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Abstract: Cationic compounds are promising candidates for development of antimicrobial 

agents. Positive charges attached to surfaces, particles, polymers, peptides or bilayers have 

been used as antimicrobial agents by themselves or in sophisticated formulations. The main 

positively charged moieties in these natural or synthetic structures are quaternary 

ammonium groups, resulting in quaternary ammonium compounds (QACs). The advantage 

of amphiphilic cationic polymers when compared to small amphiphilic molecules is their 

enhanced microbicidal activity. Besides, many of these polymeric structures also show low 

toxicity to human cells; a major requirement for biomedical applications. Determination of 

the specific elements in polymers, which affect their antimicrobial activity, has been 

previously difficult due to broad molecular weight distributions and random sequences 

characteristic of radical polymerization. With the advances in polymerization control, 

selection of well defined polymers and structures are allowing greater insight into their 

structure-antimicrobial activity relationship. On the other hand, antimicrobial polymers 

grafted or self-assembled to inert or non inert vehicles can yield hybrid antimicrobial 

nanostructures or films, which can act as antimicrobials by themselves or deliver bioactive 

molecules for a variety of applications, such as wound dressing, photodynamic 

antimicrobial therapy, food packing and preservation and antifouling applications. 

Keywords: cationic polymers; cationic surfactants and lipids; self-assembled films and 

nanoparticles; antimicrobial activity 
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1. Introduction 

Antibiotics are naturally occurring or synthetic organic compounds which inhibit or destroy bacteria 

or other microorganisms, generally at low concentrations. Antiseptics are biocides or products that 

destroy or inhibit the growth of microorganisms in or on living tissue (e.g., health care personnel 

handwashes and surgical scrubs); and disinfectants are similar but generally are products or biocides 

that are used on inanimate objects or surfaces [1]. Antiseptics and disinfectants are used extensively in 

hospitals and other health care settings. They are an essential part of infection control practices and 

prevention of nosocomial infections [2,3]. The potential for microbial contamination and infection 

risks in the food and general consumer markets have also led to increased use of antiseptics and 

disinfectants in general. Active biocidal chemicals are found in these products, many of which have 

been used for hundreds of years for antisepsis, disinfection, and preservation [4].  

Antibiotic-resistant bacteria are an important threat to public health due to the slow development of 

new antibiotics to replace those that become ineffective. Novel antimicrobial agents are needed and 

much work has been devoted to developing highly efficient compounds that are also less susceptible to 

development of resistance by the bacteria. Cationic compounds have emerged as promising candidates 

for further developments as antimicrobial agents with decreased potential for resistance development. 

Among them, cationic surfactants, lipids, peptides and natural or synthetic polymers have been 

intensively searched as antimicrobial agents by themselves or in sophisticated formulations.  

Quaternary ammonium compounds (QACs) are the most useful antiseptics and disinfectants [5,6]. 

QACs have been used for a variety of clinical purposes (e.g., preoperative disinfection of unbroken 

skin, application to mucous membranes, and disinfection of noncritical surfaces). In addition to having 

antimicrobial properties, QACs are also excellent for hard-surface cleaning and deodorization. QACs 

are membrane active agents [7] (i.e., with a target site predominantly at the cytoplasmic (inner) 

membrane in bacteria or the plasma membrane in yeasts) [8]. The following sequence of events occurs 

with microorganisms exposed to cationic agents: (i) adsorption and penetration of the agent into the 

cell wall; (ii) reaction with the cytoplasmic membrane (lipid or protein) followed by membrane 

disorganization; (iii) leakage of intracellular low-molecular-weight material; (iv) degradation of 

proteins and nucleic acids; and (v) wall lysis caused by autolytic enzymes. There would be a loss of 

structural organization and integrity of the cytoplasmic membrane in bacteria, together with other 

damaging effects to the bacterial cell [9,10]. Actually, most studies on membrane damage evaluated 

the effects of biocides on protoplasts and spheroplasts suspended in various solutes. QACs caused lysis 

of spheroplasts and protoplasts suspended in sucrose [8,11–13]. The cationic agents interact with 

phospholipid components in the cytoplasmic membrane [14], thereby producing membrane distortion 

and protoplast lysis under osmotic stress. Isolated membranes, however, did not undergo disaggregation 

on exposure to QACs. Some polymeric quaternary ammonium compounds such as polyquaternium-1, 

a quaternary ammonium polymeric compound, and myristamidopropyl dimethylamine, were shown to 

induce lysis of spheroplasts of S. marcescens, but not those of C. albicans [15]. Damage to the membrane 

was sufficient to cause K+ leakage but this injury was not always sufficient to cause spheroplasts lysis. 

Adsorption of dioctadecyldimethyl ammonium bromide (DODAB) cationic bilayers onto bacterial 

cells changed the sign of the cell surface potential from negative to positive and a clear relationship 

between positive charge on bacterial cells and death was described [16]. Regarding the mechanism of 
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DODAB action, neither bacterial cell lysis nor DODAB vesicle disruption took place [17] in contrast 

to the mechanism of action for single chained cationic surfactants [8,11–13]. 

The deposition of organic monolayers containing quaternary ammonium groups has been shown by 

many authors to confer biocidal properties on a large variety of solid surfaces. Quaternized  

poly (vinylpyridine) chains were grafted on glass surfaces and the charge density varied within the 

organic layer between 1012 and 1016 positive charges per cm2 so that the effect of the surface charge 

density on the biocidal activity could be determined [18]. There is a charge-density threshold for 

optimal efficiency of biocidal action preventing deposition of bacterial biofilms [18]. The removal of 

divalent counterions from the bacteria during adsorption on charged surfaces might have induced 

disruption of the bacterial envelope and loss of cell viability. 

