. Finally, prospective design directions, including syner-
gistic and combination therapeutic strategies as well as
data-driven and Al-assisted approaches for pathogen-specific
polymer design, are outlined. These emerging paradigms
hold significant promise for overcoming the persistent chal-
lenge of toxicity while maintaining or even enhancing antimi-
crobial potency, thereby improving overall therapeutic
selectivity.

This journal is © The Royal Society of Chemistry 2026
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Development and mechanisms of
antibiotic resistance in bacteria

Over the past decades, bacterial infectious diseases caused by
multidrug-resistant (MDR) pathogens have posed a significant
threat to global public health, remaining a major cause of
mortality and economic burden despite extensive research
efforts and substantial financial investment."****> While resis-
tance development in bacteria is a natural evolutionary process,
the accelerated emergence of MDR strains is largely driven by
human activities. The overuse and misuse of antibiotics in both
healthcare and agriculture, coupled with inadequate sanita-
tion, limited access to clean water, and insufficient infection
control measures, have created environments conducive to the
rapid spread of resistant bacteria.®*°° There are pathogenic
MDR bacteria that have acquired resistance to multiple anti-
microbial categories, extensively drug-resistant (XDR) bacteria
that are susceptible to only one or two antimicrobial drug
categories, and pandrug-resistant (PDR) bacteria that are resis-
tant to all clinically available drugs.’"**

Although new antimicrobial agents continue to be devel-
oped and incorporated into medical treatment (Fig. 1),”> most
represent only minor structural modifications of existing anti-
biotics. As a result, they tend to be ineffective against XDR and
PDR strains because they share the same molecular targets and
mechanisms of action as their predecessors.”>* Antibiotics
typically act by inhibiting key bacterial processes including: (I)
cell wall synthesis, (II) DNA/RNA synthesis (III) protein synth-
esis, and (IV) folic acid metabolism (Fig. 2).°"*> However,
bacteria have evolved a wide array of resistance mechanisms,
rendering nearly all existing antibiotics increasingly ineffective.
The complexity of the mechanism of action, potency, and
efficacy factors such as duration of action or concentration
determines whether a novel antibiotic can develop resistance.”

Bacteria can develop resistance to antibiotics through multi-
ple pathways or mechanisms, broadly classified into three main
types: intrinsic, acquired, and adaptive resistance.'®%®®
Intrinsic resistance refers to the innate insensitivity of certain
bacterial species to specific antibiotics, typically due to inher-
ent structural or functional characteristics.”® This type of
resistance is often encoded by chromosomal genes and
remains relatively stable over time. Acquired resistance
describes a situation in which susceptible bacteria gain the
ability to resist antibiotics by altering their metabolic
pathway.’®% This occurs through gene mutations or through
horizontal gene transfer, including transformation, transduc-
tion, or conjugation.”® Finally, adaptive resistance is a transi-
ent, non-heritable state that allows bacteria to tolerate
antibiotics under environmental stress, such as exposure to
sub-lethal antibiotic concentrations or nutrient limitations.””
This form of resistance dissipates once the stressor is removed.
Despite differences in origin and persistence, all resistance
types generally act through a set of core molecular
mechanisms."®'%°'°> These are (A) impermeability of antibio-
tics (exclusive to Gram-negative specie), (B) efflux pump-out, (C)
altered target site, (D) target overproduction, (E) enzymatic
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Antibiotic Discovery and Resistance Timeline
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Fig. 1 Timeline of antibiotic development and the subsequent emergence of drug-resistant bacteria. Adapted from ref. 84 under the terms of the CC BY
4.0 license, American Chemical Society, copyright 2024, and modified to include recent updates.
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inactivation or modification, and (F) bypass pathway In addition to these mechanisms, the role of biofilms in
(Fig. 2).8498100 AMR is both complex and clinically significant. Bacteria within
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biofilms can be 10- to 1000-fold more resistant to antibiotics
than their planktonic counterparts.'® This enhanced resis-
tance is largely attributed to the extracellular polymeric sub-
stance, a protective three-dimensional matrix that acts as a
physical barrier to antimicrobial agents. Moreover, the
presence of persister cells and the intrinsic heterogeneity
within biofilm communities further promote bacterial survival
under antibiotic stress. Collectively, these adaptive features
account for nearly 75% of bacterial infections in clinical
settings.'®'% Such growing challenges underscore the urgent
need for resistance-proof drug discovery and the development
of effective novel antibacterials and alternative therapeutic
strategies.

From host-defense peptides to
antimicrobial polymer: bridging nature
and design

Host-defense peptides

HDPs, also known as antimicrobial peptides (AMPs), are key
components of innate immunity in multicellular organisms.
Boman and colleagues'®® were the first to discover HDPs,
identifying cecropins in the humoral immune system of the
silk moth (Hyalophora cecropia). These peptides exhibited
broad-spectrum activity against pathogens, including Gram-
positive and Gram-negative bacteria as well as fungi.'®® Since
this landmark discovery in 1981, the field of HDPs has
expanded rapidly, with thousands of peptides now catalogued
in the AMP database (APD6: https://aps.unmc.edu/).

Host-Defense Peptides (HDPs)
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Structurally, HDPs short amphiphilic peptides
composed of 10-50 amino acids and characterized by a net
positive charge.”® Their sequences usually include cationic
residues (e.g., lysine, arginine), hydrophobic residues (e.g,
leucine, valine), and neutral hydrophilic residues (e.g, serine,
asparagine). This composition enables them to adopt amphi-
pathic conformations that selectively target bacterial
membranes.?® The cationic residues promote electrostatic
interactions with negatively charged bacterial surfaces, while
hydrophobic residues insert into lipid domains to destabilize
the bilayer, and neutral hydrophilic residues enhance solubility

are

and stabilize secondary structures, thereby supporting efficient
membrane interaction.*™'%”"'® Notably, their bactericidal
activity relies on membrane lysis, a physical mechanism that
bacteria rarely evade through mutation, making HDPs promis-
ing candidates for combating MDR pathogens.>®3073252111,112

Despite their considerable potential, the clinical translation
of HDPs remains challenging. Their therapeutic performance is
limited by the high costs and technical complexity associated
with peptide discovery, optimization, and large-scale
production.'™* In vivo efficacy is further hindered by
susceptibility to enzymatic degradation and poor pharmacoki-
netic stability.*”'*>*1°

Synthetic antimicrobial polymers

In parallel with the discovery of HDPs, such as cecropins and
magainins, the field of polymer-based disinfectants began to
emerge.'%®""” These polymers were first applied in surface
disinfection, water purification, and textile industries. In
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Fig. 3 The convergence of concepts from HDPs and polymer disinfectants has inspired the development of peptide-mimetic APs. Representative
examples highlight key milestones, from naturally derived peptides (e.g., magainin-2) to early polymer disinfectants (e.g., poly(BAC)) and subsequent
advances in B-peptides, biocidal polymers, and HDP-mimic APs. Chemical structures are adapted and modified from ref. 118 under the terms of the CC

BY-NC 3.0 license, Royal Society of Chemistry, copyright 2018.
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1984, Ikeda synthesized a series of cationic polymers based on
poly(vinyl benzyl ammonium chloride) (BAC), which is widely
recognized as a breakthrough in the development of cationic
APs.'"” Like HDPs, these early copolymers combined cationic
groups, most commonly quaternary ammonium salts (QAS),
with hydrophobic moieties such as long alkyl chains to kill
pathogens via membrane disruption (Fig. 3).""”

Since then, research on APs has expanded rapidly, and many
studies have been reported. The pioneering contributions of
Kenawy,"''® DeGrado,""® Tew,'*® Kuroda,'*® Gellman,'*' and
others demonstrated that polymers bearing both cationic and
hydrophobic substituents can mimic HDPs (Fig. 3).”° These
polymers electrostatically interact with bacterial membranes,
targeting the cytoplasmic membrane in Gram-positive bacteria
and the outer membrane in Gram-negative species—leading to
pore formation or membrane deformation, causing bacterial
lysis with no resistance development.**”*">?

A wide range of polymerization strategies have been
employed to develop such HDPs mimic biomaterials.
These include conventional radical polymerization as well as
advanced methods such as ring-opening polymerization (ROP),
and ring-opening metathesis polymerization (ROMP). In addi-
tion, RDRP techniques such as ATRP, RAFT, and photoinduced
energy/electron transfer-RAFT (PET-RAFT) have been widely
applied.>***”® These synthetic routes enable the production
of biomacromolecules with precise structural control on a large
scale and at relatively low cost, while conferring resistance to
proteolytic degradation and improved stability and bioavail-
ability under physiological conditions.>*>%107:123

Mechanism of actions: host-defense
peptides/antimicrobial polymers

The antimicrobial mechanisms exhibited by HDPs and APs
provide valuable insight for the rational design of novel
membrane-active agents to combat MDR pathogens. Under-
standing the structural differences between microbial and
mammalian cell membranes is also essential to explaining

View Article Online
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the preferential activity, or selectivity, of HDPs and APs toward
microbial cells. Because different microbial families have dis-
tinct cell wall compositions, these variations account for the
species-dependent activity of membrane-active macromole-
cules. The main structural differences between mammalian
membranes, Gram-positive and Gram-negative bacteria, and
yeast (fungi) are summarized in Fig. 4.

Mammalian cell membranes are largely composed of zwit-
terionic phospholipids, cholesterol, and glycosaminoglycans,
which contribute to an overall neutral surface charge. In con-
trast, bacterial membranes are enriched in acidic phospholi-
pids and anionic components, giving them a net negative
charge that is typically stabilized by divalent cations such as
Mg** and Ca®".*® In Gram-positive bacteria, the cell wall is
dominated by a thick peptidoglycan layer (~20-80 nm), account-
ing for up to 90% of the wall structure. Negatively charged teichoic
acids (a polymer stitching peptidoglycan mesh from different
layers together), attached to the cytoplasmic membrane and
extending outward across the peptidoglycan network, contribute
additional anionic character to the cell surface. In Gram-negative
bacteria, the peptidoglycan layer is much thinner (~10 nm, ~15-
20% of the wall) and is shielded by an asymmetric outer
membrane enriched in lipopolysaccharides, which further rein-
force the overall negative surface charge (Fig. 4)."**"'*°

Yeast, unlike bacteria, lack peptidoglycan and instead pos-
sesses a rigid, multilayered cell wall composed of a chitin-
glucan network (approximately 140 nm thick) overlaid with
mannoproteins (glycoprotein). These glycoproteins contain
phosphodiester linkages that impart a uniformly anionic char-
acter at physiological pH (Fig. 4).">>"*® Despite differences in
cell wall architecture, yeast membranes share organizational
similarities with bacterial membranes, including a pronounced
negative surface charge.”” These structural characteristics ren-
der bacterial’”*>”**® and fungal””'**'*° cell surfaces more
negatively charged than mammalian cell membranes. This
strong anionic character acts as a primary target for cationic
HDPs and APs, driving passive selectivity toward microbial cells
through electrostatic interactions, which facilitates preferential
binding and subsequent membrane disruption.>*
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Glycosaminoglycan glucan
Lipopolysaccharide ﬁ m Coll wall
ell wa
Cholesterol
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phospholipi
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Fig. 4 Schematic comparison of mammalian and microbial cell membranes. Reproduced from ref. 110 with permission from Elsevier, copyright 2012.
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Fig. 5 Structured overview of HDP/AP modes of action. Reproduced from ref. 77 with permission from American Chemical Society, copyright 2022.

Building on this understanding, reviews by Spaar et al.,"**

Vogel et al.,"** Wang et al.,"”” Kuroda et al.,'®” and Tang et a
have outlined several mechanistic models for HDPs and APs,
while a comprehensive 2022 report by Li et al”’ classified
these into three major categories encompassing 15 distinct
subtypes (Fig. 5). These are: (I) membrane destructive models
including barrel-stave model (formation of transmembrane
channels/pores),'** carpet model (adsorption of HDPs/APs in
parallel with membrane surface like a carpet),’***** toroidal
pore model (formation of pore-lining),"*® disordered toroidal
pore model,"*” electroporation model triggered by asymmetric
charge distribution distribution;"*® (1) non-destructive

l‘128

Table 1 US FDA approved antimicrobial peptides

membrane disturbance including membrane thinning
model,"** nonlytic membrane depolarization model (reduction
of membrane potential),"*° membrane thickening model,"**
anionic phospholipid clustering domains;'** and (III) intracel-
lular targeting mechanisms such as binding nucleic acids,"*?
inhibiting nucleic acid and protein synthesis,"*" inhibiting
enzyme activity,'*> blocking cell division and proliferation
and inhibiting cell wall synthesis (Fig. 5).**>**

Among the widely reported mechanisms, membrane-active
models—encompassing both destructive disruption and
non-destructive disturbance are particularly appealing for the
design of APs, as bacterial mutations rarely result in

Molecular FDA
Peptide weight approval
name Type Activity Mechanism (gmol™) Ty, year
Colistin Cyclic G— bacteria, including MDR strains Membrane lysis 1155 ~5h 1962
lipopeptide
Dalbavancin Lipoglycopeptide G+ bacteria, including MDR (e.g., MRSA) Inhibitor of cell wall synthesis 1817 ~14 2014
days
Daptomycin Cyclic G+ bacteria, including MRSA and VRE Membrane lysis 1621 8-9h 2003
lipopeptide
Gramicidin Linear peptide =~ Gram+ bacteria, some Gram— bacteria; toxic to Membrane poration 1882 — 1955
mammalian cells
Oritavancin Lipoglycopeptide G+ bacteria, including MRSA and VRE (a) Membrane lysis and (b) inhi- 1793 ~195.4 2014
bitor of cell wall synthesis h
Telavancin Lipoglycopeptide G+ bacteria, including MRSA (a) Membrane lysis and (b) inhi- 1756 ~8h 2009
bitor of cell wall synthesis
Vancomycin Lipoglycopeptide G+ bacteria, including MRSA Inhibitor of cell wall synthesis 1449 7.5 days 1983

Notes: The antimicrobial peptide gramicidin is limited to topical use due to mammalian cell toxicity,
and vancomycin, despite potent antibacterial activity, are associated with nephrotoxicity.

51 while others, such as colistin (polymyxin E)

152,153 This underscores the challenge of achieving

antibacterial selectivity and biocompatibility —the limitation this review seeks to overcome. Methicillin-resistant Staphylococcus aureus (MRSA).

Vancomycin-resistant enterococci (VRE).

This journal is © The Royal Society of Chemistry 2026
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fundamental alterations to membrane architecture. As noted
above, these mechanisms primarily rely on electrostatic inter-
actions between the cationic residues of HDPs or synthetic
mimetic polymers and the negatively charged microbial
membrane. Consistent with their efficacy, 5 of the 7 US FDA-
approved HDPs are membrane-active peptides (Table 1).>*'*
Such charge-driven interactions explain the selectivity of these
agents by enabling preferential targeting of microbial over
mammalian membranes; however, excessive cationic density
can occasionally cause mammalian cytotoxicity (e.g., hemoly-
sis), thereby reducing selectivity,>®*38149:130

Selectivity challenges in host-defense
peptides/antimicrobial polymers

The selectivity of HDPs and APs for bacterial over mammalian
membranes derives from differences in membrane composi-
tion and the spatial organization of surface components
(Fig. 4)."*® Although the net negative surface charge of bacterial
envelopes can be exploited for selective targeting, achieving
high specificity within a mammalian host remains challenging.
Local bacterial infection sites can strongly influence the bind-
ing and antimicrobial activity of HDPs and their synthetic
mimics. In addition, the mammalian extracellular matrix and
body fluids contain abundant charged species that attenuate
electrostatic attractions between cationic peptides and bacterial
membranes.*™'*>*'*” Contributors to this screening effect
include small inorganic ions and proteins, as well as proteogly-
can components such as glycosaminoglycans. Collectively,
these factors divert both peptides and polymers into non-
productive binding sinks instead of bacterial membranes,
thereby reducing apparent selectivity, and increasing toxicity
to mammalian cells.

The selectivity trade-off is evident from both clinical and
model examples. Colistin (polymyxin E), an intravenous pep-
tide antibiotic, displays potent antibacterial activity but also
marked nephrotoxicity, which restricts its therapeutic use.'
This toxicity reflects insufficient selectivity, including interac-
tions with membranes of human kidney proximal tubular
cells.®**® Another example is melittin, a 26-amino acid peptide
composed of approximately 46% hydrophobic residues and
carrying a net positive charge at physiological pH. Conse-
quently, it lyses bacterial cells and human red blood cells
(RBCs) at comparable concentrations." Similar behavior
has been reported for polymethacrylate,***®° where an increase
in the hydrophobic mass fraction enhances hydrophobic
interactions at the expense of electrostatic selectivity, leading
to nonspecific membrane disruption and pronounced
hemolysis.*® Beyond hydrophobicity, excessive positive charge
in HDP-mimetic polymers can also induce cytotoxicity and
compromise selectivity, thereby limiting their clinical
potential 3637161

Moreover, microbial cells generally exhibit greater mechan-
ical robustness than mammalian cells, meaning that poorly
balanced macromolecular designs may inflict more damage on

Chem. Commun.
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host cells.*®

To address this, AP research prioritizes strong
antibacterial activity with minimal mammalian toxicity. Con-
sequently, these considerations have driven systematic optimi-
zation of key polymer design parameters to deliver potent and

safe APs for biomedical applications.

