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Abstract

As we are on the cusp of the “Post-antibiotic” era due to rapid spread of drug resistant bacteria, there is an
urgent need for new antimicrobials that are not susceptible to bacterial resistance mechanisms. In this review, we
will discuss recent development of “polymer therapeutics” with antimicrobial activity. Learning from host-defence
peptides, we propose the biomimetic design of synthetic polymers to target bacterial cell membranes which act by
compromising the membrane integrity. The discussion is extended to the future challenges and opportunities of

antimicrobial polymers for clinical applications.

1. Introduction

The emergence of antibiotic resistance in bacteria has been one of the most pressing issues in facing clinical
practitioners in hospital and community settings, significantly reducing the number of treatment options available
for bacterial infections.!-* An United Nations (UN) report on drug resistance by the Interagency Coordination Group
(IADG) in 2019, reported to the secretary-general of the UN that at least 700,000 deaths a year are already caused
by drug-resistant diseases in the world, including 230,000 deaths from multidrug-resistant tuberculosis.* The UN
also warns the number of deaths due to drug-resistant diseases could be increased to 10 million globally per year
by 2050 if no action is taken to address this problem. Similar guidance and warnings have been issued from the
World Health Organization (WHO) and the United States Centers for Disease Control (CDC).>¢% We are on the
cusp of the “Post-antibiotic” era due to rapid spreading of resistant and, in some cases, multi-drug resistant bacteria
that cannot be eliminated by any clinically approved antibiotics. Bacteria may develop resistance mechanism(s)
when they are exposed to sub-lethal concentrations of antibiotics, through lateral gene transfer with other bacteria,
or through mutation of alternative resistance or detoxification pathways.”” Many researchers have been making
tremendous efforts to identify molecular targets which are effective in inhibiting bacterial growth but do not
contribute to resistance development.” 1% ' However, the development of new antibiotics has been hampered by
several factors including multiplicity in the modes of resistance development, poor patient compliance with dosing
regimens, and lack of research focus in the pharmaceutical industry due to questionable financial return on
investment.'? In addition to traditional microbiology, medicine, and pharmacology, interdisciplinary approaches
incorporating material science are emerging as viable alternatives in the fight against antimicrobial resistance.

In this minireview, we will first introduce the antibiotic resistance and tolerance mechanisms, which are
related to a large range and dimension of complexity from a single cell to multicellular aggregates, namely biofilms.
The discussion will be extended to the development of polymer therapeutics to address the antibiotic resistance
challenge. Learning from host-defence antimicrobial peptides in the innate immune system, we envision the design
of synthetic polymers which selectively target bacterial cell membranes and act by compromising the membrane
integrity, regardless planktonic or in biofilm, and will, ideally, be less susceptible to resistance development (Fig.

1). The general purpose of this review is not a comprehensive review of the literature, but instead discussing the
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potential contribution of polymer therapeutics for prevention territorial expansion of evil drug-resistant bacteria as

well as their challenges and opportunities in clinical applications.

Figure 1. Antimicrobial polymer therapeutics effective against planktonic bacteria and bacterial biofilms with drug-

resistance.

2. Drug resistance/tolerance in bacteria

Development of drug resistance — a complex problem. Drug resistance is the ability of cells to survive at higher
concentrations of drugs than the typical lethal dose. When bacterial cells are insensitive to therapeutic agents, there
are two main categories that can cause this phenomenon: resistance and tolerance.'* The narrowly defined
“resistance” is characterized by genetic mutations in the bacterium,'* !> which induces alteration of the drug target,
enhanced drug efflux systems, or cell-mediated drug inactivation. On the other hand, “tolerance” is defined as
decreased responsiveness to drugs caused by cellular adaptation as a result of exposure to them.!® 7 These bacterial
resistance and tolerance mechanisms involve a large range and dimension of complexity. In a single cell, specific
functional dysregulations are caused by mutations, transcriptional, and translational alterations which change
cellular biological processes such as cell growth, metabolism, differentiation, and division. Additionally, bacteria
that are exposed to one antibiotic are also capable of developing resistance mechanisms against multiple other
antibiotics, resulting in cross resistance.'® An additional layer of complexity arises from the heterogeneity of
responses between cells in population (Fig. 2). In some cases, a small subpopulation in a clonal bacterial population,
known as persisters, survive after exposure to a high concentration of antibiotics that cause the majority of bacteria
in that infection to be eradicated.!” Multicellular assemblies (i.e. biofilms) can also impact bacterial survival by