Although it is quite well known that cationic molecules in solution are able to kill bacteria [19–22], 

only recently positive charges attached to surfaces, particles, polymers, liposomes or bilayers have 

really been used to kill bacteria upon contact [23–30]. Positively charged moieties were the quaternary 

ammonium [28] or the phosphonium [29,30]. Various cationic architectures have been tested such as 

the polyelectrolyte layers [28,30–32] and the dendrimers [33–35].  

In this review, cationic antimicrobial agents based on polymers, lipids and their assemblies are 

discussed. Table 1 shows the molecular or supramolecular structure of some cationic surfactants, lipids, 

polymers and their assemblies reported to exhibit potent antimicrobial activity both by themselves or 

in combinations with inert materials such as natural polymers, eg carboxymethylcellulose (CMC) or 

even synthetic polymers such as poly (acrylates) or polystyrene sulfate in form of microspheres. Table 1 

also illustrates the wide range of cationic molecular and supramolecular structures including 

nanoparticles that displayed antimicrobial properties. Besides antibiotics and antiviral drugs, a wide 

range of surfactants, lipids, polymers, nanoparticles and their assemblies can act as antimicrobials.  

Table 1. Examples of cationic compounds and assemblies displaying antimicrobial properties. 

Cationic molecule or assembly Name References

N

CH3

CH3

Br
Dioctadecyldimethylammonium 

bromide (DODAB) 
[16,17,23–27] 

A B  

Cationic bilayer fragment (A)  
Large cationic vesicle (B) 

[36–42] 

N

H3C

CH3

CH3

Br

Hexadecyltrimethylammonium 
bromide (CTAB) 

[43,44] 

` 

CTAB micelle [43,44] 

 

Poly (diallyldimethyl) ammonium 
chloride (PDDA) 

[45] 
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Table 1. Cont. 

Cationic molecule or assembly Name References 

  

Cationic bilayer fragment/ 
carboxymethylcellulose (CMC)/ 

PDDA nanoparticle 
[45] 

 

Polystyrene sulfate nanoparticle 
supporting a DODAB cationic bilayer 

[46,47] 

2. Cationic Antimicrobial Surfactants, Lipids and Polymers 

Both cationic surfactants and polymers with the quaternary ammonium moiety in their chemical 

structures find many applications in conditioners, shampoo, hair mousse, hair spray, hair dye, and 

contact lens solutions. Because they are positively charged, they neutralize the negative charges of 

most shampoos and hair proteins helping the hair to lie flat. Their positive charges also ionically bind 

them to hair and skin. Some of them have antimicrobial properties. For example, potential targets for 

polyquartenium-1 (PQ-1), a much-studied cationic polymer, are the cytoplasmic membrane of the 

bacteria and the plasma membrane of the fungi, since these are common targets for QACs [1].  

K+ leakage is an ideal indicator of membrane damage as it leaks out of the cells very rapidly, and can 

be easily detected by atomic absorption spectroscopy [48]. There are large differences between the 

organisms regarding the amount of K+ released after treatment with PQ-1 due to intrinsic differences 

between the organisms. For example, an amoeba has a very different physiology from a bacterial cell 

and it would thus be expected that the different types of organism contain different levels of potassium. 

This was indeed observed in different cells lysed by boiling [15]. PQ-1 induced K+ leakage with 

possible membrane damage to Aspergillus fumigatus and Candida albicans but potassium leakage was 

absent from Acanthamoeba castellanii. This was probably due to the presence of a cell wall, especially 

in the cyst form of the organism that is very resistant to damage [15]. 

Quaternary ammonium salts (quats) were obtained for the first time from the irreversible and very 

efficient reaction between tertiary amines and alkyl halides [49]. Applications for quats rapidly 

developed during the 20th century. Their bactericidal activity was described [49–53] but applications 

for disinfection were only reported in 1935 [54]. In the 1960s, the compounds were found to be 

excellent fabric softeners. In 1965, their important role in phase transfer catalysis was shown [55,56]. 

In the 70s the compounds were used as antielectrostatic agents and wood preservatives [57,58]. In the 

80s, they were used as asphalt modifiers and in the nineties as clay modifiers. At the end of 20th 

century, quats with certain counterions such as BF4−, PF6−, (CF3SO2)2N
− and others were named ionic 

liquids [59–65]. Briefly, their history points to several important industrial applications. They consist of 

an organic cation and an inorganic or organic anion. The most important disadvantages of quats 

applications are resistance in microbes [66] and the relatively slow decomposition in the natural 

environment due to their high chemical stability [67,68]. Several interesting polymeric [69–73] or 

polymerizable [74–79] cationic amphiphiles have been synthesized in recent years, some of them with 

the major objective of gene delivery [72,80–82] and a few aiming at evaluation of antimicrobial or other 

biological effects [83–86]. DNA/polycation complexes formed by polycations with quaternary amine 
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groups, i.e., poly(N-alkyl-4-vinylpyridinium) bromides, poly(N,N-dimethyldiallylammonium) chloride, 

and ionene bromide, were pH independent and the least tolerant to dissociation by the added salt [81]. 