Structural determinants of antibacterial
activity and biocompatibility

Achieving the rational design of synthetic polymers that exhibit
high selectivity—effectively targeting and killing microbes
while sparing mammalian cells—remains a formidable and
major objective. When developing these macromolecules, sev-
eral key elements must be incorporated. First, the polymer
should interact with microbial surfaces. Second, it requires an
appropriate density of cationic groups to promote adhesion to
the negatively charged bacterial envelope. Third, hydrophobic
moieties are needed to enable insertion into or disruption of
the cellular membrane. In addition, these macromolecules
must discriminate between microbial and mammalian cells
to avoid host toxicity.'*°

A range of molecular factors collectively determine bioactiv-
ity of synthetic polymers. These include amphiphilic balance,
cationic charge density, backbone chemistry, charge distribu-
tion, hydrophobicity, hydrophilicity, end-group functionality,
molecular weight, sequence definition, and polymer architec-
ture. In the following sections, APs are discussed as represen-
tative systems, with insights drawn from the literature to
identify critical structural and compositional parameters that
can guide the rational design of next-generation membrane-
active APs with enhanced efficacy and biocompatibility.

Amphiphilic balance

Optimizing the balance between cationic charge and hydro-
phobic content, often referred to as the amphiphilic balance, is
a key design principle for binary APs (Fig. 6).When a polymer is
highly cationic but lacks sufficient hydrophobicity, it can bind
electrostatically to the negatively charged bacterial surface but
fails to insert effectively into the lipid bilayer.'°%118:160:162 Ap
excessive positive charge can also cause hemagglutination of
RBCs, posing significant risks for biomedical use. In contrast,
APs with predominant hydrophobic character and limited
cationic functionality often display strong membrane-
disruptive activity but poor selectivity, damaging both bacterial
and mammalian cells. Highly hydrophobic polymers also exhi-
bit low aqueous solubility, which further limits their biological
performance.

Between these extremes, specific compositions achieve a
favorable balance between antibacterial potency and cytocom-
patibility. For example, poly(methacrylate) statistical copoly-
mers reported by Kuroda and coworkers,*> demonstrated that
an approximately 10-mer containing 40% methyl side chains
and 60% aminoethyl side chains exhibited potent antibacterial
activity with minimal hemolysis. In contrast, the fully cationic

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Optimizing amphiphilic balance is central to the design of antibacterial methacrylate copolymers. Adjusting the ratio of cationic to hydrophobic
comonomers modulates antibacterial potency and compatibility with RBCs. Adapted from ref. 118 under the terms of the CC BY-NC 3.0 license, Royal

Society of Chemistry, copyright 2018.

homopolymer (0% methyl side chains) was inactive against
E. coli, whereas more hydrophobic variants (>70% methyl side
chains) showed hemolytic behavior and poor solubility (Fig. 6).

Comparable composition-activity trends have been observed
for various polymer backbones (Table 2), including addi-
tional poly(methacrylates),"*® poly(methacrylamides),'** nylon-3
copolymers derived from P-lactam  monomers,'*!!%>166
poly(norbornenes),"**'*”7'%9 poly(carbonates),"”® and poly(2-
oxazolines)."”! However, each polymer system requires inde-
pendent optimization to identify its optimal balance between
charge and hydrophobicity. Continued studies in physical
polymer chemistry are essential to transform these case-by-
case findings into general design principles for creating poly-
mers with precisely tuned structures and functions.

Design of cationic groups

A defining feature of HDPs is the source of their positive
charge: basic amino acid residues such as lysine and arginine
are protonated at physiological pH, imparting a net cationic
character.’® In contrast, many polymer disinfectants use per-
manently charged QAS units as the cationic functionality. In
APs, cationic groups promote adsorption to anionic compo-
nents of bacterial membranes and can induce polymers to
adopt globally amphiphilic conformations that enhance
bioactivity.>*"®> Owing to these essential roles, cationic groups
have attracted sustained attention in AP research.*®>%%>173

To design ideal synthetic APs, polymer chemists have sys-
tematically explored the type of cationic centre, its spatial
arrangement along the chain, and the effects of chain length

This journal is © The Royal Society of Chemistry 2026

and charge density on antibacterial activity and biocom-
patibility.>3107:163:1747176 pocysing specifically on the cationic
centre, the functional moieties used in amphiphilic APs are
commonly classified into two groups: nitrogen-based classes
(ammonium and iminium) and non-nitrogen-based classes
(sulfonium and phosphonium) (Fig. 7).>* However, inspired
by the amino acid chemistry of natural HDPs, nitrogen-based
cationic groups are often preferred over non-nitrogen
alternatives.*

Ammonium group

In nitrogen-based cationic centres, primary, secondary, tertiary,
and quaternary ammonium groups are among the most widely
used cationic functionalities in antibacterial polymers (Fig. 7).
Polymers bearing quaternary ammonium groups possess
intrinsic, pH-independent positive charges, whereas the catio-
nic form of primary, secondary, and tertiary ammonium groups
is generated only through protonation of the corresponding
amines.””” To investigate how the nature of amine moieties
influences antibacterial activity and selectivity toward bacterial
over mammalian cells, different research groups, including
Kuroda et al.,”® Boyer et al.,*>®® Liu et al,"”® Wong et al.,”®
and Hammond et al.,'”® among others, have conducted sys-
tematic studies.

For example, Kuroda and coworkers® prepared a library of
amphiphilic statistical copolymers containing both cationic
and hydrophobic side chains. These were synthesized by copo-
lymerizing amine-functionalized methacrylate monomers with
varying proportions of alkyl methacrylates via free radical
polymerization. The study demonstrated that copolymers
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Table 2 Different amphiphilic copolymers used to modulate antibacterial and biocompatibility
Polymerization
General structure R-group technique Bacteria tested Toxicity tested (in vitro/in vivo) Ref.
(/;t); iﬁo Methyl, ethyl, butyl
‘\ R b ethyl, ethyl, butyl,  pree radical E. coli RBCs (in vitro) 35,119,172
enzyl
NH;
@
Poly(methacrylates)
. . . coli an A
R . .
\ Butyl, hexyl Free-radical S qureus RBCs/HEp-2 cells, (in vitro) 164
NH;
@
Poly(methacrylamides)
o o
—(NH J/-nn
S E. coli, B. sub-
N — ROP tilis, S. aureus, RBCs (in vitro) 121
Hy E. facium
Poly(p-lactamase)
o
I
o O Methyl, ethyl, propyl, E. coli, L
R butyl, Isopentyl, hexyl ROMP S. aureus RBCs (in vitro) 168
H%
Poly(norbornenes)
o o
4o)l\o/ﬁ//‘(o)1\o/t\>\
0" o 0" Yo E. coli, S. aur-
5 S — ROP eus, P. RBCs (in vitro) 170
@ aeruginosa
4
Polycarbonates
o
sS._S
HOW Y ﬁ:
N 0"N0 0" °
| MRSA, MSSA,
\ — RAFT E. coli, RBCs (in vitro) 163
HNYNH S. epidermidis
NH,
Poly(methacrylates)
-[\N/\‘],CO /L/\'IVOH
RBCs, keratinocyte (HaCaT), fibro-
(&o RO Ethyl, propyl ROP g/IVI:]ZA’C%/IViSA’ blast (3T3), G. mellonella (in vitro/ 171

NH;,
@

Poly(2-oxazolines)

in vivo)

Notes: Methicillin-sensitive Staphylococcus aureus (MSSA), clinical isolates from chronic wound infections from human patients (CW2, and CW4).

incorporating primary and tertiary amine groups displayed
strong antibacterial activity and selectivity against E. coli over
RBCs. In contrast, copolymers with quaternary ammonium
groups exhibited antibacterial activity against E. coli only when
the hydrophobic content of the polymer was sufficiently high.>?
Consistent with Kuroda’s observation that primary amine

Chem. Commun.

groups enhance antibacterial performance, Boyer and cowor-
kers extended this concept to ternary polymer systems.*® They
prepared three distinct polymer libraries containing primary
amine, tertiary amine, and quaternary ammonium moieties,
comprising 120 polymers synthesized by high-throughput PET-
RAFT polymerization. Their study confirmed that polymers

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Schematic structures of different cationic centers used in antibacterial polymers.

bearing primary amines exhibited the strongest antibacterial
activity (MICoo = 32-128 pg mL™"), particularly against Gram-
negative P. aeruginosa.

In a recent study, Liu et a also examined the effect of
amine group variation (primary, secondary, or tertiary) on the
antibacterial and biocompatibility performance of HDP-
mimicking B-peptide polymers synthesized via ROP (Fig. 8A;
P1-P6)."”® Their results demonstrated that secondary ammo-
nium groups were superior to both primary and tertiary ammo-
nium groups as cationic moieties in antibacterial B-peptide
polymers (Fig. 8B-D). The lead polymer, a homopolymer bear-
ing secondary amino groups (P4), exhibited potent antibacterial
activity, with MIC values ranging from 6.25-12.5 pug mL ™"
against E. coli, VRE, and MRSA, along with the highest selectiv-
ity (SI = 64) reflected by excellent hemocompatibility (HC,, =
400 pg mL') (Fig. 8B-D). Beyond in vitro assays, P4 also
displayed strong activity against antibiotic-resistant pathogens
and achieved high therapeutic efficacy in vivo, including treat-
ment of MRSA-induced wound infections and keratitis, while
showing low acute dermal toxicity and minimal corneal

l 178

This journal is © The Royal Society of Chemistry 2026

epithelial cytotoxicity (Fig. 8E-H). Consistent with these obser-
vations, a 2024 study by Wong et al.*® further reported that
secondary amine macromolecules exhibited stronger antibac-
terial and membrane-disruptive properties than their primary
amine counterparts. In addition, secondary amine polymers
were less toxic and displayed higher TI values.>® Overall, these
studies indicate that secondary amines confer advantages in
both antimicrobial potency and selectivity. In contrast, Ham-
mond et al."”® observed that amine type had little influence on
activity in o-peptide systems, suggesting that variations in
amphiphilic architecture may explain these discrepancies and
emphasising the need for further evaluation of structural
parameters to optimize antimicrobial performance.”

Apart from ammonium, other cationic groups have also
gained considerable attention in determining the bioactivity
of APs. To systematically evaluate the effect of different cationic
functionalities, Boyer and coworkers®® synthesized a library of
31 statistical amphiphilic ternary polymers using the PET-RAFT
polymerization technique. These copolymers were designed to
incorporate three distinct components: (I) a cationic group,
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In vitro and in vivo bioactivity of secondary amine pendant B-peptide polymers. (A) Chemical structures of synthesized B-peptide polymers with

variable amine groups (primary, secondary, or tertiary). (B)—(D) Antibacterial activity, hemolytic activity, and Sl of polymers. (E) Schematic of acute dermal
toxicity, full-thickness wound infection, and contact lens-induced microbial keratitis models in mice. (F) Representative skin appearance in acute dermal
toxicity analysis after treatment with P4. (G) Histological analysis of acute dermal toxicity after 3 days of P4 treatment (H&E staining). (H) Histological
analysis of corneal toxicity following P4 treatment (H&E staining). This figure is reproduced and modified from ref. 178 with permission from American

Chemical Society, copyright 2022.

drawn either from nitrogen-based classes such as quaternary
ammonium salts (N), primary amines, (K) or guanidinium
groups (R), or from non-nitrogen-based classes such as sulfo-
nium (S); (II) a hydrophilic monomer, chosen as either
N-hydroxyethyl acrylamide (Hm) or oligo(ethylene glycol)
methyl ether acrylamide (Pm); and (III) a hydrophobic mono-
mer, N-isopentyl acrylamide (Im). The molar ratios of the

components were carefully adjusted to probe their structure-
activity relationships (SAR) (Fig. 9). Based on the identity of the
cationic component, the polymer library was organized into five
families: lysine-mimicking (K-family), arginine-mimicking
(R-family), quaternary ammonium (N-family), sulfonium
(S-family), and a hybrid K-R-family that combined lysine- and
arginine-type cationic groups in varying ratios (Fig. 9).

(A) (B)
Target ratio of| Ratio (by MIC (ug/mL) Target ratio Ratio (by
Family of cationic: NMR) of Family of f cationic: NMR) of
polymers | POVMer | o ophilic: | _cationi PA EC SA p::;‘:“’;‘r’s Polymer | Of cationic cationic:  HCs (gimL) I (HCso) S1(ICs0)
hydrophobic hydropmln.::
$40-H2040 40:20:40 - $40-H2040 | 40:20:40 hy:;ozﬁh;? N
$50-H2030 50:20:30 $50-H2030 | 50:20:30 50:20:30
S-family | S55-H1530 : Sfamily | S55H1530 | 55:15:30 57:15:28
$65-H1025 $65-H1025 65:10:25 64:11:25
$70-H1020 $70-H1020 70:10:20 72:11:17
N55-H1530 556:15:30 N55-H1530 55:15:30 57:18:26
Nfamily | N65-H1025 | 65:10:25 Nfamily | N65-H1025 | 65:10:25 B
N70-H1020 70:10:20 N70-H1020 70:10:20
K40-H2040 | 40:20:40 K40-H2040 | 40:20:40
K50-H1040 50:10:40 K50-H1040 | 50:10:40 51:10:39
! K50-H1535 | 50:15:35 K50-H1535 | 50:15:35 50:17:33
Lysine | kso+2030 | 502030 Lysine | 502030 | 50:2030 | 522028 5 12219
family (k. | K85H1530 | 55:15:30 53:16:31 - family (k- | KOOH1830 | 55:15:30 53:16:31 8113
family) | K80-H1030 60:10:30 57:10:33 16-32 16-32 16-32 family) | K6O-H1030 | 60:10:30 57:10:33
Y, K65-H1025 | 65:10:25 67:10:23 | IIN256NIN V! K65-H1025 | 65:10:25 67:10:23
K50-P1535 50:15:35 48:16:36 16 K50-P1535 | 50:15:35 48:16:36
K50-P2030 50:20:30 48:21:31 K50-P2030 | 50:20:30 :
K55-P1530 55:15:30 55:16:33 K55-P1530 | 55:15:30
R40-H2040 | 40:20:40 37:19:44 R40-H2040 | 40:20:40
R50-H2030 50:20:30 46:22:32 R50-H2030 | 50:20:30 725£128 302
R50-H1535 50:15:35 50:17:34 L R50-H1535 50:15:35 :17:: 759 + 368 31.6
R60-H1030 60:10:30 57:10:33 Arginine | peg 11030 60:10:30 57:10:33 494 +237 20.6
R65-H1025 65:10:25 65:9:27 mimic | Re5.141025 | 65:10:25 65:9:27 | 18442151 288
family (R- | £40.p2040 40-20:40 40:19:41 family R- | R40-p2040 | 40:20:40 40:19:41 | 481+ 154 [NZSIIN 707
family) | Rs0-p2030 50-20:30 49:20:32 family) | R50-p2030 | 50:20:30 49:20:32 | 937+98 293 94 +11
R50-P1535 | 50:15-35 501535 R50-P1535 | 50:15:35 50:15:35 | 137372 57.2
R50-P1535(20)|  50:15:35 52:16:32 |1 R50-P1535(20)| 50:15:35 52116:32 | 1573450  24.6 146 £ 11
iybria | K25R25-H2030[ 25:26:20:30 | 26:25:17:32 Hybria | K29R25-H2030| 25:25:20:30 | 26:25:17:32 | 1041 £465 ]
ybrid | o5R25-P2030 | 25:25:20::30 | 25:24:20:30 il K25R25-P2030 | 25:25:20::30 | 25:24:20:30 34514
family || R35 2030 | 15:35:20:30 | 13.34:20-33 MY |K15R35-P2030 | 15:35:20:30 | 13:34:20:33 140 £ 15
(K-R family)| i a2nie 55050 | 38118:20-30 | 35151832 (KR family) | 35R15-P2030| 35:15:20:30 | 35:15:18:32 424£19
[ EE
-_—
Higher efficacy Higher biocompatibility
Fig. 9 In vitro evaluation of ternary amphiphilic polymers. (A) Antibacterial activity, expressed as minimum inhibitory concentration (MIC), against Gram-

negative strains Pseudomonas aeruginosa PAO1 (wild type) and PA37 (MDR), Escherichia coli (EC) K12, and Gram-positive Staphylococcus aureus (SA)
ATCC 29213. (B) Biocompatibility profiles assessed through hemolytic activity toward sheep red blood cells (HCsp) and cytotoxicity toward mouse
embryonic fibroblasts (MEFs) using the alamarBlue metabolic assay (ICsp). Adapted from ref. 65 under the terms of the CC BY 4.0 license, Wiley, copyright

2022.
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Analysis of the library showed that the balance of cationic
functionality is a decisive factor governing antibacterial activity
and selectivity (Fig. 9A and B). Among the cationic groups
tested, the lysine-mimicking monomer (primary ammonium)
paired with the hydrophilic P-monomer (mPEG-acrylamide)
produced the most selective APs. In particular, K55-P1530 and
K50-P2030 exhibited strong antibacterial activity (MIC = 16-32
pg mL~" against P. aeruginosa PAO1, 32-64 ug mL~" against
multidrug-resistant PA37, and 32 pg mL~" against E. coli K12)
while maintaining excellent biocompatibility (HCs, = > 2000 pg
mL ™% IC5 = 500 ug mL™ 1), yielding SI (HCs,) > 83 and SI (ICs)
21 (Fig. 9A and B). Collectively, these results indicate that
polymers containing 50-60% cationic groups, with a cationic-
to-hydrophobic ratio of 1.4-2 and an appropriate hydrophilic-
to-hydrophobic balance, deliver the most favorable selectivity
toward mammalian cells while retaining strong antibacterial
potency against Gram-negative bacteria (Fig. 9A and B).*®

