Volume 6
Number 15

7 August 2025
Pages 4927-5326

Materials
Advances

rsc.li/materials-advances

ISSN 2633-5409

a ROYAL SOCIETY REVIEW ARTICLE

Zao Cheng and Patrizio Raffa
“ OF CHEMISTRY From design to application: amphiphilic copolymers as

antimicrobial materials



Open Access Article. Published on 06 2025. Downloaded on 04/08/25 11:38:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

From design to application: amphiphilic

".) Check for updates‘
copolymers as antimicrobial materials

Cite this: Mater. Adv., 2025,

6,4939 Zao Cheng and Patrizio Raffa 2 *

The rapid growth of harmful pathogens and their severe impact on health pose significant challenges to
modern science. With comprehensive progress in human society, there is an increasing focus on
personal health and quality of life, leading to a growing demand for antimicrobial materials. Amphiphilic
copolymers can mimic the functions and molecular features of antimicrobial peptides (also known as
host defense peptides), constituting a class of new antimicrobial materials often characterized by
strongly cationic and hydrophobic domains. Due to their excellent and stable antimicrobial activity, low
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toxicity, and resistance prevention, amphiphilic antimicrobial copolymers have recently garnered
considerable interest and attention in both academic and industrial sectors. This review outlines the
DOI: 10.1039/d5ma00335k latest advances of amphiphilic copolymers in antimicrobial applications, including their design strategies
and current applications. Challenges and future directions of research in amphiphilic antimicrobial

rsc.li/materials-advances polymers are also discussed.

corrosion and damage to various industrial equipment and
raw materials, which causes huge waste of resources and

1. Introduction

As the earliest life forms on earth, microorganisms have
complex and diverse metabolic mechanisms and strong adapt-
ability to various extreme environments."” According to statis-
tics, many human diseases and almost all infectious ones are
related to microorganisms.®> Moreover, they can also cause
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economic losses.” Therefore, how to inhibit the reproduction
of harmful microorganisms, identify harmful bacteria, and
reduce the impact of harmful microorganisms on human
production and life has always been a matter of concern to
humans.>® At the same time, the abuse of antibiotics has led to
a significant increase in bacterial resistance, making the origi-
nal antibacterial materials unable to meet people’s needs.”®
In recent years, researchers in related fields have been working
hard to develop new materials, design various structures, and
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explore new ways to improve the antibacterial efficiency of
materials, such as metal nanoparticles,lo'11 antibacterial
peptides'*** and antibacterial polymers.**™8

Amphiphilic copolymers, sometimes also referred to as poly-
meric surfactants,'® consist of two or more distinct moieties,
hydrophilic and hydrophobic respectively, which are often
incompatible, chemically bound together in a linear or branched
arrangement. For the most common linear polymers, they can be
divided into random copolymers, alternating copolymers and
block copolymers according to the arrangement of the copoly-
mer components.”® The amphiphilic copolymer chains exhibit
self-assembling behavior in specific solvents. This unique prop-
erty is a result of the hydrophilic-hydrophobic interactions
among the polymer chains, similarly to low-molecular weight
surfactants, leading to the formation of micellar structures in the
nanometer and micrometer scales.”’ This makes amphiphilic
copolymers highly desirable for a wide range of applications,
particularly in the biomedical field, such as tissue engineering,>*
drug delivery,*® gene therapy,* and as antibacterial agent.>®

Some type of amphiphilic copolymer can mimic the functions
and molecular characteristics of host defense peptides (HDPs),
these typically have highly active cationic and hydrophobic chains
and have shown strong antibacterial effects in many studies.”*>®
The cationic and hydrophobic groups of these polymers are
essential structures for selectively targeting and disrupting bacter-
ial cell membranes. Achieving a fine-tuned balance in amphiphi-
lic antimicrobial copolymers (the average quantity of hydrophobic
and cationic residues present in polymer chains) is crucial for the
design of highly selective antibacterial polymers.>> However,
These synthetic amphiphilic polymers can only mimic the pri-
mary and secondary structures of HDPs, whereas the tertiary
structure of HDPs endows them with a broader range of mechan-
isms of action. These include inhibiting RNA synthesis,** sup-
pressing protein synthesis,® disrupting protein folding,*?
interfering with lipid complexation,* activating microbial auto-
lysis systems,** and neutralizing bacterial toxins.>> Increasing
evidence has shown that HDPs can also function by activating
the host immune system.’®*” This involves recruiting and
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activating macrophages and mast cells, inducing the production
of chemokines. The immunomodulatory role of antimicrobial
peptides has been established as one of the key features in
determining their activity towards infectious diseases.*®?°

HDPs are directly involved in antibacterial activity, endotoxin
neutralization, chemotaxis, modulation of anti-inflammatory
and pro-inflammatory immune responses, wound healing, tissue
repair, angiogenesis, and apoptosis.*® This multifaceted func-
tionality of HDPs further highlights the challenges in achieving
clinical applicability for polymers designed only to mimic
membrane-disruption mechanisms.

The outer surface of bacterial cell membranes generally
carries a net negative charge, which is typically stabilized by the
presence of divalent cations, such as Mg>" and Ca". This stabili-
zation involves the teichoic acids and polysaccharides in Gram-
positive bacteria, the lipopolysaccharides in Gram-negative bac-
teria, and the cytoplasmic membrane itself (Fig. 1).*"** Cationic
antimicrobial agents often disrupt this stabilization by electro-
statically replacing these divalent cations. Subsequently, the
hydrophobic regions of these agents interact with the bacterial
cell surface and integrate into the cytoplasmic membrane, leading
to bacterial cell death.*® However, highly hydrophobic polymers
may also bind to and penetrate human cell membranes indepen-
dently of electrostatic interactions. This lack of specificity allows
them to indiscriminately affect both human and microbial cells.
To address this issue, achieving an appropriate balance between
hydrophobic and cationic residues in antimicrobial polymers is
critical for selectively targeting bacterial cells without harming
human cells.****

Thanks to recent advancements in polymerization technol-
ogies, particularly reversible deactivation radical polymeriza-
tion (RDRP), such as atom transfer radical polymerization
(ATRP) and reversible addition-fragmentation chain Transfer
polymerization (RAFT),**™*° an enormous quantity of amphi-
philic antimicrobial copolymers has been developed.>*™® In
this review, we aim to focus on the recent advances of amphi-
philic copolymers for antimicrobial applications, including the
design strategies for amphiphilic antimicrobial copolymers. We
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PepoY ﬁ ﬁﬁ T Cell wall
Cholesterol o .®
Zwitterionic o 0. ®
phospholipi ~
” ! !"!h”( { Plasma
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Fig. 1 Schematic representation of the main differences between the cell membranes of mammalian cells and various microbial families. Reproduced

with permission from ref. 41, copyright 2012, Elsevier.
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also aim to highlight current application directions for amphi-
philic antibacterial copolymers. Finally, the challenges and
development directions of amphiphilic antimicrobial copoly-
mers are pointed out.

2. Design strategies for amphiphilic
antimicrobial copolymers

At present, the research of amphiphilic antibacterial polymers
focuses mainly on macromolecules obtained through the copo-
lymerization of compounds containing cations (mostly ammo-
nium groups) and compounds containing hydrophobic alkyl
side chains; the resulting cationic amphiphilic antimicrobial
copolymers have strong membrane destruction ability and have
been widely used in the field of antibacterial agents.’”*° Many
quaternary amphiphilic disinfectants have been prepared using
traditional polymers, including polyvinyl pyridine,®® polyvinyl
alcohol,®* polyacrylate,®* and polystyrene.®® Studies have shown
that the bactericidal mechanism of amphiphilic antibacterial
agents involves the combination of electrostatic interactions
with microbial cell membranes, followed by membrane penetra-
tion caused by the insertion of hydrophobic groups. By disrupt-
ing the cell membrane, the transmembrane potential is
decomposed, causing the leakage of intracellular substances
and ultimately leading to cell death.®*™®” In such models, the
hydrophobicity, amphiphilic character, and the abundance of
cations are considered key determinants of antibacterial activity.

This section will focus on recent researches on the impact of
various components on the antibacterial activity of such amphi-
philic copolymers (Fig. 2). Key aspects of localized polymer
design include cationic groups,®®®® hydrophobic groups,”® end
groups and their amphiphilic balance.”* Additionally, the glo-
bal design of polymer chains is considered, encompassing
molecular weight and structural characteristics relevant to
antimicrobial activity. These structural designs range from
linear and cyclic structures” to more advanced architectures,
such as star, hyper-branched,” or brush polymers.”* A special
case of advanced architecture can be considered the sequence-
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specific oligothioetheramides developed by Alabi’s group,
where control over the single hydrophobic units is achieved
by a multi-step synthesis.”>”®

2.1. Local polymer design

2.1.1. Design of cationic group. The cationic functional
group binds to the negatively charged bacterial cell surface
through electrostatic adsorption and avoids interaction with the
animal cell membrane, so it plays an irreplaceable role in this type
of amphiphilic antimicrobial copolymers.”® Therefore, in order to
design efficient antibacterial polymers, many researchers began to
explore the types of cationic centers and their relative spatial
positions on the polymer chain, as well as the effects of their chain
length and charge density on their antibacterial activity.>°%7"79-83
Common polycationic structures of antimicrobial polymers include
ammonium,*>**# iminium,**® phosphonium®* and sulfonium
group.®” The most common representative group of each class is
discussed in this section (Table 1).

2.1.1.1. Ammonium group. The chemical structure of this
class of antimicrobial agents is generally inspired by the func-
tional and molecular characteristics of HDPs, so primary amines
are the most common cationic groups, considering that lysine —
with a primary amine functional group - is the main amino acid
present in HDPs.”® Several examples described here are shown in
Table 1. In 2005, Kuroda®® reported the use of N-(tert-
butoxycarbonyl)aminoethyl methacrylate and butyl methacrylate
to synthesize amphiphilic random polymethacrylate derivatives
with a minimum inhibitory concentration (MIC) of 16 ug mL ™", In
2009, Kenichi’s group prepared a library of amphiphilic random
copolymers containing cationic and hydrophobic side chains by
copolymerizing amine-functionalized methacrylate monomers
with different proportions of alkyl methacrylates.®® The results
showed that the copolymer series with primary and tertiary amine
groups exhibited strong antibacterial activity and selectivity
against Escherichia coli (E. coli) versus human red blood cells
(RBCs). The copolymers containing quaternary ammonium
groups show activity against E. coli only when the hydrophobic
content of the polymer is higher. ¢ and co-workers® reported the

End group

Cationic group

Local polymer desig}

Hydrophobic group

Overall
design of
amphiphilic
antibacterial
polymers

Molecular weight

Hydrophilic group

Linear polymer

Global polymer design <

Topological design

Non-sequence control

Cyclic polymer (amphiphilic homopolymer,

Fig. 2 Systematic design principles of amphiphilic antibacterial polymers.””
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synthesis of new biodegradable cationic amphiphilic polycarbo-
nates. They reacted trimethylamine with a chlorinated polycarbo-
nate to introduce quaternized ammonium cations; this polymer
can easily self-assemble into cationic micellar nanoparticles by
direct dissolution in water. It shows strong inhibition against
Gram-positive bacteria (Enterococcus faecalis), methicillin-resistant
S. aureus (MRSA), and fungi (Cryptococcus neoformans) and does
not cause obvious hemolysis in a wide concentration range.