Primary amine groups of basic polypeptides poly-L-lysine hydrobromide and poly-L-arginine 

hydrochloride as well as synthetic polycation poly(vinyl-2-aminoethyl ether) provided the best stability 

to DNA/polycation complexes in water-salt solutions under a wide pH range [81]. Moderate and  

pH-dependent stability was revealed for DNA complexes formed with poly(N,N-

dimethylaminoethylmethacrylate) with tertiary amine groups in the chain or branched 

poly(ethylenimine) with primary, secondary, and tertiary amine groups in the molecule. Quaternization 

of a part of tertiary amine groups of poly(N,N-dimethylaminoethylmethacrylate) resulted in reduction of 

the stability of the DNA-containing complexes in water-salt solutions. The dissociation of complexes 

formed by random copolymer of 4-vinylpyridine and N-ethyl-4-vinylpyridinium bromide was pH 

sensitive and could be performed under pH and ionic strength close to the physiological conditions [81].  

Ionenes are among the first synthesized cationic polymers with quaternary ammonium moieties in 

their chains separated by hydrophobic moieties. The first report on ionenes dates back to the 1930s [84]. 

In the 1940s, kinetics and thermodynamics of ionenes formation was extensively studied [83]. 

Polyionenes biological effects were: (1) bactericidal action, (2) formation of insoluble complexes with 

DNA and heparin, (3) neuromuscular blocking action, (4) cell aggregation and lysis, and (5) cell 

adhesion [87]. In 1977, the interaction of living cells with polyionenes and polyionene-coated surfaces 

was studied [87]. The I3,3 and I6,10 structures were used as molecular probes to gain an understanding 

of the cell surface phenomena of adhesion on glass- and on polyionenes-treated surfaces. A study of 

the interaction of polyionenes in solution in vitro and in vivo and polyionenes covalently bound to 

polymeric microspheres with leukemic murine EL4 cells and normal thymocytes showed specific 

cytotoxity towards the leukemic cells. Figure 1 shows the chemical structures of polyquaternium-1 and 

two ionenes. 

Figure 1. Polyquaternium-1 (PQ-1) (adapted from [15]), 3,3-ionene (I3,3) and x,y-ionene 

(Ix,y) (adapted with permission from [87]). 

PQ-1 I3,3 Ix,y 

 

Hexadimethrine bromide, 3,6-ionene, with different molecular weights (MW) were isolated 

allowing the determination of the effect of MW on the LD50 in vivo: LD50 decreases with increasing 

ionene chain length [88]. The effective fractionation of polydisperse samples of ionenes allowed to 

obtain samples of 2,4-, and 2,8-ionenes in the 10 to 30 range of polymerization degree, DP [85].  

The cytotoxicity of the ionenes against P388D1 macrophages was low with the minimum viability of the 

cells at various concentrations of polycation at 80% relative to controls. In comparison with 

polyethyleneimine and polylysine, ionenes exhibit a low cytotoxicity, a truly essential requirement for 
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cell-based transfection assays [89]. The cytotoxicity depends on polycation nature (primary, 

secondary, tertiary, or quaternary amine group) rather than the macromolecule DP or its charge 

density. Polymeric quaternary ammonium salts possessed little activity as gene delivery agents. While 

most of the polycations with different types of charged moieties are able to condense DNA into small 

particles with an overall positive surface charge, the transfection efficiency dramatically drops from 

polylysine-based vectors to quaternary ammonium polymers [90]. 

A strong interaction was observed between the polyionenes and acidic phospholipidic bilayers 

whereas zwitterionic phospholipid bilayers were not affected by the polycations [86]. Polyionenes with 

rigid spacers were found to be most effective to induce phase separation in model phospholipid bilayer 

vesicles and the most active as antimicrobial agents [86]. Polyionenes with alternate rigid and flexible 

spacers exhibited antimicrobial activities similar to those with flexible spacers only. The rigid spacers 

are favorable for strong interaction with membranes which are assumed to be the target sites of the 

polycationic biocides implicated in a high antimicrobial activity [86]. Other factors affecting both the 

antimicrobial activity and the mode of interaction with membranes were molecular weight and 

hydrophobicity. With increasing molecular weight, both the activity and ability to induce phase 

separation increased. Introduction of hydrophilic groups into the spacers resulted in loss of activity and 

ability to induce phase separation [86]. 

Diels-Alder cycloaddition of fulvene derivatives and dienophiles allowed the preparation of  

2,3-disubstituted-7-alkylidene norborn-2-ene derivatives (1–4) [91]. Depending on the monomer and 

the catalyst, water-soluble amphiphilic polymers over a range of molecular weights and narrow 

polydispersity indexes (1.08–1.20) were quantitatively obtained [91]. To probe the effect of polymer 

molecular weight, ionic nature, and hydrophobic character on membrane disruption activity,  

polymer-induced dye leakage from large unilamellar vesicles was measured. The presence, and 

balance, of a hydrophobic group and a cationic group were critical to achieve high activities. The 

membrane disruption activity of cationic amphiphilic polymers was found to reach a maximum at a 

critical molecular weight [91]. Later on, the hemolytic and antibacterial activities for a series of 

cationic polynorbornene derivatives (Figure 2) showed that the hydrophobicity of the repeat unity 

dramatically affected antibacterial and hemolytic activities [92]. By tuning the overall hydrophobicity 

of the polymer through random copolymerizations of modular norbornene derivatives, highly selective, 

nonhemolytic antibacterial activities were obtained [92]. The overall efficacy toward both Gram-negative 

and Gram-positive bacteria was strongly dependent on the length of alkyl substituents on the repeat 

units. The activity of each homopolymer with similar molecular weights (near 10,000 g/mol, Mn) was 

probed against Gram-negative bacteria (E. coli), Gram-positive bacteria (B. subtilis), and human red 

blood cells [92]. 