Beyond the choice of cationic groups, other molecular
features also play critical roles in determining the biological
activity of synthetic APs.'”” For example, antibacterial
activity and biocompatibility are strongly influenced by the
cationic spacer arm, which is defined as the distance between
the cationic centre and the polymer backbone. Kuroda
and colleagues™®® demonstrated this by investigating amphi-
philic statistical copolymers containing primary amines with
side chain spacers of 2-aminoethylene, 4-aminobutylene, and
6-aminohexylene, prepared via radical polymerization
(Fig. 10A)."®° Their results showed that copolymers with 4-
aminobutylene side chains achieved higher antibacterial
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activity than those with 2-aminoethylene spacers, while avoid-
ing undesirable toxicity (Fig. 10B-D). In contrast, extending the
spacer to 6-aminohexylene yielded copolymers with strong
antibacterial potency but also significant hemolytic activity
(Fig. 10B-D). The 4-aminobutylene spacer was therefore identi-
fied as the optimal length, particularly when combined with
hydrophobic ethyl methacrylate (EMA) in a roughly 70/30 ratio,
resulting in maximal antimicrobial efficacy and minimal hemo-
lysis, thereby achieving high selectivity (Fig. 10E). Copolymers
of this composition also demonstrated rapid bactericidal
kinetics and broad-spectrum activity against both Gram-
positive and Gram-negative bacteria."®®

Expanding on the influence of molecular architecture, Gell-
man and colleagues'®! explored stereochemistry as another
structural determinant by synthesizing novel nylon-3 polymers
incorporating stereoisomeric monoethyl (ME) subunits in cis
and trans configurations. Although both stereoisomers main-
tained an equivalent overall amphiphilic balance, their biolo-
gical activity profiles differed markedly (Fig. 11A). Despite
showing similar antibacterial potency against both Gram-
negative and Gram-positive bacteria (3.1 to >200 pg mL™%;
Fig. 11B), their abilities to disrupt eukaryotic membranes
varied substantially. At the highest tested concentration
(500 pg mL ™), ME-cis:TM induced nearly complete hemolysis
(~95-100%) and significant HeLa cell lysis (~60-65%),
whereas ME-trans:TM caused only moderate membrane disrup-
tion (~20-30%; Fig. 11C and D). Complementary experiments
using planar lipid bilayers and synthetic liposomes revealed
that eukaryotic toxicity stemmed from polymer-mediated pore
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(A) Synthetic route for amphiphilic methacrylate statistical copolymers carrying cationic side chain spacer arms of varying lengths. (B) and (C)

Antibacterial activity against E. coli and S. aureus, respectively. (D) Hemolytic activity (HCsp). (E) Selectivity toward E. coli and S. aureus over human red
blood cells. Reproduced from ref. 180 with permission from American Chemical Society, copyright 2012.
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(A) Changing subunit stereochemistry alters the biological activity profile of nylon-3 polymers. (B) MIC values of ME-cis and ME-trans

copolymers. (C) Hemolysis of human red blood cells after 1 and 6 h. (D) Hela cell lysis after 1 and 6 h. Adapted from ref. 181 under the terms of the
CC BY 4.0 license, American Chemical Society, copyright 2021. Notes: Tetramethyl (TM), Luria—Bertani medium (LB), EZ rich defined medium (EZRDM),

and brain heart infusion medium (BHI).

formation. These observations indicate that stereochemical
variation influences polymer chain conformation and
membrane interactions, even in heterochiral systems. Collec-
tively, these findings highlight stereochemistry and spacer
length as critical design parameters to consider when optimiz-
ing the selectivity of antibacterial polymers.'®!

Staphylococcus aureus is a frequent cause of skin infections,
and efforts to prevent community-associated, drug-resistant
infections remain less effective than those implemented in
hospital settings."®* A key factor influencing infection is the
difference in skin pH: healthy human skin maintains an acidic
environment due to the acid mantle, typically ranging from pH
5.4-5.9, although reported values vary depending on measure-
ment methods."® This acidic milieu suppresses bacterial pro-
liferation and protease activity that can damage tissue.'® In
contrast, infected sites approach neutrality because of exposure
of subcutaneous tissue."®*

To investigate the biological impact of this change, Hong,
Kuroda, and coworkers'** studied a cationic amphiphilic sta-
tistical copolymer composed of aminobutyl methacrylate and
EMA."* The polymer displayed pH-dependent antibacterial
activity, being highly effective against clinical isolates of drug-
resistant S. aureus at neutral pH (MIC = 15-20 pg mL '), but
inactive under acidic conditions (MIC = >200 pug mL " at
pH 5.5). Importantly, it retained low hemolytic activity toward
human RBCs and showed no significant cytotoxicity against
human dermal fibroblasts across the tested pH range (5.5-7.4).
These findings demonstrate that the copolymer can selectively
target bacteria over mammalian cells in a pH-responsive
manner.">*

In parallel with environmental sensitivity, the density of
cationic charge within the polymer backbone also plays a

Chem. Commun.

critical role in determining biological performance. While most
of the APs discussed above typically incorporate a single cation
per monomer unit, the Tew group'®> demonstrated that varying
the number of positively charged groups per repeat unit has a
pronounced effect on hemolytic activity. They developed nor-
bornene monomers carrying one, two, or three Boc-protected
amine functionalities, which were polymerized via ROMP and
subsequently deprotected to yield polynorbornenes containing
one, two, or three charges per monomer (polyA;_;)."*> A clear
trend was observed: polyA;, with a single amine, was highly
hemolytic (<1 pug mL "), reflecting its nonselective activity and
increased hydrophobicity due to the isobutenyl backbone. In
contrast, incorporation of additional amine groups markedly
reduced hemolytic activity, with HCs, values of 700 pg mL ™" for
polyA, and 500 pg mL~" for polyA;, while antibacterial efficacy
was maintained. MICy, values against E. coli and S. aureus
showed minimal variation across the series, confirming that
increased charge density decreased mammalian cell toxicity
without compromising antibacterial potency.'®

Iminium group

Another important nitrogen-based cationic centre is the imi-
nium group, which includes functional classes such as guani-
dinium, imidazolium, pyridinium, triazolium, and thiazolium
(Fig. 7). Unlike ammonium groups, where the positive charge is
localized, iminium groups possess delocalized charges distrib-
uted across m bonds or aromatic conjugated systems.'”” This
electronic feature enhances their interaction with negatively
charged bacterial membranes, thereby improving antibacterial
activity while maintaining selectivity over mammalian cell
membranes. Among the different functional classes of iminium
groups listed here, guanidinium salts are the most widely

This journal is © The Royal Society of Chemistry 2026
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employed as cationic sources in amphiphilic antibacterial
copolymers because of their close structural resemblance to
the natural amino acid arginine.***°

Arginine-rich peptides generally show superior antimicro-
bial activity compared to lysine-rich analogs,'®® partly due to
their ability to act as cell-penetrating agents that translocate
across membranes and reach intracellular targets.'®”'®® The
guanidinium group is resonance-stabilized, with delocalization
of the positive charge across three nitrogen atoms."®’
Because the pK, of arginine (~12.5) is higher than that of
lysine (~10.5), polymers containing multiple guanidinium
groups remain highly protonated wunder physiological
conditions.'®® In addition, the bidentate hydrogen bonding
between guanidinium and membrane phosphates further rein-
forces these interactions, contributing to selectivity. Similar
effects have been observed in synthetic guanidinylated
polymers.**°

Several studies have demonstrated the superior biological
performance of guanidinium-functionalized polymers. Tew and
coworkers'®* synthesized polyguanidinium oxanorbornene
(PGON) from norbornene monomers via ROMP. PGON exhib-
ited strong antibacterial activity (MICqo = 6-50 pg mL™") com-
pared with primary amine-based norbornene polymers
(MICoo = 25-400 pg mL ') against both Gram-negative and
Gram-positive bacteria, while showing minimal hemolysis
(HCso = 1500 pg mL ") relative to the primary amine-based
analogs (1-2150 ug mL ). Interestingly, PGON did not disrupt
membranes in vesicle dye-leakage or microscopy assays, sug-
gesting a distinct mechanism of action. Its behavior, reminis-
cent of cell-penetrating peptides, highlights the potential of
guanidinium-containing macromolecules as highly selective
antibacterial agents.'**

Consistent with these findings, Locock and colleagues'®®
converted primary amine-based polymethacrylates into
guanidinium-functionalized derivatives, allowing direct com-
parison between the two classes.'®® Polymers with pendant
guanidinium groups displayed stronger antimicrobial activity
against S. epidermidis, S. aureus, E. coli, and C. albicans, along
with reduced hemolysis relative to their amine analogs
(Fig. 12)."®* 1Ikeda and coworkers reported acrylate
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homopolymers and copolymers containing biguanide side
chains, which demonstrated broad-spectrum antimicrobial
activity against both Gram-positive and Gram-negative
bacteria.'®> More broadly, guanidinium-functionalized poly-
mers have been found to be effective against all ESKAPE
pathogens as well as critical fungal species."®*™*°*> Their strong
affinity for phospholipid membranes contributes to enhanced
antimicrobial activity while simultaneously reducing host
toxicity.”>

The unique properties of guanidinium allow APs to operate
through multiple mechanisms of action. Yang et al. demon-
strated that guanidinium-functionalized polycarbonates exert
antibacterial effects by disrupting membranes and translocat-
ing into cells, leading to the precipitation of cytosolic compo-
nents (Table 3).**'®® Bai and coworkers'®® developed an
oligoguanidine of peptide-like size that combined membrane
permeabilization with DNA binding, showing enhanced selec-
tivity, synergy with conventional antibiotics, and a low propen-
sity for resistance development, along with effective in vivo
performance in a mouse wound infection model of MDR
P. aeruginosa (Table 3). In addition, Yang and Hedrick showed
that combining quaternary ammonium and guanidinium
homopolymers produced additive or synergistic antibacterial
activity (Table 3)."%”

Imidazole side chains, inspired by histidine-rich HDPs,
represent another important source of cationic charge in APs.
Recently, imidazole groups have been explored as cationic
sources for antibacterial polymers. Using an ultrafast ROP
combined with click chemistry, Tang, and coworkers'*® synthe-
sized imidazolium-based block copolypeptides (PPG,-PIL,,).
These a-helical copolypeptides readily self-assembled into posi-
tively charged nanoscale micelles, which displayed strong anti-
microbial activity and excellent hemocompatibility."*® The lead
polymer, PPG3,4-PIL,, exhibited low MIC (25 pg mL™ ") against
both Gram-positive S. aureus and Gram-negative E. coli. Impor-
tantly, it showed negligible hemolysis and low cytotoxicity
toward NIH 3T3 fibroblasts and 293T kidney cells, even at
concentrations twice the MIC. Live/dead fluorescence assays
further confirmed high cell viability, highlighting its favorable
safety profile. Overall, they claimed PPG;,-PIL,, represents a
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Fig. 12 Comparison of antimicrobial activity and hemolysis between guanidine-functionalized polymers (PG series) and primary amine-functionalized
polymers (PA series). Reproduced from ref. 163 with permission from American Chemical Society, copyright 2013.
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Table 3 Chemical structures and bioactivity of guanidinium-functionalized APs showing multiple antibacterial mechanisms

HCSO/ICSO
Guanidine-based polymer Spacer/R-group Test subject MIC (ug mL ™) (g mL™")  Ref.
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¢ Multidrug-resistant strains.

promising candidate for anti-infective applications combining
broad-spectrum potency with excellent mammalian cell com-
patibility (Fig. 13)."%®

Yan and colleagues'®® synthesized imidazolium-type ionic
liquid monomers and their corresponding poly(ionic liquid)

9

(PIL) membranes. By studying the impact of chemical structure
on antibacterial activity, they found that activity increased with
higher charge density (double cation) but decreased with longer
carbon chain length.'®® In addition, Yang and coworkers>®
prepared a series of polycarbonates bearing propyl or hexyl side
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)
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chains quaternized with different nitrogen-containing hetero-
cycles (pyridinium and imidazolium; Fig. 14). These polymers
exhibited substantially enhanced anti-infective properties
against bacterial and fungal strains compared to their analogs
quaternized with trimethylamine (TMA). The improvement in
efficacy, as reflected in their MIC values (Table 4), was attrib-
uted to a more favorable balance between cationic charge and
hydrophobicity. Notably, hemolysis assays further confirmed
their excellent hemocompatibility, with many polymers display-
ing high HCs, values (>1000 pg mL™') and pronounced
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~
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Fig. 13 Antibacterial activity and biocompatibility of imidazolium-based block copolymers. (A) MICs against S. aureus and E. coli. (B) Hemolysis profile at
different polymer concentrations. (C) Viability of NIH 3T3 fibroblasts and (D) 293T kidney cells exposed to polymers at 50-400 ug mL™. (E) Live/dead
fluorescence images of untreated NIH 3T3 cells and (F) cells treated with PPGs4-PlLyo (50 pg mL™Y), showing predominantly viable cells (green).
Reproduced from ref. 198 with permission from American Chemical Society, copyright 2021.
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Fig. 14 Chemical structures of polycarbonates prepared by organocata-
lyzed ROP, functionalized with different nitrogen-containing heterocycles
(Q = Melmdz, Etimdz, Bulmdz, Pyr, or DMAP). Adapted and redrawn from
ref. 200 with permission from American Chemical Society, copyright 2014.

selectivity, with some achieving >250-fold preference for
S. aureus over mammalian RBCs (Table 4). Acting predomi-
nantly through membrane-lytic mechanisms, these polymers
present a reduced risk of resistance development and hold
strong promise as potent antimicrobial agents.>*

In a separate study, the Sen group®®" was the first to report
the pronounced influence of spatial positioning of the cationic
charge and hydrophobic tail on the bioactivity of APs. They
designed a series of amphiphilic pyridinium-methacrylate
copolymers with variations in the relative placement of the
positive charge and the alkyl tail (Fig. 15).>°! Evaluation of their
antibacterial and hemolytic properties showed that the
separate-centered configuration enhanced membrane disrup-
tion, thereby increasing both antimicrobial and hemolytic
activity, while the same-centered configuration reduced hemo-
toxicity and resulted in improved selectivity (Fig. 15).2°*

The Fernandez-Garcia, Lopez and coworkers®®® synthesized
two series of antimicrobial polymethacrylates incorporating
mono- and bis-cationic quaternary ammonium groups via
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Fig. 15 Effect of “same-center” and “separate-center” positioning on the
antibacterial and hemolytic activity of homologous polymers. Reproduced
from ref. 201 with permission from Wiley-VCH GmbH, copyright 2008.

controlled N-alkylation of pendent thiazole- and triazole moi-
eties. In this design, the azole side chains were alkylated with
butyl iodide, allowing precise regulation of the degree of
quaternization (DQ) from 10% to 100%. When the DQ exceeded
50%, the polymers displayed striking antibacterial potency
against both P. aeruginosa and S. aureus (MIC <10 ug mL %),
while simultaneously maintaining exceptional hemocompat-
ibility (HCso >5000 ug mL™ "), resulting in an outstanding SI.
Time-kill studies further revealed rapid bactericidal action,
achieving a 3-log reduction in CFU mL ™" within just 15 min-
utes. Scanning electron microscopy confirmed the membrane-
disruptive nature of these polymers, showing surface rough-
ening and pronounced bacterial aggregation after treatment.>*?

Table 4 Antimicrobial (MIC) and hemolytic (HCsg) activities and selectivity (HCs0/MIC) of the polycationic copolymers. Adapted and redrawn from ref.

200 with permission from American Chemical Society, copyright 2014

MIC [(mg L"), (Selectivity)]

Polymer S. aureus (Gram +) E. coli (Gram —) P. aeruginosa (Gram —) C. albicans (fungus) HCso

PrBr(MeImdz) 500 (>2) 1000 (>1) >1000 250 (>4) >1000
PrBr(EtImdz) 31 (>32) 250 (>4) >1000 250 (>4) >1000
PrBr(Bulmdz) 8 (~125) 31 (~32) 250 (~4) 250 (~4) ~1000
PrBr(Pyr) 63 (>16) 125 (>8) 1000 (>1) 125 (>8) >1000
PrBr(DMAP) 8 (>125) 63 (>16) 125 (>8) 250 (>4) >1000
PrBr(TMA)“ 500 (>2) 1000 (>1) >1000 500 (>2) >1000
HexBr(MeImdz) 4 (>250) 31 (>32) 250 (>4) 125 (>8) >1000
HexBr(EtImdz) 4 (>250) 16 (>64) 250 (>4) 125 (>8) >1000
HexBr(Bulmdz) 4 (>250) 8 (~62) 31 (~16) 125 (~8) ~1000
HexBr(Pyr) 4 (>250) 31 (>32) 125 (>8) 125 (>8) >1000
HexBr(DMAP) 4 (>250) 31 (>16) 31 (>16) 250 (>2) >500
HexC|(TMA)“ 125 (>8) 125 (>8) 1000 (>1 250 (>4) >1000

¢ Trimethylamine (TMA) was used for quaternization to prepare cationic polymer analogs serving as reference compounds for comparison.