Kuroda® reported structural modulation through cationic side
chain spacer arms, including 2-aminoethylene, 4-aminobutylene,
and 6-aminohexylene. The effect of amphiphilic random copoly-
mers with cationic side chain spacer pairs of primary amines on
the antibacterial and hemolytic activities was studied. The results
showed that compared with copolymers with 2-aminoethylene
spacer arms, for 4-aminobutene cationic side, The antibacterial
activity of chain copolymers increased by an order of magnitude
without causing undesirable hemolysis. When the spacer arm was
further extended to hexene, the copolymer exhibited effective
antibacterial and hemolytic activities. Then Kuroda’s group®*
reported the preparation of homopolymers with different Degree
of Polymerization (DP = 7.7 to 12) from primary ammonium ethyl
methacrylate. This polymer exhibits higher inhibitory effects
against Gram-positive bacteria, including MRSA, than against
Gram-negative bacteria; the authors suggested that this was
related to the outer membrane structure on the bacterial surface,
and the membrane disruption mode of such polymers. They
further evaluated the activity of this polymer under physiological
conditions, in the presence of fetal bovine serum (FBS). It also
showed potent activity against S. aureus in the presence of FBS,
while the activity of the antibiotic mupirocin was reduced under
the same conditions. Studies have shown that the activity of HDPs
is reduced in the presence of serum because serum salts inhibit
the electrostatic binding of cationic peptides to anionic bacterial
surfaces and serum proteins such as albumin bind to peptides
nonspecifically.”*** Moreover, they®® reported that an amphiphi-
lic random copolymer composed of aminobutyl methacrylate
(ABMA) and ethyl methacrylate (EMA) showed pH-dependent
antibacterial activity. The polymer was effective at killing S. aureus
at neutral pH but was inactive under acidic conditions (pH 5.5). In
2021, the same group also”® reported the synthesis of terpolymers
containing primary ammonium cations and carboxylate anions,
and hydrophobic side chain monomers. They kept the proportion
of the hydrophobic monomer EMA in the polymer at 40 mol%,
and synthesized a series of polymers with different total net
charge (positive charge presence independent on the pH) by
adjusting the percentages of amino-ethyl methacrylate (AEMA)
and propanoic acid methacrylate (PAMA) side chains. The anti-
bacterial and hemolytic activity of the copolymer is determined by
a net charge of +3 or greater, and the anionic carboxylic acid
groups have no significant effect on the antibacterial and hemo-
Iytic activity of the copolymer.

Quaternary ammonium has permanent cationic charges,
regardless of the pH, and they are also commonly used in such
amphiphilic antimicrobial polymers.®” Hedrick and Yang et al.”®
reported the preparation of a series of antibacterial polyionenes by
utilizing cations brought by two-sided quaternary amines, such as
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bis[2-(N,N-dimethylamino)ethyl] ether, through a simple addition
polymerization reaction, in which the polymer formation reaction
and charge installation occurred simultaneously. Tyagi and
Mishra” used aminopropyl methacrylamide (APMA), which
remains protonated at physiological pH, thus providing a cationic
charge, while benzylmethacrylamide (BMA) was chosen to provide
hydrophobicity due to the presence of an aromatic hydrophobic
benzyl group. Wang et al.®® synthesized a series of quaternized
triblock copolymers that can self-assemble into reverse micelles
(RM) in tetrahydrofuran (THF). The outer shell of the RM contains
biocompatible poly(e-caprolactone) (PCL) blocks to provide bio-
safety and responsiveness, and the core contains quaternary
ammonium cationic blocks to provide antimicrobial activity. In
the presence of bacterial lipase, the biodegradable PCL blocks are
hydrolyzed, resulting in the responsive release of quaternary
biocidal agents (QBA), thereby achieving self-sterilization. This
provides a promising strategy for the development of bio-
switchable self-sterilizing dressing materials.

2.1.1.2. Iminium group. Another example of nitrogen-based
cationic center is the iminium group. This classification com-
prises several candidates, such as pyridinium, imidazolium,
and guanidinium salts (Fig. 3). The iminium group exhibits
uniformly distributed positive charges via = bonds and aro-
matic conjugated systems, potentially augmenting its affinity
for negatively charged bacterial membranes and consequently
enhancing antibacterial effectiveness.*”

Among iminium groups, guanidinium salts are most widely
used as cationic charge sources for such amphiphilic antimi-
crobial copolymers because of their close structural similarity
to the natural amino acid arginine. Some studies have found
that guanidine-functionalized polycarbonate can pass through
bacterial cell membranes without damaging their integrity,
and non-specifically binds to intracellular proteins and nucleic
acids.”® Therefore, Leong et al simply mixed quaternary
ammonium homopolymer and guanidinium homopolymer to
produce a more effective antibacterial behavior than a single
mechanism, showing a synergistic or additive effect.'® An
increased antibacterial activity for guanidine-containing oli-
gothioetheramides, compared to other ammonium groups,
was reported by Alabi’s research group.'®*

Using a pyridine ring as a source of cations, Sambhy et a
investigated the effect of the spatial relationship of the charges
and alkyl tails on the polymer backbone on membrane dis-
ruptive capacity. The results showed that placing the charges

l 102
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and tails in a spatially separated center resulted in higher
membrane disruptive capacity, as evidenced by enhanced anti-
microbial and hemolytic activities. Islam et al.'® synthesized
random and block dendritic oxanorbornene polymers with
different hydrophobicity/hydrophilicity and with pyridinium
salt groups using ring-opening metathesis polymerization
(ROMP), in which the copolymers with a six-carbon linker, a
high charge density, and hexylpyridine functional groups per
repeating unit, exhibited high antibacterial activity against
Gram-positive bacteria (S. aureus). However, all polymers
were inactive against Gram-negative bacteria (E. coli). Cuervo-
Rodriguez et al.'® quaternized polymers containing thiazole
ring monomers with butyl iodide or octyl iodide to obtain
cationic amphiphilic antimicrobial copolymers containing thia-
zolium groups, and utilized the different alkyl groups chains
length to adjust their hydrophobic/hydrophilic balance. The
results showed that the more hydrophobic octanylated copoly-
mer was more effective against all tested microorganisms.
Hancock et al.’® synthesized N-methylpyridinium-fused nor-
bornene monomers through ROMP, and successfully synthe-
sized backbone cationic polymers with diverse structures,
showing that these polymers are effective against Gram-negative
(E. coli) and Gram-positive (S. aureus) bacteria, with MIC as low as
25 pg mL ™. In addition, polymers with a smaller DP showed
increased selectivity for bacteria over human RBCs. Vishwakarma
et al'® reported the development of water-soluble synthetic
peptide-mimicking polyurethanes incorporating arginine as a
cationic functional group. The results demonstrated their ability
to disrupt pre-formed biofilms of P. aeruginosa, S. aureus, and
E. coli. Although these polyurethanes exhibited relatively weak
antibacterial activity against planktonic bacteria, they effectively
prevented surface adhesion and promoted bacterial surface moti-
lity. This dual action inhibited biofilm formation of both Gram-
positive and Gram-negative bacteria at sub-inhibitory concentra-
tions, while showing no toxicity toward mammalian cells.
Using imidazole groups as cation sources, Zheng et a
synthesized imidazolium-type ionic liquid monomers and their
corresponding poly(ionic liquids) (PILs) membranes. By studying
the impact of chemical on antibacterial activity, the results show
that the antibacterial activity increases with the increase in charge
density (double cation), while decreases with increasing carbon
chain length. Shi et al.®® using ultrafast ring-opening polymeriza-
tion (ROP) technology and “click” chemical reactions, prepared
imidazolium-based block co-polypeptides with L configuration
(PPGn-PILm); these can self-assemble into positively charged
nanoscale micelles, and showed MIC against both Gram-
positive (S. aureus) and Gram-negative (E. coli) of 25 pg mL™".

1 107

2.1.1.3. Phosphonium group. Since the structure of phospho-
nium compounds is similar to that of quaternary ammonium
ones, Kanazawa et al.'% first reported the use of phosphonium
as a cationic charge source for amphiphilic antimicrobial
copolymers in 1993. It was also shown that for polymers with
the same structure but different cationic parts, the antibacterial
activity of phosphates is two orders of magnitude higher than
that of polymer ammonium salts. Hisey et al.''® connected

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Reproduced with permission from ref. 81, copyright 2017, American Chemical Society.

phosphonium cations with different alkyl lengths to the ends of
polyethylene glycol-polycaprolactone block copolymers and
allowed the phosphonium-functionalized block copolymers to
self-assemble in aqueous solution forming micro micelles to
achieve selective antibacterial function. Kuday et al.'** synthe-
sized five different aromatic side-chain phosphonium-based
polymers via cyclopentene ROMP; the synthesized polymers
showed higher antibacterial activity against Gram-positive
strains than Gram-negative strains.

2.1.1.4. Sulfonium group. In 1993, Kanazawa et al.'** synthe-
sized polymers with antibacterial activity using sulfur atoms as
cation sources. In recent years, sulfonium compounds have
attracted attention as sources of cationic charge for amphiphilic
antimicrobial copolymers because they are similar in charge to
quaternary ammonium groups and are also commonly used as
therapeutic agents.””®” %" Research results have shown that
when the polymers contain sulfonium as a cationic moiety in
the backbone, they can exhibit enhanced antimicrobial activity
and selectivity compared to corresponding polymers with sulfo-
nium as side chains. This makes the former potential candidates
for combating antibiotic-resistant bacterial infections.?”"*®

Hu et al.®” developed a new class of AB alternating sequence
main chain sulfonium-containing polymers. Broad-spectrum
bactericidal properties against a group of clinically relevant
bacteria and excellent biocompatibility were observed for the
first time in a sulfonium-based macromolecule. This amphi-
philic polymer showed excellent antibacterial activity against
clinically relevant bacteria, including MRSA, with MIC in the
range of 1.25-10 pg mL ™' and no hemolysis even at polymer
concentrations as high as 10000 pg mL™'. Oh and Khan®®
synthesized B-hydroxy-functionalized sulfonium polymers,
which demonstrated structural stability and high efficacy
against clinically significant Gram-positive bacterial strains,
such as Mycobacterium smegmatis, which is crucial for

© 2025 The Author(s). Published by the Royal Society of Chemistry

combating tuberculosis infections. Furthermore, they are
equally effective against challenging Gram-negative bacterial
strains, such as E. coli. Additionally, the developed main-chain
sulfonium polymers show similar efficacy to antibiotics like
kanamycin and vancomycin.