Poly1, a cationic polymer with no substantial hydrophobic group, did not show any antibacterial or 

hemolytic activity in accordance with the lack of activity against phospholipid membranes [91]. 

Introduction of a hydrophobic group at the repeat unit level produced an increase in antibacterial and 

hemolytic activities, which depended on the size of hydrophobic group. Poly2, with an isopropylidene 

pendant group, exhibited antibacterial activity with an MIC of 200 μg/mL against E. coli, which is less 

efficacious than most antimicrobial cationic surfactants. However, poly2 remained nonhemolytic up to 

the measured concentration of 4,000 μg/mL. Poly3 exhibited a substantial increase in antibacterial 

activity (MIC = 25 μg/mL for both Escherichia coli and Bacillus subtilis) and in hemolytic activity, an 
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HC50 of less than 1 μg/mL. For poly4, the polymer with the largest hydrophobic moiety, the hemolytic 

activity was retained, but the antibacterial activity decreased (MIC = 200 μg/mL). Electrostatic 

interactions were once again suggested to be more important for antibacterial activity [92].  

Figure 2. Amphiphilic polynorbornene derivatives with variable hydrophobic moieties in 

the repeating unities. Adapted with permission from [92]. 

 

Polyhexamethylene biguanide (PHMB) is a broadspectrum antibacterial compound that also acts as 

a biocide against some fungi and protozoa and has been widely used for many years as an antiseptic in 

medicine. Its current applications also include swimming pool sanitisation, the treatment of cooling 

systems to prevent infection by Legionella [93], solid surface cleaners in the food industry, as a 

treatment against fungi [94] and Acanthamoeba [95–97] in infective keratitis, as a disinfecting contact 

lens solution [98], as an antibacterial mouth rinse [99,100], as a durable anti-odour finish in textiles [101], 

impregnation of gauze wound-dressing to prevent Pseudomonas infection [102], and the treatment of 

hatching eggs to prevent Salmonella infection [103,104]. Preparations of PHMB are mixtures of 

polymeric biguanides with a molecular weight range of 400–8,000 representing polymers with 2–40 

repeating unities, respectively, and an average size at n = 11. PHMB polymers interact strongly and 

cooperatively with nucleic acids in vitro and this was related to the mechanism of the PHMB 

bactericidal action [105]. PHMB has been considered a promising candidate to further quantitative 

structure-activity relationship (QSAR) studies. Recently, analogs of PHMB with increasing hydrocarbon 

chain lengths in the repeating unity were synthesized and their activity against antibiotics-resistant 

clinically isolated strains was evaluated [106]. The gradually increased overall hydrophobicity with the 

increasing alkyl chain length in Polymers C4 to C8 lead to better partition in the hydrophobic regions of 

the phospholipids membrane, further causing stronger binding (higher binding constant and higher heat 

effects values) to the membrane, which lastly resulted in the gradually increased antimicrobial ability [106]. 

The rigid benzene ring of Polymer C8 (benzene) limited its partition into the lipid membrane and led to 

its weaker membrane-disrupting ability compared to the flexible alkyl chain of Polymer C8. These 

compounds were tested on 370 clinical strains and exhibited broad bactericidal and fungicidal activities 

against both antibiotics-susceptible and -resistant strains with a MIC range of 1–64 mg/L, being especially 

efficient against methicillin-susceptible and -resistant Staphylococcus aureus and coagulase-negative 

Staphylococci [106]. The chemical structure of PHMB and analogs is shown in Figure 3. 
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Figure 3. Polyhexamethylene biguanide (PHMB) and its derivatives. Adapted with 

permission from [106]. 

 

In summary, the membrane-disrupting ability of amphiphilic cationic polymers has been used for 

preparing disinfectants and biocides [107]. This disruption mechanism is enhanced by the  

cooperative action inherent in polymeric structures as compared to small amphiphilic molecules, such 

as surfactants [108]. Important features of polymers useful as disinfectants are not only their 

antimicrobial activity but also the absence of toxicity to human cells, particularly for medical and 

clinical utility. Therefore, differential cytotoxicity is a central issue that should always be addressed in 

the evaluation of cationic amphiphilic polymers for further applications in vivo. For the cationic lipid 

dioctadecyldimethylammonium bromide (DODAB), data on its differential toxicity against several 

mammalian cells lines including transformed cancer cells are shown in Table 2. This set of data 

suggests that DODAB can selectively kill the pathogenic microorganisms at least in vitro. 

Table 2. Differential cytotoxicity of dioctadecyldimethylammonium bromide (DODAB) 

cationic lipid assembled as bilayer fragments. Interaction time between DODAB bilayer 

fragments and cells was 1 h or * 48 h.  

Cell type Cells/mL 
[DODAB], mM (μg/mL) 

References 
50% survival 0% survival 

Mammalian cells 
Kidney epithelial cells 105 5.4 (3,400) - [27] 

3T3(cloneA31) fibroblasts 104 1.0 (631) - [109,110] 
SV40- SVT2 fibroblasts 104 1.0 (631) - [109,110] 

Gram-negative bacteria 
E. coli 2 × 107 0.028 (17.7) - [16,17,23,24,109] 

S. typhimurium 2 × 107 0.010 (6.3) - [16,17,109] 
P. aeruginosa 3 × 107 0.005 (3.2) - [16,17,109] 

Gram-positive bacteria 
S. aureus 3 × 107 0.006 (3.8) - [16,17,109] 

Yeasts 
C. albicans ATCC 90028 * 103 - 0.4 (250) [27] 
C. albicans ATCC 90028 2 × 106 0.010 (6.3) - [25,109] 

Both cationic lipids and polymers are very actively investigated for gene therapy applications [111]. 