This journal is © The Royal Society of Chemistry 2026
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Sulfonium group

Sulfur compounds play essential roles in cellular signalling and
defense, motivating interest in sulfur-based functionalities for
antimicrobial design. Drawing on this inspiration, synthetic
chemists have investigated sulfonium groups as cationic cen-
ters in APs. Kanazawa et al>*® pioneered this approach by
synthesizing polymers in which sulfur atoms acted as sources
of positive charge. Since then, sulfonium-containing com-
pounds have gained significant attention in the development
of amphiphilic APs and other therapeutic systems.”**">°® Their
structural and electronic resemblance to quaternary ammo-
nium groups provides a useful framework for charge incorpora-
tion, while offering unique opportunities for chemical
diversification. Early studies reported that sulfonium-based
polymers exhibited stronger activity against Gram-positive than
Gram-negative bacteria.>**>°® More recently, advances in
sequence-defined polysulfonium architectures have demon-
strated broad-spectrum activity,””” including potent efficacy
against antibiotic-resistant pathogens.??®>°®

Expanding on these findings, the Rao group®®® recently
reported main-chain sulfonium-containing polymers with AB-
alternating sequences, introducing a new class of sulfonium-
based macromolecules. These polymers exhibited broad-
spectrum bactericidal activity against clinically relevant patho-
gens while demonstrating excellent biocompatibility. Notably,
they were highly effective against MRSA, with MBCs ranging
from 1.25 to 10 ug mL™ " and caused no detectable hemolysis
even at concentrations up to 10 000 pg mL~". This remarkable
profile corresponded to a SI exceeding 2000, highlighting their
strong therapeutic potential.>*® Building on this success, the
same group>'® later developed sulfonium-based homopolymers
incorporating cationic sulfonium units separated by alkane
spacers in the main-chain.”*® These polysulfoniums displayed

9
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potent antimicrobial activity against bacteria (E. coli, S. aureus)
and fungi (C. albicans), with MICs between 0.5 and 32 pg mL ™.
Furthermore, optimized compositions effectively disrupted bio-
films, achieving 80-90% biomass reduction and >99% eradica-
tion of C. albicans and E. coli in 3-day mature biofilms at 2 x MIC,
while maintaining excellent hemocompatibility (Fig. 16).>'°

Encouraged by the strong bioactivity of main-chain sulfo-
nium polymers, the Klinger group recently extended this con-
cept by shifting focus toward side-chain functionalization.*!
While main-chain systems had already shown excellent anti-
bacterial activity and biocompatibilities, the SAR of side-chain
sulfonium polymers remained largely unexplored. To address
this gap, they designed a library of sulfonium-based terpoly-
mers that incorporated different hydrophobic (aliphatic or
aromatic) groups alongside hydrophilic polyethylene glycol
(PEG) segments, while keeping overall chain lengths compar-
able (Fig. 17). Crucially, the study examined how the spatial
arrangement of cationic and hydrophobic groups on the back-
bone, specifically same-center versus different-center configura-
tions, influenced biological activity (Fig. 17A and B).*!
Bactericidal assays against both Gram-positive and Gram-
negative bacteria revealed that same-center polymers displayed
superior activity compared to different-center analogs with
similar cLogP values. However, higher cLogP values in both
polymer types were associated with increased hemolysis
(Fig. 17A and B), thereby compromising overall polymer selec-
tivity. Notably, sulfonium-based APs demonstrated enhanced
bactericidal activity and selectivity relative to their quaternary
ammonium counterparts.*’ Complementary results have also
been reported for other recently developed sulfonium-derived
APS.175’211

Fu, Whittaker, and coworkers>'* found that sulfonium poly-
mers displayed greater antibacterial potency against both E. coli

Main-Chain Sulfonium-Containing Homopolymer (PS*)
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Fig. 16 Schematic illustration of main-chain sulfonium-containing homopolymers (PS*) showing broad-spectrum antimicrobial activity, excellent
hemocompatibility, and effective biofilm eradication at low MIC values. Reproduced from ref. 210 with permission from American Chemical Society,

copyright 2021.
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Fig. 17 Chemical structures and bioactivity of sulfonium-based terpolymers prepared with two architectures: (A) same-center and (B) different-center
designs showing antibacterial and hemolytic activities. Adapted from ref. 41 under the terms of the CC BY 3.0 license, Royal Society of Chemistry,

copyright 2025.

(MICqq = 125-250 ug mL ™~ ") and S. aureus (MICqo = 2000 ug mL ™),
outperforming their ammonium-based analogs (MICqy =
2000~ > 8000 pug mL ™" against E. coli and >8000 ug mL ™" against
S. aureus) and phosphonium-based analogs (MICy, 250-
>8000 pg mL™ ' against E. coli and >8000 pg mL ' against
S. aureus). However, all classes of cationic polymers exhibited
some degree of hemolytic activity, with sulfonium polymers
inducing the highest levels, followed by phosphonium and then
ammonium systems. A similar trend was observed for cytotoxicity

This journal is © The Royal Society of Chemistry 2026

toward mammalian cells. Despite this drawback, sulfonium poly-
mers maintained a comparatively higher therapeutic index
(TI = 72), reflecting a balance between their potent antibacterial
efficacy and associated toxicity.>">

These findings highlight both the promise and the chal-
lenges of sulfonium chemistry for antibacterial applications,
emphasizing the need for further molecular design strategies to
enhance antibacterial performance while reducing hemolysis
and mammalian cytotoxicity.
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Phosphonium group

Phosphonium groups, positioned below nitrogen in the peri-
odic table, carry a stronger cationic character than ammonium,
which enhances their electrostatic interaction with negatively
charged bacterial membranes and thereby improves antibac-
terial potency.”®?***'* This principle was first demonstrated by
the Kanazawa group,”'® who reported the use of phosphonium
moieties as cationic charge centers in amphiphilic antibacterial
polymers. Comparative studies revealed that polymers with
identical backbones, but different cationic substituents dis-
played markedly different activity, with phosphonium-based
salts exhibiting antibacterial activity up to two orders of mag-
nitude greater than their quaternary ammonium analog.>"®

Further advances were made by Gillies et al.,'”* who inves-
tigated phosphonium-functionalized block copolymer micelles
as intrinsically antibacterial polymer assemblies. In their
design, phosphonium cations of varying alkyl chain lengths
were conjugated to the termini of poly(ethylene oxide)-poly-
caprolactone block copolymers, which subsequently self-
assembled into micelles in aqueous solution. The antibacterial
performance, measured as MBC, was strongly influenced by the
length of the phosphonium alkyl chain, with distinct trends
observed between S. aureus and E. coli. Notably, the most active
micellar assemblies achieved bactericidal activity without caus-
ing hemolysis at concentrations above their MBC values,
demonstrating selective disruption of bacterial membranes
while sparing RBCs.'”?

Design of hydrophobic group

It is commonly recognized that the hydrophobic domains of
cationic APs play a decisive role in disrupting microbial mem-
branes. Once adsorbed to the cell surface, these groups pene-
trate the lipid bilayer, destabilize membrane integrity, and
cause cytoplasmic leakage, ultimately leading to microbial
death. As a result, the length, branching, and chemical nature
of hydrophobic substituents are critical factors in monomer
design. Both the local hydrophobicity of individual monomers
and the overall hydrophobicity of the polymer are key determi-
nants of antibacterial potency and cytotoxicity.>*1%174216
Achieving the right hydrophilic to hydrophobic balance is
therefore essential for the design of amphiphilic antimicrobial
copolymers, as highlighted in the preceding section (Fig. 6).
This balance can be tuned at either the monomer or polymer
level through three main approaches: (I) tailoring monomer
structures, such as spacer length and hydrophobic group type;
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(I1) adjusting the ratio of hydrophobic to other functional
groups in copolymers; and (III) incorporating neutral hydro-
philic units, such as PEG.3:108118

The first strategy focuses on modulating hydrophobicity at
the local level by careful selection of hydrophobic monomer
structures, thereby fine-tuning the overall hydrophilic-hydro-
phobic balance. Most APs employ alkyl chains as hydrophobic
substituents, and the length and type of these pendant groups
play a crucial role in determining bioactivity.>*° For example,
Yang and Hedrick’s group®’ developed a library of polycarbo-
nates in which the length of the alkyl spacer between the
quaternary ammonium group and the polymer backbone was
systematically varied.>"” Their findings (Fig. 18) showed that
the MICs against multiple pathogens decreased as the spacer
length increased from three to eight carbons. Within this
range, elongation of the alkyl chain enhanced the hydrophobic
character of the polymers, thereby promoting stronger interac-
tions with bacterial membranes and improving antimicrobial
performance.?’” Similar observations have been reported by
other groups across a variety of polymer backbones,*'%>2°
reinforcing the critical role of hydrophobic monomer design
in antimicrobial efficacy.

In a related study, the Halder group demonstrated that
amide- and ester-containing cationic amphiphilic polymers
with adjustable side-chain hydrophobicity can regulate both
antibacterial efficacy and cytotoxicity (Fig. 19A).>** Their find-
ings indicated that amide polymers could act as potent anti-
bacterial agents even at lower levels of hydrophobicity, whereas
ester-based polymers required relatively higher hydrophobicity
to achieve comparable effectiveness (Fig. 19B). At elevated
hydrophobic content, both amide and ester polymer showed
similar biological profiles in terms of membrane-disruptive
antibacterial activity and host cell toxicity. In contrast, at
reduced hydrophobicity, both types were less cytotoxic, but
amide polymers retained significant antibacterial and
membrane activity compared to ester polymers (Fig. 19B).”*"

In addition to the effect of chain length, the structural
nature of the hydrophobic group also has a significant impact
on bioactivity. Although linear alkyl chains are the most com-
mon hydrophobic units in cationic APs, cyclic and fused-ring
structures can also be incorporated. To explore the role of cyclic
groups, Gellman group synthesized nylon-3 statistical copoly-
mers containing either cyclohexane substituents or their acyclic
analogs.”*®> Polymers bearing cyclohexane rings displayed
enhanced antibacterial activity (MIC = 1.6-50 pg mL ") along
with low hemolytic activity compared to those with structurally
similar acyclic groups (MIC = 3.13->200 pg mL ").*** Later,

[} o [ o MIC (mg/L)
)l(o OJL>° o(ﬂ\o o)ﬁ\ Methylene S. . P. B
15 S. aureus . - E. coli . C. albicans
groups epidermidis aeruginosa HC;,
L) o~ "o 0~ "o (Gram +) (Gram -) (Fungus)
/g('?/m@ ’45(,?/ ol (Gram +) (Gram -)

LI AN n=3 500 16 1000 > 1000 500 > 1000
n=6 31 4 125 1000 250 >1000

n = number of methylene groups n=8 4 4 16 125 125 250

Fig. 18 MIC values of antimicrobial cationic polycarbonates bearing different chain lengths of alkyl groups against various pathogens. Adapted and
redrawn from ref. 217 with permission from American Chemical Society, copyright 2013.
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Yang and coworkers developed a broader library of polymers
featuring diverse spacer groups, including both aliphatic and
aromatic structures.'®® Their findings demonstrated that poly-
mers with aliphatic spacers generally exhibited superior anti-
bacterial activity and hemocompatibility relative to their
aromatic counterparts. However, increasing the alkyl chain
length from ethyl to pentyl or cyclohexyl was associated with
greater hemolysis, reflecting the increased hydrophobicity of
these polymers."®?

Following this approach, the same group recently reported
guanidinium-functionalized polycarbonate statistical copoly-
mers prepared by organocatalytic ROP to investigate the influ-
ence of hydrophobic side chains (ethyl, propyl, isopropyl,
benzyl, and hexyl) on antimicrobial performance and
selectivity."® Across this series, the polymers showed broadly
comparable MICs and MBCs against a wide range of microbial
strains, although polymers bearing more hydrophobic substi-
tuents demonstrated faster bactericidal action. At a hydropho-
bic comonomer content of 20 mol%, the polymers exhibited
diminished selectivity, which was attributed to an increase in
hemolytic activity.*?

The second and third design approaches emphasize control
at the global polymer level, where the hydrophobic component
modulates bioactivity through its contribution to the overall
amphiphilic balance in antimicrobial copolymers. In binary
APs, an excess of cationic content reduces the proportion of

This journal is © The Royal Society of Chemistry 2026

hydrophobic groups, which can compromise antimicrobial
potency. Overly cationic polymers may also induce RBC
agglutination®** and disrupt host cellular processes, leading to
toxicity.>**>*” Conversely, polymers with excessive hydropho-
bicity can damage both bacterial and mammalian membranes
indiscriminately, while also suffering from poor aqueous solu-
bility, ultimately reducing their bioavailability and antimicro-
bial effectiveness.

To systematically examine the impact of hydrophobicity, the
Boyer group constructed a library of ternary antibacterial poly-
mers via PET-RAFT polymerization, varying both the hydropho-
bic monomer type (linear, branched, cyclic, or aromatic) and
the chain length (C5, C7, or C9) (Fig. 20A and B).'® The
polymers were tested against four bacterial strains and RBCs
to evaluate their antibacterial potency and hemocompatibility
(Table 5). Clear structure-bioactivity trends were identified. For
polymers with comparable degree of polymerization (DP = 40)
and monomer ratios, increasing side-chain length reduced
antibacterial activity, with C9 derivatives being less effective
than C5 and C7 analogs."*

Hydrophobic content also had a strong influence on toxicity.
Increasing hydrophobic fraction from 10 mol% to 40 mol% led
to greater hemolysis, particularly as chain length increased
from C5 to C9 (Table 5). For instance, Pm-based polymers
(P40-2030) showed HCs, >2000 pg mL™', compared with
Hm-based polymers (H40-2030, HCs, = 1150 pg mL ') and
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N-cycloheptylacrylamide
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benzylacrylamide (Bm), and N-nonylacrylamide (Nm)], the cationic monomer tert-butyl (2-acrylamidoethyl)carbamate, the hydrophilic monomer HEAm,
and the RAFT agent BTPA. (B) Reaction scheme for the synthesis of antibacterial polymers by PET-RAFT. (C) Correlation between cLogP of polymers and

their MIC values against PAOL. MIC values >128 ug mL™ were plotted as 256 ng mL™* for ease of viewing. Brown @, polymers from reference;*

° green

¥, polymers from references;%*22® blue +, polymers from the reported study.’°® cLogP values were calculated using a theoretical DP of 10. Reproduced

from ref. 109 with permission from American Chemical Society, copyright

Nm-based polymers (N40-2030, HCs, = 257 pg mL™ ") (Table 5).
These results demonstrate that both hydrophobicity and hydro-
phobic content are key parameters of blood compatibility.
Within same chain length series, branched hydrophobic poly-
mer group showed enhanced antibacterial efficacy relative to
their linear counterparts. Among all the variants, isopentyl-
based monomers (Im) offered the most favorable balance
between antibacterial performance and hemocompatibility.
Overall, linear and branched alkyl side chains conferred greater
antibacterial activity than cyclic or aromatic groups. Impor-
tantly, the group analyzed the cLogP values of statistical APs
from their earlier studies*>®***® and compared them with data
from the reported work by plotting them against the MIC values
for P. aeruginosa (PAO1) (Fig. 20C)."*° Consistent with their
previous observations, the antibacterial activity of these poly-
mers showed a strong correlation with the cLogP values.
Although some variation in activity was observed, polymers
with poor antibacterial performance (MIC >128 pg mL™ ")
consistently exhibited cLogP values outside the range of 0-6
(Fig. 20C). Notably, polymers with calculated cLogP values
between 0 and 2 achieved the best compromise, combining
strong anti-infective properties with minimal hemotoxicity."*®

Design of neutral hydrophilic group

A complementary strategy to mitigate the toxicity of antibacter-
ial polymers is the incorporation of electrically neutral, hydro-
philic moieties into the polymer backbone or side chains,
thereby refining the amphiphilic balance. HDPs achieve selec-
tive antimicrobial activity through a combination of cationic,
hydrophobic, and neutral hydrophilic amino acids such as
serine. While cationic residues enable electrostatic binding
and hydrophobic residues promote membrane insertion, neu-
tral hydrophilic residues help temper activity and enhance
overall biocompatibility.

Chem. Commun.

2020.