limiting antibiotic access to the bacterial cells. This is further complicated by environmental factors physically
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surrounding a biofilm which can also influence drug effectiveness. These influences are hierarchically associated

with one another, and multiple and collective defects combine to result in treatment failure.
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Figure 2. Drug resistance mechanisms in bacteria. (A) In a bacterial cell, there are several mechanisms to gain
resistance owing to gene/protein alterations; (i) mutation of drug target protein gene to alter the structure of an
active or regulatory site, (ii) reduction of drug concentration by decreasing uptake and enhancing efflux, and (iii)
inactivation of drugs by modification or degradation enzymes. (B) In a clonal bacterial cell population, there are
several types of sub-populations with different susceptibility to drug treatment; (i) dormant or quiescent cells are
minimally susceptible to antibiotics which target cellular metabolic processes, and (ii) persisters, a subpopulation
of a clonal bacterial population, which survive despite exposure to a lethal concentration of drugs. (C) Bacterial
cells aggregate to build multicellular assemblies, called biofilms, which protect embedded bacteria by crosslinked
polymer network matrix to reduce penetration of drugs (i). Also, bacteria in biofilms often stay in quiescent or

dormant mode (ii).

Resistance/tolerance mechanisms. In a single bacterial cell, there are several strategies and routes to resistance by
altering genes and/or proteins; active site mutation in drug target enzymes,?® reduction of drug concentration by
impaired/reduced uptake or activated efflux pump,?'- 22 drug inactivation by enzymes,?* and DNA damage repair’*
25, As cellular response to drug treatment, a commonly observed phenomenon is a slow-down in general cellular

metabolic processes, which leads to a dormant or quiescent stage of the cell cycle.'> 2 Most traditional small-
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molecule antibiotics target bacterial vital activities such as DNA synthesis, RNA synthesis, cell wall synthesis, or
protein synthesis which are directly tied to cellular metabolism, growth, and cell division.”> ?” In other words, the
targets of many antibiotics are only present/active in actively growing bacteria. In response to this mode of
antimicrobial action, some bacterial cells escape the drugs’ attack by slowing metabolism, entering a dormant and/or
quiescent cell state. Beyond the treatment-induced adaptation, a subpopulation of bacterial cells, persisters, may
coincidentally be in a slow growing or dormant state and thus are intrinsically more tolerant to antibiotics compared
to other subpopulations which are actively dividing.!® These persister cells are a phenotypic variation of bacteria,
not a genetic variant or mutation.?® 2% Generally, bacterial cells can adhere to abiotic (implants) or tissue surfaces
and assemble into biofilms in the host body.3® Once adhered to the surface, these bacteria produce polysaccharides,
lipids, proteins, and extracellular DNA as extracellular matrices to build the biofilm matrix. These components
provide crosslinked polymer network, which forms a physical barrier preventing penetration of antibiotic molecules
to bacteria deeply embedded in the biofilm.3"- 32 Thus, the actual concentration of the antibiotic that can reach
bacterial cells in a biofilm is much lower than that in solution. Exposure of bacterial cells to low or sublethal
antibiotic concentrations select for resistant bacteria, which contributes to resistance development. In addition, the
bacteria in biofilms are often quiescent or dormant and thus they are inherently tolerant to many antibiotics as
discussed above. Overall, long-term exposure to antibiotics causes the genetic or phenotypic changes coupled with
physical and chemical environmental benefits of biofilm formation combine to benefit bacterial survival, resulting

in the limitation of drug efficacy.

