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Abstract 

Biomimetic antimicrobial polymers have been an area of great interest as the need for novel 

antimicrobial compounds grows due to the development of resistance.  These polymers were 

designed and developed to mimic naturally occurring antimicrobial peptides in both 

physicochemical composition and mechanism of action.   These antimicrobial peptide mimetic 

polymers have been extensively investigated using chemical, biophysical, microbiological, and 

computational approaches to gain a deeper understanding of the molecular interactions that drive 

function.  These studies have helped inform SARs, mechanism of action, and general 

physicochemical factors that influence the activity and properties of antimicrobial polymers.  

However, there are still lingering questions in this field regarding 3D structural patterning, 

bioavailability, and applicability to alternative targets.  In this review, we present a perspective on 

the development and characterization of several antimicrobial polymers and discuss novel 

applications of these molecules emerging in the field.  
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1. Introduction 

Antimicrobial polymers have been of great interest in the research community for the past decades. 

Many studies have been dedicated to the development of synthetic polymers which act by 

disrupting the bacterial cell membranes and causing bacterial cell death. We published a review 

article in this journal in 2013 and described the background and design principle of antimicrobial 

polymers which mimic host-defense antimicrobial peptides (AMPs).(Kuroda & Caputo, 2013) 

Since then, the antimicrobial polymer research has significantly evolved and expanded. The 

development of novel antimicrobial polymers has been largely driven by advances in polymer 

chemistry, which provided a diversity of functional groups and molecular shapes to facilitate the 

investigation of the structure-activity relationships in these molecules.  Broader molecular 

diversity has increased the ability to fine-tune molecular properties, and thus the potential to 

translate the research outcomes to clinical applications. On the other hand, while the bacterial 

infections have been the primary target, the use of antimicrobial polymers has been expanded to 

address other challenges including drug-resistant cancer cells, environmental bacteria, and more. 

In addition to biological studies on efficacy and cytotoxicity, the design and development of 

antimicrobial polymers are also driven by knowledge obtained from fundamental research using 

biophysical methods and computational simulations. Specifically, the membrane-disrupting mode 

of action of the polymers has been studied by using model membrane systems, spectroscopic 

experiments, microscopic analysis, and molecular dynamics computational simulations.  The 

combined use of these novel methods and novel applications has expanded the utility, but also the 

understanding, of these biomimetic polymers. 

 

Here we provide an update on the state of the research field on cationic, biomimetic antimicrobial 

polymers. The central theme of this article is “new targets and new methods” in the studies on 

antimicrobial polymers. We begin with a review of the evolution of antimicrobial polymer research 

including early development and characterization. This includes the most recent trends in polymer 

chemistry approaches, although very briefly, as many excellent review articles are available on 

this topic.(Alfei & Schito, 2020; Ding, Wang, Tong, & Xu, 2019; Etayash & Hancock, 2021; 

Ghosh, Sarkar, Issa, & Haldar, 2019; H. Takahashi, Caputo, & Kuroda, 2021; J. Tan, Tay, Hedrick, 

& Yang, 2020) An analysis of novel targets incorporates highlights the more recent investigations 

of antimicrobial polymer usage in the studies of anticancer, anti-cyanobacterial, and antialgal 
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applications. The discussion will be extended to the new methods to study antimicrobial polymers 

using giant liposomes and molecular dynamic simulations to probe into the polymer-membrane 

interactions. 

 

2. Rise of AMP-memetic polymers  

The primary driving force behind antimicrobial polymer research has been the need for new 

antibiotics due to drug resistance in bacteria.  The rise of antibiotic resistance in bacteria and other 

pathogens has been highlighted as an emerging threat to world health by a number of 

organizations.(Antimicrobial Resistance, 2022; CDC, 2019; Organization, 2018)  This resistance 

phenomenon has arisen due to a variety of factors including natural evolution under selective 

pressure, over-prescription of antibiotics, and improper use of antibiotics, among others.  These 

topics have been comprehensively reviewed elsewhere, and we direct interested readers to the 

referenced reports.(Alfei & Schito, 2020; J. Chen, Wang, Liu, & Du, 2014; Ding et al., 2019; 

Engler et al., 2012; Cansu Ergene, Yasuhara, & Palermo, 2018; Etayash & Hancock, 2021; Ghosh 

et al., 2019; Krumm & Tiller, 2017; W. Ren, Cheng, Wang, & Liu, 2017; Santos et al., 2016; Scott 

& Tew, 2017; H. Takahashi et al., 2021; Haruko Takahashi, Caputo, Vemparala, & Kuroda, 2017; 

J. Tan et al., 2020; X. Y. Zhou & Zhou, 2018)  

 

Importantly in this context, membrane-active antimicrobial polymers have not demonstrated 

selective pressure on bacteria to develop resistant phenotypes, which provides promise for these 

molecules as new antibiotic agents.(I. P. Sovadinova, E.F.; Urban, M.; Mpiga, P.; Caputo, G.A.; 

Kuroda, K., 2011; Thoma, Boles, & Kuroda, 2014) However, as human cells also contain cell 

membranes, the lipid membrane-disrupting action by polymers is not inherently specific to bacteria, 

and thus potential toxicity of the polymers to host cells is a concern.  In contrast to these polymers, 

many conventional antibiotic drugs are enzyme inhibitors which target enzymes involved in 

bacterial metabolic processes or the biosynthesis of bacterial cell structures.  The specific targets 

of small-molecule antibiotic action can be subject to mutational or expression-level changes, 

resulting in the development of resistance.(Brauner, Fridman, Gefen, & Balaban, 2016; Crofts, 

Gasparrini, & Dantas, 2017; Fisher, Gollan, & Helaine, 2017; Hall & Mah, 2017; Kester & Fortune, 

2014; Lazar et al., 2014; Peterson & Kaur, 2018)  For small molecules, since the target 
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enzymes/structures exist only in bacteria and not in human cells, there is inherent selectivity for 

bacteria. 

 

To address the challenge of selectivity, a new design concept based on host-defense antimicrobial 

peptides (AMPs) has emerged, which has contributed to a new perspective on the development of 

antimicrobial polymers. Naturally occurring AMPs have cationic and hydrophobic amino acid 

residues in their sequences. The cationic groups are attracted to the negatively charged bacterial 

cell surfaces. Upon binding to the bacterial membrane, AMPs often adopt an α-helical 

conformation with the cationic and hydrophobic domains segregated to opposite sides of the helix, 

allowing the hydrophobic domain to insert into the hydrophobic core of the lipid bilayer, causing 

membrane disruption or permeabilization.(Magana et al., 2020) While there are AMPs which 

adopt β-strand or disordered structures, the α-helical AMPs are both the most widely represented 

in nature and the most widely studied in the lab.(Huan, Kong, Mou, & Yi, 2020; Kang, Kim, Seo, 

& Park, 2017; Kohn et al., 2018; Mahlapuu, Bjorn, & Ekblom, 2020; Patrulea, Borchard, & Jordan, 

2020; Saint Jean et al., 2018; Wildman, Lee, & Ramamoorthy, 2003) Because the bacterial cell 

surfaces are significantly negatively charged compared to mammalian cell membranes, the 

favorable electrostatic interactions lead to preferential binding of AMPs to bacteria over human 

cells, imparting selective activity. The intriguing part of this mechanism is that the antimicrobial 

activity of AMPs is driven by the physicochemical interactions between peptides and bacterial cell 

membranes, not specific biological interactions such as ligand-receptor binding, which require 

specific peptide sequences and targets. There have been numerous reports in the literature in which 

AMP sequences were modified using natural and non-natural amino acids which show equal or 

enhanced efficacy compared to the parent sequence.  Early work from Oren and Shai demonstrated 

that synthetic AMPs composed of D-enantiomers of naturally occurring amino acids retained 

antimicrobial activity despite dramatic differences in peptide structure.(Oren & Shai, 1997; Shai 

& Oren, 1996)  More recent work continues to demonstrate that AMPs partially or wholly 

composed of D-amino acids retain antimicrobial activity, resist protease digestion, and may have 

beneficial impacts on host cytotoxicity.(Hicks, Abercrombie, Wong, & Leung, 2013; Lu et al., 

2020; Y. Zhao et al., 2016)  Similarly, non-canonical amino acids have been incorporated into a 

variety of AMP sequences with mixed results.  Depending on the sequence and the structure of the 

amino acid, these amino acids have been shown to improve activity, not impact activity, or in some 
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cases reduce or abolish AMP activity.(Hicks et al., 2013; Hitchner, Necelis, Shirley, & Caputo, 

2021; Stone et al., 2019) 

 

The physicochemical mechanism of AMPs has been also supported by peptide-mimetic molecules. 

“AMP mimetics” were traditionally referred to peptide-like molecules with defined sequences, 

including beta-peptides and peptoids, which can mimic the bioactive secondary conformations 

(helices and beta-sheet) of natural peptides.(Andreev et al., 2018; DeGrado, Schneider, & Hamuro, 

1999; Godballe, Nilsson, Petersen, & Jenssen, 2011; Porter, Wang, Lee, Weisblum, & Gellman, 

2000; Yoo & Kirshenbaum, 2008) These peptide-mimics are designed to form amphiphilic helical 

structures and showed antimicrobial activity, suggesting that the synthetic backbones could serve 

as a molecular platform, but not necessarily natural peptides (α-amino acids), although the helical 

structures are membrane-active conformations.  

 

The knowledge that antimicrobial activity was driven, at least partly, by the amphiphilic, cationic 

nature of AMPs motivated researchers toward the development of AMP-mimetic polymers; 

specifically, if the physicochemical interactions drive selective binding to bacteria over human 

cells and membrane disruption to kill bacteria, defined sequences, secondary conformations, and 

peptide chains may not be the requisite for antimicrobial activity anymore.  Why not use synthetic 

random copolymers?  This possibility of polymer antibiotics attracted polymer chemists who were 

interested in the use of advanced polymer chemistry methods to design bioactive polymers and 

macromolecules. The approach of using random copolymers offers the inherent benefit of a 

simpler, often “one-pot” synthetic methodology.(Foster, Mizutani, Oda, Palermo, & Kuroda, 

2017)  Random copolymers with cationic and hydrophobic side chains, based on methacrylates, 

nylons, norbornenes, and other backbones were designed and indeed these copolymers exhibited 

both antimicrobial activity and selectivity.(Al-Badri et al., 2008; Cansu Ergene et al., 2018; 

Kuroda & DeGrado, 2005; M. W. Lee et al., 2014; Lienkamp et al., 2008; L. Liu et al., 2021; K. 