Drawing inspiration from this design, synthetic polymers
have increasingly adopted the third neutral hydrophilic groups—
such as PEG or sugar units, to reduce nonspecific interactions
and hemolysis while maintaining antimicrobial potency. A
pioneering example was reported in 2007 by Youngblood
and colleagues,”*® who copolymerized quaternized poly(vinyl-
pyridine) with hydroxyethyl methacrylate and PEG methyl ether
methacrylate using free radical polymerization technique. Poly-
mers bearing hydrophilic units showed diminished hemolytic
activity with maintained or even enhanced antibacterial
performance.**® Later, the Yang group converted hydrophobic
groups of primary amine-functionalized polymethacrylates into
hydrophilic moieties to improve biocompatibility.’”* Encour-
aged by these findings, the Boyer group developed a series of
statistical amphiphilic ternary copolymers to systematically
probe the role of neutral hydrophilic groups in antibacterial
activity and toxicity.”” Unlike hydrophobic groups, which
directly disrupt bacterial membranes, hydrophilic substituents
exert an indirect but crucial influence by modulating the overall
hydrophobic/hydrophilic balance and global amphiphilicity.>”
This effect is consistent with atomistic simulations by
>*1 which highlighted the importance

230,231

Vemparala®® and Rani,
of water—polymer interactions in tuning activity profiles.
This indicated that the structural characteristics of hydrophilic
groups—including chain length, flexibility, and intrinsic hydro-
philicity, are key parameters that determine selectivity in APs.
In particular, the Boyer group found that polymers incorporat-
ing PEG as the neutral hydrophilic component exhibited
markedly higher biocompatibility and selectivity than those
containing shorter, less flexible groups such as 4-acryloyl-
morpholine or N-hydroxyethyl acrylamide.>”

To further leverage the advantages of PEG in antibacterial
polymer design, Chattopadhyay and coworkers>** synthesized a
series of graft copolymers by chemoselectively attaching
acrylate-terminated hydrophobic PEG chains to a chitosan

This journal is © The Royal Society of Chemistry 2026
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Table 5 Antibacterial (MIC) and hemolytic (HCso) activities of terpolymers with varying hydrophobic monomers and feed ratios against Gram-negative
and Gram-positive bacteria and RBCs, respectively. Adapted and redrawn from ref. 109 with permission from American Chemical Society, copyright 2020

cLogP of MIC of polymer (ug mL ")
Family of  Hydrophobic Monomer representative
polymers  monomer (cLogP)  Polymer ratio (x:y:2)  oligomer PAO1 PA 27853 ECK12  SA 29213 HCs, (ug mL ™)
I-family Im (1.40) 140-1040 50:10:40 2.7 16 16-32 16 >256 141.5 £ 6
140-1535 50:15:35 1.55 16 16-32 16 >256 >2000
140-2030 50:20:30 0.39 16-32 32-64 32 >256 >2000
140-2525 50:25:25 —-0.77 256 >256 128-256 >256 No hemolysis
140-3020 50:30:20 —1.93 >256 >256 >256 >256 No hemolysis
P-family Pm (1.53) P40-1040 50:10:40 3.22 32 32 16 >256 87 +£9
P40-1535 50:15:35 2 32 32 16 >256 ~2000
P40-2030 50:20:30 0.78 32 32-64 32-64 >256 >2000
H-family Hm (2.59) H40-2030 50:20:30 3.95 64 128 64 >256 1150 + 392
H40-2525 50:25:25 2.2 64 64 64 >256 >2000
H40-3020 50:30:20 0.45 64-128 128-256 128 >256 >2000
Pb-family  Pbm (2.37) Pb40-2030  50:20:30 3.7 32 32-64 16-32 >256 523 + 209
Pb40-2525 50:25:25 2 32-64 32-64 32-64 >256 >2000
Pb40-3020 50:30:20 0.29 64 128 128-256 >256 >2000
Cp-family  Cpm(2.01) Cp40-2030  50:20:30 2.2 32-64 64 32 >256 123 £ 13
Cp40-2525 50:25:25 0.74 32-64 32-64 16-32 >256 ~2000
Cx-family ~ Cxm (2.07) Cx40-2030 50:20:30 2.38 32 32-64 32 >256 131 + 20
Cx40-2525 50:25:25 0.89 32-64 64 16-32 >256 ~2000
B-family ~ Bm (1.19) B40-1535  50:15:35 1.11 32-64 64 64-128  >256 >2000
B40-1040 50:10:40 2.23 16-32 32 32 >256 961 £ 425
B40-2030 50:20:30 0.05 64 64-128 256 256 >2000
N-family Nm (3.65) N40-2030 50:20:30 7.13 >256 >256 >256 >256 257 £ 37
N40-3020 50:30:20 2.57 128-256 256 128-256 256 >2000
N40-3515 50:35:15 0.29 128-256 256 128-256 >256 No hemolysis

backbone at the C,-NH, position (Fig. 21).*” These PEG-
chitosan graft copolymers exhibited potent and selective anti-
bacterial potency against both Gram-negative and Gram-
positive bacteria, while maintaining excellent hemocompatibil-
ity (Fig. 21). Notably, bacterial selectivity was strongly influ-
enced by grafting density. For instance, low-density grafts
(CHT-g-OPEG10) preferentially targeted E. coli over S. aureus,
as indicated by a MIC (S. aureus)/MIC (E. coli) ratio of 1.68.
Conversely, higher-density grafts (CHT-g-OPEG30) shifted activ-
ity toward S. aureus, with a MIC (E. coli)/MIC (S. aureus) ratio of
2.14. Together, these results demonstrate that modulation
of PEG grafting density offers a safe and tunable approach
for controlling antibacterial specificity in chitosan-based
copolymers.”*”

In addition to graft copolymer strategies, PEG has also been
incorporated directly as a side chain to further optimize the
amphiphilic balance of APs. In a recent 2024 study, Janczewski
et al. introduced PEG side chains into the repeating units of APs
to simultaneously enhance activity and minimize toxicity.
These polymers exhibited strong and broad-spectrum efficacy
against E. coli, S. aureus, and C. albicans, with the PEG sub-
stitution not only improving biocompatibility but also signifi-
cantly enhancing antimicrobial performance.*®

An alternative to PEG is the use of sugar-based macromole-
cules as neutral hydrophilic components in APs. Their natural
abundance, hydroxyl-rich architecture, and excellent biocom-
patibility make them attractive candidates for enhancing selec-
tivity. Notably, E. coli express mannose-binding proteins on
their pili, which facilitate adhesion to glycoconjugates on
mammalian cell surfaces.”®® Leveraging this feature, the
Ragogna group developed amphiphilic polyphosphonium

This journal is © The Royal Society of Chemistry 2026

polymers functionalized with pendant mannose moieties,
hypothesizing that this modification would enhance bacterial
binding and killing specificity toward E. coli.*'* In their study,
they reported the first synthesis of carbohydrate-containing
phosphonium monomers and polymers, featuring either man-
noside or glucoside substituents combined with hydrophobic
hexyl chains, alongside a tris(hydroxypropyl)phosphonium-
based control polymer. Unexpectedly, the control polymer,
despite lacking hydrophobic alkyl chains, displayed potent
antibacterial activity against both Gram-negative and Gram-
positive bacteria, while also showing minimal hemolysis,
thereby increasing overall selectivity and safety.*'*

Aligned with this sugar-based strategy, the Li group devel-
oped a different class of cationic peptidopolysaccharides by
grafting antimicrobial polypeptides onto a polysaccharide
backbone.>** Using thiol-ene click chemistry, they coupled
methacrylate-terminated  poly(lysine-random-phenylalanine)
(Me-K,F,,) chains to thiolated dextran, generating Dex-g-K,F,,
copolymers.>** These polymers exhibited potent broad-
spectrum antimicrobial activity against Gram-negative,
Gram-positive, and fungal strains, with MIC values ranging
from 31 to 500 pg mL ™", and did not induce resistance in
MRSA. In addition, Dex-g-K,F,, copolymers showed negligible
hemolysis and good in vitro biocompatibility with murine
myoblast (C2C12) cells. Among the series, one polymer
emerged as the most effective candidate, displaying over 200-
fold greater selectivity than the corresponding polypeptide
molecules. Importantly, this optimized copolymer also
achieved strong in vivo antibacterial performance, with more
than a 3-log reduction in bacterial load in a mouse sepsis
model.”**
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Fig. 21 Structure and biological performance of PEG-chitosan graft copolymers. Reproduced from ref. 232 with permission from American Chemical

Society, copyright 2023.

Extending this work, the same group in 2025 addressed
bacterial liver abscesses,”® an increasingly critical clinical
challenge exacerbated by poor antibiotic penetration and multi-
drug resistance, by developing a hepatotropic pullulan-based
peptidopolysaccharide designed for targeted liver delivery and
broad-spectrum antibacterial action (Fig. 22).>*> Through pre-
cise molecular engineering to balance antibacterial potency
with hemocompatibility, the lead copolymer PP11 demon-
strated outstanding efficacy against all ESKAPE pathogens,
including MDR strains, while maintaining exceptionally high
HCs, values and a SI exceeding 647. PP11’s membrane-
disruptive mechanism minimized the risk of resistance devel-
opment. Importantly, ex vivo and in vivo studies confirmed
pronounced hepatotropic targeting and potent antibacterial
performance in a murine liver abscess model induced by
ESBL-producing E. coli, achieving >99.9% bacterial reduction
and significant suppression of pro-inflammatory cytokines IL-6
and IL-1P. A four-week biosafety assessment further verified the
absence of toxicity across major organs and preservation of
normal hepatic and renal function.**

Parallel to these developments, insights from HDPs have
highlighted the role of neutral polar residues in governing
selectivity. Serine (polar but uncharged) is one of the most
frequently occurring amino acids in HDPs, while glycine is
more abundant in HDPs compared with typical proteins.
Inspired by these observations, Gellman and coworkers
designed ternary nylon-3 copolymers incorporating serine-like
or glycine-like neutral subunits together with hydrophobic and
cationic components (Fig. 23).'°® Compared with earlier binary
cationic-hydrophobic nylon-3 copolymers, these ternary sys-
tems exhibited enhanced anti-infective effects with reduced
hemolysis, underscoring the importance of neutral polar moi-
eties in achieving a favorable balance between efficacy and
biocompatibility."®®

Chem. Commun.

Overall, the strategic incorporation of neutral hydrophilic
groups has proven to be an effective route for enhancing the
safety profile of antimicrobial copolymers while preserving or
even strengthening their antibacterial potency. Such design prin-
ciples hold considerable promise for advancing next-generation
APs that combine high efficacy with excellent biocompatibility.

Design of end group

For polymers of high molecular weight, the contribution of
chain-end groups to the overall amphiphilic balance is gener-
ally considered negligible. However, in the case of HDP-
mimetic antibacterial polymers, which are often designed as
relatively short oligomers, the identity of the terminal groups
can have a pronounced influence on biological properties. To
address this, controlled polymerization techniques such as
ROP, RAFT, and ATRP have been widely applied, providing
precise control over end-group fidelity and enabling systematic
evaluation of their role in antimicrobial potency and
biocompatibility."*®

One of the earliest examples was reported by Maynard
group,”*® who examined the toxicity of PEG-acrylate-based
polymers synthesized via RAFT polymerization using various
chain-transfer agents. Their results demonstrated that polymer
toxicity was strongly linked to the presence of thiol chain ends,
and that this toxicity could be alleviated by masking the free
thiol functionality.”*® Complementing this work, Gellman and
colleagues investigated nylon-3 copolymers and revealed that
the nature of end groups substantially influenced hemolytic
behavior, with more hydrophobic termini leading to increased
RBC lysis.'®

Expanding on these findings, Michl and coworkers con-
ducted a broader study by synthesizing a series of eight

This journal is © The Royal Society of Chemistry 2026
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RAFT-derived cationic methacrylate polymers containing either
amine (PA1-4) or guanidine (PG1-4) pendant groups
(Fig. 24).>*” In their work, the chemical nature of both the R-
and Z-end groups of the RAFT agent was systematically varied
to investigate their influence on polymer Dbioactivity
(Table 6).>*” The resulting polymers were evaluated for hemo-
compatibility and antimicrobial activity against several clini-
cally significant microorganisms, including a strongly biofilm-
forming strain of Staphylococcus epidermidis, a vancomycin-
and methicillin-resistant Staphylococcus aureus strain (VISA),
and the opportunistic fungal pathogen Candida albicans
(Table 6).>*” The findings revealed that the R-end group played
the predominant role in dictating polymer-associated hemo-
toxicity in polymers containing either amine or guanidine
pendant groups. Notably, replacing the anionic cyanovaleric
acid R-group in PA1 with a neutral isobutyronitrile R-group
(PA3) resulted in more than a twentyfold increase in RBC lysis
(Table 6). In contrast, the Z-end group exerted a stronger
influence on antimicrobial potency. Polymers incorporating a
long, hydrophobic dodecylsulfanyl Z-group demonstrated
markedly enhanced activity against VISA, S. epidermidis, and
C. albicans (PA1 and PG2) compared to analogs with shorter

This journal is © The Royal Society of Chemistry 2026

ethylsulfanyl substituents or those lacking a ZCS,-group
(Fig. 24 and Table 6).>*”

In a related work, Velkov and Whittaker investigated anti-
bacterial polyacrylates.>*®>*° Unlike polymethacrylate systems,
acrylate-based polymers possess more flexible backbones,
which influence their biological activity profiles. Using ATRP,
they systematically varied both the type of cationic functionality
(primary amines, QAS, or guanidinium groups) and the term-
inal group derived from the initiator. For very short acrylate
oligomers, the presence of a hydrophobic dodecyl end group
resulted in a marked increase in antibacterial potency, consis-
tent with the observations of Michl and colleagues.”*”>%°

Taken together, while end groups are often considered
minor structural elements, they can have a noticeable influence
in low MW oligomers. Adjusting these terminal groups may
help balance antibacterial activity and biocompatibility and
thus represents a factor worth considering in the design APs.

Molecular weight

The relationship between molecular weight (MW) and antibac-
terial efficacy tends to be more pronounced against Gram-
positive bacteria than Gram-negative strains. This difference
is largely attributed to the thick, highly cross-linked peptido-
glycan network present in Gram-positive cell walls, which
functions as a barrier restricting the penetration of large
membrane-active macromolecules. This phenomenon, often
referred to as the “sieving effect,” was first described by
Lienkamp.>*® In addition, polymer MW plays a critical role in
determining biocompatibility, highlighting its dual importance
in shaping both antibacterial activity and cytocompatibility.
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Fig. 24 Synthesis process of statistical APs containing amine (PA1-PA4) or guanidine (PG1-PG4) pendant groups that vary in both RAFT Z- and
R-groups. Adapted from ref. 237 with permission from Royal Society of Chemistry, copyright 2014.

Table 6 Antimicrobial and hemolytic activity of polymethacrylates. Data
adapted from ref. 237 with permission from Royal Society of Chemistry,
copyright 2014

MIC (ug mL ")

Polymer VISA S. epidermidis C. albicans Hemolysis (%)
PA1 32 32 32 1.2

PA2 64 32 256 1.2

PA3 32 32 32 26.2

PA4 128 32 128 3.3

PG1 16 16 32 13.4

PG2 32 16 64 10.3

PG3 32 32 128 22.5

PG4 32 32 64 13.4

Notes: PA1-4 and PG1-4 correspond to amine and guanidine pendent
groups, respectively. Vancomycin and methicillin-resistant strain of
Staphylococcus aureus (VISA). Hemolysis was determined as the percen-
tage of lysed cells at the MIC concentration of S. epidermidis.

For example, Yang and coworkers'”® synthesized a series of
statistical polycarbonates with different MWs via ROP and
found that Gram-positive bacteria displayed the ‘sieving
effect,” whereas this behavior was not observed in Gram-
negative strains. The antibacterial activity against S. aureus
was strongly MW-dependent: lower-MW polymers were more
effective, with MIC values of 63, 125, and 500 mg L~ * for 6 Kda,
10 Kda, and 16 Kda polymers (each with ~50% charge density),
respectively. In contrast, in Gram-negative bacteria, higher-MW
polymers (16 Kda and 10 Kda) exhibited greater activity than
the lower-MW analog (6 Kda), an effect linked to the enhanced
hydrophobicity of the higher-MW polymers.'”°

In a separate study, Mishra et al.>*! investigated amphiphilic
methacrylamide statistical copolymers synthesized via free-
radical copolymerization, employing aminopropyl methacryla-
mide (A) as the cationic component and benzylmethacrylamide

Chem. Commun.

(B) as the hydrophobic segment.>*" The hydrophobic content
was maintained at approximately 20 mol%, while the MW
(average number DP) was systematically varied (DP = 10, 17,
27, 29, and 66) to assess antibacterial and cytotoxic properties.
The results revealed a strong MW influence on antibacterial
efficacy for both E. coli and S. aureus strains studied. MIC values
decreased with increasing DP, indicating enhanced activity of
the higher-DP polymers (Fig. 25A).>*" Unlike previous study,"”®
no evidence of a sieving effect was observed against Gram-
positive bacteria, as both Gram-positive and Gram-negative
strains exhibited improved activity with increasing MW.>*!
However, cytotoxicity also increased with DP: polymers (AB-
20)10, (AB-20),7, and (AB-20),, caused only a 5-10% reduction in
metabolic activity at 1 x and 8 x MICs, whereas higher-DP
polymers (AB-20),4 and (AB-20)sc reduced cell metabolic activity
by ~70% at 1 x MIC (Fig. 25B).**"

Comparable MW-dependent trends were later confirmed in
a more recent study by Janczewski and coworkers, who inves-
tigated linear poly(trimethylenimine),>** further reinforcing the
critical role of MW in balancing antibacterial efficacy with
biocompatibility.