3. Polymer therapeutics to overcome drug resistance and tolerance in bacteria

Cell membrane as drug target. Since the discovery of penicillin by Dr. Alexander Fleming in 1928, many
clinicians and researchers have devoted significant effort to develop antibiotic therapeutics to treat bacterial
infections. However, as discussed above, while we administer these drugs for treatment, many bacterial species
acquire resistant phenotypes which limit the number of effective treatments available to clinicians. The traditional
small molecule drugs designed to target specific cellular components may not be able to escape from resistance
mechanisms, therefore we have to attack alternative targets in bacteria. Here, we propose a non-traditional antibiotic
design via a biomimetic approach to create antimicrobials which act by targeting bacterial cell membranes. The
lipid bilayer structure of cell membranes in bacteria are not directly associated with the majority of resistance
mechanisms and hence they are a promising candidate as a target site in bacteria. Though novel, the cell membranes
are not an ideal drug target because the lipid bilayer structures are not specific to bacteria; all cells, from bacteria
through complex higher organisms, have lipid bilayer cell membranes. In addition, the cell membranes do not have
“defined” binding sites that enables the lock-and-key design of membrane-active therapeutic molecules compared

to the traditional enzyme-inhibitor models. As an approach to address these challenges, we here propose to mimic
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the biophysical traits and physiochemical architecture of naturally occurring antimicrobial peptides using synthetic

polymers which show affinity for the bulk properties of the bacterial membrane compared to host membranes.

3.1. Host-defense antimicrobial peptides (AMPs)

Learning from the natural immune system, host-defense antimicrobial peptides (AMPs) have been a part of
immune systems in most organisms throughout evolution to protect from pathogens.?3-35 These molecules show
potent inhibitory effects against a number of pathogens, such as bacteria, fungi, parasites, and viruses, as well as
some drug-resistant bacteria. The conservation through evolution and efficacy against otherwise resistant organisms
indicates the AMP mode of action is independent from that of typical antibiotics which trigger development of
resistance mechanisms. AMPs are relatively short peptides which act by disrupting bacterial membranes and/or
target the intracellular components such as DNA.36-38 The prominent and essential trait of this peptide family is
cationic amphiphilicity; the cationic side chains facilitate the binding of AMPs to anionic bacterial cell walls and
cytoplasmic membranes while the hydrophobic side chains are inserted into the nonpolar core of the lipid membrane,
disrupting the structural integrity of membranes and compromise the barrier function of membranes. Because the
bacterial cell membranes are highly negatively charged as compared to those of human cells, AMPs preferably bind
to bacteria over human cells, leading to cell selectivity.’® 37 3% 40 Indeed, many experimental studies have
demonstrated the membranolytic mechanism of AMPs.#$3 Some AMPs enter the cytoplasm and bind to DNA.*
4 Recently, Weisshaar and coworkers directly demonstrated that human AMP LL-37 enters into E. coli and alter
the motility of DNA and proteins, which is essential to their biological function.*® Similarly, a number of Trp-rich
AMPs have been identified to interact with bacterial DNA without causing significant membrane damage.*’-*
Because many conventional antibiotics are bacteriostatic at low concentrations, bacteria can recover once the
antibiotics are removed. However, AMPs are bactericidal, resulting in bacterial cell death and thus no ability to
recover after the AMPs are cleared. Unfortunately, AMPs have not translated well into the clinic due to poor

bioavailability and high cost of production.®

3.2 AMP-mimetic polymers

Harnessing these beneficial properties of AMPs is a promising avenue to create new antimicrobial agents
to mitigate the resistance mechanism in bacteria. To that end, many studies have been devoted to developing
antimicrobial polymers which mimic the functions and molecular signatures of AMPs. These polymers have
cationic and hydrophobic groups which are essential to selectively target and disrupt bacterial cell membranes (Fig.
3). Many studies on the structure-activity relationships have been reported, and the optimization of monomer
compositions and block sequences of cationic and hydrophobic monomers for potent activity have been extensively