E. Locock et al., 2013; Palermo & Kuroda, 2010; E. F. Palermo, S. Vemparala, & K. Kuroda, 

2012) From the polymer chemist’s perspective, biological components or building blocks 

(antibiotics, peptides, etc.) are not required in this model, because the chemical composition 

affecting the properties (hydrophobicity, block sequences, molecular weight, molecular shapes, 

etc.) of polymers directly impacts their antimicrobial activity. This allows the full power of 
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polymer chemistry to utilize a much broader scope of chemical space to design and develop 

antimicrobial polymers.  Moving beyond the functionalities accessible in naturally occurring 

amino acids allows for much more fine-grained analysis of structure-activity relationships (SARs), 

as well as opening the possibility to novel monomer compositions (block and random copolymers) 

which are uncommon in naturally occurring peptides.(W. Chin et al., 2018; Y. Oda, Kanaoka, Sato, 

Aoshima, & Kuroda, 2011; Yukari Oda et al., 2018)  As such, innovations in synthetic approaches 

by polymer chemists were another big driver in the evolution and growth of this field.  

 

Another important factor in the growth and development of the field of antimicrobial polymers is 

the straightforward activity assays which are an attractive and accessible model system for 

synthetic polymer chemists. Antimicrobial assays are not inherently complex experiments using 

commercially available and low-cost components.  The antimicrobial activity of polymers is 

evaluated using a turbidity-based microdilution assay to determine the Minimal Inhibitory 

Concentration (MIC).(Wiegand, Hilpert, & Hancock, 2008)  This assay is typically performed in 

96-well plates in which serially diluted stocks of polymer solution are mixed with a bacterial 

suspension, and bacterial growth is determined by the turbidity of the culture after 18h of 

incubation. This assay is quick, allows for easy side-by-side replicates, and requires small amounts 

of the polymer under investigation.  As compared to mammalian cell culture, the initial evaluation 

of antimicrobial activity is much more accessible for many researchers, although a detailed 

evaluation of the mechanism of action requires more in-depth microbiological studies. 

Additionally, the bacteria commonly used in MIC assays are Escherichia coli and Staphylococcus 

aureus which represent both Gram-negative and Gram-positive classes of bacteria, can be cultured 

overnight, and grow under simple aerobic conditions.  These factors, combined with the increasing 

awareness and subsequent funding initiatives around developing new antimicrobials and 

combating antimicrobial resistance, have contributed to the growth and diversification of the 

antimicrobial polymers field. 

 

3. AMP mimetic polymers and polymer chemistry 

In naturally occurring AMPs, the cationic moieties drive binding to bacterial membranes and 

selectivity, while the hydrophobic moieties insert into the lipid bilayer core and cause membrane 

disruption, resulting in bacterial cell death.(Hitchner et al., 2019; Jiang et al., 2008; J. Li, Hu, Jian, 
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Xie, & Yang, 2021; Lopez Cascales et al., 2018; Rosenfeld, Lev, & Shai, 2010; Senetra, Necelis, 

& Caputo, 2020) Inspired by the mechanism, antimicrobial polymers are designed to have both 

cationic and hydrophobic groups as essential and minimal functional groups for antimicrobial 

activity.(Colak & Tew, 2012; Kuroda, Caputo, & DeGrado, 2009; Mukherjee, Ghosh, Bhadury, & 

De, 2017; Palermo, Lee, Ramamoorthy, & Kuroda, 2011; E. F. Palermo et al., 2012) In the early 

stages of this field, random copolymers with binary compositions of monomers with cationic or 

hydrophobic side chains were synthesized and evaluated for their antimicrobial activity.(Colak & 

Tew, 2012; Kuroda et al., 2009; Mukherjee et al., 2017) Based on AMPs and the polymers 

mimicking them, the well-accepted design principle is to create an optimal balance between the 

cationic and hydrophobic content of polymers which results in potent activity and selectivity. 

While hydrophobic groups are needed to disrupt bacterial membranes, polymers with too much 

hydrophobic character cause non-specific binding to human cell membranes, leading to undesired 

cytotoxicity.(Grace et al., 2016; Kuroda et al., 2009; Kuroki et al., 2017; K. E. S. Locock et al., 

2013; Tyagi & Mishra, 2021) Palermo and coworkers thoroughly discussed these factors in their 

excellent review articles on the amphiphilic balance of antimicrobial polymers (C. Ergene & 

Palermo, 2018; Cansu Ergene et al., 2018; Palermo & Kuroda, 2010). The readers who are 

interested in how to achieve the optimal balance of polymers should refer to their articles.  

 

This initial polymer design was based on α-helical AMPs such as magainins, which generally 

consist of 20–30 amino acid residues which translate to 2,000–3,000 g/mol molecular weight 

(MW). Therefore, the polymers were designed to be low MW, linear polymers in order to mimic 

the short peptide chains of α-helical AMPs. Indeed, higher MW polymers tend to show higher 

toxicity than those with low MWs, which also further supports the use of low MW 

polymers.(Fischer, Li, Ahlemeyer, Krieglstein, & Kissel, 2003; Gibney et al., 2012; Mellati et al., 

2016) This is in contrast with earlier, more traditional antimicrobial polymers with high MWs 

which were prepared by free-radical polymerization.(Kenawy, Worley, & Broughton, 2007; 

Tashiro, 2001)  These more facile methods were subsequently employed to create block 

copolymers with a variety of cationic and hydrophobic segments.(Judzewitsch, Nguyen, 

Shanmugam, Wong, & Boyer, 2018) Importantly, the block copolymers allow for mix-and-match 

combinations of block sizes and ordering/sequencing of blocks in the polymer, adding versatility 

and flexibility beyond the basic control of monomer composition. These sequences also self-
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assemble to form multi-chain large structures such as aggregates and micellar nanoparticles in 

solution. The amphiphilic and macromolecular structures have provided more protein-like 

molecules which mimic the diverse classes of AMPs. In addition to linear polymers, the polymer 

platforms include branched polymers, dendrimers, graft polymers, micelles, and 

nanoparticles.(Alfei & Schito, 2020; J. Chen et al., 2014; Ding et al., 2019; Engler et al., 2012; 

Cansu Ergene et al., 2018; Etayash & Hancock, 2021; Ghosh et al., 2019; Krumm & Tiller, 2017; 

W. Ren et al., 2017; Santos et al., 2016; Scott & Tew, 2017; H. Takahashi et al., 2021; Haruko 

Takahashi et al., 2017; J. Tan et al., 2020; X. Y. Zhou & Zhou, 2018) 

 

4. New targets 

In this section, we present novel applications and future directions for antimicrobial polymers.  

Based on the fundamental principles and designs of antimicrobial polymers, new applications have 

emerged as additional areas of interest for this class of molecules. 

 

4-1. Anti-cancer polymers 

 Cancer is a disease in which host cells exhibit altered characteristics due to genetic 

mutations to proto-oncogenes and/or tumor suppressor genes as a result of biological events or 

external stimuli, resulting in abnormal and uncontrollable cell growth.(Bray et al., 2018; 

Diederichs et al., 2016; Fouad & Aanei, 2017) The uncontrolled division of cancer cells eventually 

invades the surrounding tissues and causes malfunctions in organs or can spread through the blood 

and lymph to more distal sites in the body. According to the statement issued by the WHO, cancer 

is the second leading cause of death globally, and is responsible for an estimated 9.6 million deaths 

in 2018 that number was analyzed using GLOBOCAN.(Bray et al., 2018) Chemotherapy is a first-

line therapy to treat cancer, however, cancer cells often develop resistance against 

chemotherapeutic agents, which presents a critical challenge in cancer therapy.(Housman et al., 

2014) Although the majority of cancer cells are sensitive to the anti-cancer drugs, the small 

population which is resistant is then responsible for persistence in the tumor and recurrence and 

leads to failure of chemotherapy and refractory cancer diagnoses.(Cree & Charlton, 2017; 

Housman et al., 2014; Schmidt & Efferth, 2016) Furthermore, with continued treatment, multi-

drug resistance (MDR) can emerge and is one of the major causes of failure of this mode of 

treatment.(Gillet & Gottesman, 2010) Many studies have been devoted to develop new anti-cancer 
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drugs which do not result in resistance development.(T. Hu, Li, Gao, & Cho, 2016; Kuwano, 

Sonoda, Murakami, Watari, & Ono, 2016; Leary, Heerboth, Lapinska, & Sarkar, 2018; Maik-

Rachline & Seger, 2016) However, it has been a significant challenge to identify molecular targets 

in cancer cells which are immune to resistance development because of the high mutation rate and 

rapid cell division which are hallmarks of cancer cells. 

 

 The standard cancer chemotherapy approach uses therapeutics which target the rapidly 

dividing cells, i.e., the majority of cancer cells, primarily acting to disrupt DNA synthesis or other 

vital cell replication processes. For example, Paclitaxel, a cytoskeletal drug targeting tubulin, binds 

to the mitotic spindle assembly and subsequently inhibits chromosome segregation during cell 

division.(Yusuf, Duan, Lamendola, Penson, & Seiden, 2003) Furthermore, there are several drugs 

which are approved for use as both anti-cancer drugs and antibiotics called as antitumor antibiotics, 

such as Adriamycin(Skovsgaard & Nissen, 1975), bleomycin(Hecht, 2000) and mitomysin(Galm 

et al., 2005). Mainly these drugs act as DNA intercalators, blocking DNA replication and/or 

transcription.(Galm et al., 2005; Hecht, 2000) These molecules highlight the shared fundamental 

bioactivities and potential treatment targets in cancer cells and bacteria. Thus, anti-cancer drugs 

share common strategies with antibiotics that interfere with the cellular mechanisms such as 

macromolecular synthesis required for cell division and proliferation to treat diseases caused by 

rapidly dividing cells: cancer and bacterial infections. 
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Figure 1. Cationic amphiphilic methacrylate copolymers with anticancer activity. Polymers 

selectively bind to the cancer cell membrane and disrupt it, resulting in cell death. Adapted from 

(H. Takahashi et al., 2019) with permission. 

 

 As might be expected given the commonality of drug mechanisms of action, there are also 

commonalities in the mechanisms by which cancer cells and bacteria acquire drug resistance. In 

both cancer and bacterial cells, a common mechanism underlying the resistance phenotype is 

efflux pump systems, which enhance the removal of antibiotics or anti-cancer drugs from the 

cytosol.(Lowrence, Subramaniapillai, Ulaganathan, & Nagarajan, 2019) Another important 

parallel in the resistance mechanisms is the local environment around the cells. Cancer cells often 

form clusters of cells, i.e. tumors, which results in limited diffusion of chemotherapeutic agents to 

the cells at the interior of the tumor.(Belli et al., 2018; M. N. Wang et al., 2017) This shielding 

through aggregation is also observed in bacterial biofilms.(Jamal et al., 2018; S. L. Percival, 

McCarty, & Lipsky, 2015) Similarly, cells in the interior of tumors and biofilms both have limited 

access to nutrients and oxygen due to the physical restrictions, and often enter a dormant or 

senescent state, limiting the effectiveness of drugs that target actively dividing cells.(Chakrabarty, 

Chakraborty, Bhattacharya, & Chowdhury, 2021; Klapper, Gilbert, Ayati, Dockery, & Stewart, 
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2007; Steiner, 2021) As the majority of anti-cancer drugs and antibiotics act on cellular machinery 

involved in cell growth and division, cancer cells and bacteria display resistance to treatments 

when in a quiescent or dormant state since the cell division processes are inactive. 