In addition, Zhang et al’® synthesized a series of star-
shaped alkylated sulfonium amphiphilic antimicrobial copoly-
mers by mimicking the structure unit of vitamin U via N-
carboxyanhydrides (NCA) ring-opening reactions. The short
hydrophobic moiety and highly cationic structure significantly
enhance the hemocompatibility and bactericidal activity of G,-
PM-1"" (Table 1, HC,,/MIC ratio as high as 16 000). G,-PM-1""*
has broad-spectrum bactericidal activity (S. aureus: MIC =
4 pg mL™ Y, E. coli: MIC = 16 pg mL ") and has excellent drug
resistance compared with vancomycin.

In general, the full potential of sulfonium compounds as
sources of cationic charge is still to be explored, especially
sulfonium-based polymers with well-defined sequences.

2.1.2. Hydrophobic group. As the active components
directly involved in the insertion and disruption of bacterial
and mammalian membranes, the local hydrophobicity of
monomers and the overall hydrophobicity of polymers (ie.,
global amphiphilic balance) represent characteristic para-
meters reflecting the influence of hydrophobic groups on
biological activity.*>**7*3 Therefore, the balance between
hydrophilicity and hydrophobicity is one of the key determi-
nants for amphiphilic antimicrobial copolymers (Fig. 4). This
balance can be optimized at the local monomer level and/or the
overall polymer level in amphiphilic antimicrobial copolymers
or homopolymers."* "¢ To achieve this, designers need to
consider the hydrophobic contribution of the polymer back-
bone as well as the characteristics of the side chains (such as
hybridization, branching, and carbon number). Three primary
strategies can be employed to adjust this balance, namely:
(1) managing the structure of monomers, such as the length

Mater. Adv., 2025, 6, 4939-4968 | 4947


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00335k

Open Access Article. Published on 06 2025. Downloaded on 04/08/25 11:38:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

of spacer units and the type of hydrophobic groups; (2) adjust-
ing the hydrophobicity ratio relative to other functional groups
in amphiphilic antimicrobial copolymers; (3) inserting neutral
hydrophilic groups, such as poly ethylene glycol (PEG).

The first design strategy involves controlling the hydropho-
bicity at the local level of the polymer by designing the structure
of different hydrophobic monomers, thereby regulating the
hydrophilic-hydrophobic balance of the polymer. So far, most
studies on antimicrobial polymers have utilized hydrophobic
alkyl chains as their hydrophobic groups. Therefore, the struc-
tural properties of the hydrophobic alkyl tails, such as the
length of alkyl chains and the type of side chains, are crucial
for determining the biological activity of the polymer. Accord-
ing to reports,>®8186:104113,114,1177119  extending the chain
length within a certain range of carbon atoms in the side
chains results in increased antibacterial activity. Hydrophobic
structures can interact more strongly with the lipid bilayer of
microbial membranes, thereby enhancing antibacterial activity.
However, excessively long alkyl chains may lead to polymer
over-hydrophobicity, potentially causing reduced water solubi-
lity and increased indiscriminate toxicity to pathogens and host
cells, i.e., enhanced cytotoxicity. Therefore, optimizing the
length of hydrophobic chains helps to regulate the balance
between antibacterial efficacy and cytotoxicity, thereby enhan-
cing the bioavailability of amphiphilic antimicrobial copoly-
mers and maximizing their antibacterial activity.

In addition to hydrophobic chain length, the type of hydro-
phobic part also influences the bioactivity.”®'"® Tan et al.**°
synthesized a series of guanidinium-functionalized random
polycarbonates through organocatalytic ring-opening polymer-
ization (Fig. 5).

By introducing various length of hydrophobic co-monomers
(ethyl, propyl, isopropyl, benzyl, and hexyl) at different percen-
tage contents, they modulated the hydrophobicity of the poly-
mers. Overall, these polymers exhibited similar minimum
inhibitory concentrations and minimum bactericidal concen-
trations against a broad spectrum of microbes. However, poly-
mers with higher hydrophobicity showed a faster rate of
bacterial elimination. At higher percentages (20 mol%), poly-
mers containing a higher proportion of hydrophobic co-
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monomers displayed reduced selectivity due to their elevated
hemolytic activity (Table 2).

A series of antimicrobial surfactant-like poly(ester polyur-
ethane)s with different hydrophobic groups (short alkyl chain
(PSA), aromatic group (PA) and long alkyl chain (PLA)) and
cationic groups uniformly distributed along the polymer chain
were studied (Fig. 6).">> Membrane permeability assays showed
that all three antimicrobial polymers were able to permeabilize
the outer (periplasm) and inner membrane (cytoplasm) of
E. coli and that the S. aureus cell wall was unable to prevent
these polymers from damaging the cytoplasmic membrane. PA
and PLA caused significant damage to the plasma membrane of
E. coli, whereas PSA caused slight damage to the integrity of the
plasma membrane, but even this level of damage was able to
dissipate the plasma membrane potential and lead to cell death
(Table 3).

The second and third design approaches focus more on the
global polymer level, wherein the hydrophobic group influ-
ences bioactivity through its interaction with other comono-
mers present in the global amphiphilic balance of amphiphilic
antimicrobial copolymers.

For example, Phuong et a synthesized a library of 36
amphiphilic antimicrobial polymers using eight hydrophobic
monomers (cyclic, aromatic, linear, or branched and classified
into three categories, C5, C7, and C9, based on the carbon
number (5, 7, or 9)) (Fig. 7) and screened them against four
bacterial strains and sheep RBCs to assess their antimicrobial
activity and blood compatibility. For polymers with saturated
chains and similar DP and target component molar ratios, the
antimicrobial activity decreases as the carbon number of the
hydrophobic side chain groups increases (i.e., the MIC value for
the C9 group is higher than those for C7 and C5). Within the
same polymer group, copolymers containing branched mono-
mers exhibit better antimicrobial activity than those with linear
monomers. In the C5 group (see Fig. 7), the length of Im (6.2 A)
is slightly shorter than that of Pm (7.4 A), and the MIC value of
140-1535 against Gram-negative bacteria is slightly lower than
that of P40-1535. In the C7 group, the difference in chain length
between branched (Pbm, 5 A) and linear (Hm, 9.9 A) monomers
is significant, resulting in a substantial difference in
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Fig. 5 Synthesis of guanidinium-functionalized random polycarbonates with different hydrophobic side chain lengths via organocatalytic ring-opening

polymerization. Redrawn from ref. 120.
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Table 2 Minimum inhibitory concentrations (MIC, ug mL™
against a broad spectrum of microbes. Redrawn from ref. 120
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%) and selectivity of the random polycarbonates with different hydrophobic side chain lengths

MIC [pg mL~"}/selectivity (HC5,/MIC)

Gram-positive Gram-negative Fungus
Polymer R X y S. aureus A. baumannii  E. coli K. pneumoniae  P. aeruginosa  C. albicans HCs [pg mL™]
P1 Bh 17 2 .8 (>256) 8 (>256) .8 (>256)  15.6 (>128) 15.6 (>128)  31.3 (>64) >2000
P2 Et 18 2 .8 (>256) 7 8 (>256) .8(>256)  15.6 (>128) 15.6 (>128)  31.3 (>64) >2000
P3 iBu 16 2 .8 (>256) 8 (>256) .8 (>256) 15.6 (>128) 15.6 (>128) 31.3 (>64) > 2000
P4 Bu 18 2 .8 (>256) 7 8 (>256) .8(>256)  15.6 (>128) 15.6 (>128)  31.3 (>64) >2000
P5 Hex 18 2 8 (>256) 7.8 (>256) .8(>256)  15.6 (>128) 15.6 (>128)  31.3 (>64) >2000"
P6 Bn 15 4 7.8 (51) 7.8 (51) .8 (51) 15.6 (26) 15.6 (26) 31.3 (13) ~ 400
P7 Et 15 4  7.8(>256) 7.8 (>256) .8 (>256)  15.6 (>128) 15.6 (>128)  31.3 (>64) >2000
P8 iBu 14 4  7.8(51) 7.8 (51) .8 (51) 15.6 (29) 15.6 (29) 31.3 (14) X450
P9 Bu 13 5 7.8(>256) 7.8 (>256) 8 (>256)  15.6 (>128) 15.6 (>128)  31.3 (>64) >2000°
P10 Hex 14 4  7.8(22) 15.6 (11) 7 8 (22) 15.6 (11) 15.6 (11) 31.3 (5) ~170
P11 — 18 — 15.6(>513) 7.8(>1026)  15.6 (>513) 31.3 (>256) 15.6 (>513)  31.3(>256) >8000"*

¢ At 2000 pg mL ™"
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Fig. 6 Synthesis of antimicrobial surfactant-like poly(ester polyurethane)s with different hydrophobic pendant groups (PSA, PA, and PLA) and cationic
groups distributed uniformly along the polymer chain. Redrawn from ref. 122.

Table 3 MIC of the Poly(ester polyurethane)s with different hydrophobic pendant groups (PSA, PA, and PLA) against Gram-negative/positive bacterias

and HC, toward RBCs. Redrawn from ref. 122

MIC

Gram-negative bacteria

Gram-positive bacteria

E. coli P. aeruginosa S. aureus S. epidermidis HC,o
Polymer g mL " UM ug mL uM g mL "’ M ug mL uM g mL " M
PSA 16 2.0 32 4.0 32 4.0 16 2.0 379.4 47.4
PA 8 1.6 16 3.1 16 3.1 4 0.8 19.8 3.8
PLA 8 0.9 16 1.8 16 1.8 16 1.8 3.5 0.4
Ampicillin 1 2.9 128 371.2 0.2 0.6 4 11.6 — —
Melittin 25 8.8 50 17.6 25 8.8 0.8 0.3 — —

antimicrobial activity (Table 4). Im monomer shows the highest
compatibility with the selected cationic and hydrophilic mono-
mers, as evidenced by polymers 140-1535 and 140-1040, which
exhibit the highest antimicrobial activity among the tested
polymers. In summary, it was found that linear and branched
alkyl hydrophobic monomers exhibited better antimicrobial
effects than cyclic and aromatic ones, and polymers with a
Calculation logP (the partition constant of a compound
between n-octanol (hydrophobic phase) and water (hydrophilic

© 2025 The Author(s). Published by the Royal Society of Chemistry

phase)) between 0 and 2 were most likely to achieve the optimal
balance of high antimicrobial activity and low hemolytic
activity.