Amphiphilic antimicrobial polymer
topologies

The topology of a polymer defines the spatial arrangement of its
monomer units along the chain, which determines how hydro-
phobic and hydrophilic domains are distributed within the
macromolecule. Variations in this arrangement influence the
polymer’s physicochemical characteristics and its mode of
interaction with bacterial membranes. By adjusting these spa-
tial features, the selectivity of APs can also be modulated.
Advances in controlled and living polymerization methods have

This journal is © The Royal Society of Chemistry 2026
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made it possible to precisely regulate chain topology, allowing
for the preparation of well-defined cationic APs with tunable
structures and functions,>*%-177:243,244

Depending on the synthetic strategy, APs can adopt a wide
range of architectures.” These include simple linear or cyclic
structures, as well as more complex sequence-defined architec-
tures (such as block and alternating copolymers) and nonlinear
topologies (such as hyperbranched, star, and bottle brush
polymers) Each configuration provides a distinct organization
of functional groups and chain mobility, resulting in a diverse
range of bioactivities.

Linear polymers

Linear polymers represent the simplest and most extensively
investigated topological form among APs. Their straightforward
architecture provides a versatile platform for designing amphi-
philic copolymers through a variety of modern polymerization
techniques. Depending on the placement of functional groups,
linear APs can be categorized into main-chain and side-chain
types. In main-chain systems, cationic functionalities are incor-
porated directly along the polymer backbone, while in side-
chain systems they are attached as pendant groups to the main-
chain. This structural distinction strongly influences polymer
conformation, charge distribution, and ultimately biological
performance.

Main-chain or side-chain cationic polymers

In main-chain cationic polymers, multiple cationic centers are
directly incorporated along the polymer backbone, resulting in
a high local charge density that enhances electrostatic attrac-
tion to negatively charged bacterial membranes."”” In a study,
Zhang and coworkers reported an imidazolium-based main-
chain oligomer (IBN-1) (Fig. 26A) and investigated its antimi-
crobial performance and biocompatibility.>*> IBN-1 effectively
inhibited the growth of various pathogenic bacteria and fungi.
As shown in Fig. 26B-D, treatment with IBN-1 significantly

This journal is © The Royal Society of Chemistry 2026

suppressed Bacillus subtilis (BS) growth at concentrations of 3.9
and 15.6 pg mL ' and exhibited rapid bactericidal kinetics
against MRSA and Klebsiella pneumoniae (KP). Despite its strong
antimicrobial activity, the polymer showed negligible hemolytic
effects toward RBCs, even at higher concentrations (Fig. 26E
and F).>** In in vivo evaluations using a S. aureus infection
model, IBN-1 displayed good safety with no observable toxicity
at doses up to 0.6 mg kg~ ', and an LDs, of 1.72 mg mL ™},
corresponding to a high TI (Fig. 26G).>** Similar findings were
reported in recent studies by the Rao”* and Khan groups,*®”
where main-chain polysulfonium polymers exhibited potent
antibacterial and antifungal activities against both planktonic
and biofilm-associated pathogens, along with negligible hemo-
lytic effects.>®”>%

In an elaborated study, Yan et al performed a direct
comparison between small-molecule cationic compounds and
their corresponding polymeric analogs to evaluate the influ-
ence of polymer architecture on bioactivity.”*® They synthesized
imidazolium, quaternary ammonium, and 1,4-diazabicyclo-
[2.2.2]octane-1,4-diium (DABCO-diium) cation-based small
molecules, together with their side-chain and main-chain
cationic polymer derivatives.>*® The results demonstrated that
main-chain polymers exhibited markedly higher antibacterial
activity and superior hemocompatibility than the side-chain
counterparts, underscoring the influence of charge localization
along the polymer backbone.>*

In addition to the previously established classical pathway
for intracellular uptake of APs, which is primarily driven by
electrostatic interactions with negatively charged bacterial
membranes and often results in membrane disruption, an
alternative mechanism has recently been proposed by the Park
team involving N-heterocyclic carbene (NHC)-mediated
translocation.>®” This pathway enables main-chain oligoimida-
zolium (OIM) polymers to efficiently access the bacterial cyto-
sol, thereby reaching intracellular DNA targets. OIM polymers
containing an acidic C(2)-H group can undergo transient
deprotonation under physiological conditions, generating
short-lived, neutral, and hydrophobic NHC species (Fig. 27(i)).
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(A) Chemical structure of the imidazolium-based main-chain oligomer IBN-1. (B) Growth curves of BS treated with IBN-1 at concentrations of

3.9 and 15.6 pg mL™% (C) and (D) Time-dependent bactericidal activity of IBN-1 against MRSA and KP, respectively. (E) Optical micrograph of RBCs after
incubation with IBN-1in PBS at 37 °C for 1 h. (F) Hemolysis rate of RBCs determined from hemoglobin release measured at 576 nm. (G) Survival curves of
mice infected with S. aureus (8 x 10° CFU) and treated with different doses of IBN-1. Reproduced from ref. 245 with permission from Elsevier, copyright

2012.

As only a fraction of the imidazolium units are converted, the
polymer adopts a dynamic amphiphilic configuration
composed of both positively charged imidazolium groups
and neutral carbene moieties. This amphiphilic transition is
critical, as it facilitates insertion into the hydrophobic inter-
ior of bacterial membranes (Fig. 27(ii)), where the carbene
species are stabilized in the low-water environment. Trans-
location across the membrane is further enhanced by the
bacterial membrane potential, which drives OIM polymers
toward the inner leaflet (Fig. 27(iii)). At the cytosolic
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interface, the NHC species are quenched by water and revert
to their cationic imidazolium state, enabling the polymer to
pass into the cytosol (Fig. 27(iv)). Once internalized, OIM
polymers exert their antibacterial activity through condensa-
tion with bacterial DNA. Importantly, cytosolic uptake
strongly correlates with antibacterial efficacy: derivatives
capable of efficient NHC formation exhibit low MIC values
and high intracellular accumulation, whereas those unable
to form carbene species fail to enter the cytosol and show
negligible antibacterial activity.**’
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In contrast to main-chain APs, the synthesis of side-
chain polymers benefits from a broad range of living and
controlled polymerization techniques, allowing the creation
of structurally diverse polymer libraries with tunable molecular
characteristics.*®**® These advances in controlled polymeriza-
tion methodologies enable precise adjustment of molecular
parameters—such as molecular weight, monomer composi-
tion, and chain architecture, thereby facilitating the production
of well-defined copolymers with predictable topology and
functionality.”*>*°

Statistical polymers

First, it is important to clarify that in this section, we refer to
statistical copolymers, i.e., copolymers with unspecified monomer
sequences, in contrast to more defined macromolecular architec-
tures. This designation does not imply a truly random monomer
distribution in the strict IUPAC definition, as copolymerization
parameters (ry, 1) are generally not determined. Statistical copo-
lymers represent one of the most extensively explored polymeric
architectures in the development of APs. Their straightforward
synthesis, which does not require precise sequence control,
together with their proven antibacterial performance, has made
them a fundamental design strategy for developing amphiphilic
APs.***® Most reported antimicrobial copolymers are derived
from functionalized poly(methacrylates), poly(methacrylamides),
poly(acrylates), poly(acrylamides), poly(oxazolines), poly(B-
lactams), poly(norbornenes), and poly(carbonates). Moreover,
recent research efforts have focused on elucidating how specific
structural features within these copolymers influence antibacter-
ial activity and compatibility with host cells.>*

Cyclic polymers

A relatively unexplored topology in APs is the cyclic architec-
ture, owing to the complex and labor-intensive procedures
required to obtain highly purified cyclic polymers (CPs). Char-
acterized by ring-like structures without chain ends, these
polymers display distinctive physicochemical properties,
including smaller hydrodynamic size, enhanced stability, and
slower degradation than their linear analogs. Their constrained
topology also affects chain mobility and self-assembly behavior,
contributing to improved colloidal stability, extended circula-
tion time, and higher drug-loading efficiency. Owing to these
advantages, CPs are emerging as promising candidates for
biomedical and antibacterial applications.

For example, the Grayson group®*' demonstrated that poly-
mer architecture plays a crucial role in modulating cytotoxicity.
They showed that cyclic poly(ethylene imine) exhibits markedly
lower toxicity toward normal human cells compared with its
branched analogs.>®' Building on the concept of topology-
driven bioactivity, Alabi and coworkers later synthesized a
library of oligothioetheramide (oligoTEA) macrocycles through
a one-pot acid-catalyzed cascade reaction.®’ This versatile
method enabled the rapid generation of more than 20 macro-
cyclic structures with diverse compositions. Biological
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evaluations revealed that oligoTEA macrocycles containing only
2-3 cationic charge centers displayed potent antibacterial activ-
ity against both Gram-positive and Gram-negative bacteria.®!

Extending this understanding, Duan et al. reported the
synthesis of cyclic polymethacrylates with various compositions
via intrachain click cyclization of o-alkyne-w-azido hetero-
difunctional linear precursors prepared by ATRP (Fig. 28).%°
The resulting cationic CPs demonstrated enhanced affinity
toward negatively charged bacterial membranes, promoting
more efficient membrane disruption compared to their linear
analogs. Consequently, these non-linear binary polymers exhib-
ited superior antibacterial potency against both Gram-negative
and Gram-positive bacteria (Table 7), while displaying slightly
reduced cytotoxicity relative to the corresponding linear
counterparts.®’

Inspired by the earlier binary cyclic APs, the Boyer group for
the first time synthesized cyclic terpolymers to evaluate their
antibacterial performance and biocompatibility.>** Initially, the
team designed a benzaldehyde-functionalized RAFT agent
(Fig. 29), which was employed to synthesize amphiphilic catio-
nic linear terpolymers via thermal RAFT polymerization. These
statistical linear precursors were subsequently cyclized through
a hetero-Diels-Alder click reaction to yield cyclic terpolymers
(Fig. 29). The resulting terpolymers displayed potent anti-
infective activity (MICoo = 8-256 pg mL '), effectively eradicat-
ing MDR Gram-negative Pseudomonas aeruginosa PA37 more
efficiently than conventional antibiotics such as gentamicin
and ciprofloxacin. Moreover, the cyclic terpolymers rapidly
disrupted bacterial membranes, achieving 99.99% bacterial
killing within 15 minutes, and exhibited superior biocompat-
ibility than their linear counterparts, highlighting their excel-
lent safety profile (CPs > LPs).>®*> Similar biocompatibility
trends were also reported for polynorbornene-based cyclic
polymers synthesized via a combination of ring-expansion
metathesis polymerization and click chemistry, which showed
higher selectivity than their linear analogs.**?

Recently, the Janczewski group®* redirected the conven-
tional step-growth polymerization route used for preparing
highly antimicrobial ionenes toward the synthesis of macro-
cyclic QAS (MQAs) by applying a high-dilution strategy. Biolo-
gical evaluations demonstrated that the resulting MQAs
exhibited strong antimicrobial activity and markedly higher
selectivity (SI = 11-91) compared with their linear polymeric
counterparts (SI = 3-7).>**

Overall, continued advancements in synthetic methodolo-
gies and polymer science are anticipated to drive significant
innovation in the synthesis of CPs.>*>?*° These developments
will enable deeper exploration of cyclic topologies and enhance
their contribution to APs research, paralleling the success of
naturally derived cyclic lipopeptide antibiotics.

Advanced architecture design

Driven by the structural complexity and functional efficiency of
natural proteins, researchers are advancing the design of
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Table 7 Antibacterial activity of linear and cationic CPs. Adapted and
redrawn from ref. 60 with permission from Royal Society of Chemistry,
copyright 2020

MIC (ug mL ™)

Polymers E. coli S. aureus
Linear P(DMAEMA + 70-co-MMA30) 417 156
Cyclic P(DMAEMA + 70-co-MMA30) 130 78
Linear P(DMAEMA + 55-c0-MMAA45) 156 78
Cyclic P(DMAEMA + 55-co-MMA45) 78 40
Linear P(DMAEMA + 40-co-MMAG60) 39 78
Cyclic P(DMAEMA + 40-co-MMAG60) 13 36
Linear P(DMAEMA + 50-c0-BMA50) 69 156
Cyclic P(DMAEMA + 50-co-BMA50) 33 78
Linear P(DMAEMA + 40-co-BMA60) 78 261
Cyclic (DMAEMA + 40-co-BMAG60) 26 126
Linear P(DMAEMA + 30-co-BMA70) 209 625
Cyclic P(DMAEMA + 30-co-BMA70) 52 304
Linear P(DMAEMA + 70-co-tBMA30) 78 78
Cyclic P(DMAEMA + 70-co-tBMA30) 33 40
Linear P(DMAEMA + 60-co-tBMA40) 78 78
Cyclic P(DMAEMA + 60-co-tBMA40) 39 50
Linear P(DMAEMA + 50-co-tBMA50) 113 313
Cyclic P(DMAEMA + 50-co-tBMAS50) 20 156

amphiphilic APs with higher-order architectures. Progress in
polymer chemistry has enabled the controlled synthesis of
macromolecules with sophisticated sequence-defined architec-
tures (such as block and alternating copolymers) as well as
nonlinear topologies, including hyperbranched, dendritic, star,
and bottle brush structures, surpassing the limitations of
traditional linear or statistical systems. These complex archi-
tectures provide versatile platforms for optimizing amphiphilic
balance, enhancing antimicrobial potency, and improving bio-
compatibility through precise spatial organization of functional
groups.

Block copolymers

The synthesis of block copolymers often relies on controlled/
living polymerization strategies, including ROP, ATRP, RAFT,

Chem. Commun.

and PET-RAFT, allowing the preparation of well-defined archi-
tectures with tailored amphiphilic segments,>**%128257:258
These polymers exhibit distinct segregation between hydropho-
bic and hydrophilic domains, providing an effective means to
regulate amphiphilic balance and promote self-assembly into
ordered nanostructures. Such structural organization differ-
entiates them from homopolymers and random copolymers,
where chain composition is less spatially controlled.'*®

Georges and colleagues investigated the antibacterial prop-
erties of all-siloxane block and statistical copolymers contain-
ing quaternary ammonium functionalities.**® Both copolymer
types showed strong bactericidal activity in aqueous media
against E. coli and S. aureus, with no notable difference in
antibacterial potency between the block and statistical
arrangements.>*® Later, this observation was further supported
by Liu**° and Kuroda groups.>®! For instance, Kuroda studied
amphiphilic block and random copolymers of poly(vinyl
ether) derivatives synthesized via cationic polymerization
(Fig. 30A).%°" In this study, block and random copolymers with
comparable monomer compositions exhibited similar antibac-
terial effects against E. coli (Fig. 30B). However, the block
copolymers showed no detectable hemolytic activity even at
the concentrations up to 1000 ug mL~" (Fig. 30C). This high
hemocompatibility is attributed to the ability of the block
copolymers to form single-molecule cationic particles that
shield their hydrophobic domains, thereby reducing direct
interactions with RBC membranes (Fig. 30A).%¢!

Extending this understanding, Boyer and -colleagues®
further emphasized the importance of monomer sequence
and local organization within block copolymers relative to the
global composition of random copolymers. By examining a
series of 32 well-defined multiblock ternary copolymers synthe-
sized in a one-pot process via PET-RAFT polymerization, they
observed that both antibacterial activity and hemocompatibility
were closely governed by the monomer arrangement within
blocks. In particular, the localized hydrophobic-to-hydrophilic

This journal is © The Royal Society of Chemistry 2026
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ratio within amphiphilic domains was found to play a decisive Fernandez-Garcia and coworkers®®® employed ATRP to
role in determining bioactivity (Table 8).> synthesize well-defined block and statistical copolymers
(A) — Hydrophilic —  ~ Hydrophobic — Block copolymers Random copolymers
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Fig. 30 (A) Structures of block and random copolymers and their interactions with bacterial and RBC membranes. (B) Bactericidal activity (BCgg.9)
against E. coli for block and random copolymers plotted as a function of the molar percentage of hydrophobic isobutyl vinyl ether (IBVE) units. (C)
Hemolysis profiles of block and random copolymers at increasing polymer concentrations. Reproduced from ref. 261 with permission from American
Chemical Society, copyright 2011.
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Table 8 Different antimicrobial block copolymers
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MIC
Chemical structure Polymerization technique  Test subject (rg mL™h) HC5/ICs (g mL ™) Ref.
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o o Ho o ATRP 250~-1290 (HCs,) 260
)) /N\
WO\
)\/0 )/\0 J/O Cationic Polymerization E. coli 1.6-2.4¢ >1000 (HCs,) 261
HyN
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HO \ﬂ/ CaHo A. baumannii 128 (AB)
S
HN” S0 HN” S0 HN” o
H f PET-RAFT 1000 (HCso) 55
OH (€]
H3N
S. aureus 16-64 (SA)
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N
)) H ho > ATRP >2500 (HCso) 262
o\n/N O oH
(o]
HO
OH
o E. coli 32-512 (EC)  >1024 (HCy,)
P. aeruginosa 32-64 (PA) 330->1024 (ICs, 3T3),
S. aureus 8-128 (SA) 76-179 (ICso, Caco2)
HN 0 N o RAFT S. epidermidis ~ 4-32 (SE) 263

NHsCI

¢ Biocidal concentration for 99.9% killing.

composed of methacrylate units and a glycomonomer. The
resulting copolymers exhibited broad-spectrum antimicrobial
activity against Gram-negative and Gram-positive bacteria as
well as yeast. Incorporation of carbohydrate-based pendant
groups significantly improved hemocompatibility while preser-
ving strong antimicrobial efficacy (Table 8).>°> Hartlieb and
Perrier further explored how the spatial distribution of hydro-
phobic and cationic functionalities affects the antimicrobial
performance and selectivity of polymer systems.*® Using RAFT
polymerization, they synthesized statistical (S), diblock (D), and
highly segmented multiblock copolymers (M) with controlled
architectures (Fig. 31A).*® Their results revealed that diblock
and multiblock copolymers exhibited superior antibacterial
activity compared to statistical analogs (Table 9). Notably, in
polymers containing a lower proportion of cationic monomer,
the multiblock design (M30) achieved remarkably enhanced
selectivity toward P. aeruginosa (SI = >128) and Staphylococcus
epidermidis (SI = >256) (Table 9), demonstrating how

Chem. Commun.

segmental organization can be leveraged to optimize antibac-
terial potency and biocompatibility (Fig. 31B).