 

 As described, many cancer cells are resistant or tolerant to drugs through many different 

mechanisms. The traditional drug design may not be able to mitigate this problem. Recently, a 

non-traditional anti-cancer drug designed via a biomimetic approach was tested by mimicking 

AMPs which act by targeting cell membranes. The lipid bilayer structure of cell membranes of 

cancer cells is not directly associated with the majority of resistance mechanisms and hence the 

cell membranes are a promising candidate as a target site for cancer cells as well as bacteria. Indeed, 

some AMPs are also active against cancer cells through targeting cancer cell membranes.(Felicio, 

Silva, Goncalves, Santos, & Franco, 2017) One of the characteristics of cancer cells is enrichment 

of anionic phosphatidylserine (PS) lipids in the outer leaflet of the cell membrane compared to 

normal cells. The presence of PS imparts an anionic net charge to the lipid membrane surface, 

similar to that of bacteria (although smaller in magnitude). The higher net negative charge of the 

cancer cell surface facilitates the binding of cationic AMPs to cancer cells and imparts a degree of 

selectivity over normal cells. Parallel to the activity against bacteria, AMPs disrupt cancer cell 

membranes or target the intracellular components, resulting in cell death.(Gaspar, Veiga, & 

Castanho, 2013; Jafari, Babajani, Sarrami Forooshani, Yazdani, & Rezaei-Tavirani, 2022; 

Tornesello, Borrelli, Buonaguro, Buonaguro, & Tornesello, 2020) 

 

 This common mechanism by which AMPs can kill bacterial and cancer cells promoted 

researchers to extend the AMP-mimetic design of antimicrobial polymers to develop anticancer 

polymers toward the treatment of drug-resistant cancer. Recently, Yang and Hedrick tested their 

design approaches by preparing membrane-active polymers and macromolecules which were 

effective in killing drug-resistant cancer cells. In this work, macromolecular self-assemblies of 

cationic diblock polycarbonates selectively bound to cancer cells over normal cells and caused 

necrotic cell death.(Park et al., 2018) The polymers showed potent activity against multiple cancer 

cell lines including doxorubicin-resistant breast cancer cells and cancer stem cells. In addition, the 

same group also demonstrated that biodegradable triblock copolymers showed in vitro potent 

activity against multi-drug resistant cancer cells, and multiple treatments with the polymers at sub-
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lethal doses do not induce resistance.(Zhong et al., 2019) These polymers also suppressed tumor 

growth and inhibited metastasis in the mouse tumor model. As another example, cationic 

amphipathic peptoids were active against a broad range of cancer cell lines including multidrug-

resistant cells in vitro and inhibited tumor growth in vivo.(Huang et al., 2014) Furthermore, our 

laboratory has also demonstrated that methacrylate copolymers with random sequences of cationic 

and hydrophobic sidechains selectively targeted and disrupted cancer cell membranes, causing 

necrosis (Fig. 1).(H. Takahashi et al., 2019) As this mechanism is not dependent on cell 

proliferation, the polymers killed dormant prostate cancer cells that poorly responded to the 

conventional anti-cancer drug docetaxel. Additionally, these polymers also lysed aggregated cells 

and dispersed spheroids, indicating that these polymers may be effective in treating tumors. In 

other cases, some naturally-derived biopolymers including chitosan and their derivatives(Adhikari 

& Yadav, 2018) and polysaccharides from Rhynchosia minima root(Jia et al., 2015) have shown 

inherent anticancer activity, but the activity is not driven by design and their mechanism is not 

fully understood. 

 

 In general, human cell membranes are inherently more resistant to membrane-active AMPs 

compared to bacterial cell membranes. Antimicrobial polymers have been designed to maintain 

this biocompatibility; however, anticancer polymers need to target human cell membranes in order 

to be effective. In principle, the selective activity of polymers against cancer cells over normal 

cells relies on the difference in the net negative charges between the normal and cancer cell 

types.(L. T. H. Tan et al., 2017) Bacterial cell membranes have a significantly higher net negative 

charge than normal healthy human cell membranes, which favors the selective activity of AMPs 

and polymers against bacteria. However, the difference between normal and cancer cells is subtle; 

in the outer leaflet of the cell membrane, there is only ~10% increase of anionic PS lipids in cancer 

cells over normal cells.(Utsugi, Schroit, Connor, Bucana, & Fidler, 1991) Therefore, it is likely to 

be difficult for the polymers to distinguish them completely. However, it is interesting that 

phosphatidylethanolamine (PE) lipid which also exists in the outer leaflet of cancer cell 

membranes as well as being enriched in bacterial cell membranes, can play an important role in 

the membrane disrupting mechanism of small molecules and peptides.(L. T. H. Tan et al., 2017)  

Taken together, there are clearly differences in lipid composition between healthy and cancer cells 

that can be targeted. 
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It has been demonstrated that membrane-active polymers do not induce resistance in cancer 

cells.(Park et al., 2018) Similar to bacteria, we also speculate that the membrane-active mechanism 

would not contribute to resistance development due to the large fitness cost of dramatic alterations 

in lipid compositions. However, the number of studies on anti-cancer polymers in the field has 

been limited, and further investigations will be needed to determine the likelihood of resistance 

development against these polymers. As a more advanced application, anticancer polymers and/or 

peptides may have synergy with anti-cancer drugs. For example, combination therapy using 

membrane-active peptides and doxorubicin/epirubicin has already been investigated.(J. Zhao, 

Huang, Liu, & Chen, 2015) As compared to using drugs and polymers/peptides as individual, 

distinct therapeutic agents, combination therapy may be more beneficial and clinically useful 

because it could reduce the doses of these agents, thus reducing toxicity and side effects to normal 

cell membranes. As already reported in the antimicrobial polymers(D. D. Yang et al., 2021), this 

approach can be extended to drug delivery carriers enabling delivery through cancer cell 

membranes. Synthetic polymers are a versatile platform to design and construct drug conjugates, 

micelles/self-assemblies, and macromolecules for drug delivery systems. We will be able to equip 

them with the ability to target cell membranes. 

 

 

4-2. Antialgal and anticyanobacterial polymers 

Although the promising antimicrobial activity and selectivity of peptide-mimetic antimicrobial 

polymers against human bacterial pathogens for biomedical applications are well documented, 

their applicability to prevent, control and mitigate unwanted excessive growth or biofouling of 

environmentally-relevant harmful microorganisms is neglected. There is a substantial gap in 

knowledge about the interaction of biomimetic synthetic polymers with microorganisms in the 

aquatic environment, such as cyanobacteria, green algae, or heterotrophic bacteria, which is 

surprising because transferring a successful polymer-based antimicrobial platform from 

biomedical applications into a water management sector could lead to a promising platform for 

developing a new type of bioinspired polymers agents or coatings applicable in various natural or 

engineered water systems. 
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Algae and cyanobacteria are photosynthetic aquatic microorganisms essential in providing oxygen, 

fixing nitrogen and cycling nutrients for other organisms and sustaining life on the Earth. They 

occur in all types of water, including salt, fresh, and brackish water, and in places with sufficient 

sunlight, moisture, and nutrients. Their growth is generally considered positive for aquatic 

ecosystems. However, their intensive and uncontrolled growth, attachment and settlement are a 

growing ecological, public health, economic, and technical concern in water management in 

natural or engineered environments. Specifically, a massive and exceptional overgrowth of 

harmful algae or cyanobacteria in water bodies forms blooms and produces toxins (cyanotoxins), 

both substantially reducing water quality and its potential use, safety, and sustainability for 

drinking water production, recreational purposes, fisheries, and agriculture or aquacultures.(Han, 

Clarke, & Pratt, 2014; Organization, 2003) Harmful algal (HAB) or cyanobacterial (HCB) blooms 

are driven by combining anthropogenic-induced eutrophication processes and rising 

environmental temperatures and are expected to increase in frequency and intensity 

worldwide.(Briand, Bormans, Gugger, Dorrestein, & Gerwick, 2016; Paerl & Paul, 2012) 

Additionally, cooling water systems provide a favorable environment for the uncontrolled growth 

of cyanobacteria and algae, which can adversely affect their efficient operations, promote metal 

corrosion, and accelerate wood deterioration in many industries, including water treatment or 

power plants and chemical, petrochemical and food industries.(Di Pippo, Di Gregorio, Congestri, 

Tandoi, & Rossetti, 2018; Hauer, Capek, & Bohmova, 2016) Finally, undesired attachment and 

settlement of aquatic microorganisms, including algae or cyanobacteria, on synthetic surfaces 

(biofouling) causes economic, environmental, or safety-related negative effects on the aquatic 

industries.(Selim et al., 2017) Therefore, treatment strategies allowing preventing, controlling or 

mitigating unwanted and explosive cyanobacterial and algal propagation, attachment and 

settlement have attracted scientific and regulatory attention. Multiple approaches have been 

employed to control undesired organisms including various chemicals, e.g., metal salts and 

organometallic compounds, biological agents, and mechanical or physical forces. However, these 

approaches are often limited by non-specificity, low efficiency, or non-target toxicity.(Matthijs, 

Jancula, Visser, & Marsalek, 2016) For example, the treatment with commercially available 

cyanocides based on general herbicidal chemicals such as Diuron or Endothall in open aquatic 

environments generally induces resistant aquatic bacteria and algae and causes unselective 

elimination of non-target aquatic organisms, disrupting water ecology or the secondary 



 16 

pollution.(Matthijs et al., 2016; Tixier, Sancelme, Bonnemoy, Cuer, & Veschambre, 2001) 

Bioactive and biomimetic synthetic polymers in a solution or as surface coatings can overcome 

some disadvantages. 