Another notable example comes from Mankoci et al.,'*
which reported a series of water-soluble antimicrobial polyur-
ethanes designed to mimic antimicrobial peptides (AMPs)
(Fig. 8). These polyurethanes were synthesized by incorporating
cationic side chains into one segment of the polymer chain,
while functionalizing the other segment with various side-chain

Mater. Adv,, 2025, 6, 4939-4968 | 4949


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00335k

Open Access Article. Published on 06 2025. Downloaded on 04/08/25 11:38:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

&

20 h, at RT, LED light 530 nm

oo, L ooy b
/ * * HNH —»

Im \)(LNQ\

H
Hydrophobic monomers
(6]

(0] (0]
Pm \)LN/\/\/ Nm \)LN/\/\/\/\/ Cxm \)J\N/\O
H H H

Hm \)J\N/\/\/\/
H

View Article Online

Materials Advances

W

\HI O
R

\Hl O
3 h,atRT

OH NH OH NH3
0 (0] TFA~
A
0 Q
XN

Cpm \)LH Bm N /\@

o)
Pbm \)J\N/\/\

=

Fig. 7 Synthesis of amphiphilic antimicrobial polymers using eight hydrophobic monomers (N-isopentylacrylamide (Im), N-pentylacrylamide (Pm), N-

heptylacrylamide (Hm), N-butyl-N-propylacrylamide (Pbm),

N-cycloheptylacrylamide

(Cpm), N-(cyclohexylmethyl)acrylamide (Cxm), N-

benzylacrylamide (Bm), and N-nonylacrylamide (Nm)). Redrawn from ref. 113.

Table 4 Antimicrobial activities (MIC) of 40-DP,, polymers with different hydrophobic monomers and monomer feed ratios against four microorgan-

isms. Redrawn from ref. 113

ClogP of MIC of polymer (ug mL ")
Family of Hydrophobic Monomer ratio representative
polymers monomer (ClogP) Polymer (x:y:2) oligomer PAO1 P. aeruginosa E. coli S. aureus
I-family Im(1.40) 140-1040 50:10:40 2.70 16 16-32 16 >256
140-1535 50:15:35 1.55 16 16-32 16 >256
140-2030 50:20:30 0.39 16-32 32-64 32 >256
140-2525 50:25:25 -0.77 256 >256 128-256 >256
140-3020 50:30:20 —-1.93 >256 >256 >256 >256
P-family Pm(1.53) P40-1040 50:10:40 3.22 32 32 16 >256
P40-1535 50:15:35 2.00 32 32 16 >256
P40-2030 50:20:30 0.78 32 32-64 32-64 >256
H-family 'm(2.59) H40-2030 50:20:30 3.95 64 128 64 >256
H40-2525 50:25:25 2.2 64 64 64 >256
H40-3020 50:30:20 0.45 64-128 128-256 128 >256
Pb-family Pbm(2.37) Pb40-2030 50:20:30 3.70 32 32-64 16-32 >256
Pb40-2525 50:25:25 2.00 32-64 32-64 32-64 >256
Pb40-3020 50:30:20 0.29 64 128 128-256 >256
Cp-family Cpm(2.01) Cp40-2030 50:20:30 2.20 32-64 64 32 >256
Cp40-2525 50:25:25 0.74 32-64 32-64 16-32 >256
Cx-family Cxm(2.07) Cx40-2030 50:20:30 2.38 32 32-64 32 >256
Cx40-2525 50:25:25 0.89 32-64 64 16-32 >256
B-family Bm(1.18) B40-1535 50:15:35 1.11 32-64 64 64-128 >256
B40-1040 50:10:40 2.23 16-32 32 32 >256
B40-2030 50:20:30 0.05 64 64-128 256 >256
N-family Nm(3.65) N40-2030 50:20:30 7.13 >256 >256 >256 >256
N40-3020 50:30:20 2.57 128-256 256 128-256 >256
N40-3515 50:35:15 0.29 128-256 256 128-256 >256
82,86-88 113,120,122

amino acids. Their antimicrobial activity and cytotoxicity were
systematically compared. The findings revealed that the addi-
tion of hydrophobic, neutral polar, or anionic components did
not significantly influence antibacterial activity. However, the
introduction of hydrophobic groups enhanced cytoplasmic
membrane disruption, and the proportion of cationic side-
chain groups correlated with the degree of outer membrane
disruption in Gram-negative bacteria. Meanwhile, neutral polar
and anionic groups improved the compatibility of the polyur-
ethanes with mammalian cells, highlighting the tunability of
these materials for selective activity and reduced cytotoxicity.
Typical HDPs feature two functionalities, cationic groups
and hydrophobic moieties. However, as mentioned above, an

4950 | Mater. Adv, 2025, 6, 4939-4968

excess of cationic iminium and hydrophobic
characteristics can lead to indiscriminate toxicity towards all
cell types, including RBCs. This renders the optimization of
binary polymer balance challenging. Consequently, a recent
approach has been the introduction of neutral hydrophilic
groups, resulting in a class of ternary polymers. The presence
of neutral hydrophilic groups serves to reduce undesired pro-
tein complexation and hemolysis, thus maintaining polymer
antimicrobial activity while imparting biocompatibility (Fig. 9).

The role of the neutral hydrophilic group was reported first by
Allison et al.'> They focus on quaternized poly(vinyl-pyridine)
(PVP), which inherently possesses antibacterial properties but
also exhibits high toxicity. They found that incorporation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Chemical structures of the antimicrobial polyurethanes. mArg and
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nPrDEA, cPrDEA, nBac, and mSer (in purple) were chosen as uncharged polar
pendant groups for antimicrobial polyurethane design. Redrawn from ref. 123.

polyethylene glycol comonomers could reduce hemolytic activity
without compromising antimicrobial efficacy. This study paves
the way for the development of new ternary polymer systems akin
to HDPs. Since then, PEG has been commonly employed as a
neutral hydrophilic residue.””'****® Additionally, various other
neutral hydrophilic candidates exist for ternary polymer systems,
such as hydroxyl substitutions (mimicking serine residues).*>"*°
Based on previous research, Pham et al.”® designed and developed
a series of statistical amphiphilic ternary copolymers and system-
atically investigated the effects of each component group on

antimicrobial activity and biocompatibility (Fig. 10).
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The results indicate that, unlike hydrophobic moieties that
directly damage cell membranes, hydrophilic groups indirectly
but significantly influence bioactivity by modulating the hydro-
phobic/hydrophilic balance and overall hydrophobicity, leading
to alterations in polymer solubility properties. The AM family
(Fig. 10) exhibited the highest antibacterial activity against
Gram-negative bacteria. The PEG-A and PEG-AA families,
demonstrated antibacterial activity similar to the HEA family,
except for polymers with a very low hydrophilic/hydrophobic
ratio (PEG-A/PEG-AA/HEA-1-1040). Additionally, containing PEG
as a neutral hydrophilic moiety exhibited significantly higher
biocompatibility and selectivity compared to polymers with
shorter, less hydrophilic, and less flexible chains (Table 5).

In a similar approach, Mortazavian et al.** adjusted the
composition of cationic and hydrophobic monomers by introdu-
cing hydroxyethyl methacrylate (HEMA) monomer units to study
the impact of each component on the antibacterial and hemo-
Iytic activities of the copolymer. The results showed that increas-
ing the proportion of cationic groups in the copolymer beyond
30 mol% did not enhance its antibacterial efficacy against E. coli.
They also proposed that the HEMA component (hydroxyl side
chains) may have two active roles: (1) as a structural spacer to
distribute the cationic and hydrophobic groups in monomer
sequences and (2) as a modulator of copolymer chain insertion
in bacterial and human cell membranes.

In summary, good neutral hydrophilic groups will maximize
biocompatibility without negatively affecting the antibacterial
efficacy of amphiphilic antimicrobial copolymers, which is of
great significance for the design and synthesis of efficient and
safe amphiphilic antimicrobial polymers.

Polymer In aqueous protein-rich media In contact with bacterial cell In contact with mammalian cell membrane
group membrane
*  Cationic and hydrophobic groupsare  *  Strong electrostatic interaction Week electrostatic interaction is NOT
covered inside the large and thick is sufficient to trigger the sufficient to trigger the adoption of
protective hydration layer adoption of globally amphiphilic globally amphiphilic conformation due
(conformational cloud)* conformation** to large thick protective hydration layer
*  Low protein complexation via *  Polymers remain as their state in
electrostatic and hydrophobic aqueous media
PEG interactions 4 p b,
group . oS RT .
S e
o ? - J A
s e .. [5% @1 2 s
PN, ". '\ r» - »
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NOT fully covered inside the small is sufficient to trigger the hydrophobic interaction is sufficient to
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*  Partially protein complexation via small thin protective hydration layer
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Fig. 9 Proposed adoption of PEG group polymer and non-PEG group polymer in protein-rich media and in contact with bacterial and mammalian cell
membranes. Reproduced with permission from ref. 70 and 124, copyright 2010, Royal Society of Chemistry.
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2.1.3. Design of end group. As the polymerization degree
and relative molecular mass ratio of the polymer decreases, the
proportion of polymer end groups in the entire polymer
increases. Therefore, the effect of end groups on polymer
bioactivity is negligible for high molecular weight polymers
but has a large effect for low molecular weight polymers or
oligomers. For this type of amphiphilic antimicrobial copoly-
mers, the relative molecular weight is mostly within 10 000, so
the impact of end groups on their biological activity cannot be
ignored.”"'3%131 Additionally, advancements in RAFT polymer-
ization have made it easier to control the synthesis of polymer
chains with different end groups (Fig. 11).