In vivo gene administration into the patient or into the target organ requires formulation of the gene to 

avoid clivage by DNAases and other hurdles that occur in vivo such as complement activation. The ex vivo 

administration includes harvesting and cultivation of cells from patients, with in vitro gene transfer and 

reintroduction of transfected cells. The potential target cells for this administration include lymphocytes, 

bone marrow cells, umbilical cord blood stem cells, hepatocytes, tumor cells, and skin fibroblasts [111]. 
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The main challenges of gene therapy both ex vivo and in vivo, are the delivery of DNA to target cells 

accompanied with a high, and permanent level of the desired gene expression. While lipids that facilitate 

transformation of lipoplexes to non-bilayer phases mediate high transfection activity in vitro, lipids, like 

cholesterol, that confer stability in serum, are more suitable for gene delivery in vivo [112].  

The efficiency of polyplex-mediated transfection depends on the ability of the polymer to condense 

DNA, while allowing it to dissociate once inside the cell [112]. Novel cationic lipids and polymers 

aiming at gene therapy remain open to further studies in order to establish their activity as suitable 

anti-infective agents. Basically, gene therapy applications rely on the formation of DNA/cationic lipid or 

DNA/cationic polymer complexes via electrostatic interactions between the cationic moiety in the lipid 

or the polymer and the negatively charged DNA. Although their structure/activity relationships are not 

well understood, it is generally agreed that the nature of the positive headgroup impacts on their 

transfection activity. Several outstanding review articles appeared focusing on the relationship between 

the structure of the cationic lipid and the transfection activity and the main structure/activity findings 

have been reviewed [113–118]. Beautiful and novel molecular architectures have appeared that 

represent a real promise also as antibacterial or antiinfective agents [119–127], though they were not 

investigated from this point of view. Studies with BGBH (bis-guanidinium bis(2-aminoethyl)amine 

hydrazine) polar headgroup [128], guanidinylated polymerizable diacetylene lipids [129], 

aminoglycoside-derived lipids [117] and other cationic lipids suggested in general that the decrease in 

transfection activity at high charge ratio might reflect toxic effects of the cationic lipid [130]. For the 

delivery of DNA by polyplexes prepared from poly (2-dimethylaminoethyl methacrylate) (PDMAEMA) 

the transfection efficiency dramatically increased with the polymer molecular weight but the cellular 

uptake of polyplexes was determined to be insensitive to PDMAEMA molecular weight and there was 

no correlation between polyplex size and transfection efficiency [131]. The intracellular fate of the 

polyplexes, which involves endosomal release and DNase resistance, is more important to overall 

transfection efficiency than barriers to entry, such as polyplex size [131]. 

Determination of the specific elements in polymers, which affect their biological activity, has previously 

been difficult due to the broad molecular weight distributions and random sequences characteristic of 

radical polymerization. With advances in the polymerization control [132–134], well-defined polymers 

and selection of amphiphilic block or alternating polymer structures are allowing greater insight into their 

antimicrobial mechanism. For example, pegylated-polymers with tertiary amines from readily available 

commodity monomers 2-(dimethylamino)ethyl methacrylate (DMAEMA) and oligo (ethylene glycol) 

Me ether methacrylate (OEGMA, Mn ~475 Da) were synthesized by reversible addition-fragmentation 

chain transfer (RAFT) polymerization [133]. By employing a simple and efficient post-polymerization 

functionalization strategy, tertiary amines were quaternized to produce antimicrobial cationic polymers. 

Antimicrobial and hemolytic activities of amphiphilic polymethacrylate derivatives were tailored by 

alternating the content of hydrophobic groups and molecular weights [133]. This class of synthetic 

polymers is inexpensive and easy to prepare, allowing the scaling-up production of antimicrobial 

materials in the industry. Low molecular weight (MW) polymethacrylate derivatives polymers with 

relatively high yields were prepared avoiding the necessity of time-intensive fractionation of polymers 

by column chromatography [133]. A series of polymers of three different MW ranges displaying a 

wide range of mole percentages of butyl methacrylate (MPBu) (0%–60%) were tested for 

antimicrobial activity. The MICs for all series decreased as MPBu increased up to 30%, at which point 
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further increase of the butyl functionality did not affect the MIC [135]. The smallest polymer series 

with 1,300–1,900 g·MW, further demonstrated the lowest MIC of 16 μg/mL above 30% MPBu. The 

increased activity with increasing MPBu percentiles suggested that the hydrophobicity of polymers is a 

major consideration in their antimicrobial action. As the polymers become more hydrophobic, 

incorporation of polymers to lipid membranes is enhanced, and thus the integrity of membrane is more 

efficiently disrupted [135]. However, similarly to antimicrobial peptides [136], further increases in 

MPBu percentiles create hydrophobic polymers more likely to undergo irreversible aggregation in 

water, preventing antimicrobial action [135].  