 

A limited number of synthetic bioinspired and biomimetic polymers studied in solution for their 

potential applicability in the aquatic environment and water management are summarized in Table 

1. These represent various structures, from polyethyleneimines through polymethacrylates to 

polymeric nanoparticles or dendrimers.  The most used aquatic photosynthetic organisms were 

freshwater species - algae Desmodesmus quadricauda and Chlamydomonas reinhardtii and 

cyanobacteria Anabaena sp., Microcystis aeruginosa and Synechococcus elongatus. D. 

quadricauda and C. reinhardtii are ubiquitous freshwater green algae in many natural and 

industrial water systems and model organisms for antialgal tests and biofouling.(Arora & Sahoo, 

2015; Janssen, Vangheluwe, & Sprang, 2000) However, both can become a common part of 

extensive water blooms or colonize submerged surfaces (biofouling).(Arora & Sahoo, 2015) 

Anabaena sp., M. aeruginosa and S. elongates are freshwater cyanobacteria commonly utilized as 

model cyanobacterial species in experimental studies. A. flos-aquae and M. aeruginosa produce 

cyanotoxins (microcystins) that can be a dominant species of harmful cyanobacterial blooms 

(HABs), producing cyanotoxins and causing human health and ecological problems.(Lyon-Colbert, 

Su, & Cude, 2018; Preece, Hardy, Moore, & Bryan, 2017) 

 

Even though algal and cyanobacterial cells differ in their cell type (algae which are eukaryotic vs. 

prokaryotic cyanobacteria) and structure (size, surface, volume, cell wall, membrane composition), 

the cell surfaces of these organisms are negatively charged due to the de-protonation of carboxyl 

and sulfate groups in the algal cell envelope(J. Liu et al., 2013; Wyatt et al., 2012) or the anionic 

components of peptidoglycan including murein in the cyanobacterial cell walls(Hoiczyk & Hansel, 

2000) and extracellular polysaccharide glycocalyx layer surrounding cell wall(Bryant, 2006). Thus, 

amphiphilic and cationic biomimetic polymers can interact with an algal or cyanobacterial cell 

through an electrostatic attraction, similar to their interactions with human bacterial pathogens. 

Therefore, it is not surprising that some polymers, whose applicability to fighting undesired 

environmentally relevant photosynthetic aquatic microorganisms in solution has been explored so 

far, previously displayed promising antimicrobial activity against human pathogens by interacting 
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with their negatively charged membranes (for example, polymethacrylates or polyethyleneimines) 

(Table 1).  Additionally, cyanobacterial and algal plasma, thylakoid, and/or chloroplast 

membranes have an amphiphilic (amphipathic) character derived from the phospholipids which 

have a polar head group and two hydrophobic fatty acid tails.(Alberts et al., 2015) Polymers can 

interact with these membranes through electrostatic and hydrophobic interactions, which can lead 

to their disruption and leakage of intercellular content.  

 

Most polymers interacting with algal or cyanobacterial cells in solution (Table 1, illustration in 

Fig. 2) inhibited growth (algostatic and/or cyanostatic effect), and some of them caused cell death 

(algicidal and/or cyanocidal effect). The proposed molecular mechanisms of algicidal or 

cyanocidal activity of biomimetic polymethacrylates, branched PEIs, PPI-DEN, or cationic 

PAMAM dendrimers cover 1) binding to the cell surface, 2) crossing the cell wall, and 3a) 

destabilizing and permeabilizing plasma membrane, leading to membrane disruption and cell lysis 

or 3b) polymer internalization and disrupting structure and function of chloroplasts or thylakoids, 

leading to chlorophyll and photosynthesis deteriorations.(Gonzalo et al., 2015; Přemysl Mikula et 

al., 2021; Premysl Mikula et al., 2018; Petit, Debenest, Eullaffroy, & Gagné, 2012; Petit, 

Eullaffroy, Debenest, & Gagné, 2010) PAMAM dendrimers and core-shell polystyrene-copper 

oxide nanoparticles also elevated ROS (reactive oxygen species) production in algal and/or 

cyanobacterial cells.(Gonzalo et al., 2015; Petit et al., 2012; Petit et al., 2010; Saison et al., 2010) 

Only N-halamine derivatized PAM nanoparticles exhibited selectivity to cyanobacteria over algae, 

likely by a preferential attachment to cyanobacterial cell surfaces.(Sadhasivam, Gelber, Zakin, 

Margel, & Shapiro, 2019) Finally, some polymers induced cyanobacterial (PEIs(Arrington, 

Zeleznik, Ott, & Ju, 2003; Premysl Mikula et al., 2018; Zeleznik, Segatta, & Ju, 2002), PPI-

DEN(Premysl Mikula et al., 2018), PDADMAC-PSFA(Lv, Zhang, & Qiao, 2018)) or algicidal 

(PAMAM dendrimers(Perreault, Bogdan, Morin, Claverie, & Popovic, 2012), core-shell 

polystyrene-copper oxide nanoparticles(Saison et al., 2010)) cell aggregation (flocculation, 

illustration in Fig. 2). Branched PEIs with MW 12 or 1.1 kDa aggregated selectively 

cyanobacterial over algal cells.(Premysl Mikula et al., 2018) Specifically, they effectively 

flocculated S. elongatus cells and accelerated their settling down. In contrast, the flocs of M. 

aeruginosa cells did not settle, but they floated in a medium under the surface (Fig. 2). However, 

PEIs did not cause aggregation of algal cells of D. quadricauda and C. reinhardtii. 
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In addition to polymers in solution, numerous studies investigated polymers-based coatings for 

their potential anti-biofouling or fouling-release properties on various surfaces, mostly for marine 

applications. Amphiphilic polymer platforms designed by sequence-controlled chemistries to 

combine the benefits of hydrophilic and hydrophobic surfaces are currently conceived as one more 

promising strategy to implement special interface functions in various industries and technologies. 

The experiments utilized common, widespread marine micro-and macro-fouling organisms (the 

most used microorganisms marine algae Ulva sp. and their zoospores and Navicula sp.) and 

measured cell attachment, settlement, and viability on the studied surface.(Leonardi & Ober, 2019) 

For example, amphiphilic surface-active PDMAEMA brushes or SPE/BMA copolymers displayed 

anti-biofouling properties against algae and zoospore settlement as well as growth-inhibitory 

activity.(Schardt et al., 2021; Yandi et al., 2017) The recent developments in this field focusing on 

both advantages and drawbacks of these coatings have been reviewed intensively elsewhere, and 

we encourage the interested reader to explore these references.(Galli & Martinelli, 2017; Leonardi 

& Ober, 2019; Qiu et al., 2022) 

 

Studies reporting the interaction of bioinspired and biomimetic polymers with algae and 

cyanobacteria indicate that they are a simple, cost-effective and versatile polymer platform for 

designing potent antimicrobials effective in controlling and mitigating the undesired growth of 

environmentally relevant algae or cyanobacteria. This platform can be also utilized for effective 

and selective polymer-induced flocculation and removal of cyanobacteria or algae in water 

management and biotechnological processes. We envision that the applicability of a combination 

of various anti-algal and anti-cyanobacterial biomimetic polymers may allow their selective 

interactions with algal or cyanobacterial cells and their selective removal, which has a great 

potential for treating health problems and environmental and technical issues caused by 

phototrophic microorganisms. However, practical aspects of the real-world applications of these 

polymers, especially in open systems such as water reservoirs, need to be deeply explored. First, 

the anti-algal and anti-cyanobacterial activities of polymers should be confirmed under conditions 

more closely related to their potential applications and external environmental factors, such as the 

pH, dose, ionic strength, and temperature must be taken into account. For example, natural or 

industrial waters contain a broad range of Ca2+ or Mg2+ concentrations, which interfere with the 
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antimicrobial activity of cationic polymers in high concentrations due to high ionic strength 

reducing the electrostatic to microbial cells.(I. Sovadinova et al., 2011) Secondly, polymer safety 

to the non-target beneficial biota must be assessed, especially in open systems. Finally, polymers 

and each polymer component should be biodegradable and their bioproducts non-toxic 

(environmentally friendly polymers). Overall, we are just at the beginning of the study on the 

potential of bioinspired and biomimetic polymers in the aquatic environment and water 

management, further research is needed to discover their practical applicability in this field. 

 
 

 
Figure 2. Selective interactions of B-PEIs with algal and cyanobacterial cells. B-PEI, branched 

poly(ethylene imine), CR, Chlamydomonas reinhardtii; DQ, Desmodesmus quadricauda; MA, 

Microcystis aeruginosa; SE, Synechococcus elongatus. Reprinted from (Premysl Mikula et al., 

2018) with permission. 
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Table 1. Examples of synthetic bioinspired and biomimetic polymers with potential applicability in the aquatic environment and water 
management due to their interactions with cyanobacteria or algae in solution. 
 

Polymer Studied target species Studied non-target 
aquatic species 

Activity & Mechanisms REFs 

Amylose-fatty ammonium salt 
inclusion complexes 

 Pathogenic alga Prototheca 
wickerhamii 

 Not studied  Growth inhibitory activity – algistatic effect (Hay et al., 
2020) 

Biomimetic PMAs  Freshwater cyanobacteria 
Microcystis aeruginosa and 
Synechococcus elongatus 

 Freshwater algae Desmodesmus 
quadricauda  and 
Chlamydomonas reinhardtii 

 

 Not studied  Growth inhibitory activity – algistatic and 
cyanostatic effects 

 Algicidal activity against C. reinhardtii and 
cyanocidal against picocyanobacterium S. 
elongatus and microcystin-producing 
cyanobacterium M. aeruginosa  

 Structure-depending effects 

(Přemysl 
Mikula et 
al., 2021) 

Core-shell polystyrene-copper 
oxide nanoparticles 

 Not studied  Freshwater alga 
Chlamydomonas 
reinhardtii as a model 
of ubiquitous algae 

 Induction of algal cell aggregation, cellular 
granulosity, ROS production and chlorophyll 
deterioration and photosynthesis 

(Saison et 
al., 2010) 

Indole derivatives and acrylate 
resins  

 Marine or brackishwater algae 
Phaeodactylum tricornutum, 
Nitzschia Closterium and 
Skeletonema costatum 

 Not studied  Growth inhibitory activity  – algistatic effect (Feng, Ni, 
Yu, Zhou, & 
Li, 2019) 

N-halamine derivatized PAM 
NPs 

 Freshwater cyanobacterium 
Microcystis aeruginosa  

 Freshwater cyanobacteria 
Pseudanabaena sp. and 
Limnothrix sp. isolated in the field 

 Natural HCB samples 

 Freshwater algae 
Desmodesmus sp., 
Monoraphidium sp. 
and diatom Nitzschia 
sp. (diatom) isolated 
in the field 

 Broad-spectrum cyanocidal activity, 
including toxic and potential bloom-forming 
species 

 Selectivity to cyanobacteria over algae 
 Toxic to diatom Nitzschia sp. 
 Likely a preferential attachment of NPs to 

cyanobacterial cells 

(Sadhasivam 
et al., 2019) 

PAMAM dendrimers cationic 
(G2-G5) 

 Not studied  Freshwater alga 
Chlamydomonas 
reinhardtii as a 
representative of 
ubiquitous algae 

 Algicidal activity with larger size dendrimers 
more toxic than the smaller size ones 
 Internalization in both algal and 

cyanobacterial cells 
 G4 dendrimers stimulated photosynthesis in 

C. reinhardtii resulting in elevated ROS 

(Petit et al., 
2012; Petit 
et al., 2010) 
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production and a modification in the 
expression of genes  involved in antioxidant 
and photosynthetic processes 

PAMAM ethylenediamine core 
dendrimers amine- and 
hydroxyl-terminated (G2-G4) 
 

 Freshwater cyanobacterium 
Anabaena sp. 