Nadres et al'® used RAFT polymerization to produce a
statistical methacrylate copolymer, followed by free radical-
mediated conversion of the terminal groups successfully trans-
formed the Z-end group of parent copolymer from dithiobenzoate

to a cyanoisobutyl or aminoethyl cyanopentanoate group without
any significant changes to the polymer molecular weight. The
results showed that the parent copolymer with dithiobenzoate
end groups exhibited the strongest antibacterial and hemolytic
activity, while the ability of copolymers to destroy membranes
does not depend on the end group structure. In a more in-depth
research, Griesser’s group™ used three different RAFT chain
transfer agents to systematically study the effects of changing
the R- and Z-RAFT end groups on the antibacterial activity and
cytotoxicity of poly(methacrylate) polymers (Fig. 12). The results
indicate that the R-group predominantly influences the toxicity of
the polymers. Substituting the anionic cyanovaleric acid R-group
(PA1) with the neutral isobutyronitrile group (PA3) led to over a 20-
fold increase in the hemolytic activity of the polymers. However,
the Z-group has a greater impact on the antimicrobial activity of
the polymers against MRSA and C. albicans, where polymers with

Table 5 Antimicrobial activities (MIC) and biocompatibility (HCso and ICsp) of 40-DP,, polymers with different hydrophobic and hydrophilic monomers

and monomer feed ratios. Redrawn from ref. 70

MIC of polymer (ug mL ™)

Monomer S. aureus HCs ICs, against
Group Family Polymer ratio (x:y:z) P. aeruginosa 01 P. aeruginosa 37 E. coli K12 ATCC29213 (ug mL™') MEF (ug mL™")
Non-PEG group HEA HEA-I-1040 50:10:40 16 — 16 >256 142 £ 6 —
HEA-1-1535 50:15:35 16 32 16 >256 — 29 + 4
HEA-1-2030 50:20:30 16-32 32-64 32 >256 >2000 122 + 19
HEA-1-3020 50:30:20 >256 >256 >256 >256 >2000 —
HEA-B-1040 50:10:40 16-32 — 32 256 961 + 425 59 £+ 37
HEA-B-1535 50:15:35 32-64 — 64-128 >256 >2000 43 +£3
AM AM-I-1535 50:15:35 8-16 16-32 16 >256 1825 56 + 13
AM-1-2030 50:20:30 16 32 16 >256 1505 £ 29 56 £15
AM-1-3020 50:30:20 64 64 64-128 >256 >2000 326 + 101
AM-B-1040 50:10:40 32 32-64 32-64 — 878 + 81 39 £ 25
AM-B-1535 50:15:32 32 32-64 32-64 — 855 + 212 36 7
PEG group PEG-AA PEG-AA-1-1040 50:10:40 8 16-32 8-16 >256 390 + 87 43 + 10
PEG-AA-1-1535 50:15:35 16 32 8-16 >256 >2000 166 + 17
PEG-AA-1-2030 50:20:30 16-32 32-64 32 >256 >2000 ~512
PEG-A PEG-A-1-1040 50:10:40 8 16-32 8-16 >256 500 +£343 39 +2
PEG-A-I-1535 50:15:35 16 32-64 8-16 >256 >2000 130 £+ 30
PEG-A-I-2030 50:20:30 16-32 64-128 32-64 >256 >2000 ~512
PEG-A-I-3020 50:30:20 >256 >256 >256 >256 >2000 >512
PEG-A-B-1040 50:10:40 16-32 32-64 32-64 — 1563 £ 135 56 £ 7
PEG-A-B-1535 50:15:35 32-64 64 64-128 — >2000 191 + 30
4952 | Mater. Adv., 2025, 6, 4939-4968 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00335k

Open Access Article. Published on 06 2025. Downloaded on 04/08/25 11:38:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Reactive
double bond Weak single bond
S S S S
P R = Y

V4 V4

T

7 modified addition end group
and fragmentation rates

R is another end group,

a homolytic leaving group,
R- must be able to efficiently
reinitiate polymerization

Fig. 11 Scheme of RAFT polymerization's main mechanism step.4®

a long, lipophilic dodecylsulfanyl Z-group (PA1) were more effec-
tive than those with either an ethylsulfanyl or no Z group.

In conclusion, although the end group is not the main
component of amphiphilic antimicrobial copolymers, modulat-
ing the end group should not be ignored to achieve optimal
amphiphilic antimicrobial copolymers.

2.2. Global polymer design

2.2.1. Molecular weight. The association between molecu-
lar weight and antibacterial effectiveness seems to be more

View Article Online

Review

pronounced in Gram-positive bacteria compared to Gram-
negative ones.’™”>"*? Specifically, Gram-positive bacteria fea-
ture a densely interconnected peptidoglycan layer that serves as
a barrier, shielding the inner membrane from larger
membrane-active molecules. This phenomenon, termed the
“sieving effect,” was initially recognized by Lienkamp et al.'*
and subsequently corroborated by numerous independent
investigations. For instance, Pachla and co-workers™** studied
the effect of molecular weight on the antibacterial, cytotoxic
and hemolytic activities of linear polytrimethyleneimine (L-
PTMI). The results (Table 6) showed that within the test range
(0.8-18 kDa), the antibacterial activity of the polymer increased
with increase in polymer molecular weight. Above a certain
molecular weight, activity increases significantly, manifested by
lower MIC, HCs,, and ICs, values. Notably, the threshold for
MIC values appears to be at a lower M, or M,, compared to HCs,
and ICs, values. Furthermore, Qiao et al.'*’ reported the anti-
bacterial activity of a series of random polycarbonate polymers
synthesized via metal-free organocatalytic ring-opening poly-
merization. Their study revealed a positive correlation between
antibacterial activity against Staphylococcus aureus and molecu-
lar weight. Polymers with molecular weights of 6 kDa, 10 kDa,
and 16 kDa (each with a charge density of approximately 50%)

S\[rZ EPHP, Vazo-88 H
n m n m
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2 \ 2 \
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Fig. 12 Synthesis of amphiphilic antimicrobial copolymers (PA1-PA4) by using RAFT agents to control the variation in the Z and R groups at the polymer

ends. Redrawn from ref. 131.

Table 6 Biological activity and molecular weight of the studied linear polytrimethyleneimine (L-PTMI). Redrawn from ref. 134

MIC/ug mL ™"

Polymer M, /kDa M, /kDa PDI E. coli S. aureus C. albicans HC50/pg mL™? ICso/ug mL~!
L-PTMI_0.8k 0.80 0.91 1.14 256 128 32 > 2000 (2%) 2220
L-PTMI_1.2k 1.2 1.4 1.22 16 16 16 > 2000 (4%) 2570
L-PTMI_3k 2.8 3.7 1.33 2 4 16 >2000 (3%) 25.2
L-PTMI_7k 6.7 9.6 1.44 2 1 16 125 4.20
L-PTMI_12k 12.1 18.2 1.51 2 1 32 15.6 2.48
L-PTMI_18k 18.0 27.1 1.51 2 1 32 9.40 2.71
L-PEI_4k 4.0 5.3 1.30 16 16 32 > 2000 (39%) 660
Me-L-PTMI_7k 3.6 5.4 1.53 16 16 16 >2000 (2%) 240
MePTMI-co-Me,PTMI, 0, 4.2 6.5 1.54 16 16 16 > 2000 (3%) 420
MePTMI-co-Me,PTMI,0, 3.7 5.5 1.49 16 16 16 >2000 (3%) 930
Me-L-PEI_4k 3.9 4.8 1.24 32 128 64 >2000 (2%) 600
MePEI-co-Me,PEL, 0, 3.6 4.6 1.27 32 64 32 >2000 (3%) 1370
MePEI-co-Me,PEl 0, 3.6 4.7 1.31 16 64 16 >2000 (2%) 2000

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with permission from ref. 51, copyright 2013, American Chemical Society.

exhibited MIC values of 63 mg L™ ", 125 mg L', and 500 mg L™,
respectively. The authors attributed this to the ‘“sieving effect,”
wherein higher molecular weight polymers are captured by the
dense peptidoglycan layer on the outer surface of S. aureus,
limiting their effectiveness. Locock et al>' conducted a com-
parative study on the antibacterial and hemolytic activities of
cationic polymethacrylates containing either amine or guanidine
groups and hydrophobic side chains. Their findings revealed
that an eightfold increase in polymer molecular weight resulted
in minimal changes in the MIC values of amine-based polymers,
whereas a similar increase in guanidine-based copolymers
caused a nearly 20-fold rise in MIC values (Fig. 13(a)). The
authors hypothesized that this discrepancy arises due to
potential differences in the mechanisms of action between
amine and guanidine copolymers. Furthermore, for both guani-
dine and amine copolymers, increasing the molecular weight led
to heightened hemolytic activity (Fig. 13(b)). Notably, the short-
est guanidine polymer chains exhibited negligible hemolytic
activity at their MIC values, while the longest chains showed
significant hemolytic activity under the same conditions. Never-
theless, guanidine copolymers consistently demonstrated lower
hemolytic activity at their MIC values compared to their amine
counterparts, indicating better biocompatibility for guanidine-
based systems.

Therefore, amphiphilic antimicrobial copolymers with dif-
ferent effects on Gram-positive and Gram-negative bacteria can
be designed and synthesized by adjusting the molecular weight
to meet the needs of different users.

2.2.2. Topology of amphiphilic antimicrobial copolymers.
The topology of polymers refers to the spatial arrangement of
monomers along their chains. Recent advancements in poly-
mer chemistry have led to the development of numerous
antimicrobials with various topological structures.*®'¢13”
These range from simple structures like linear and cyclic
polymers to advanced structures such as hyperbranched, den-
dritic star-shaped, or brush-like polymers. These diverse struc-
tures significantly influence the physical, chemical, and
biological properties of polymers.

2.2.2.1. Linear polymers. Linear polymers have been exten-
sively studied due to their fundamental topological structure.
An array of amphiphilic antimicrobial copolymers can be
produced through diverse active polymerization techniques.

4954 | Mater. Adv., 2025, 6, 4939-4968
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The progress in controlled polymerization methodologies
allows for precise adjustment of parameters like molecular
weight, component composition ratios, and topological archi-
tectures, encompassing homopolymers, random, alternating,
and block copolymers.>>"?%13°

2.2.2.1.1. Random polymers. Random polymers represent

the simplest topology among copolymers. It is notable that numer-
ous research reports have proven that random amphiphilic copo-
lymers have efficient antibacterial effects,”>*%%7>117,128,1407142 e
to their straightforward synthesis, devoid of any requirement for
precise sequence control, the simplicity of the technology com-
bined with favorable outcomes has made random copolymers an
important part of the amphiphilic antimicrobial copolymers field.
However, the spatial distribution of components is bound to
affect the secondary structure of the polymer, thereby affecting
the overall biological efficacy by affecting its physicochemical
properties and the conformation of the biological interface.
Inspired by natural HDPs, researchers are dedicated to creating
precisely defined sequence amphiphilic antimicrobial copoly-
mers, manipulating the concentration of local structural
domains within polymer chains, and mimicking the precise
monomeric sequences and secondary sequences found in
natural HDPs. For example, alternating or block copolymers
are designed to enhance their biological activity and improve
their selectivity between bacteria and mammalian cells."****

2.2.2.1.2. Block polymers. Block polymers are the most
widely reported type of well-defined sequence.®’®'*'*° They
are usually synthesized by living polymerization technologies,
such as ATRP and RAFT polymerization.*®'>°
Many research groups'*****7'*3 have reported the prepara-
tion of random and diblock copolymers containing the same
structure and composition and compared their biological activities.
The results both showed that random and diblock copolymer series
displayed similar antibacterial activity. But the random copolymer
showed very high hemolytic activity and very low cell selectivity,
while the diblock copolymer showed significantly lower hemolytic
activity and significantly higher cell selectivity. A widely accepted
hypothesis is that this is related to the difference in single chain
conformation between block copolymers and random copolymers
(Fig. 14). Block copolymers can form intramolecular aggregates
surrounding a hydrophobic core of cationic segments in water. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cationic nature of these intramolecular aggregates increases their
electrostatic binding to the anionic LPS on the bacterial surface and
may displace the divalent cations that stabilize the outer membrane
structure. Replacement of these divalent cations disrupts the
membrane structure and increases the permeability of the outer
membrane, thus facilitating the entry of polymers into the cell
surface. As for the hemolytic activity, the hydrophobic segment was
shielded by the cationic surface, which reduced the hydrophobic
binding of the polymer to the cell membrane of RBCs and, there-
fore, did not cause significant hemolytic activity.">> On the other
hand, the random copolymers, will adopt a random coil or slightly
shrunk conformation because the hydrophobic groups randomly
distributed along the polymer chain may not form a hydrophobic
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core if the hydrophobic content is low enough. These hydrophobic
groups interact with the red blood cell membrane and cause cell
lysis. In addition, the cationic functional groups of random copo-
lymers can also enhance the binding of the polymer to bacterial cell
membranes and cause membrane rupture,'>*'>*

2.2.2.2. Cyclic polymers. Another possible structure for
amphiphilic antimicrobial copolymer is a cyclic one. Cyclic
polymers are linked end to end to form a ring structure and
therefore have no end groups.'”® Despite being inspired by
many natural cyclic structures of amphiphilic antimicrobial
copolymers,'>® the utilization of cyclic amphiphilic polymers
for antimicrobial applications remains relatively underexplored
compared to other topological types. This may be attributed to
the considerable difficulty in obtaining highly purified cyclic
polymers.