More recently, in a 2025 study, Klinger and coworkers®"
developed sulfonium-based amphiphilic block copolymers
(BCPs) composed of a cationic sulfonium-containing block
with a neutral hydrophilic PEG methacrylate block to enhance
cytocompatibility. These BCPs exhibited potent antimicrobial
activity and retained membrane-disruptive capability. When
used in combination with conventional antibiotics such as
penicillin G and ciprofloxacin, the polymers produced pro-
nounced synergistic effects, significantly lowering the effective
doses of both agents while maintaining strong antibacterial
efficacy and minimal cytotoxicity.?**

Alternating copolymers

Polymers with alternating monomer sequences have attracted
attention as antibacterial agents because they offer exceptional
control over sequence order and molecular uniformity.

This journal is © The Royal Society of Chemistry 2026
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Fig. 31 (A) Schematic illustration of the molecular structures, compositions, and segmental arrangements of the synthesized polymers. (B) Illustration of

the interactions of different copolymer architectures with bacterial and mammalian cell membranes. Reproduced from ref. 46 with permission from

American Chemical Society, copyright 2017.

However, the limited availability of monomer pairs that natu-
rally form alternating structures through chain-growth poly-
merization has restricted the number of studies on such
systems. Although step-growth approaches can generate

alternating architectures, they typically yield polymers with
broad MWDs."*®

Parker and Sampson reported that ROMP of 1-substituted
cyclobutenes and cyclohexenes affords alternating copolymers

Table 9 Hemolytic activity, hemagglutination, antibacterial activity, and selectivity of antibacterial polymers. Reproduced and redrawn from ref. 46 with

permission from American Chemical Society, copyright 2017

MIC (ug mL ") Selectivity

HC;, cH E. coli P. aeruginosa  S. aureus  S. epidermidis
Sample (ugmL™') (ugmL™") (ugmL™") (ugmL ") (g mL™Y)  (ug mL™Y E. coli P. aeruginosa S. aureus S. epidermidis
HO >1024 >1024 >1024 >1024 >1024 >1024 >1 >1 >1 >1
H100 512 16 4 4 4 32 4 4 4 0.5
S30 >1024 32 >1024 >1024 >1024 32 0.03 0.03 0.03 1
S50 >1024 32 64 128 8 2 0.5 0.25 4 16
S70 >1024 32 64 64 4 2 0.5 0.5 8 16
M30 >1024 >1024 128 8 64 4 >8 >128 >16 >256
M50 >1024 32 1024 64 32 8 0.03 0.5 1 4
M70 >1024 32 1024 32 4 4 0.03 1 8 8
D30 >1024 >1024 512 32 128 32 >2 >32 >8 >32
D50 >1024 >1024 64 64 8 4 >16 >16 >128 >256
D70 >1024 >1024 32 32 8 4 >32 >32 >128 >256

Notes: cH is the lowest concentration polymer concentration at which visible RBC aggregation is observed. Selectivity is calculated as the ratio of

the hemocompatibility concentration (the lower value between HC,, and cH) to the MIC for each bacterial strain.

This journal is © The Royal Society of Chemistry 2026
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with well-defined periodic spacing between functional
groups.”®* These materials, incorporating regularly positioned
cationic and hydrophobic moieties, displayed significantly
enhanced antibacterial performance and very low hemolytic
activity compared with random analogs, achieving over 100-
fold selectivity in the most effective examples. Notably, increas-
ing the hydrophobicity between adjacent cationic units did not
substantially increase cytotoxicity, which contrasts with trends
observed for other AP systems.>** Complementary study by the
Haldar group on alternating maleimide-isobutylene*** copoly-
mers further reinforced these findings, demonstrating that
precise alternation of functional groups represents a promising
yet underexplored strategy for developing highly active and
biocompatible antibacterial polymers.*®>

Hyperbranched polymers

Hyperbranched polymers (HPs) are highly branched macromo-
lecules with a three-dimensional globular architecture and
abundant terminal functional groups.’®?°®?°® Their unique
structure offers high surface functionality and tunable amphi-
philic balance, making them excellent candidates for APs
design.*

To investigate this, Kanai and colleagues®®® reported the
first synthesis of hyperbranched poly(cyanurateamine) and
poly(triacrylatetrimine) using a Michael addition reaction.
The resulting water-soluble polymers exhibited broad-
spectrum antibacterial activity against both Gram-positive
and Gram-negative bacteria. Notably, poly(triacrylatetrimine)
demonstrated superior activity against antibiotic- and
antiseptic-resistant strains such as P. aeruginosa and Serratia
marcescens compared with poly(cyanurateamine).>*® Similarly,
the Yang group”’® developed long-subchain hyperbranched
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poly(aminoethyl acrylate) (/2b-PAEA), which achieved >99.99%
killing of E. coli and >98% killing of S. aureus at concentrations
of 4 pg mL ™. The Ihb-PAEA polymers also displayed excellent
biocompatibility, with hemolysis below 35% even at concentra-
tions up to 1024 pg mL~*.*”°

Inspired by these advances, the Boyer group systematically
investigated the influence of polymer topology and chain
length on the antibacterial and hemolytic performance of
ternary APs (Fig. 32).> The HPs demonstrated superior bioac-
tivity compared with their linear random and block counter-
parts. In particular, the hyperbranched structure containing
2-ethylhexyl (EH) hydrophobic side chains exhibited compar-
able antimicrobial activity (MIC = 64 pg mL~ ') and more
than a fourfold increase in hemocompatibility (HCs, =
>10000 pg mL ') compared to the linear analogs, with no
observable hemagglutination. Moreover, these HPs displayed
potent bactericidal effects, eliminating >99% of planktonic
and 90% of biofilm P. aeruginosa cells.>® Consistent with their
findings, other reported HP systems have also displayed strong
antibacterial activity, low hemolysis, and superior selectivity
compared with their linear counterparts.””*">”?

Star polymers

Star polymers (SPs) comprise multiple polymeric arms radiat-
ing from a central core, forming a well-defined and compact
three-dimensional architecture.”®?”*>’® This structural preci-
sion enables controlled multivalent presentation of functional
groups, which enhances membrane interactions and antimi-
crobial efficacy. By carefully tuning parameters such as arm
length, composition, and arm number, SPs can be engineered
to achieve an optimal balance between antibacterial potency
and cytocompatibility.>””

Hydrophobic
OEGA

L4

Cationic

EH

~
PUS

Entry X/Y/Z/W R
H1  15/25/10/2 EH
H2  15/25/10/5 EH
H3  15/25/10/2 F
H4  15/25/10/5 F

Fig. 32 Effect of topology (random, block, and HP) on bioactivity of polymers. Adapted from ref. 59 with permission from Royal Society of Chemistry,

copyright 2018.

Chem. Commun.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01040g

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 4:27:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm
(A)
NCA
© = ( 4NH(:Bz o= ,_F
1o A
PAMAM-(NH,), = ()
(B) S4
Arm-number /
Short
Arm-length cooco
Fig. 33

2018.

Several pioneering studies by Qiao,'>*”*’® Ppark,>”?*8°

Yang,*®"*%> Simpson,>”*** and Perrier’®*** have demonstrated
the potential of star-shaped APs. In addressing the urgent
challenge posed by MDR Gram-negative “superbugs,” Simpson
and Qiao’s group developed a series of star-shaped polymers
termed structurally nanoengineered antimicrobial peptide
polymers (SNAPPs) (Fig. 33A).>” Their study systematically
investigated how two key structural parameters—the number
of arms and the arm length affect antibacterial activity and
biocompatibility (Fig. 33B).”” The findings revealed that
increasing both arm number and arm length enhanced anti-
bacterial potency, attributed to the higher local density of
polypeptide arms and the increased a-helical content within
the structure. The SNAPP architecture was found to directly
influence bacterial membrane disruption and killing mechan-
isms. Although cytotoxicity also rose with greater arm
number and length, TI analysis identified a 16-arm SNAPP
and a more easily synthesized 4-arm variant as the most
effective and biocompatible candidates. In vivo assessments
further confirmed that the optimal SNAPP exhibited excellent
safety, showing no evidence of systemic toxicity in treated
mice.”’

Park et al. developed a novel class of antibacterial SPs
measuring 14-26 nm in diameter, composed of mixed poly-
lysine and glycopolymer arms. These polymers exhibited potent
antibacterial activity against Gram-positive bacteria, including
MRSA and VRE, achieving low MIC values of 16 pg mL ™"
Importantly, they remained non-hemolytic (HCs,) more than

This journal is © The Royal Society of Chemistry 2026
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(A) Synthesis SNAPPs via NCA-ROP. (B) Arm number and arm length of SNAPPs. Reproduced from ref. 57 with permission from Wiley, copyright

10000 ug mL ™" and demonstrated excellent compatibility with
host cells.

Inspired by these highly biocompatible antibacterial SPs,
Boyer group subsequently conducted a comprehensive investi-
gation into the effect of polymer topology on biological perfor-
mance by synthesizing 27 amphiphilic polymers, including
linear polymers (LPs), hyperbranched polymers (HPs), and 3-
and 4-arm star polymers (SPs), using PET-RAFT polymerization
(Fig. 34).”®® Comparative evaluation revealed that HPs with
identical hydrophobic-to-hydrophilic ratios exhibited 2-4-fold
higher blood compatibility than LPs, while SPs with lower
hydrophobic content were non-hemolytic and maintained
strong anti-infective properties against Gram-negative bacteria
comparable to both LPs and HPs (MICq = 32-64 ug mL ™).
Overall, SPs demonstrated the most favorable balance between
antibacterial efficacy and hemocompatibility, following the
selectivity trend SPs > HPs > LPs.*®®

Recently, Perrier group. developed a library of amphiphilic
SPs and their linear counterparts using acrylamide-based
monomers synthesized via RAFT polymerization (Fig. 35).°°
The copolymers were systematically varied in monomer com-
position and molecular weight to examine how architectural
differences influence biological performance. The statistical SP
(S-SP 25) exhibited significantly enhanced antibacterial activity
against P. aeruginosa (MIC = 32 pg mL™') compared with its
linear analog (S-LP 100; MIC = 512 pg mL™") (Fig. 35). Electron
microscopy revealed that the star topology promoted bacterial
cell aggregation, accounting for its increased antibacterial

Chem. Commun.
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Fig. 34 Synthesis scheme of LPs, HPs, and 4-arm SPs prepared via PET-RAFT polymerization. Adapted from ref. 285 under the terms of the CC-BY

license, Elsevier, copyright 2024.

efficacy, but also led to higher RBCs aggregation than the linear
polymers. To address this, repositioning the cationic block
toward the core of the star structure effectively minimized cell
aggregation while preserving strong antibacterial activity, par-
ticularly in the smallest SP.>°

In a subsequent study, the same group>** employed an arm-
first synthesis strategy to construct a series of amphiphilic
cationic core-cross-linked star (CCS) copolymers through RAFT
polymerization.”®® These copolymers incorporated both
diblock and homopolymer arms. The results revealed that
transforming from diblock to miktoarm CCS topologies
led to improved antibacterial efficacy. Although none of the

Chem. Commun.

synthesized polymers exhibited hemolytic activity toward sheep
RBCs, an increased tendency for RBC aggregation was observed
with higher surface exposure of cationic functionalities. Inter-
estingly, increasing the number of arms did not further
enhance antibacterial potency compared to 4-arm systems,
likely due to the partial shielding of cationic groups within
the polymer core, which reduced their membrane-interaction
capacity. Nonetheless, miktoarm structures showed marginally
improved performance in overcoming this limitation.?%*
Collectively, extensive research has shown that amphiphilic
antibacterial copolymers featuring star or dendritic star archi-
tectures exhibit greater antimicrobial efficacy and improved

This journal is © The Royal Society of Chemistry 2026
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biocompatibility compared with their linear analogs, reflecting
higher selectivity.'>”-*¢2%% This enhanced performance is often
attributed to the intrinsic multivalency and compact nature of the
star architecture, where multiple terminal groups create locally
concentrated active sites. Such spatial organization can synergis-
tically promote the initial adsorption of polymers onto bacterial
membranes, enhancing disruption efficiency. Conversely, the
restricted flexibility of the polymer arms may reduce nonspecific
interactions with host cell membranes, resulting in minimal
hemolytic activity without compromising anti-infective potency.

Bottle brush polymers

This section focuses exclusively on one-dimensional (1D) poly-
meric antibacterial brushes, including molecular brush or
bottle brush topologies that mimic the structural organization
of HDPs, while excluding surface-grafted coatings and antifoul-
ing systems that fall outside the scope of this literature review.
Bottle brush polymers (BPs) are composed of a linear backbone
densely grafted with polymeric side chains, typically approach-
ing one graft per repeating unit. This dense grafting restricts
side-chain mobility and stretches the backbone, giving rise to
unique characteristics such as worm-like conformations, com-
pact molecular size, and pronounced chain-end effects.?#92°
These structural attributes confer distinctive physicochemical
and biological properties, making BPs attractive platforms for
designing next-generation antimicrobial materials.

Despite their potential, only a limited number of studies
have explored antibacterial BPs, primarily due to the complexity
and time-intensive nature of their synthesis. Notably, Hartlieb
and coworkers reported a few examples of bottle brush-type
antibacterial polymers.®>®**! In one study, they developed
HDP mimics BPs synthesized via a combination of RAFT and
ROMP technique (Fig. 36).%> This design enabled the multivalent
presentation of antibacterial subunits, which significantly

This journal is © The Royal Society of Chemistry 2026

enhanced anti-infective potency and hemocompatibility, thereby
improving selectivity toward bacterial over mammalian cells.
Membrane integrity assays confirmed that the BPs caused rapid
and potent bacterial membrane disruption. Overall, these multi-
valent BPs exhibited superior antibacterial activity and selectivity
compared to their linear counterparts.®>

In a subsequent study, the same group explored how aniso-
tropy within bottle brush structures influences their
bioactivity.®® Using a one-pot RAFT polymerization approach,
they synthesized a series of BPs with constant chemical com-
position but systematically varied aspect ratios by adjusting
backbone and side-chain lengths (backbone length vs. graft
length). It was found that BPs with longer, more flexible side
chains were more hydrophilic and exhibited enhanced intra-
molecular hydrogen bonding, leading to self-segregation into
unimolecular micelles with hydrophobic cores and cationic
outer shells. This structural organization enhanced bacterial
membrane interactions and antibacterial properties against
Gram-positive and Gram-negative bacteria, while maintaining
excellent biocompatibility, achieving SI of 640.%

Overall, bottle brush polymers represent a promising fron-
tier in AP design, as their tunable topology and multivalent
functionality enable strong antibacterial efficacy with minimal
cytotoxicity. Their structural precision, controllable anisotropy,
and high selectivity position them as compelling therapeutic
candidates and an exciting direction for future research in AP
development.

Stimuli-responsive and self-immolative
antimicrobial polymers

Recent reviews by Shabat,>®*> Park,”> Gillies,”** Hartlieb,***
and Tang®® have highlighted the growing significance of
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membrane disruption. Reproduced from ref. 62 with permission from American Chemical Society, copyright 2020.

stimuli-responsive and self-immolative polymers (SIPs) in bio-
medical science and as innovative antimicrobial platforms.
Stimuli-responsive polymers undergo controlled structural
changes in response to pH, redox potential, light, or enzymatic
triggers, enabling spatiotemporal regulation of antibacterial
activity and on-demand degradation to minimize long-term
cytotoxicity.

Within this class, SIPs are distinguished by their ability to
depolymerize in a cascade manner upon activation by a specific
trigger.>*® They consist of labile repeating units capped with a
stimuli-sensitive end group that acts as a molecular “lock.”>**
Once this end-cap is cleaved by enzymatic, acidic, or reductive
stimuli—the polymer undergoes head-to-tail self-immolation,
breaking down completely into benign small molecules. This
controlled degradation mechanism enables the creation of
transient antimicrobial materials that activate selectively in
infection environments and degrade harmlessly after use.