 Freshwater alga 
Chlamydomonas 
reinhardtii as a model 
of ubiquitous algae  

 Growth-inhibitory activity – algistatic and 
cyanostatic effects, increasing with 
generation number 
 Cationic dendrimers more toxic than their 

hydroxyl-terminated counterparts 
 Elevated ROS production in both algal and 

cyanobacterial cells 

(Gonzalo et 
al., 2015) 

PAMAM nanoglycodendrimers 
coated with mannose G0 

 Not studied  Freshwater alga 
Chlamydomonas 
reinhardtii as a model 
of ubiquitous algae  

 Aggregation of algal cells caused by 
interactions with the cell wall, inducing 
inhibition of cellular division and some 
decrease in photosynthetic activity 

(Perreault 
et al., 
2012) 

PDADMAC-PSFA  Freshwater cyanobacterium 
Microcystis aeruginosa 

 Not studied  Flocculation and removal of cyanobacterial 
cells without harming them 

(Lv et al., 
2018) 

PEIs branched MW 0.5-12 kDa  Freshwater cyanobacteria 
Microcystis aeruginosa and 
Synechococcus elongatus 

 Freshwater algae Desmodesmus 
quadricauda  and 
Chlamydomonas reinhardtii 

 Not studied  Growth inhibitory activity – algistatic and 
cyanostatic effects 

 Selective cytocidal activity to C. reinhardtii 
over other phototrophic microorganisms 

 Selective flocculation of cyanobacterial cells 
over algal cells 

 Structure-dependent effects 

(Premysl 
Mikula et 
al., 2018) 

PEIs MW 2-750 kDa  Freshwater cyanobacteria 
Anabaena flos-aquae 

 Not studied  Induction of flocculation and flotation (or 
sedimentation) of buoyant cyanobacterial 
cells 

 PEIs with high MW more effective in 
flocculation 

 No significant morphological changes in the 
PEI-exposed cells  

(Arrington 
et al., 2003; 
Zeleznik et 
al., 2002) 

PPI tetramine dendrimer G1 
with a diaminobutane core 

 Freshwater cyanobacteria 
Microcystis aeruginosa and 
Synechococcus elongatus 

 Freshwater algae Desmodesmus 
quadricauda  and 
Chlamydomonas reinhardtii 

 Not studied  Growth inhibitory activity – algistatic and 
cyanostatic effects 

 Cytocidal activity to algae C. reinhardtii,  D. 
quadricauda and cyanobacterium M. 
aeruginosa 

(Premysl 
Mikula et 
al., 2018) 
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TiO2-embedded expanded 
polystyrene balls 

 Freshwater cyanobacterium 
Microcystis aeruginosa 

 Not studied  Growth-inhibitory activity –cyanostatic 
effect 

(Joo et al., 
2020) 

G, generation; HCB, harmful cyanobacterial bloom; MW, molecular weight; NPs, nanoparticles; PAM, polyacrylamide; PAMAM, poly(amidoamine); PDADMAC, 
polydiallyldimethylammonium chloride; PEI, Poly(ethylene imine); PMA, poly(methyl acrylate); PPI, polypropylenimine; PSFA, polysilicate ferrite aluminum; ROS, reactive oxygen 
species. 
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5. New methods 

Mechanistic studies on the membrane-disrupting mechanisms of AMP-mimetic polymers have 

been advanced by biophysical and computational approaches. In particular, model lipid vesicles 

or liposomes can provide a new insight into the polymer-membrane interactions. Liposomes have 

been extensively used for the study of AMPs and the mechanism of action, these peptides exert.  

Specifically, the bilayer binding, penetration, and disruption caused by AMPs have been 

investigated using a variety of spectroscopic and computational approaches using model 

membranes.(A. Chakraborty et al., 2021; Ladokhin, Selsted, & White, 1997; Schifano & Caputo, 

2021; Sepehri, PeBenito, Pino-Angeles, & Lazaridis, 2020; Y. Tamba, Ariyama, Levadny, & 

Yamazaki, 2010; Tang, Signarvic, DeGrado, & Gai, 2007)  These same approaches are being 

extended to AMP-mimetic polymers to gain a greater understanding of the mechanism of action. 

 

5-1. Cell-sized giant vesicles 

In recent years, several researchers extensively conducted a microscopic observation of the AMP-

induced perturbation of a lipid bilayer using cell-sized giant unilamellar vesicles (GUVs). GUVs 

with a diameter of several tens of micrometers allow in situ observation of membrane dynamics 

such as membrane permeability, morphological changes, and domain formation in a single vesicle 

level by optical microscopy.(Dimova & Marques, 2020) Yamazaki et al. have reported the kinetic 

model of the AMP-induced pore formation in a lipid bilayer based on the single GUV 

technique.(Hasan, Karal, Levadnyy, & Yamazaki, 2018; Karal, Alam, Takahashi, Levadny, & 

Yamazaki, 2015; Y Tamba & Yamazaki, 2005, 2009) They have found that Magainin-2 

permeabilizes the lipid bilayer by the transition from the binding state to the pore-forming state(Y 

Tamba & Yamazaki, 2005), and the pores are activated by the lateral tension of the lipid bilayer 

(Karal et al., 2015). Huang et al. have also utilized GUVs to quantitatively evaluate the expansion 

of membrane area as well as the change in vesicle volume due to peptide binding in combination 

with the micropipette aspiration technique.(M. Lee, Sun, Hung, & Huang, 2013; M. T. Lee, Hung, 

Chen, & Huang, 2008) This chapter introduces the mechanistic study of the interaction of AMP-

mimetic polymethacrylate derivatives with lipid bilayers revealed by the microscopic observation 

of GUVs. 
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The permeabilization of lipid bilayers induced by polymethacrylate random copolymers with 

hydrophilic (cationic) and hydrophobic side chains was evaluated using GUVs.(Tsukamoto et al., 

2021) GUVs employed for the microscopic observation were prepared by the gentle hydration 

method.(Reeves & Dowben, 1969) An 8:2 mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol), 

sodium salt (POPG) was employed to mimic the E. coli membrane whereas an erythrocyte model 

membrane was prepared with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) alone. 

To monitor the leakage from GUVs, sucrose was entrapped in the inner aqueous lumen at a high 

concentration (200 mM), and the GUVs were then diluted with an aqueous solution of glucose 

with a matched osmolarity. Due to the difference in the refractive indexes between sucrose and 

glucose solutions, the inside of the GUVs shows darker contrast compared to the outside in the 

phase-contrast microscopic image. Thus, the polymer-induced release of the sucrose can be 

monitored as a decrease in the darkness (gray value) inside the GUVs of interest. Here, we have 

synthesized the random copolymers of aminoethyl methacrylate as a hydrophilic unit and methyl 

(MMA) or n-butyl methacrylate (BMA) as a hydrophobic unit for the GUV study (Fig. 3A). 

Antimicrobial activity against E. coli and hemolytic toxicity assays revealed that PM34, which 

contains 34% MMA, exhibited selective antimicrobial activity over hemolytic toxicity, whereas 

PB36, containing 36% BMA, displayed both high antimicrobial activity and hemolytic toxicity.  
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Figure 3. Permeation of GUV membranes induced by the polymethacrylate random copolymers. 

Chemical structures of the polymers (A). Permeation of the GUVs induced by PM34 (B) and PB36 

(C) polymers. Figures are reprinted with permission from (Tsukamoto et al., 2021). Copyright 

2021 American Chemical Society. 

 

The release of the sucrose as a result of membrane disruption by the polymer was well-

correlated with the corresponding biological activities. Specifically, the PM34 polymer that shows 

antimicrobial activity with diminished toxicity, induced the selective disruption of the E. coli 

model POPE / POPG GUVs and the release of the entrapped sucrose whereas the POPC GUVs as 

erythrocyte model remained intact (Fig. 3B). In contrast, biocidal PB36 polymer with high 

antimicrobial activity and hemolytic toxicity induced the leakage of the sucrose from both GUVs 

(Fig. 3C). This result indicates that the polymethacrylate derivatives disrupt membranes by the 

selective recognition of the specific lipid properties and such selectivity is affected by the chemical 

structure of the hydrophobic groups in the polymer. Interestingly, we confirmed that both PM34 

and PB36 polymers induced leakage of entrapped sucrose from POPE / POPG GUVs, however, the 

mechanism of the membrane disruption was different: the PM34 polymer caused the sudden rupture 

of GUVs after a certain induction period, while the PB36 polymer induced gradual leakage 

immediately after addition of the polymer but the spherical morphology of the GUV was retained. 

These membrane disruption mechanisms by the polymers are somewhat similar to what is 

observed with AMPs. Specifically, membrane disruption caused by the PM34 and PB36 polymers 

corresponds to the carpet model and the pore formation model proposed in the AMPs study, 

respectively.(Shai, 2002) The pores formed by the PB36 polymer appear to have a defined size 

because the large molecular weight marker (RITC-dextran, 70 kDa) did not leak from GUVs under 

the same conditions where sucrose exhibited complete leakage. Furthermore, the kinetic analysis 

of the population of disrupted GUVs suggests the autocatalytic reaction of the polymer-induced 

membrane disruption in which the rate of GUV burst was increased with time. This unique kinetic 

behavior is likely to originate in the cooperative mechanism of the action in which a polymer chain 

that is bound to the membrane recruits a free (unbound) polymer chain from the solution. These 

nucleation events require time for the polymers to interact before permeabilization can take place. 

Taken together, it was demonstrated that antimicrobial polymethacrylate derivatives enhance the 
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permeability of a lipid bilayer in mechanisms similar to that of AMPs, and the chemical structure 

of the hydrophobic side chains differentiates the permeation mechanism of lipid bilayers. 