For example, Xu and co-workers'>” prepared cyclized catio-
nic copolymers through ATRP (Fig. 15). These copolymers are
more readily attracted to negatively charged bacterial cell
membranes and cause membrane damage, exhibiting better
antimicrobial performance compared to their linear counter-
parts. Additionally, the cytotoxicity of the cyclic cationic copo-
lymers is slightly lower than that of the linear copolymers.

Aquib et al.'*® synthesized a functional RAFT agent contain-
ing benzaldehyde groups (Fig. 16(A)), which was subsequently
utilized to prepare amphiphilic cationic statistical linear terpo-
lymers via RAFT polymerization. These linear terpolymers were
then cyclized into cyclic terpolymers through a Hetero-Diels—
Alder click reaction (Fig. 16(B)). Compared to their linear
counterparts, the cyclic terpolymers exhibited superior hemo-
compatibility and enhanced biocompatibility with mammalian
macrophages, demonstrating improved safety profiles.

This indicates that cyclic polymers hold significant research
value in the field of amphiphilic antimicrobial copolymers. It is
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Fig. 15 Synthesis of cyclic cationic P(RMA-co-DMAEMA*) copolymers with different hydrophobic groups. Redrawn from ref. 157.
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anticipated that with innovations in the synthesis methods of
cyclic polymers,">'®® more research on cyclic amphiphilic
polymers will emerge in the future.

2.2.2.3. Advanced architecture design. Inspired by the precise
and complex protein structure, many researchers tried to
develop amphiphilic antimicrobial copolymers with higher
structures. Along with a deeper understanding of amphiphilic
antimicrobial copolymers, advances in polymer chemistry have
made it possible to artificially synthesize a variety of advanced
polymers with complex structures, such as hyperbranched,
dendritic star or brush polymers.

For example, Santos et al. reporte the synthesis of linear,
4-arm star and 6-arm star copolymers via supplemented acti-
vator and reducing agent atom transfer radical polymerization
(SARA-ATRP) (Fig. 17). The results showed that 6-arm and 4-arm
star polymers with similar molecular weights exhibited stron-
ger antibacterial activity than linear polymers.

d161

o

~Ae,

Aquib et al.'®® synthesized linear polymers (LPs), hyper-

branched polymers (HPs) and star polymers (SPs) via RAFT
polymerization (Fig. 18). The results showed that the blood
compatibility of HPs with the same ratio of hydrophobic to
hydrophilic groups was significantly improved by 2 to 4 times
compared with that of LPs; SPs with a low hydrophobic ratio are
not toxic to red blood cells and retain similar potent antibac-
terial activity to linear polymers and hyperbranched polymers.
Overall, SPs exhibit superior biological activity compared with
HPs and LPs (SPs > HPs > LPs).

Laroque et al.'®® successfully utilized an arm-first synthesis
strategy to create a library of amphiphilic cationic core-cross-
linked star (CCS) copolymers through RAFT polymerization
(Fig. 19). These polymers featured both diblock and homopo-
lymer arms. The results indicated that transitioning from
diblock to miktoarm CCS structures enhanced their antibacter-
ial activity. Furthermore, while none of the synthesized poly-
mers exhibited hemolytic activity in sheep red blood cells, there
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Fig. 17 Synthesis of the amphiphilic linear and linear, 4-arm star and 6-arm star shaped copolymers by SARA-ATRP. Redrawn from ref. 161.
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was a notable increase in the tendency for red blood cell
aggregation with greater exposure of cationic units. Impor-
tantly, increasing the number of arms did not improve anti-
bacterial activity compared to 4-arm polymers. The authors
attributed this to the shielding effect of cationic units located in
the polymer core, which hindered membrane interactions,
although the miktoarm structures showed slight improvements
in this regard.

Islam et al.'®* synthesized dendritic amphiphilic antimicro-
bial copolymers through ROMP, that showed strong cell selec-
tivity, with high antibacterial activity against Gram-positive
bacteria (S. aureus) (MIC = 32 pg mL™') and non-toxicity
to RBCs (HCso >1000 pg mL™~'). However, all polymers were

© 2025 The Author(s). Published by the Royal Society of Chemistry

inactive against Gram-negative bacteria (E. coli) (MIC >
256 ug mL™"). They hypothesize that dendritic copolymers,
each containing three positive charges per dendritic unit, along
with hexyl pyridinium functional groups, adhere to the lipopo-
lysaccharide and outer membrane layers, resulting in dimin-
ished activity against E. coli.

Up to now, many studies have reported that amphiphilic
antimicrobial copolymers with complex structures, including
hyperbranched,'®*'®* dendritic star'®"** or brush polymers®®'¢”
exhibit strong antibacterial activity and better biocompatibility
than their linear counterparts. One potential explanation may be
attributed to their intrinsic multivalent compact structures, where
numerous end groups provide high local concentrations of active

Mater. Adv., 2025, 6, 4939-4968 | 4957
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functional groups. These active moieties may synergistically
enhance the initial adsorption and interaction between complex
macromolecules and bacterial cells, subsequently leading to
increased membrane disruption.

3. Antimicrobial applications of
amphiphilic copolymers

In recent years, amphiphilic antimicrobial polymers have
attracted much attention due to their low cost, simple prepara-
tion, effective antibacterial effect, easy modification, good
biocompatibility, safety and non-toxicity. These properties
makes amphiphilic antimicrobial copolymers highly desirable
for a wide range of applications, particularly in the biomedical
field, textiles, agriculture, food packaging, building materials,
water treatment industry, public facilities, and medical facil-
ities and equipment'®®'®® (Fig. 20). The next part of this review
will discuss the application prospects of this type of amphiphi-
lic antimicrobial polymers in different aspects, including coat-
ings, hydrogels, vesicles, antibiotic substitutes, and more.'”°

3.1. Coatings

Material surfaces with antibacterial properties can prevent
bacteria from adhering on and colonizing the surface of objects
to form biofilms. The simplest way to give antibacterial func-
tions to the surface of materials is to coat them. An ideal
antimicrobial coating should meet the following main require-
ments: (a) be bactericidal against a broad spectrum of patho-
genic microorganisms; (b) be active for a long time (preferably
permanently); (c) be stable (should not decompose into toxic
products); (d) be environmentally friendly; (e) be easy and
cheap to synthesize; (f) be insoluble in water in many

4958 | Mater. Adv, 2025, 6, 4939-4968
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applications.””* ™7 Some type of synthetic amphiphilic anti-
bacterial polymers meet these requirements.

For example, Ma et al.’”* designed a multifunctional envir-
onmentally adaptable polymer coating based on poly metha-
cryloxyethyl dimethyl butyl ammonium bromide-polydimethy-
Isiloxane (pMDBAB-PDMS) modified PET film (Fig. 21(a)). The
soft polysiloxane chains and hydrophilic quaternary ammonium
molecules enable the coating to have optimal anti-fog, antibacter-
ial, antistatic, self-cleaning and self-lubricating properties in both
water and air. At the same time, the cationic quaternary ammo-
nium groups of the pMDBAB unit are covalently bonded in the
coating network, making the coating highly antibacterial against
Gram-positive S. aureus and Gram-negative E. coli. In addition,
since the PDMS chains preferentially assemble in the air, the
coating also exhibits good lubrication and oil adhesion resistance
under dry air conditions.

Bai et al.'”® used synthetic polyhedral oligomeric silsesquio-
xane-poly(quaternary ammonium compound-co-2-aminoethyl
methacrylate hydrochloride) (POSS-P(QAC-co-AEMA)) and poly-
(N-hydroxyethylacrylamide-co-glycidyl methacrylate) (P(HEAA-
c0-GMA)) to coat endoscopic lenses used in surgery
(Fig. 21(b)). Due to the high water absorption capacity of HEAA
and QAC, the coating has excellent anti-fogging properties
under both in vitro and in vivo (mouse) fogging conditions.
And by simply adjusting the mixing ratio of POSS-P (QAC-co-
AEMA) and P(HEAA-co-GMA), the coating can achieve compre-
hensive bacteria-killing and bacteria-repelling properties, as
well as a lower hemolysis rate.

Wang et al.®® synthesized a series of triblock copolymers
with bactericidal quaternary ammonium groups at both ends of
the polymer chain and bio-responsive PCL segments in the
polymer chain (Fig. 21(c)). This triblock copolymer readily self-
assembles to form RM with hydrophobic PCL segments in the
shell and bactericidal quaternary ammonium groups in the
core. Benefiting from the good biocompatibility of PCL, natural
RM has little cytotoxicity. They demonstrated that RM can be
easily impregnated into commercial gelatin sponge to fabricate
an autonomously responsive antimicrobial coating (RM coated
gelatin sponge) for the engineering design of self-sterilizing
implantable medical dressings. In vivo experimental results in
mice showed that when lipase emerges from released at the site
of infection, PCL fragments are hydrolyzed, causing quaternary
biocidal agents to be released in response, killing bacteria in
the vicinity of the implant. In particular, S. aureus and B. subtilis
were susceptible to quaternary biocidal agents released from
RM-coated gelatin sponge.

Chen et al.'’® employed a synthesized random terpolymer
consisting of glycidyl methacrylate-derived quaternary ammo-
nium cations (G-MPA-N') as the antimicrobial component,
zwitterionic 2-methacryloyloxyethyl phosphorylcholine (MPC) as
the fouling-resistant component, and dopamine methacrylamide
(DMA) as the anchoring moiety to modify the activated surface of
PDMS elastomer, thereby constructing a dual-functional antibac-
terial coating (Fig. 21(d)). The resultant dual-functional antibac-
terial coating exhibits biocompatibility, effectively inhibiting the
formation of pathogenic biofilms. Furthermore, it demonstrates

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00335k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 2025. Downloaded on 04/08/25 11:38:54.