examined.’® 3! In addition, nano- and micro-structures of polymers and particles have been also investigated for
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their antimicrobial activity.’> While many studies on antimicrobial polymers have been reported, the focus below

is on the selected studies that particularly address drug resistance in bacteria (Table 1).
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Figure 3. Design of antimicrobial polymers and their mechanism mimicking properties of the host-defense
antimicrobial peptides (AMPs) to eliminate bacteria. The polymers own cationic charged groups and hydrophobic
groups in a polymer chain which show global amphiphilicity. The polymers selectively bind to negatively charged

bacterial cell membranes rather than host cell and disrupt it to cause cell death.

Table 1. Antimicrobial polymers addressing drug resistant bacteria.

Polymers/Macromolecules Drug resistant bacteria® Reference

Single polymer chains

Cationic/amphiphilic poly(maleic anhydride)s | MRSA, VRE, MDR A. baumannii 66, 67
Cationic/amphiphilic guanidine hydrochloride 96 clinical isolated MDR bacteria 71
polymers

Cationic/amphiphilic polymethacrylates MRSA, VRSA 73
Catlo.m.c/gmphlphlhc polymethacrylates MDR P. acruginosa 9%
+ antibiotics

Cationic polyionenes MRSA, MDR E. coli, A. baumannii, K. pneumonia 74,75

Cationic/amphiphilic synthetic random Clinical isolated MDR S. aureus, S. haemolyticus,

. P. aeruginosa, E. coli, K. Pneumoniae, A. 76,77
peptide polymers baumannii
Nanoparticles/micelles/macromolecules
Cationic .chltosan—graft—polylys1ne MRSA 68, 69
nanoparticle
Cationic di-block copoly(beta-peptide)s MDR MRSA (planktonic and biofilm) 79
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Mixed cationic/biodegradable triblock
polymer micelle (PLLA-PEG-PLLA & MRSA (planktonic and biofilm), VRE
PDLA-CPC-PDLA) and its hydrogels

3 MRSA, methicillin-resistant S. aureus; VRSA, vancomycin-resistant S. aureus; VRE, vancomycin-resistant

83

Enterococci; MDR, multi-drug resistant

3.3 Selectivity to bacteria over human cells

AMPs and AMP-mimetic polymers rely on the inherent differences between bacteria and host cells in both
lipid compositions and physicochemical properties of cell membranes cells to allow selective targeting of bacterial
cells over host cells. A hallmark of bacterial membranes is the highly anionic surface charge which arises from
anionic lipids and anionic groups in the polysaccharide coat around the cells.’® >* Alternatively, mammalian cell
membranes have a generally net neutral surface,> while the cell-surface glycosaminoglycans (GAGs) are negatively
charged®. This is in stark contrast to the mammalian membrane which is primarily composed of zwitterionic
phosphatidylcholine lipids and cholesterol.3>- 37 Mammalian cells do contain small quantities (~12 mol%) of anionic
lipids such as phosphatidylinositol and phosphatidylserine, these lipids are localized to the inner leaflet of the cell
membrane and thus are not exposed to the extracellular environment.’® 5 While specific lipid and polysaccharide
compositions vary from species to species in bacteria, phospholipids such as phosphatidylglycerol and cardiolipin
and the polysaccharide-linked lipids such as lipopolysaccharide (LPS) and lipoteichoic acid (LTA) impart the
anionic character to the bacterial surface. The strong net negative charge of the bacterial surface as compared to the
human cell surface allows for electrostatic forces to drive the binding of AMPs and polymers to the bacteria over
human cells.®-¢? This net charge difference is at the core of how AMP-mimetic polymers selectively target bacterial

cells in the complex host environment.