 

More recently, we have investigated the formation of the phase-separated domains on GUVs 

as another mode of perturbation of lipid bilayer induced by the polymethacrylate 

derivatives.(Yasuhara, Tsukamoto, Kikuchi, & Kuroda, 2022) Lipid domains in which specific 

lipids and membrane proteins are segregated in the cell membrane are known to be responsible for 

the several pathways of signal transduction.(Simons & Toomre, 2000)  Lipid domains have 

recently also been linked to the structure and composition of lipid bilayers such as lipid asymmetry 

across the bilayer.(Kakuda, Suresh, Li, & London, 2022) Heterogeneity in the lipid bilayer 

originated in the lateral phase separation or domain formation is also implicated in the action 

mechanism of the AMPs. Based on the model membrane study, Epand et al. have found that 

several AMPs with multiple cationic groups induce membrane destabilization by clustering 

negatively charged lipids in the bacterial membrane.(Epand & Epand, 2011) To examine the 

polymer-induced formation of lipid domains, AMP-mimetic polymethacrylate random 

copolymers without and with rhodamine moiety (PE44 and RPE42, respectively) were synthesized 

by the atom transfer radical polymerization (ATRP) of cationic aminobutyl methacrylate and 

hydrophobic ethyl methacrylate (Fig. 4A). For the visualization of the domains on the GUV, POPE 

/ POPG (8:2) GUVs were stained with Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine, triethylammonium salt (TR-DHPE). In the fluorescence image of the 

GUVs, uniform fluorescence was observed on the GUV surface before the addition of the polymer, 

confirming the excellent miscibility of both lipids (Fig. 4B). The addition of the PE44 to the GUVs 

resulted in the coexistence of the dark and bright regions in the same GUV membrane, indicating 

the formation of lipid domains. The thermal analysis by the differential scanning calorimetry 

(DSC) has also confirmed that the addition of the PE44 polymer induced the formation of the 

POPE-rich phase in the POPE / POPG (8:2) multilamellar vesicles. Taken together, it was 

suggested that similar to some AMPs, PE44 polymer forms phase-separated lipid domains by the 

clustering of POPG, an anionic phospholipid in the membrane.  
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Figure 4. Formation of lipid domains in the POPE / POPG (8:2) GUV membrane induced by the 

polymethacrylate random copolymers. Chemical structures of the polymers (A). Clustering of 

lipids in the GUV membrane induced by PE44 as revealed by the heterogeneous distribution of TR-

DHPE fluorescence (B). Time-lapse profile of the binding and localization of RPE42 on the GUV 

(C). Figures are modified from (Yasuhara et al., 2022) with permission. 

 

We also evaluated the binding of the polymer to the membrane and its localization using a 

Rhodamine-labeled polymer (RPE42, Fig. 4C). Upon the addition of RPE42, the fluorescence 

intensity gradually increased on the surface of the POPE/POPG GUVs, indicating the binding of 

the polymer to the lipid bilayer. The fluorescence was uniformly distributed on the entire surface 

of the GUV immediately after the addition of the polymer, indicating a near homogenous 

distribution of the polymer around the vesicle. However, we observed the development of dark 

and bright domains in the membrane after a certain period, indicating the heterogeneous 

localization or clustering of the polymer on the lipid bilayer. Since the time-course of the polymer 

binding estimated by the fluorescence intensity displayed a sigmoidal time dependency, the 

binding of the polymers to the lipid bilayer proceeds in a cooperative manner. Significant 

enhancement of the polymer binding was observed simultaneously at the time when the 

heterogeneity in the GUV membrane was produced. This observation suggests that the formation 

of lipid domains creates vacant binding sites that can accept additional free polymers from an 

aqueous phase. A series of GUV studies introduced here suggested that polymethacrylate random 
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copolymer mimics not only the biological activities of the AMPs but also their action mechanism 

on the lipid bilayer.  

 

5-2. Computational simulations 

Large-scale computer simulations, both at atomic and coarse grain resolution, can play a 

significant role in probing the structural and functional aspects of antimicrobial agents (AM 

agents) and their interactions with model bacterial membranes.(G. Bocchinfuso, Bobone, Mazzuca, 

Palleschi, & Stella, 2011; Gianfranco Bocchinfuso et al., 2009; Horn, Cravens, & Grossfield, 2013; 

Khandelia & Kaznessis, 2007; Leontiadou, Mark, & Marrink, 2006; Jianguo Li et al., 2012; J. Li 

et al., 2013; D. Liu et al., 2004; Matyus, Kandt, & Tieleman, 2007; Mihajlovic & Lazaridis, 2012; 

Orioni et al., 2009; Polyansky et al., 2010; Romo, Bradney, Greathouse, & Grossfield, 2011; 

Rzepiela, Sengupta, Goga, & Marrink, 2010; Santo, Irudayam, & Berkowitz, 2013; Sengupta, 

Leontiadou, Mark, & Marrink, 2008; Soliman, Bhattacharjee, & Kaur, 2009; Stavrakoudis, 

Tsoulos, Shenkarev, & Ovchinnikova, 2009; Tew et al., 2002; Thøgersen, Schiøtt, Vosegaard, 

Nielsen, & Tajkhorshid, 2008; von Deuster & Knecht, 2011; Y. Wang, Schlamadinger, Kim, & 

McCammon, 2012; X. Zhao, Yu, Yang, Li, & Huang, 2015) Some of the aspects that simulations 

can give insight into include: the structural landscape of the AM agents in solution and at the water-

lipid interface, the role of various functional moieties in specific interactions with membranes, 

composition-dependent membrane reorganization as a response function to AM agent interaction.  

Herein, we particularly focus on our atomistic simulations of AM agent-model membrane systems 

using methacrylate-based polymers as a platform. 

 

Recognizing hydrophobic and cationic functional groups as the fundamental components in 

biomimetic polymer design, the earlier set of simulations focused on these two groups as the only 

ingredients of AMP-mimetic polymer simulations. The presence of these two types of groups is 

expected to induce facial amphiphilicity, along the randomly arranged sequence of copolymer 

backbone, which is implicated in the disruption of the bacterial membrane. Very early sets of 

simulations of such copolymers in the solution phase revealed that the overall 3D conformations 

of these biomimetic polymers are very sensitive to varying polymer lengths and sequences.(Ivanov 

et al., 2006) The conformations that are adopted by the polymers in solution are important 

precursors to understanding aggregation in solution, detection, interactions with model bacterial 
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membranes, and subsequent partitioning. The solution simulations also strongly suggested that a 

pre-existing, rigid structure is not an essential design element as the polymers adopted well-defined 

stable structures in solution phase, as seen in Figure 5 (Ivanov et al., 2006) dictated by the 

sequence. These early sets of simulations also indicate that the composition, control of overall 

hydrophobicity, and charge are important ingredients in fine-tuning the selectivity and subsequent 

activity of such designed biomimetic polymers.  

 

 
Figure 5. Sequence dependent conformations of a polymer of length 20 in solution phase. 

Hydrophobic and charged groups are coloured in green and red respectively. Adapted with 

permission from (Ivanov et al., 2006). Copyright 2006 American Chemical Society. 

 

 

The next set of simulations (E. F. Palermo et al., 2012) was focused on understanding the role of 

cationic side-chain spacer arms for effective antimicrobial activity as monitored from 

conformational analysis of the several polymers near the water-membrane interface. These 

simulation studies showed that the copolymers adopt facially amphiphilic conformations with 

segregation of cationic and ethyl groups along the polymer backbone when bound to a bacterial-

mimetic model lipid bilayer as seen in Figure 6. The cationic space arms have also been shown to 

be required to be of a certain length, consistent with experiments, for both facial amphiphilicity 

and the depth of polymer insertion into the lipid bilayer. This underscores the optimal composition 

of the polymers in terms of effective overall hydrophobic content and the functionally relevant 
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structures. These results were the first to demonstrate the acquisition of functional structures by 

random copolymers depending on the environment. 

 

The simulations of interactions of a single binary polymer (with hydrophobic and cationic 

functional groups) with bacterial model lipid bilayers are not sufficient to probe into the 

cooperative mechanism by which multiple polymers interact with the lipid bilayers. Large scare 

atomistic simulations of multiple binary polymers both in solution and with model bacterial 

membranes were set up to address these issues.(Baul, Kuroda, & Vemparala, 2014) The solution 

simulations of multiple binary polymers reveal that weak aggregates are formed in solution and no 

particular evidence of complete phase separation is observed over the simulation timescale. The 

role of weak polymer aggregates is crucial in the partitioning of polymers into the lipid bilayers 

environment. The simulations of an aggregate of binary copolymers with the lipid bilayers reveal 

that the aggregate bind to the lipid bilayers surface first. As the polymer-lipid bilayers interaction 

is more favorable than that polymer-polymer interactions in the aggregate, a single polymer chain 

is seen to leave the polymer aggregate and partition into the bacterial lipid bilayers, acquiring facial 

amphiphilicity after complete partitioning. This timely release of the polymers from the aggregate 

continues throughout the simulation timescale, as seen in Figure 7. The presence of multiple 

aggregated polymers near the surface has a profound effect on the membrane properties, which 

were not observed when only a single polymer was present, underscoring the cooperative effects 

of multiple polymers. Clustering of anionic POPG lipid molecules was induced due to the presence 

of multiple polymers, resulting in lateral heterogeneity of the membrane thickness strongly 

suggesting thickening of the membrane. The partitioned polymers were seen in the vicinity of the 

thick-thin phase boundaries giving strong indications of the detection of bilayer defects by the 

membrane-active agents like the antimicrobial polymers studied here.  
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Figure 6.  Acquired Facial amphiphilic structures in solution and water-membrane interface. 

Adapted from (Baul et al., 2014) with permission. 

 

 
Figure 7. Partitioning of methacrylate-based polymers into the bilayer. Water and ions are not 

shown for clarity. The cationic and hydrophobic groups of E4 polymers are shown in blue and red, 

respectively and the acquisition of facial amphiphilicity after partitioning can be clearly seen. 

Adapted from (Baul et al., 2014) with permission. 

 

An exploration of naturally occurring antimicrobial peptides suggests that the antimicrobial agents 

have functional groups such as polar and negatively charged amino acids in addition to the 

functionally relevant binary composition of hydrophobic and positively charged groups. Thus, the 

next set of investigations focused on this biologically inspired composition of ternary polymers 

with hydrophobic, polar and positively charged groups. Specifically, the interest is in 

understanding (1) the role of polar groups in the conformational landscape of ternary polymers (2) 

the smearing or delocalization of overall hydrophobicity of the polymers via the introduction of 
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polar groups, which may play a crucial role in promoting weak aggregates in solution which aids 

partitioning into membranes. Detailed simulations(Garima Rani, Kuroda, & Vemparala, 2020) of 

aggregation dynamics of ternary polymers in solution were conducted and compared to the binary 

polymer aggregation to delineate the role of inclusion of polar functional groups in overall 

polymer-polymer interactions. The simulations clearly demonstrate that introduction of polar 

groups leads to increased conformational fluctuations and the formation of more loosely-packed, 

open aggregates in contrast to the robust aggregates formed in the case of binary polymers, as seen 

in Figure 8. The role of replacing some of the hydrophobic groups with overall charge neutral 

polar groups is (1) increased solubility of the polymers due to reduced ability of hydrophobic 

groups to interact and cluster, and (2) maintaining polymer-polymer attractive interactions via 

weak attractive electrostatic interactions with the charged groups and contributing to aggregate 

formation. This study demonstrates the functionally tunable role that polar groups play in polymer-

polymer interaction in the solution phase. 
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Figure 8. Aggregation morphology of random copolymers of binary and ternary functional group 

composition in solution phase. Adapted from (Garima Rani et al., 2020) with permission. 