(cc)

Materials Advances

Spinning

% =olo

a
\ <= — y:/
Multifunctional Environmental
Adaptive Coating

Lubrication in it

UV Curing

Reverse
£ micellization

S ¢
s I A T

QP-b-PCL-b-QP

* RM loading
b

Reverse micelles (RM)

Gelatin sbonge (GS)

Live S. aureus b Body fluids R
Bacterial lipase 7
Reverse micelle *

Dead 5. aureus @ Responsive hydrolysis g
o R
2 .
’ \ o,
Quaternary 3 :
biocidal agent o
572 3 A - P & a5
7T 5 YIS S
Se. T ) s
3 sterilization ‘m
—— b ’

Dead S. aureus
Live S. aureus

Fig. 21

RM-coated GS

Bacterial
infection

View Article Online

Review

b PPQA,/PHG,
o » 3 O
o -
“WY@ J 5
" O=( & s + =
P R okl o g
506 MR ) 8
N HN Crosslink Q¢ 2
&)
POSS-P(QAC-Co-AEMA)

C A% 4
o= o: f L L 2
NH O g
L ws Lo 2
P(HEAA-co-GMA) Z

d
Immerse in m

Sample
Poly(DMA-g-MPC-MPA-N*)

o mop
= ] S lDeposition

Porourparcunn)

@D =Normal bacterial

% % @D =Dead bacterial ' ¢ o

Dual-functional antimicrobial coating

Coated Sample

(a) Preparation process of amphiphilic multifunctional environmental adaptive coating; reproduced with permission from ref. 174, copyright

2022, American Chemical Society. (b) Synthesis of POSS-P(QAC-co-AEMA) and P(HEAA-co-GMA) copolymers for antibacterial and antifogging coatings;
reproduced with permission from ref. 175, copyright 2020, American Chemical Society. (c) Schematic illustration for the fabrication of RM-coated GS and
the mechanism of bioswitchable self-sterilization in bacterial infection site; reproduced with permission from ref. 80, copyright 2021, Wiley. (d)
Preparation process of poly(DMA-G-MPC-MPA-N¥) and dual-functional antimicrobial coating; reproduced with permission from ref. 176, copyright

2022, Elsevier.

minimal cytotoxicity towards mammalian cells concurrently. Of
note, in an in vivo implantation model, the antibacterial coating
can eradicate pathogenic biofilms within implants, preventing
host tissue damage and inflammation.

These studies indicate that using this amphiphilic antimi-
crobial polymer as a coating has great application prospects,
especially in the field of surgical medical devices, and it is
believed that this research field will be further developed.

3.2. Hydrogels

Hydrogels are three-dimensional polymer networks that contain
large amounts of water through hydrophilic groups or domains
that hydrate in an aqueous environment."”” Chemical or physical
cross-linking can render the network of homopolymers or copoly-
mers resistant to dissolution in the aqueous phase. In addition to
conventional properties such as high-water content, tunable
mechanical properties, and lack of cytotoxic products after degra-
dation, hydrogels also exhibit excellent biocompatibility and
bioactivity."”®”® Due to the unique properties of antimicrobial
hydrogels, they are widely used in biomedicine, tissue engineering,
and smart textiles, including applications in drug delivery, regen-
erative medicine, wound dressings, and in vitro diagnostics. Anti-
hydrogels antimicrobial
copolymers have also received significant attention because they
combine the advantages of hydrogels and additives to exploit
multiple properties on a single platform."®*'$! For instance, the
porous structure of hydrogels allows water/blood to flow in quickly,

microbial based on amphiphilic

giving the material instant blood absorption capabilities and can
also act as a barrier to prevent blood loss by forming a hemostatic
plug.'8>'83 Therefore, the application of amphiphilic antimicrobial

© 2025 The Author(s). Published by the Royal Society of Chemistry

copolymers loaded hydrogels in wound healing dressings is a
promising strategy.'®*'*® Particularly interesting are also inject-
able hydrogels, that can fill up wounds and cross-link in situ,
combining antimicrobial activity with hemostatic capacity.'”?

To address specific application scenarios, as illustrated
below (Fig. 22(a)), a biodegradable amphiphilic block copoly-
mer was utilized to design a temperature-responsive antimi-
crobial hydrogel.'®* At room temperature, these systems exist as
soluble micelles in aqueous solution. However, at physiological
temperature (approximately 37 °C), they transform into gel-like
materials with distinctive supramolecular fiber/ribbon-like
structures and exhibit shear-thinning behavior. This hydrogel
demonstrates broad-spectrum antimicrobial activity and excel-
lent skin biocompatibility.

Zhao et al."® utilized the spontaneous radical polymerization
of [2-(methacryloyloxy)ethyl|dimethyl-(3-sulfopropyl) ammonium
hydroxide (SBMA) to prepare an arginine-modified chitosan-
oligosaccharide (COS-Arg) doped hydrogel system via a simple
one-pot method (Fig. 22(b)). SBMA was covalently cross-linked
with DMA and methacrylatoethyl trimethyl ammonium chloride
(DMC) to form the hydrogel framework. The hydrogel exhibited
excellent antibacterial activity and superior cytocompatibility.
Additionally, it maintained a moist microenvironment at the
wound site, promoted the production of vascular endothelial
growth factor and hydroxyproline, reduced the formation of
tumor necrosis factor-o, and effectively accelerated wound
healing.

Additionally, Wang et al."®” encapsulated nanoengineered
peptide-grafted hyperbranched polymers (NPGHP) in an anio-
nic polyelectrolyte and, for the first time, constructed
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with permission from ref. 187, copyright 2022, Elsevier.

aggregation-induced emission (AIE) active fluorescent poly-
meric hydrogels (NPGHP/sodium alginate (SA) gels) using
non-conjugated luminescent polymers (NCLPs) with AIE char-
acteristics (Fig. 22(c)). The NPGHP/SA gel system, with good
biocompatibility, exhibited significant luminescence changes
during the release process, thereby enabling the visualization of
dynamic drug release behavior. This system provides an
advanced biomedical material with broad-spectrum antibacter-
ial properties and offers a facile method for investigating drug
release in hydrogel systems.

Distinct from common polymer hydrogels, Brahmachari
et al.'®® designed a novel amphiphilic hydrogelator utilizing
physical cross-linking, such as hydrogen bonding between
compounds. This design involved connecting a quaternary
pyridinium unit to a hydrophobic long alkyl chain via an amide
bond, resulting in a compound with a very simple synthesis.
Efficient hydrogel formation was achieved through the inter-
digitated bilayer packing of the amphiphilic molecules, leading
to the development of three-dimensional supramolecular
aggregates. These hydrogelators exhibited high antibacterial
activity against both Gram-positive and Gram-negative bacteria
(MIC < 0.4 pg mL~ ') while demonstrating very low cytotoxicity
(IC50 > 100 pg mL™1).

There are also many studies that have investigated
the incorporation of antimicrobial agents into hydrogels to
achieve antimicrobial effects.'®™"°> However, wound dressings

4960 | Mater. Adv, 2025, 6, 4939-4968

containing antimicrobial agents may lose their long-term bac-
tericidal efficacy due to the leaching of these agents. Further-
more, certain nano-inorganic metal-based antimicrobial agents
exhibit cytotoxicity, posing potential risks to biological
systems.'**'?> Additionally, traditional hydrogel systems often
utilize initiators such as ammonium persulfate (APS) or 2-
hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (HHMP),
which can leach from the hydrogel matrix. This leaching may
irritate and corrode mucosal tissues and, with prolonged skin
exposure, lead to allergic dermatitis."®® Consequently, the
development of inherently antimicrobial hydrogels that do
not rely on toxic initiators has emerged as a promising research
direction. Such hydrogels offer the dual advantages of sus-
tained antibacterial efficacy and excellent biocompatibility,
addressing the limitations of traditional hydrogel systems.

3.3. Vesicles

Typically, polymer vesicles are nanoscale hollow spheres
composed of three parts: an inner cavity, a hydrophobic
membrane, and a hydrophilic corona, making them more
complex than polymer micelles with simple core-shell
nanostructures.'” Amphiphilic antimicrobial copolymers with
cationic groups and hydrophobic chains (often as nano-
particles) have demonstrated excellent antibacterial perfor-
mance against both Gram-positive and Gram-negative
bacteria.'®'%° However, strong positive charges can lead to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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severe cytotoxicity, such as hemolysis, which is a common side
effect of cationic polymers. Therefore, forming nanostructured
vesicles with amphiphilic antimicrobial copolymers that possess
moderate positive charges may be a comprehensive strategy to
balance antibacterial activity and cytotoxicity.”*'47-1>1:200-203
For instance, Rahman et al.**® selected bile acid and neutral
PEG components to fabricate amphiphilic antimicrobial copo-
lymers capable of forming nanoscale particles. These amphi-
philic antimicrobial copolymers form spheres, rods, and
vesicles (Fig. 23(a)). The nanoscale structures of these bile
acid-based macromolecules preferentially interact with bacter-
ial membranes, exhibiting broad-spectrum antibacterial activ-
ity against both Gram-positive and Gram-negative bacteria. The
cholic acid-based copolymers with three QAC charges (P1-P5)
demonstrated better efficacy compared to the deoxycholic acid-
based copolymers with dual QAC charges (P6). Incorporating
PEG into the copolymers not only enhanced the colloidal
stability of the nanostructures but also increased their biocom-
patibility. Notably, Zhang and Zhu et al.'*’ reported water-
soluble antibacterial polymer vesicles based on the novel
thermo responsive di-block copolymer, which do not contain
quaternary ammonium groups (amino groups were protected
by Boc and not deprotected) or load any external antibiotics
(Fig. 23(b)). Under physiological conditions, these polymer
vesicles exhibited superior antibacterial efficacy against both
Gram-negative and Gram-positive bacteria. The authors
explained that the formation of vesicles increased the local
concentration of cationic charges and polymer mass, resulting
in stronger interactions between the polymer and the bacterial
cell wall/membrane. This led to more effective antibacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry

activity compared to individual, non-self-assembled polymer
chains.