Several cationic polymers are designed to mimic naturally occurring host-defense antimicrobial 

peptides which act on bacterial cell walls or membranes [137]. Antimicrobial-peptide mimetic 

polymers display antibacterial activity against a broad spectrum of bacteria including drug-resistant 

strains and are less susceptible to resistance development in bacteria. These polymers also show 

selective activity to bacteria over mammalian cells. Whereas peptide-mimetic antimicrobial polymers 

have the amino moiety, a low molecular weight and short alkyl chains, the polymer antimicrobial 

disinfectants have quaternary ammonium moieties, high molecular weight and long alkyl chains [137]. 

Table 3 illustrates these structural differences.  

Table 3. Examples of synthetic peptide, peptoide, polymer, copolymer and peptide-mimetic 

polymer displaying antimicrobial properties.  

Synthetic peptide ref. [138] Antimicrobial polymer ref. [45] 

 

Synthetic peptoid ref. [139] Antimicrobial copolymer ref. [140] 

Peptide-mimetic antimicrobial polymers ref. [91,141,142] 
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Recently, the role of the cationic moiety of the polymer on membrane disruption was evaluated [143]. 

Cationic polymers with primary amine groups induce reorganization of the bilayer structure to align 

lipid headgroups perpendicular to the membrane. The polymers bearing primary amines exceed the 

tertiary and quaternary ammonium counterparts in membrane binding and disrupting abilities due to 

complexation of primary amines to the phosphate groups in the lipids, through a combination of 

hydrogen bonding and electrostatic interactions [143]. 

Polyethylenimines (PEIs) range among the most potent transfection agents and hence constitute an 

interesting alternative to viral vectors for gene therapy [144]. Like other cationic polymers, PEIs 

display considerable antimicrobial activity. Synergistic antibacterial effects of PEI and antibiotics have 

been shown [145], and PEI has proven to be a valuable conjugate for photodynamic therapy of 

localized infections with Gram-positive and -negative bacterial, yeast, and fungal pathogens [146,147]. 

Furthermore, derivatives of PEI, which are effective in rupturing bacterial cell membranes, have also 

been suggested for antimicrobial coating of devices and surfaces [148]. Recently, a 25 kDa linear PEI 

was reported as a strong inhibitor of human papillomavirus and cytomegalovirus at concentrations 

much inferior to those toxic for mammalian cells in culture [149]. However, further studies are 

warranted to test optimized PEI derivatives for their microbicide potential and to investigate these 

compounds for antiviral efficiency in animal models.  

PEI has also been used for the targeted antimicrobial photochemotherapy approach [150,151]. The 

conjugation between PEI and some photosensitizers such as porphirins or methylene blue derivatives 

produced interesting cationic molecules sensitive to light [150,151]. The targeted PDT approach 

against localized infections requires a nontoxic dye termed a photosensitizer (PS) and low-intensity 

visible light, which, in the presence of oxygen, produces cytotoxic species [150]. The photodynamic 

inactivation requires microbial exposure to visible light that causes the excitation of exogenous or 

endogenous PS molecules with the production of singlet oxygen and other reactive oxygen species 

able to react with intracellular components, and consequently produce cell inactivation. In contrast to 

polylysine conjugates, the PEI conjugates were resistant to degradation by proteases such as trypsin 

that hydrolyze lysine-lysine peptide bonds [147]. The advantage of protease stability combined with 

the ready availability of PEI suggests these molecules may be superior to polylysine-photosensitizers 

conjugates for photodynamic therapy (PDT) of localized infections [147].  

Another class of interesting polymers sensitive to light that display antimicrobial properties are the 

poly(phenylene ethynylene) (PPE)-based cationic conjugated polyelectrolytes (CPEs) [152–158]. 

These PPE-based CPE including oligomeric (OPE) compounds are efficient broad-spectrum bactericides 

against both Gram-positive and Gram-negative bacteria. CPEs and OPEs exhibit remarkable light-activated 

biocidal activities. The light-induced biocidal activity of these compounds has also been attributed to 

the ability of their excited states to generate reactive oxygen species after activation with UV-visible 

light, which can strongly damage biomacromolecules. In the dark, however they also exhibit 

antimicrobial activity [159]. The molecular size of the antimicrobial compounds is one of the 

determining factors in their interactions with bacteria [160]. The relatively large sizes of the polymeric 

CPEs hinder their ability to penetrate into the cell wall and membrane, and as a result, they may only 

cause damages to the cell surfaces and cause cell aggregation. On the other hand, the smaller and 

unique linear structures of the oligomeric CPEs compounds enable them to easily penetrate cell walls 

and membranes without at first causing serious morphological changes to the cell surface. These 
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oligomers may then exert their cytotoxicity by inducing small membrane defects and inhibiting 

metabolic pathways. The addition of the linear oligomers significantly decreases the optical density of 

E. coli cell suspensions [160]. Disintegration of bacterial cells is likely caused by the insertion of the 

linear oligomers into the cell walls and membranes and subsequent disruption of these structures. The 

more linear of the two tested oligomers showed the highest cell lysis activity, resulting in a large 

amount of cell debris that was both detected by absorbance measurements and visualized by scanning 

electron microscopy (SEM) [159].  

Antimicrobial peptides (AMPs) are natural, amphiphilic sequences of 5–50 amino acid residues 

with net positive charges [161,162]. They are produced by bacteria, plants, and animals—both 

vertebrates and invertebrates [162–165]. Although AMPs produced by animals and plants and those 

produced by bacteria certainly function in entirely different settings, both represent a defensive 

approach against invading bacteria that compete with the AMP-producer for nutrients. These compounds 

are also considered to play an important role in innate immunity against microorganisms [166,167]. 