3.4 Antimicrobial polymers to mitigate drug resistance in bacteria

Many studies reported that the activity of AMP and AMP-mimetic polymers is inherently broad spectrum
including drug resistant bacteria (Table 1).5 7! Nosocomial (hospital-acquired) bacterial pathogens with multi-
drug resistance have been highlighted by “ESKAPE”, an acronym standing for Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp..® > AMP-mimetic polymers have shown potent activity against these ESKAPE pathogens. For
example, methacrylate random copolymers inhibited growth of clinical isolates of methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant S. aureus (VRSA).”> Another recent example is that polyionenes with rigid
amide bonds showed potent in vitro activity against clinically isolated multi-drug resistant ESKAPE pathogens.”
The same polymer was used to treat drug resistant K. pneumoniae lung infections in a mouse model, showing that
antimicrobial mechanism of AMP-mimetic polymers could address drug-resistant bacterial infections in vivo.”

Additionally, a short synthetic peptide polymer killed clinically isolated multi-drug resistant bacteria in multiple
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strains both in vitro and in vivo.’® 77 Antimicrobial methacrylate copolymers did not induce the resistance
development in E. coli, and the E. coli exposed to the polymers did not exhibit or develop any cross-resistance to
conventional antibiotics.”® While traditional antibiotics target proliferating bacteria, antimicrobial polymers act by
disrupting bacterial cell membranes which are not dependent on metabolic activity or the cell division process.
Therefore, the polymers were expected to kill slowly proliferating or dormant bacteria. Indeed, the methacrylate
copolymers reduced the number of viable S. aureus both in the exponential and stationary growth phases, indicating
that the membrane-active mode of the polymers is effective in killing low proliferating bacteria.”® Recently, also,
enantiomeric glycosylated cationic block co-beta-peptides have been shown to be active against nutrient-starved
persister MRSA.”

Traditionally, membrane disruption is the consensus hypothesis for the antimicrobial mechanism of these
amphiphilic polymers. However, it should be highlighted that Yang and Hedrick recently demonstrated that the
cationic guanidinium-functionalized polycarbonates exerted antimicrobial effects by entering into bacterial cell and
causing precipitation with cellular components.® Another example of intercellular activity of polymers is that
polyhexamethylene biguanide (PHMB) polymer internalize in the cells and bind to DNA, causing cell division
arrest and chromosome condensation.?' Locock and coworkers recently demonstrated using super-resolution
fluorescence imaging that methacrylate copolymers exerted their antimicrobial effects by mechanisms involving
membrane permeation as well as cellular uptake, interaction with intracellular targets and possible complexation
with bacterial DNA.% Again, these results are in parallel to many of the findings for AMPs, thus it is not surprising
that a polymer that faithfully mimics the AMP physiochemical properties will also mimic the function and
mechanism.

In addition to planktonic bacteria, antimicrobial polymers have also been tested for eradication of biofilms.
For example, multi-drug resistant S. aureus biofilm colonized on plate was disrupted and eliminated by
enantiomeric block co-beta-peptide.”” Disruption of MRSA biofilm was also reported by injectable and
biodegradable hydrogels which are constructed by non-covalent crosslinking of antimicrobial polymer micelles.®?
Further, it was recently demonstrated that cariogenic dental S. mutans biofilm could be removed under

hydrodynamic cyclic stress for 30 sec using an antimicrobial polymer solution (Fig. 4).%4
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Figure 4. Anti-biofilm activity of antimicrobial polymers. The cariogenic bacterium S. mutans biofilm was removed
by hydrodynamic cyclic stress for 30 sec using antimicrobial polymer solution. Reprinted with permission from ref