Recently, a vesicle capable of real-time visualization of
antibacterial processes has been reported in the literature.>**
Through modular design, Yang et al. integrated multiple func-
tional segments to create vesicles with intrinsic blue fluorescence.
The synthesized PCL,5-b-PTrp,-b-P(Lys,s-stat-Phe,) copolymer, fea-
turing biocompatible and biodegradable PCL chains, forms
hydrophobic vesicle membranes, while PTrp and P(Lys-stat-Phe)
provide intrinsic fluorescence and broad-spectrum antibacterial
activity (Fig. 23(c)). Additionally, during the self-assembly process,
the aggregation of aromatic amino acids and formation of hydro-
gen bonds induce electron delocalization, shifting the fluores-
cence emission from the invisible ultraviolet range of the amino
acids to the visible range (with a maximum emission at 436 nm).
This transition enables the visualization of the antibacterial
process targeting bacteria. Confocal fluorescence imaging of the
vesicles with bacteria confirmed the specific adhesion of the
vesicles to the bacteria and demonstrated bacterial death result-
ing from membrane disruption.

In summary, polymer vesicles typically exhibit superior
antimicrobial activity compared to their linear counterparts
or free antibiotics due to enhanced local charge density or
increased delivery efficiency. However, most research on anti-
microbial polymer vesicles has focused on those loaded with
antibiotics,?°>?%>2% and there is limited work on the design of
vesicles incorporating amphiphilic copolymers for antimicro-
bial purposes. Consequently, this field is still in a phase of
rapid growth and discovery, and we believe that many chal-
lenges remain to be addressed in the future.

Mater. Adv., 2025, 6, 4939-4968 | 4961
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Table 7 Serial passage study of (AB-20);7 and (AB-20),; polymers against
E. coli and S. aureus using ciprofloxacin as control. Redrawn from ref. 72

Bacteria  Antibacterial Number of MICEM) Fold change

strain agent passages Initial Final in MIC

E. coli (AB-20)5 25 12 12 No resistance
Ciprofloxacin 25 0.188 48.28 256
(AB-20),, 30 6.5 6.5  No resistance
Ciprofloxacin 30 0.09 241 256

S. aureus (AB-20),, 25 14 14 No resistance
Ciprofloxacin 25 0.75 48.28 64
(AB-20),, 30 6.5 6.5  No resistance
Ciprofloxacin 30 0.75 241 32

3.4. Antibiotic alternatives

The escalating rise in antibiotic resistance among bacteria and
other pathogens has emerged as a new threat to global
health.?’® The emergence of this resistance phenomenon is
attributed to various factors, including natural evolution under
selective pressure, over prescription of antibiotics, and inap-
propriate use of antibiotics. Due to the development of resis-
tance, there is a growing demand for novel antibiotics.
Amphiphilic antimicrobial copolymers exhibit broad-spectrum
antibacterial activity and low toxicity, distinct from HDPs, they
can physically disrupt the cell membrane of organisms, thereby
preventing the development of drug-resistant microorganisms
and coupled with inherent advantages in synthetic methods.
These attributes have piqued the interest of polymer chemists in
exploring the potential of polymeric antibiotics."*®>'"**?

For example, the amphiphilic antimicrobial copolymers
poly[(APMA)-ran-(BMA)], synthesized by A. Tyagi and A. Mishra
with approximately 20% hydrophobic benzylmethacrylamide
units, were non hemolytic.”> Polymers with DP of 17 and 27
exhibited the optimal combination of high antibacterial effi-
ciency and low cytotoxicity. In resistance studies, no increase in
MIC values was observed for (AB-20);, and (AB-20),, polymers
during serial passage over 25 and 30 days, respectively. How-
ever, when using ciprofloxacin (a fluoroquinolone antibiotic
used as a control), the MIC values for E. coli increased by 256-
fold, and for S. aureus, the MIC values increased by 64-fold
(Table 7).

Despite extensive research by both academia and industry,
the replacement of antibiotics with amphiphilic antimicrobial
copolymers has yet to achieve industrial or clinical application.
While these polymers exhibit broad-spectrum antimicrobial
activity and a reduced risk of inducing resistance, MICs typically
fall in the micromolar range—significantly higher than the
nanomolar values of conventional antibiotics.”® This limits
their applicability in systemic infection treatment and confines
their current use to localized applications such as surface coat-
ings, wound dressings, and medical device modifications."”*"*
Moreover, balancing hydrophobicity and cationic charge to
optimize antimicrobial efficacy without compromising biocom-
patibility remains a critical challenge. Meanwhile, commercial
barriers to the use of amphiphilic antimicrobial copolymers as
antibiotic alternatives remain high due to safety concerns,
regulatory issues, and challenges in material development.*'®
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However, some natural HDPs and their derivatives, such as
daptomycin and colistin, have been clinically applied, and
several synthetic antimicrobial peptides are currently under-
going clinical trials.>'® We believe that amphiphilic antimicro-
bial copolymers will have potential applications as antibiotic
alternatives in the future.

4. Conclusion and perspective

In summary, this review systematically summarizes the
preparation strategies and wide applications of amphiphilic
antibacterial polymers, as well as their advantages in the
antibacterial field.

In recent years, scientists have made exciting progress in
elucidating the structure-activity relationships of antimicrobial
polymers, providing unprecedented tools for the synthesis of
amphiphilic antimicrobial copolymers. This has been achieved
by chemists through the utilization of actively controlled methods
to rigorously control structure, morphology, and topology. For
instance, fine-tuning the amphiphilic antimicrobial copolymers
balance can enhance selectivity and antimicrobial activity. Cur-
rently, the careful design and synthesis of amphiphilic antimicro-
bial copolymers, aimed at providing a clear understanding of
structure/property relationships have become a reality. However,
significant work still needs to be undertaken to address major
challenges, such as: (1) enhancing antimicrobial activity while
mitigating toxicity associated with certain strategies; (2) broad-
ening the range of microbes effectively eliminated without indu-
cing resistance; improving the long-term stability of antimicrobial
polymers; (3) developing simple, cost-effective manufacturing
solutions; (4) considering the biodegradability of amphiphilic
antimicrobial copolymers in specific applications and (5) imbuing
amphiphilic antimicrobial copolymers with targeted smart
responses.

Moreover, despite the enormous potential applications of
amphiphilic antimicrobial copolymers, particularly in biome-
dical materials such as antibiofilm, wound healing, and tissue
engineering, they are still in a rapid growth and discovery
phase. Therefore, we believe that there are still many challenges
worth attention in the future:

(1) How to design and synthesize amphiphilic antimicrobial
copolymers to meet specific application requirements? In cer-
tain specific scenarios, antimicrobial agents need to be active
against only one or a few microorganisms. This requires a deep
understanding of microbial structures and antibacterial
mechanisms. Synthesizing such specialized amphiphilic anti-
microbial copolymers has consistently been highly challenging.

(2) How to increase the selectivity toward bacteria and
mammalian cells? Currently, side effects can be reduced by
developing precisely sequence-controlled and highly structured
polymers rather than simpler models. Recent studies have
found that incorporating neutral hydrophilic groups into tradi-
tional binary polymers to create novel ternary antimicrobial
polymers can significantly enhance their biocompatibility with
host cells. However, our ongoing goal is to further increase

© 2025 The Author(s). Published by the Royal Society of Chemistry
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antimicrobial activity while reducing the cytotoxicity of anti-
microbial polymers.

(3) How to achieve antibacterial and anticancer activities
simultaneously? In clinical settings, bacterial infections often
accompany tumor sites due to the decreased immunity of
patients. Therefore, achieving simultaneous antibacterial and
anticancer effects in biomedical materials holds special signif-
icance. This could bring new insights into the field of cancer
treatment.

Abbreviations

ABMA Aminobutyl methacrylate

AEMA  Amino-ethyl methacrylate

AIE Aggregation-induced emission

AM 4-Acryloylmorpholine

APMA Aminopropyl methacrylamide

APS Ammonium persulfate

ATRP  Atom transfer radical polymerization
B N-Benzylacrylamide

Bm N-Benzylacrylamide

BMA  Benzylmethacrylamide

CCS Core-cross-linked star

CPC Polycarbonate

Cpm  N-Cycloheptylacrylamide

Cxm N-(Cyclohexylmethyl)acrylamide
DMA  Dopamine methacrylamide

DMC  Methacrylatoethyl trimethyl ammonium chloride
DP Degree of polymerization

EMA  Ethyl methacrylate

HC;, and HC;,
The maximum concentration of polymers with less
than 50% or 10% hemolytic activity on RBCs

HEA Hydroxyethyl acrylamide

HEMA Hydroxyethyl methacrylate

HHMP 2-Hydroxy-4'-(2-hydroxyethoxy)-2-

methylpropiophenone
Hm N-Heptylacrylamide
HPs Hyperbranched polymers
I N-Isopentylacrylamide
1Cso The maximum concentration of polymer less than
50% toxic to test cells
IL Ionic liquid
Im N-isopentylacrylamide
G-MPA-N"
Glycidyl methacrylate quaternary ammonium cations
HDPs Host defense peptides
LPs Linear polymers
LPS lipopolysaccharide

L-PTMI Linear polytrimethyleneimine

MIC Minimum inhibitory concentration
MPC Methacryloyloxyethyl phosphorylcholine
MRSA  Methicillin-resistant S. aureus

NCA N-Carboxyanhydrides

Nm N-Nonylacrylamide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NPGHP Nanoengineered peptide-grafted hyperbranched polymers
PA Poly(ester polyurethane)s with aromatic group as
hydrophobic group

PAMA Propanoic acid methacrylate

Pbm N-Butyl-N-propylacrylamide

PCL Poly(e-caprolactone)

PDLA  Poly(p-lactide)

PDMS Poly dimethylsiloxane

PEG Poly ethylene glycol

PEG-A Poly(ethylene glycol)methyl ether acrylate

PEG-AA Poly(ethylene glycol)acrylamide

P(HEAA-co-GMA)
poly(N-hydroxyethylacrylamide-co-glycidyl
methacrylate)

PILs Poly(ionic liquids)

PLA Poly(ester polyurethane)s with long alkyl chain as
hydrophobic group

PLLA  Poly(i-lactide)

Pm N-Pentylacrylamide

PM Poly(methionine)

PMDBAB
Poly methacryloxyethyl dimethyl butyl ammonium
bromide

POSS-P(QAC-co-AEMA)
polyhedral oligomeric silsesquioxane-poly(quaternary
ammonium compound-co-2-aminoethyl methacrylate

hydrochloride)

PPGn-PILm
Imidazolium-based block copolypeptides with L
configuration

PSA Poly(ester polyurethane)s with short alkyl chain as
hydrophobic group

PVP Poly(vinyl-pyridine)

QAC Quaternary ammonium compound

QBA Quaternary biocidal agents

RAFT  Reversible addition-fragmentation chain transfer
polymerization

RBCs  Red blood cells

RDRP  Reversible deactivation radical polymerization

RM Reverse micelles

ROMP Ring-opening metathesis polymerization

SA Sodium alginate

ROP Ring-opening polymerization

SARA-ATRP
Supplemented activator and reducing agent atom
transfer radical polymerization

SBMA  [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide

SPs Star polymers

THF Tetrahydrofuran
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