Whereas AMPs produced by bacteria are active at pico-to nanomolar concentrations, those produced 

by eukaryotes are active at micromolar concentrations [168]. They are small molecules with well 

defined hydrophobic and hydrophilic regions [162,169,170]. Upon contact with membranes they form 

separate patches rich in positively charged and hydrophobic amino acids. Folded peptides fall into four 

broad structural groups: β-sheet peptides stabilized by two to four disulfide bridges (for example, 

human α- and β-defensins, plectasin or protegrins); α-helical peptides (for example, LL-37, 

cecropins or magainins); extended structures rich in glycine, proline, tryptophan, arginine and/or 

histidine (for example, indolicidin); and loop peptides with one or disulfide bridge (for example, 

bacteriocins) [171]. Among the bacteriocins of Gram-positive bacteria, there is a particular group, the 

lantibiotics (lanthionine-containing peptide antibiotics), which are characterized by thioether-based 

intramolecular rings resulting from post-translational modifications of serine (or threonine) and cysteine 

residues (for example, nisin and mersacidin) [172]. Lanthionine rings, some of which represent 

conserved binding motifs for recognition of specific targets, create segments of defined spatial 

structures in the peptides which provide stability against proteases and against the antigen-processing 

machinery, since antibodies against highly cross-bridged antibiotics are very difficult to obtain [173]. 

AMPs can be nonribosomally (gramicidins, polymyxins, bacitracins, glycopeptides, etc.) or 

ribosomally synthesized. The former are often drastically modified and are largely produced by 

bacteria, whereas the latter are produced by all living species (including bacteria) as a major 

component of the natural host defense molecules of these species [174–176]. Ribosomally synthesized 

peptides are produced by eukaryotes and represent crucial components of their defense systems against 

microorganisms, being widely distributed in nature and produced by mammals, birds, amphibians, 

insects, plants, and microorganisms. Although they form a diverse group of peptides as judged by their 

primary structures, they are often cationic, amphiphilic and most of them kill bacteria by 

permeabilizing their cell membranes. Their positive charge presumably facilitates interactions with the 

negatively charged bacterial phospholipid membranes and/or acidic bacterial cell walls, whereas their 

amphiphilic character enables membrane permeabilization. Unfortunately, bacteria have found ways to 

modulate their anionic charges on the cell wall polymers or on the acidic phospholipids by introducing 

positively charged groups in their peptidoglycans, lipopolysaccharides, teichoic acids or membrane 

lipids. Two of these mechanisms involving the transfer of D-alanine into teichoic acids and of L-lysine 
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into phospholipids, respectively, have been identified and characterized in S. aureus, a major human 

pathogen in community- and hospital-acquired infections. Inactivation of the responsible genes, 

dltABCD for alanylation of teichoic acids and mprF for lysinylation of phosphatidylglycerol, renders 

S. aureus highly susceptible to many human antimicrobial molecules and leads to profoundly 

attenuated virulence in several animal models [177]. Microbial resistance mechanisms against the host 

defense peptides include several strategies such as inactivation and cleavage of host defense peptides 

by production of host defense binding proteins and proteases, repulsion of the peptides by alteration of 

pathogen’s surface charge employing modifications by amino acids or amino sugars of anionic 

molecules (e.g., teichoic acids, lipid A and phospholipids), alteration of bacterial membrane fluidity, 

and elimination of the peptides using multi drug efflux pumps. Together with bacterial regulatory 

network(s) that regulate expression and activity of these mechanisms, they represent attractive targets 

for development of novel antibacterials [178–180]. 

While conventional antibiotics are active only against bacteria and/or fungi, AMPs have a broader 

range of applications against bacteria, fungi, parasites, enveloped viruses and cancer. A large variety 

of AMPs synthesized by bacteria belong to the group of bacteriocins which are not ribosomally 

synthesized [181]. Bacteriocins are small, heat stable peptides that bacteria use to compete against 

other bacteria of the same species (narrow spectrum) or against bacteria of other genera (broad 

spectrum) [182]. The majority of bacteriocins are active in the nanomolar range against Gram-positive 

bacteria in closely related species or in a broad-spectrum manner for many species. The most 

promising bacteriocins as antibiotics are produced by lactic acid bacteria (LAB) with the core genera 

including Lactobacillus, Lactococcus, Leuconostoc, Pediococcus and Streptococcus. Examples of such 

peptides are nisin [182,183], mersacidin, which is in pre-clinical test to treat Gram-positive  

infections [171] and lacticin (against mastitis infections) [184]. 

An essential feature for the cationic AMPs activity is the spatial separation of opposing 

hydrophobic and cationic domains, which allows their effective insertion into the negatively charged 

bacterial membrane. The synthesis of semi-synthetic analogues as small as three residues in length 

produced effective antimicrobial compounds, but their toxicity levels were high and there was a tight 

binding to hydrophobic domains of proteins such as serum albumin [185,186]. Modifying their 

hydrophobic domain affected these nonspecific interactions. For example, linking lipid tails to short 

peptide sequences was a convenient approach to rapid analogue synthesis [187]. However, the inherent 

protease susceptibility of the AMPs is an important factor that limits their use in therapeutics [186]. 