84. Copyright 2017 American Chemical Society.

3.5 Challenges and opportunities in antimicrobial polymers

Resistance. AMPs are ancient weapons that have evolved over millions of years as a result of an escalating arms
race with bacteria.®> As AMPs have been attacking bacterial membranes for quite a long time, why haven’t bacteria
changed or evolved the lipid compositions or membrane structures to resist AMPs? It seems that bacteria cannot
significantly change the lipid types or replace the components vulnerable to AMPs with alternative molecules,
which we speculate may be too great of an evolutionary “step” to take through standard mutation and adaptation
mechanisms. However, it has been reported that S. aureus actively reduces their susceptibility to AMPs by reducing
the net negative charges of cell wall and membranes, resulting in reduced binding of AMPs to bacteria.’® E. coli
and Salmonella have also been reported to sense concentrations of AMPs using the PhoQP two component sensor
system which is linked to activation of virulence.?” In response, AMPs evolved to increase the net positive charge
to overcome the reduced electrostatic binding to the bacterial surface.?¢ Notably, the decreased susceptibility due to
cell wall modification is moderate at best, especially when compared to antibiotic resistance phenotypes, and thus
AMPs are currently still functionally active against many bacteria. This outcome, however, is a result of the long
history of an ongoing arms race between AMPs and resistance mechanisms evolved in bacteria. This also suggests
that bacteria may be able to eventually become resistant against antimicrobial polymers once we start widely using
AMP-memetic antimicrobial polymers, posing a potential problem in clinical applications.®® However, this seems

to be an unlikely outcome due to the eons of exposure that has yielded only minimal resistance.

In vivo efficacy and selectivity. Despite the net negative surface charge on bacteria is a significantly different from
host cells which can be exploited, there are challenges to targeting bacteria in a mammalian host. The local

microenvironments around bacterial infections can dramatically impact AMP-mimetic polymers to bind and exert
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the antimicrobial activity. The rich density of charged molecules in the mammalian extracellular matrix and fluids
provides a means of electrostatic screening of the charge-charge attractions between AMP-mimetic polymers and
bacteria.”® -9 These can arise from ionic species in the ECM such as small inorganic ions or proteins, as well as
the proteoglycan components of the ECM such as glycosaminoglycans. Together, these effects work against the
selectivity of AMP-mimetic polymers, providing non-productive sinks of binding instead of the intended bacterial

target.

Synergistic usage with traditional antibiotics. Another strategy for addressing the antimicrobial resistance issue
is to increase the intracellular antibiotic concentration using compromising the barrier function of bacterial cell
membranes by membrane-active antimicrobials. The antimicrobial-induced membrane disruption can increase the
permeability of target membranes and thus enhance cellular uptake of antibiotics, working against the action of
efflux pumps. Many studies have been reported on the synergistic interactions between membrane active AMPs
with antibiotics such as colistin with azithromycin,”?> daptomycin with B-lactams,’® °* and synthetic AMPs with
conventional antibiotics,” just to name a few. Similarly, antimicrobial polymers are do not necessarily have to be
used as mono-therapeutic; a recent report in this field is that synthetic antimicrobial polymers showed synergetic
effects with doxycycline and colistin against drug resistance P. aeruginosa.’® There are also in vitro studies that
demonstrated enhanced activity of Polymyxin B with ionic liquids.”” These studies demonstrated the possibility that

antibiotics to which bacteria developed resistance can be revived again for treatment.

AMP-mimetic design and macromolecular antibiotics. To date, more than 5,000 sequences of AMPs have been
reported and are stored in several databases.’® Interestingly, the sequences and native conformations (a-helices, -
sheets, and globules) of these AMPs are very diverse and do not share common sequences, which reflects the fact
that the activity of AMPs does not rely on specific ligand-receptor interactions which would preferentially favor
certain 3-D folds. However, one common feature is the global cationic amphiphilicity in which cationic and
hydrophobic domains on helical or globular structures are segregated to opposite sides, capable of disrupting
bacterial cell membranes. Therefore, the segregated cationic amphiphilicity is nature’s antibiotic design that has
been evolutionarily optimized to enable antimicrobial functions of AMPs. In other words, this may implicate that
specific peptide sequences are not necessarily required, but the key features to replicate are not only the AMPs
chemical properties (cationic and hydrophobicity), but also the distribution and patterns of these functional groups
(segregated cationic and hydrophobic domains) expressed on the surfaces of active conformations in order to create
novel antibiotics. To that end, we propose “macromolecular antibiotics” as a new antimicrobial strategy (Fig. 5);
synthetic polymer platforms are promising and advantageous candidates to mimic the AMP cationic amphiphilic
structures retaining the diverse compositions, shapes, and architectures. Indeed, while the majority of the discussion