 

Subsequently, the interaction of ternary methacrylate polymers, composed of charged cationic, 

hydrophobic, and neutral polar groups, with model bacterial membranes was studied using 

extensive atomistic simulation.(G. Rani, Kuroda, & Vemparala, 2021) Conformational analysis of 

ternary polymers partitioned into bacterial membranes reveals the fundamental way in which they 

differ from binary polymers: the absence of facially amphiphilic structures, as seen in Figure 9. 

The ternary polymers exhibit a strong preference for acquiring globular and folded conformations 

in the bacterial lipid bilayer, along the lipid bilayer normal, and partition deeper into the nonpolar 

bilayer core. This clearly suggests that the introduction of polar groups frustrates the propensity of 

the binary polymers to adopt facially segregated structures and shows a novel membrane 

partitioning mechanism without amphiphilic conformations. The conformation of partitioned 

ternary polymer also suggests that the inclusion of more functional groups allows us to mimic a 

class of globular antimicrobial peptides like the defensins.(Kouno et al., 2008; D. Takahashi, 

Shukla, Prakash, & Zhang, 2010) This paves the way to systematically study the inclusion of more 

functional groups into the biomimetic design of polymers.  

 



 34 

        
Figure 9. The evolution of ternary polymer structure in solution and in lipid bilayer phase. 

Snapshots of the structures at the beginning and at the end of 900 ns is also shown. Adapted from 

(Garima Rani et al., 2020) with permission. 

 

 
6. Challenges and future perspective.  

What challenges remain to be addressed? As antimicrobial polymers have been developed to 

address the emerging issue of antibiotic-resistant bacterial infections. Therefore, clinical 

implementation would be the ultimate goal of antimicrobial polymers. To achieve this goal, the 

polymers should be potent and selective to bacteria over humans. Ideally, high antimicrobial 

activity and no toxicity to humans are desired. Here we discuss the challenges to be addressed in 

our future studies and potential approaches.  

 

6-1. Monomer sequences in polymers.  

Many studies have reported the optimization strategy of cationic/hydrophobic balance. However, 

synthetic polymers are distinctively different from antimicrobial peptides in terms of sequences 

and conformation; polymers are heterogeneous. Many studies have used random or statistical 
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polymers with binary cationic and hydrophobic monomer compositions. For the clarification of 

terminology, “random” indicates that the reactivities of two different monomers are the same, and 

thus the average composition of the monomers is always the same as the feed composition during 

polymerization.  On the other hand, “statistical” refers to polymerization of monomers with 

different reactivities, and the monomer composition in polymer chain shifts during polymerization, 

giving gradient or block-like sequences.  

 

Here we use the following example to explain the heterogeneity in monomer sequences. The 

composition of cationic and hydrophobic monomers is often determined by analysis of 1HNMR 

spectra. Because the monomer composition is the average value from all polymer chains contained 

in the sample, individual polymer chains have different monomer compositions. Some polymer 

chains have more cationic monomers, and others have more hydrophobic monomers than the 

average. In addition, the monomer distribution of these polymer chains may be random or gradient 

due to compositional drift. Polymers also contain polymer chains with different length or 

molecular weight, while recent advanced techniques of living/controlled polymerization provide 

very narrow molecular weight distribution of polymers. Therefore, a polymer sample is a very 

heterogeneous mixture of many polymer chains with different monomer compositions and 

sequences, molecular weights, and different populations (the number of polymer chains). It would 

be reasonable to assume that these polymer chains have different activity profiles. Consequently, 

the antimicrobial activity and toxicity of polymer products are collective results from different 

activities of the polymer chains in the product.  

 

The challenge is that we cannot identify the active polymer species or relative contributions of 

polymer chains to the collective biological activities. Recently, antimicrobial activity of block 

copolymers with defined block sequences were studied.(Judzewitsch et al., 2018; Kuroki et al., 

2017)  These studies will provide a new approach to create more peptide-like defined polymers as 

well as provide a new insight into the “true” structure-activity relationship of antimicrobial 

polymers. However, the heterogeneous structure of polymers may be advantageous to prevent the 

resistance selection in bacteria because the polymer chains with different structures may have 

different cellular targets. This will be discussed later.  
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6-2. Cationic properties and binary monomer compositions.  

Cationic functionalities are one of the critical components found in antimicrobial polymers and the 

template antimicrobial peptides. Wong and coworkers demonstrated that antimicrobial polymers 

typically have more cationic groups as compared to natural AMPs.(K. Hu et al., 2013) Indeed, the 

number of net cationic charges of magainin II (23 amino acids) and LL-37 (37 amino acids) are 

+4 and +6, respectively.(Zasloff, 2002)  However, for example, antimicrobial methacrylate 

copolymers have > 10 cationic groups on average.(Edmund F. Palermo, Satyavani Vemparala, & 

Kenichi Kuroda, 2012) Our lab previously demonstrated that the 3-4 cationic groups of 

methacrylate copolymers are sufficient to exert effective in antimicrobial activity,(Mortazavian, 

Foster, Bhat, Patel, & Kuroda, 2018) which is consistent with the patterns in AMPs. In addition, 

from the optimization principle of cationic/ hydrophobic balance, one may think that polymers 

with more cationic groups are less cytotoxic to human cells because more cationic polymers bind 

more effectively to bacteria due to the enhanced electrostatic attractions. However, the human cell 

surfaces are also slightly negatively charged, and therefore as the polymer chains are more cationic 

the polymers bind to human cells more effectively, which may lead to increased toxicity to human 

cells. The confusion around the role of cationic functionalities stems from the mainstream 

approach in the field which use polymers composed of binary compositions of cationic and 

hydrophobic monomers.  In many of these studies, the monomer ratio has been traditionally used 

as one of parameters to characterize the polymer rather than the number of monomers in a polymer 

chain. It might be more appropriate that the cationic charges and hydrophobicity of polymers 

should be decided as the numbers of these groups required for antimicrobial functions, but not 

relative ratios in binary compositions. Put simply, the ratio of monomers in a polymer chain may 

not be the sole driver of activity, but also the objective number of these groups in the chains.  

Therefore, binary copolymers inherently have this limitation in terms of the peptide-mimetic 

design, and a new approach may require more monomer components to be incorporated to more 

accurately mimic natural AMPs. 

 

Gellman and Wong synthesized ternary nylon copolymers with cationic, hydrophobic, and 

hydroxyl groups and demonstrated that the hemolytic activity was reduced as compared to binary 

polymer counterparts while the antimicrobial activity was retained.(S. Chakraborty et al., 2014)  

Our lab also synthesized ternary methacrylate copolymers with cationic, hydrophobic, and 
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hydroxyl groups.(Mortazavian et al., 2018) The hydroxyl group was selected because it is neither 

ionic or hydrophobic so that it will not contribute to the electrostatic and hydrophobic interactions 

of the polymer chains with the bacterial membrane. Similar to the results of nylon copolymers, the 

methacrylate ternary copolymers showed reduced hemolytic activity than those with the same 

numbers of cationic and hydrophobic groups. This result may suggest that the 3rd component is 

needed to give a “space” between the functional groups in the monomer sequences for optimal 

activities. These studies may also indicate that there are the definite numbers of cationic and 

hydrophobic groups and the optimal size of polymers for potent activities and low toxicity. 

Therefore, it may be important to design antimicrobial polymers as a whole polymer chain, like 

peptides. We also argue that the conformation of the polymer chains is also important to consider 

because the polymer chains form membrane-active amphiphilic structures on the bacterial 

membranes.(Haruko Takahashi et al., 2017) Importantly, the incorporation of these hydroxyl 

containing groups is consistent with the AMP-mimetic design, with over 77% of AMPs in the 

APD3 antimicrobial peptide database containing at least one Ser residue.(G. Wang, Li, & Wang, 

2016) 

 

In addition, antimicrobial polymers have been very simple as compared to AMPs because they 

contain only cationic and hydrophobic groups, which are the essential and minimal components 

for the antimicrobial action. However, the amino acids in AMP sequences have more functions 

(Deplazes, Chin, King, & Mancera, 2020; Koehbach & Craik, 2019; Lehrer & Lu, 2012; Pazgier, 

Hoover, Yang, Lu, & Lubkowski, 2006; Persson, Killian, & Lindblom, 1998; H. Sun, Greathouse, 

Andersen, & Koeppe, 2008; Yau, Wimley, Gawrisch, & White, 1998); the conventional binary 

monomer design may have been missing out on the benefits of evolutionary functionalized 

functionalities of AMPs. Some studies have investigated this by incorporating amino acid 

functional groups. For example, Locock reported that tryptophan-rich polymers, 45 showed 

antimicrobial activity against S. aureus.(Locock et al., 2014) Our lab also incorporated carboxylic 

acids to cationic amphiphilic methacrylate copolymers to investigate hydrogen bonding.(Bhat, 

Foster, Rani, Vemparala, & Kuroda, 2021)  The AMP-mimetic design can be extended to peptide-

like chemical functionalities to improve the antimicrobial activity and selectivity of antimicrobial 

polymers.  
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6-3. Polymer stability, degradation, and biodistribution 

One of the drawbacks of AMPs is proteolytic degradation, resulting in a short lifetime under the 

physiological conditions, which is a significant disadvantage for the therapeutic use of AMPs. This 

is one of motivations to use synthetic polymers which are not prone to quick degradation. However, 

stable antimicrobial polymers stay in the infection sites and continue to kill commensal bacteria. 

The polymers may also interfere the tissue healing process. These polymers may also accumulate 

in some organs, which may lead to systemic side effects. One potential approach is biodegradable 

polymers. Yang and Hedrick synthesized biodegradable antimicrobial polycarbonates(Cheng et al., 

2015; Willy Chin et al., 2013; Nederberg et al., 2011; Ong et al., 2016; C. Yang et al., 2019) and 

we also developed antimicrobial self-degrading polyesters.(Mizutani et al., 2012)  Recently, 

Palermo and coworkers developed antimicrobial self-immolative polymers which can be de-

polymerized to monomers by external stimuli.(Cansu Ergene & Palermo, 2017) While these are 

promising beginnings, the appropriate balance of stability vs. degradation will likely be a 

parameter that will vary based on the application, infectious agent, and location of the infection in 

the host. 