To address the broader environmental challenge, where
large quantities of antibiotics are consumed each year and a
significant portion is released into the environment, research-
ers have focused on designing APs that are both effective and

Chem. Commun.

degradable. Recently, Zhang and colleagues reported a series of
imidazolium-based polymers incorporating pH-degradable lin-
kers (Fig. 37).°° These polymers exhibited broad-spectrum
antimicrobial activity against both Gram-negative (MIC = 8
and 31 pg mL ") and Gram-positive bacteria (MIC = 4 and
8 ug mL ™), as well as C. albicans (31-125 pg mL ™). Moreover,
the incorporation of degradable linkers facilitated environmen-
tal breakdown into inactive small molecules. Both the polymers
and their degradation products did not induce bacterial resis-
tance and showed moderate biodegradation in surface water.®

To mitigate the persistent toxicity and selectivity challenges
associated with cationic APs, Wong et al. developed a f-
galactosidase-responsive antibacterial dendron,”®® in which
cationic groups were enzymatically masked and subsequently
unveiled through B-galactosidase activation to regenerate pri-
mary ammonium.”*® This approach led to an approximately
fourfold enhancement in anti-infective efficacy, accompanied
by low hemolysis.**®

Polymers capable of degrading in a specifically triggered
manner offer advantages over those that undergo uncontrolled
or passive degradation. A notable class of such materials is

This journal is © The Royal Society of Chemistry 2026
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SIPs, which depolymerize completely upon exposure to a spe-
cific stimulus. Leveraging this concept, the Palermo group
reported the first example of antibacterial SIPs.>*” They synthe-
sized poly(benzyl ether)s containing pendant allyl side chains
and silyl ether end-caps (responsive to fluoride ions). The side
chains were subsequently modified with cysteamine hydro-
chloride through photo-initiated thiol-ene chemistry. The
resulted cationic poly(benzyl ether)s demonstrated broad-
spectrum antibacterial activity, although they were initially
highly toxic. Upon activation, the polymers underwent
stimulus-induced depolymerization into low MW fragments,
which retained bactericidal efficacy while significantly reducing
hemolytic activity.>®”

Aligning with the emerging direction of designing smart and
degradable APs,”>”® growing research efforts have focused on
lipoic acid (LA)-based degradable systems. As an abundant,
naturally occurring, disulfide-containing compound, LA pro-
vides a versatile platform for constructing redox-responsive and
biodegradable polymers. Utilizing these dynamic disulfide
linkages, the Becker and Tang groups advanced the field of
degradable antibacterial polymers in 2025.”> Recognizing that
HDP-mimetic linear polymers, although widely explored in
preclinical studies, often suffer from limited stability and
undesired toxicity, they proposed that fully degradable cyclic
architectures could offer a promising alternative. To address
the synthetic challenges historically associated with cyclic
systems, they developed an efficient one-pot cascade approach
for generating cationic cyclic oligo(disulfides) (CCOs) from
lipoic acid derivatives (Fig. 38).”> This method involves an
initial ROP step followed by in situ cyclo-depolymerization,
yielding well-defined cyclic oligomers with intrinsic redox-
responsiveness. The resulting CCOs demonstrated broad-
spectrum antibacterial activity, achieving a 5.43-log reduction
in E. coli within 5 minutes, and notably did not induce bacterial
resistance in vitro. Furthermore, by exploiting glutathione-
triggered degradation, the cytotoxicity of CCOs was signifi-
cantly reduced. Fine-tuning of the cationic-to-hydrophilic bal-
ance further enhanced serum stability, resulting in an

This journal is © The Royal Society of Chemistry 2026
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impressive SI (HCso/MIC = >1280) against MRSA. In an
infected animal model, CCOs also exhibited strong in vivo
antibacterial performance.”®

Following this recent progress in LA-based degradable anti-
microbial systems, the Boyer group also developed a series of
degradable, disulfide-containing ternary antibacterial polymers
incorporating benzyl lipoate—a derivative of lipoic acid synthe-
sized via RAFT polymerization (Fig. 39).%” In this design, benzyl
lipoate serves as the hydrophobic moiety and is copolymerized
with cationic and hydrophilic monomers. Most of the resulting
polymers displayed potent antimicrobial activity against MDR
P. aeruginosa (MICoo = 64-256 pg mL '), along with enhanced
hemocompatibility (HCso = 1000-2000 pg mL~') and clear
redox-responsive degradability.®”

Extending this degradable design strategy to mitigate the
toxicity commonly associated with HDPs and cationic APs, the
same group further diversified polymer topology by developing
‘arm-first’ star polymers (SPs) incorporating disulfide-based
core cross-linkers (Fig. 40A).>°® This architectural evolution
enabled the integration of structural complexity with stimuli-
responsive degradability.

Comparative antibacterial evaluations demonstrated that
LPs exhibited overall superior antibacterial activity against all
three Gram-negative bacterial strains when compared with
both homo- and miktoarm SP analogs. Notably, the lead
copolymers LP-30 and degradable SP-30-C2 displayed potent
activity against the multidrug-resistant P. aeruginosa strain
PA37, with MICs, values of 32 and 64 ug mL™', respectively.
Both polymers induced rapid and efficient disruption of the
outer and inner bacterial membranes, outperforming the refer-
ence antimicrobial peptide colistin, as confirmed by membrane
permeabilization assay (Fig. 40B-E). Importantly, despite their
slightly reduced antibacterial potency, SPs exhibited markedly
enhanced hemocompatibility, with HCs, values in the range of
1000-2000 pug mL™ ', even at elevated hydrophobic contents
(30%). This reflected into significantly improved SI relative to
their linear counterparts, underscoring the critical role of
polymer topology in balancing antimicrobial efficacy and bio-
compatibility. Furthermore, incorporation of disulfide bonds
within the SP cores imparted redox-triggered degradability,
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enabling efficient structural disassembly under reducing con-
ditions (Fig. 40A).>*® Such stimuli-responsive behavior high-
lights the potential of these SPs to act as degradable
antibacterial platforms or delivery vehicles, capable of releasing
active polymer arms in infection-relevant environments while
promoting controlled biodegradation and minimizing long-
term systemic toxicity.>*®

Taken together, stimuli-responsive and self-immolative APs
offer precise control over bactericidal activity, enhancing both
efficacy and biocompatibility while reducing long-term cyto-
toxicity associated with polymer accumulation. These smart
materials represent a promising strategy to combat resistant
pathogens through spatiotemporally regulated antimicrobial
action and improved safety profiles.

Non-amphiphilic antimicrobial
polymers

It is well established from the studies discussed above that
classical APs typically exhibit amphiphilic architectures com-
prising cationic and hydrophobic components, which play a
central role in governing antibacterial activity, biocompatibil-
ity, and selectivity. Additional hydrophilic segments can be
incorporated to modulate solubility and biological perfor-
mance. However, recent work by Hartlieb et al. challenges this
long-standing paradigm by demonstrating that amphiphilicity
is not an absolute requirement for antimicrobial activity in
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299 In

poly(meth)acrylate and poly(meth)acrylamide systems.
their study, non-amphiphilic poly(arylamides), composed of
cationic monomers and hydrophilic comonomers (Fig. 41)
and entirely lacking hydrophobic residues, were shown to
achieve potent and selective antibacterial activity. Notably,
the least amphiphilic polymer, MAM,, (Fig. 41), emerged as
one of the most promising APs, exhibiting a MICs, of 22.9 +
2.8 g mL ™" against E. coli. Instead of relying on the conven-
tional mechanism of hydrophobic insertion into bacterial lipid
bilayers, these polymers utilize hydrogen-bond-mediated inter-
actions with bacterial membrane headgroups. This interaction
induces membrane disorder and promotes a distinct
polymer clustering effect at the membrane interface. Such
clustering enables multivalent interactions that effectively
destabilise bacterial membranes while minimising nonspecific
toxicity toward mammalian cells, as evidenced by HC;, =
10240 pug mL™" and CCso = 1006 & 100 pg mL ™', resulting in
high selectivity (448 £+ 54) and a TI of 44 + 6.9 (Fig. 41). This
emerging design strategy expands the accessible structural
space of (meth)acrylate/(meth)acrylamide-based antimicrobial
polymers and highlights that, beyond amphiphilicity, alterna-
tive non-hydrophobic interactions can be exploited to fine-tune
antibacterial efficacy and selectivity, enabling the development
of potent yet biocompatible APs.>%°

Summary

Over the past decades, the rational design of synthetic APs has
undergone a remarkable transformation—from empirical for-
mulations to precisely engineered molecular platforms that
mimic HDPs as alternatives to drug-resistant microorganisms.
Despite their potent antibacterial efficacy, the excessive cationic
charge density of both HDPs and APs often promotes nonspe-
cific electrostatic interactions with mammalian cell mem-
branes, leading to toxicity such as hemolysis. Thanks to
recent advances in polymer science and controlled polymeriza-
tion techniques, it has become possible to precisely tailor
morphology, structure, and the incorporation of stimuli-
responsive properties, providing deeper insight into how these
parameters collectively influence anti-infective efficacy and
biocompatibility. With these advancements, the molecular
landscape of biocompatible APs has become increasingly well
defined, reflecting a more comprehensive understanding
of SAR.

Overall, achieving optimal selectivity relies on fine-tuning
several molecular design principles. These include the careful
choice and arrangement of monomeric units, appropriate
hydrophobic-hydrophilic balance, control over chain length
and copolymer composition, adjustment of molecular weight,
and modulation of stereochemical configuration. Incorpora-
tion of neutral hydrophilic moieties is equally important to
minimize nonspecific interactions with mammalian cells while
preserving antibacterial activity. Furthermore, moving beyond
conventional linear random copolymers to more defined archi-
tectures, such as block or alternating sequences, has shown to

This journal is © The Royal Society of Chemistry 2026
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permeability variation, as quantified by a dimensionless constant (the fluorescence fold change between the treatment group and the negative control
group (PBS), measured at excitation and emission wavelengths of 544 and 622 nm, respectively). Reproduced from ref. 298 with permission from

American Chemical Society, copyright 2025.

markedly enhance bioactivity. Recent studies also highlight
that manipulating polymer topology toward advanced struc-
tures such as star, hyperbranched, or cyclic architectures can
further improve antibacterial efficacy and biocompatibility. In
addition, the development of stimuli-responsive or degradable

This journal is © The Royal Society of Chemistry 2026

APs that break down into low MW fragments represents a
promising strategy to prevent long-term accumulation in bio-
logical systems and mitigate systemic toxicity. Importantly,
emerging non-amphiphilic polymer systems offer an alternative
design paradigm, expanding beyond traditional amphiphilicity-
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driven mechanisms and providing new opportunities to achieve
selective antibacterial activity.

Challenges, and future perspectives
Challenges

Despite major advances in developing synthetic HDP-
mimicking APs, their clinical translation remains limited.
While many APs show excellent in vitro performance, the “real
deal” lies in demonstrating activity in vivo, where biological
complexity presents greater challenges. Bridging the gap
between laboratory studies and clinical application requires
detailed investigations of pharmacokinetics, long-term expo-
sure, and toxicity. In particular, systematic in vivo toxicity
studies, which are largely absent from most recent AP research,
are essential for ensuring safety and advancing APs toward
clinical use.

Beyond biological evaluation, several structural, mecha-
nistic, and regulatory issues continue to constrain the clinical
development of APs. Their polydisperse and nonpeptidic nat-
ure, combined with broad antibacterial mechanisms, makes
the development of bacterial resistance relatively unlikely,
which is a major advantage over conventional antibiotics.
However, this same structural heterogeneity complicates qual-
ity control and regulatory approval. The absence of molecular
uniformity challenges the establishment of reproducible struc-
ture-activity relationships and makes it difficult to predict
biological outcomes with precision.

To prepare for reaching these goals, several key future
perspective directions can guide the next phase of AP research.
These include biodegradable AP platforms, responsive AP sys-
tems, synergistic and combination therapies, and data-driven
and artificial intelligence (AI)-assisted design.

Future perspective

Biodegradable antimicrobial polymer platforms. Future AP
design is expected to incorporate degradability to mitigate long-
term accumulation both in vivo and in the environment. Most
synthetic APs rely on carbon-carbon backbones that are not
inherently biodegradable under physiological or environmental
conditions, raising concerns about chronic exposure and
potential toxicity. Introducing biodegradable backbones such
as polycarbonates,??**°° polyurethanes,*** polyesters**>°* and
has enabled the development of APs that undergo hydrolytic or
enzymatic cleavage under biologically relevant conditions.>*
These degradable linkages allow the polymers to gradually

Chem. Commun.

break down into low-molecular-weight fragments that are
expected to be safely metabolized or excreted.

Alongside these synthetic approaches, biodegradable APs
can also be synthesized from biopolymer-derived backbones
such as polysaccharides®*** and polypeptides,*°® or from nature-
inspired frameworks such as poly(lipoic acid), all of which offer
inherent biodegradability and can be chemically modified to
introduce antimicrobial functionalities. For example, lipoic-
acid-based polymers possess dynamic disulfide-rich backbones
that can degrade or depolymerize under biologically relevant
reducing environments, providing versatile platforms for
designing anti-infective materials.®”"”®

This direction is particularly relevant for the future design of
APs intended to help address AMR, as well as those used for
repeated dosing, topical application, or implantation, where
prolonged polymer retention may pose safety risks. Developing
materials with predictable degradation profiles, non-toxic
degradation products, and sustainable raw-material origins will
support biosafety, facilitate regulatory acceptance, and promote
environmentally responsible antimicrobial materials.

Responsive antimicrobial polymer systems. Most cationic
APs are designed to passively target negatively charged bacterial
membranes, yet this strategy often lacks sufficient selectivity
and has shown limited clinical translation due to associated
cytotoxicity.>® To overcome these limitations, recent efforts
focus on developing stimuli-responsive antimicrobial platforms
that activate only under infection-associated conditions,
responding to factors such as acidic pH, elevated reducing
environments, and pathogen-derived enzymes.>*?°%2%

In these smart systems, antimicrobial agents are encapsu-
lated within a protective matrix and are released only in the
presence of pathogenic bacteria. Infection sites exhibit bio-
chemical features that differ markedly from healthy tissue,
including acidification caused by bacterial metabolites (e.g.,
lactic and acetic acids)’®” and the secretion of extracellular
enzymes. For example, S. aureus produces several proteolytic
enzymes, including two cysteine proteinases, metalloprotei-
nase, and serine glutamyl endopeptidase,**® along with lower
levels of hyaluronidase.?*® These infection-specific factors can
be harnessed to trigger specific and localized antimicrobial
release while minimizing exposure to healthy cells, thereby
improving selectivity and providing promising directions for
future smart AP development.

Synergistic and combination therapies. Multimodal thera-
peutic strategies are crucial for combating persistent and MDR
infections. In this context, the advanced architectures dis-
cussed in this review—namely hyperbranched and star APs,

This journal is © The Royal Society of Chemistry 2026
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offer valuable opportunities for synergistic or combination
therapies. Their three-dimensional topology, internal cavities,
and tunable core-shell organization enable efficient encapsula-
tion of conventional antibiotics, photodynamic agents, and
a variety of other small-molecule drugs.”®®?7>21931% gych
polymer-drug hybrid systems can combine the intrinsic
membrane-disruptive activity of APs with complementary
mechanisms provided by the co-delivered agent, including
intracellular targeting, ROS generation, or metabolic inhibi-
tion. This synergistic dual-action approach can lower the
required antibiotic dose, reduce the likelihood of resistance
development,®™® and enhance biofilm eradication. By lever-
aging the encapsulation capability of hyperbranched and star
polymers, future work should focus on expanding AP-based
therapeutics beyond single-mode activity toward more potent
combination treatments.

Data-driven and Al-assisted design. Advances in data science
and Al are opening new avenues for accelerating biomedical
polymer development.’’®*'® Machine-learning (ML) models
trained on computational and literature-derived datasets have
significantly improved the prediction of fundamental polymer
properties. These predictive tools can identify optimal ranges of
monomer composition, charge density, and topology, reducing
reliance on trial-and-error experimentation and revealing rela-
tionships between polymer architecture, physicochemical char-
acteristics, and biological performance. To achieve this, ML
models can incorporate inputs such as SMILES strings, mole-
cular fingerprints, and physicochemical descriptors derived
from monomer chemistry and polymer composition, enabling
more accurate prediction of polymer behavior.?*!°32° Among
these inputs, SMILES representations can be used to calculate
parameters such as cLogP (a hydrophobicity index) through
cheminformatics tools like RDKit,**° and cLogP is an important
factor that influences both antimicrobial activity and
biocompatibility.”*'°° Moreover, Al-assisted screening can help
automate the evaluation and prioritization of polymer libraries
for specific pathogens or medical applications. Despite this
advancement, the use of Al-based approaches to enhance
antimicrobial efficacy while minimizing toxicity remains lim-
ited in polymer systems. Substantial opportunities still exist to
integrate AI and ML with high-throughput experimentation to
more effectively explore the polymer design space in AP
research and accelerate the identification of promising polymer
candidates.

In conclusion, this review has summarized a comprehensive
overview of the development and underlying mechanisms of
antibiotic resistance, as well as the evolution of antibacterial
polymers from HDP-inspired structural design toward precise
biofunction control. Key advances in optimizing structural
determinants for antibacterial activity and biocompatibility,
encompassing both compositional and topological features,
have been discussed. Emerging strategies based on stimuli-
responsive and self-immolative polymers that enable on-
demand degradation to minimize long-term cytotoxicity are
highlighted, along with recent progress in non-amphiphilic
polymer systems exhibiting distinct antibacterial mechanisms.
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Furthermore, future design directions involving synergistic and
combination therapies, as well as data-driven and Al-assisted
approaches for pathogen-specific polymer design, hold strong
potential to address the remaining challenges of toxicity while
maintaining or even enhancing antimicrobial potency, thereby
improving overall selectivity.
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