in this article focused on simple antimicrobial random copolymers with linear chains, the approach has been recently
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extended to include block copolymers with specific sequences of cationic and hydrophobic monomers,*- 1%
branched/star-shaped and comb-like copolymers,'?!-1% single-chain polymer nanoparticles,'’’ and polymers with
facially cationic amphiphilic moieties in the side chains!%®. While these studies are still based on single polymer
chains, the platforms have been further extended to higher dimensional or ordered structures including assemblies
and micelles of polymer chains'®-!'! nanoparticles''? and gels''3 4. Detailed discussion is beyond the scope of this
article, and thus refer the readers to other excellent reviews more focused on those topics.3? 63-66, 68,70, 115121 AJthough
these new platforms have demonstrated promising results, there is a challenge to present the cationic and
hydrophobic domains on the surface of polymer conformations and macromolecules in a manner similar to AMPs
as there is more limited control over patterning due to the increased polydispersity in polymeric materials. This
challenge provides future opportunities to create new antimicrobials to address the antibiotic resistance issue as

well as understand the role of amphiphilic structures of AMPs and AMP-mimics on their antibiotic functions.

antimicrobial peptides antimicrobial polymers
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Bacterial cell membrane disruption

Figure 5. Design of macromolecular antibiotics. The AMP forms several types of secondary structure (a-helices,
B-sheets, and globules) to provide global amphiphilicity to selectively bind to bacterial membrane and perturbate
it. Similarly, the polymers with global amphiphilicity in their macroscopic molecular structure show antimicrobial

activity.

4. Conclusions and Remarks
Membrane-active polymer therapeutics are emerging materials to address drug resistant bacteria. Synthetic
polymers provide a diversity of chemical functionalities, design flexibility, and cost-effective production. However,

there are still unsolved questions to produce practical and approved therapeutics, including (i) selectivity over
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normal cells, (ii) determination of mechanism(s), (iii) development of resistance with long term usage, and (iv) side
effects in the body. We need to understand underlying mechanisms and develop the design principle to teach
synthetic polymers as to recognize and distinguish cellular membranes, that allows us to prepare “order made”
platform for suitable design to attack specific target of bacteria, rather than conventional “trial and error” approach.

In this review, we discussed the membrane disruption as the primary mechanisms of antimicrobial polymers.
While the bacterial cell membrane is a promising target with low propensity for resistance development, we cannot
ignore the possibility if we apply the antimicrobial polymers regularly and on a widespread scale. If such
problematic situations arise, a combined and/or sequential application of antibiotics with a different antimicrobial
mechanism in combination with the polymers may result in synergistic or additive enhancement of activity.
Additionally, it is known that some AMPs act by interacting with intracellular targets such as DNA and may exploit
multiple modes of action simultaneously,*® which might contribute to their low likelihood of resistance development
in bacteria. Indeed, it has been reported that cationic polymers entered bacteria and caused precipitation in the
cytosol.? Our polymer design as membrane-disrupting agents may need to be “revisited” to investigate these
mechanisms. In addition, the traditional design of antimicrobial polymers has been based on a binary system of
cationic and hydrophobic monomers, which captures the essential functionalities of AMP’s cationic amphiphilicity.
While this minimalist approach provides simple and practical molecular designs of antimicrobial polymers, natural
peptide sequences contain a variety of amino acids other than cationic and hydrophobic groups. This suggests that
our current polymer design may not take a full advantage of evolutionarily optimized AMP’s functions. Recently
several laboratories reported antimicrobial polymers with amino acid functionalities including indole
(tryptophan),'?? 4-hydroxyphenyl (tyrosine),'?* or serine (hydroxyl)'?* '2°. This new approach may be able
implement the inherent functionalities of AMPs to the polymers by design, which may lead to more potent
antimicrobial activity and selectivity as well as ultimately mimicry of the AMP’s biological function as an immune

modulator in the defense system of the body.
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