 

The efficacy of polymers is also largely affected by the environmental factors. For example, the 

blood and serum contain many proteins, DNA, lipids, polysaccharides, and cells, which bind to 

the polymers by electrostatic and hydrophobic interactions. This non-specific binding of serum 

components compromises polymer’s activities and reduce the active polymer chains, requiring 

higher polymer concentrations for treatment. The MIC values of antimicrobial polymers (and 

AMPs) are in the order of  micromolar, which is orders of magnitudes higher than antibiotics (MIC 

~ nanomolar). Therefore, the polymer concentrations required at the infection sites are inherently 

high and are further increased due to non-specific binding of serum proteins. In the body, AMPs 

are locally secreted and degrade quickly. This may imply that local secretion can provide high 

concentrations of AMPs to kill bacteria, but AMPs degrade before causing any side effects; they 

are not meant to be circulate and patrol the body for invasion of pathogens. To increase local 

polymer concentrations and avoid systemic toxicity, it would be reasonable and practical if 

antimicrobial polymers are used for topical applications. If anyone wants to use the polymers for 

the inside of the body, it will be significant challenge to meet these conditions for the polymers to 

be effective. To mimic the peptide mechanism, one potential approach may be use of drug delivery 
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system, which can target the infection sites and increase the local concentration of the polymers. 

One potential approach is to target the acidic environment of infection sites in which biofilms are 

acidic.(X. Chen, Daliri, Tyagi, & Oh, 2021; Hitchner et al., 2019; Kyzioł, Khan, Sebastian, & 

Kyzioł, 2020; Moriarty, Elborn, & Tunney, 2007; Steven L Percival, McCarty, Hunt, & Woods, 

2014; Riga, Vöhringer, Widyaya, & Lienkamp, 2017; Xiong et al., 2017) 

 

6-4. Mode of action and cellular targets  

The major focus in the field has been the membrane-disrupting mechanism of polymers. However, 

some polymers kill bacteria in different ways. For example, Locock and coworkers have 

demonstrated that cationic methacrylate polymers penetrate the cell membrane of S. mutans and 

bind to DNA in the cytosol.(Michl et al., 2020)  Some AMPs were reported to target the 

intercellular components in bacteria including DNA.(D’Souza, Necelis, Kulesha, Caputo, & 

Makhlynets, 2021; Le, Fang, & Sekaran, 2017; Necelis, Santiago-Ortiz, & Caputo, 2021) While 

these mechanisms are reported for specific AMPs, it is likely that any AMPs can simultaneously 

bind to different sites in bacteria including the cell wall, membrane, and intracellular proteins and 

DNA/RNA, and this promiscuous targeting may individually or collectively contribute to killing 

of bacteria.(Mahlapuu et al., 2020) These multiple target sites for AMPs may also contribute to 

the low likelihood of resistance development in bacteria against AMPs(Mahlapuu et al., 2020) 

because bacteria need to respond to multiple antimicrobial mechanisms, overloading the bacterial 

resistance capacity. Because traditional small-molecule antibiotics act by specifically fitting into 

the active sites of proteins and DNA structures, slight changes in the shapes of these active sites 

lead to large reduction in antibiotic affinity. In contrast to antibiotics, the binding affinity of AMPs 

to theses target sites is low (~µM), but the targets are broad and non-specific. The biological 

implication of this may be a multi-target strategy to act against bacterial resistance, but instead, 

AMPs may sacrifice high affinity to be able to bind to a broader set target sites in the target-rich 

environment of the cell. In the same context, AMP-mimetic polymers are inherently not 

susceptible to resistance development in bacteria because the polymer chains may also bind to 

many components in bacteria. In addition, the inherent heterogeneity of polymer samples may 

enhance this strategy because the polymer chains with different compositions may bind to different 

binding sites with higher affinities. However, non-specific binding of polymers does not favor the 

selectivity to bacteria over human cells. This also represents the paradox in our polymer design 
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towards potent activity and selectivity. If we want the polymers selective to bacteria over human 

cells and show potent activity, we will make efforts to design the polymers to target bacterial 

components and structures which do not exist in human cells, with high affinity. However, as the 

polymer target becomes more specific, the likelihood of resistance development would also 

increase, which resemble to antibiotics. The question would be how much the polymers should or 

can be specific to bacteria.  

 

6-5. Model membrane studies 

Model membrane studies have been a major contributing factor to understanding the biophysical 

and physicochemical interactions that drive the mechanism of action of AMPs and antimicrobial 

polymers.  These model membrane systems have the advantage of being more experimentally 

tractable especially with spectroscopic approaches as well as being able to explicitly control lipid 

bilayer composition.  Our studies have shown clear lipid-dependence on binding, partitioning, and 

bilayer destabilization by both AMPs and antimicrobial polymers.(Kohn et al., 2018; Kuroda et 

al., 2009; Kuroda & DeGrado, 2005; Tsukamoto et al., 2021)  Similarly, in silico models and MD 

simulations can be constructed to directly complement and parallel the experimental 

systems.(Ivanov et al., 2006; G. Rani et al., 2021)  While these systems have been deeply 

informative, the model systems do not always faithfully recapitulate the complexity of the bacterial 

membrane. Specifically, bacterial membranes are more complex including a wider variety of lipid 

types, polysaccharides, proteins, and the inherent lipid asymmetry in the two leaflets of the bilayer.   

Recently, the London group has developed a robust system to create asymmetric model lipid 

vesicles with explicit control over the inner and outer membrane compositions, but these systems 

have yet to be studied with AMPs or antimicrobial polymers.(Doktorova et al., 2018; M. H. Li, 

Raleigh, & London, 2021)  Our group and others have begun to extensively use live bacterial 

systems to monitor membrane permeabilization using a variety of approaches including reporter 

enzymes and DNA binding probes, however newer approaches are needed to be more widely 

applicable across species and organism type.(A. Chen et al., 2020; Semeraro et al., 2022; D. D. 

Yang et al., 2021; Z. Zhou et al., 2019)  While these methods are providing new tools for the study 

of antimicrobial polymers, there is a continued need for new approaches to accurately recreate the 

complexity of the bacterial membrane while remaining compatible with the spectroscopic and 

analytical approaches to interrogate the molecular behavior. 
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6-6. Computational approaches 

The time scales of antimicrobial action, observing complete membrane disruption, are presently 

not amenable to all-atom simulations. In addition, exploring the phase space of combinations of 

functional groups and their sequences for optimal design of an effective biomimetic antimicrobial 

polymer is also beyond the scope of all-atom simulations due to the computational cost involved. 

Coarse grain simulations, with their reduced representation of interaction sites enabling larger 

system size and longer simulation time scales can be promising in this direction. However, this 

also involves effective optimization and evolution of realistic coarse grain models for both bilayers 

of interest and class of polymers one wants to study. Coarse grain models like MARTINI(Rzepiela 

et al., 2010; Su, Marrink, & Melo, 2020) have been successful in exploring the bilayer poration 

and are strong candidates to explore membrane-lysis due to antimicrobial peptides as well as 

polymers. Another aspect is the exploration of phase diagram of different functional groups to 

explore the optimal combination for effective antimicrobial action. Understanding the role of 

sequence of the functional groups is another aspect for effective design of biomimetic polymers. 

Techniques such as machine learning are being explored currently to address these issues.  

 

6-7. Industrial and clinical applications 

Because of the research history of AMP-mimetic polymers, we consider that their first and primary 

applications would be antibiotic alternatives. While many studies have been conducted in 

academia and industries, there are no industrial or clinical applications of AMP-mimetic polymers 

yet; the hurdles for commercialization as therapeutics appear to be still significantly high due to 

safety issues and regulations as well as challenges in the material development as described above. 

However, some natural AMPs and derivatives have been clinical used, including daptomycin and 

colistin, and some synthetic AMPs are also under clinical tests.(C. H. Chen & Lu, 2020)  The 

commercialization of AMPs will provide a pathway to clinical use of other membrane-active 

antibiotic agents including AMP-mimetic antimicrobial polymers. As described in this article, 

these polymers are also active against tumors as well as algal and cyanobacterial cells. While the 

primary target has been bacterial infections, we will be able to expand the scope of potential 

applications of antimicrobial polymers in clinical and commercial products.  
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While the commercialization pathway and market analysis are beyond the scope of this article, 

there is certainly a demand and market interest for antimicrobial materials. Antimicrobial and 

antifouling surfaces have consistently generated significant industrial attention for applications 

ranging from submerged marine machinery to paints to food service/preparation surfaces to 

hospital and medical/medical-device applications.  Currently, the majority of antimicrobial 

components applied to these surfaces are either thin-film coatings containing an antimicrobial or 

plastics which have a small-molecule antimicrobial agent imbedded in the material itself.(Ahmed 

et al., 2022; Goderecci et al., 2017; Luo, Wu, Li, & Loh, 2019; X. Ren & Liang, 2016; D. Sun, 

Babar Shahzad, Li, Wang, & Xu, 2015; Tyagi & Mishra, 2022)  However, these approaches have 

limitations.  Coatings are inherently susceptible to wear, abrasion, or other modes of degradation 

that can impact performance.  Imbedded antimicrobials have the potential to alter materials 

properties of the base plastic polymer.(M. C. Chen, Koh, Ponnusamy, & Lee, 2022; Kottmann, 

Mejía, Hémery, Klein, & Kragl, 2017; Marturano, Cerruti, & Ambrogi, 2017)   Nonetheless, there 

is significant industrial interest in these areas, with the antimicrobial plastics market share 

currently standing at ~$40B annually with projections of increasing to ~$66B annually by 

2026.(MarketsandMarkets)  Thus, there is a ripe opportunity to expand the application of 

antimicrobial polymers into these types of applications.  This has the potential to drive additional 

research on how the antimicrobial polymers can be incorporated into a variety of applications, as 

well as development of polymers with inherent antimicrobial properties that also have desired 

materials properties for certain applications.   

 

 

7. Conclusion 

This review article provides updates on AMP-mimetic polymers since our previous review. While 

many studies in the field have been focused on bacterial infections, the AMP-mimetic design may 

lead to the development of new therapeutics which can address other clinical problems including 

cancer. In the same context, this polymer approach can also be useful to control outbreaks of algae 

and cyanobacteria. These may exemplify the practicality and potential of this approach for 

industrial and clinical applications. There is also significant interest in antimicrobial materials, 

specifically antimicrobial plastics, which may be amenable to the use of antimicrobial polymers. 

In addition, while the antimicrobial assays are generally accessible, there is a concrete need for 
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additional efforts in studying these systems with both computational and biophysical systems.  

These studies will yield greater depth of understanding of the fundamental physico-chemical 

processes that underlie the mechanism of action of the polymers.  This includes assay and method 

development to approach complex systems of heteropolymers in complex biosystems.   However, 

this will require a significant amount of effort and systematic studies designed to interrogate the 

broad variability present in antimicrobial heteropolymers.   
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