Peptoid residues are structurally similar to amino acids residues, but have the R-group transferred from 

the α-carbon to the amide nitrogen. The peptoids lack the ability to form backbone hydrogen bonds 

and standard peptide secondary structures but remain able to mimic AMPs activity [188]. Modified 

amino acid residues like peptoids are more resistant to cleavage by proteases, and have been used in 

the construction of a number of AMPS derivatives [188,189]. The lipopeptoids were found to have 

antimicrobial activity similar to that of previously reported lipopeptides, with the potential to avoid 

proteolysis by both human serum proteins and endogenously expressed bacterial proteases [190,191]. 

However, their toxicity towards eukaryotic cells was found to correlate to antimicrobial activity, with 

the most active antimicrobials significantly hemolytic as well [190]. 
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3. The Antimicrobial Supramolecular Assemblies 

Excellent review articles on antimicrobial polymers are available [192–196]. Their design and 

applications is an exponentially growing field, but their combination with appropriate inert or non inert 

vehicles to yield truly biocompatible, antimicrobial and supramolecular assemblies of low toxicity is 

still in its infancy. Biomimetic, biocompatible and hybrid antimicrobial supramolecular devices are 

urgently required to deliver bioactive molecules for a very diverse range of applications such as wound 

dressings, artificial organs, stem cells scaffoldings, food packing and preservation, tissue engineering, 

biofouling prevention, regenerative medicine and dentistry [197–204]. A major research effort in both 

academic laboratories and life science companies is being made to develop alternative antimicrobial 

strategies and products to which it is hypothesized bacteria will be unable to develop resistance.  

A truly antimicrobial biomimetics [42] is needed with films, coatings and surfaces, nanoparticles, 

liposomes, bilayers and novel hybrid materials specifically tailored for different applications in a 

variety of formulations. Various types of protein-based (wheat gluten, collagen, corn zein, soy, casein, 

and whey protein), polysaccharide-based (cellulose, chitosan, alginate, starch, pectin, and dextrin), and 

lipid-based (waxes, acylglycerols, and fatty acids) edible films and a wide range of antimicrobial 

agents have been used to enhance the safety and shelf life of foods [205,206]. Among these, chitosan 

has been recognized as a versatile cationic and antimicrobial biopolymer for producing biodegradable 

films and coatings, immobilizing enzymes and inducing hypocholesterolemic effect as a dietary 

supplement [207]. The development of effective assemblies including antimicrobial enzymes is also 

important to deal with the problems associated with biofilm formation in manufacturing, environmental 

protection and healthcare settings [208–210]. The enzymatic strategy allows degradation of microbial 

DNA, polysaccharides, proteins and quorum-sensing molecules [210]. For example, the protection of 

stainless steel surfaces against protein and/or bacterial adhesion was achieved from grafting of lysozyme 

and/or poly(ethylene glycol) onto the flat substrates pretreated with poly(ethylene imine) (PEI) [211]. 

The layer-by-layer (LbL) approach allowed the controlled release of an antimicrobial peptide, ponericin 

G1, from polyelectrolyte multilayer films which could be degraded by hydrolases and displayed 

excellent compatibility with NIH 3T3 fibroblasts and human umbilical vein endothelial cells [212].  

In dispersion, the outermost layer of the cationic polymer PDDA displayed excellent microbicidal and 

fungicidal action at doses where haemolysis was absent [45,213]. Antimicrobial and haemolytic 

activities for PDDA alone or in assemblies of DODAB BF/ CMC/ PDDA are presented in Table 4.  

Table 4. Minimum Bactericidal or Fungicidal Concentrations (MBC or MFC) and % 

haemolysis for hybrid assemblies of DODAB BF/CMC/PDDA (Small and Large Particles, 

SP and LP). Haemolysis was determined for 1 h of interaction time at 100 and  

63 μg/mL poly (diallyldimethylammonium chloride) (PDDA) and DODAB, respectively.  

Dispersion 

MBC or MFC (µg/mL) 
% Haemolysis 

ref. [213] 
[PDDA] [DODAB] [PDDA] [DODAB] [PDDA] [DODAB] 

P. aeruginosa ref. [45] S. aureus ref. [45] C. albicans ref. [213] 

SP 2.0 1.0 10.0 6.0 0.5 0.32 0 
LP 2.0 1.0 10.0 6.0 1.0 0.63 0 
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Non-covalent association between polymers and antimicrobial quaternary ammonium compounds 

was achieved by several methods such as spin-coating or the LbL approach [214–216]. Intermolecular 

associations such as those driven by the electrostatic interaction in the LbL approach [217,218] or even 

the ion-dipole interactions between bioactive compounds and polymers [214] has been a major strategy 

to optimize the antimicrobial performance. Hybrid materials from the intermolecular associations 

between the antimicrobial cationic lipid DODAB and polymers such as polystyrene (PS) and 

poly(methyl methacrylate) (PMMA) were obtained from spin-coating of chloroformic solutions and 

characterized by ellipsometry, wettability, optical and atomic force microscopy, Fourier transform 

infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and activity against E. coli [214]. 

Whereas intermolecular ion-dipole interactions were available for the PMMA-DODAB interacting pair 

producing smooth PMMA-DODAB films, the absence of such interactions for PS-DODAB films 

caused lipid segregation, poor film stability (detachment from the silicon wafer) and large rugosity. In 

addition, the antimicrobial DODAB properties were transferred to the novel hybrid PMMA/DODAB 

coating, which was highly effective against E. coli [214]. Impregnation of polymers with quaternary 

ammonium compounds (QAC) was also achieved from deposition of alternate anionic and cationic 

polyelectrolyte layers where cetyltrimethylammonium bromide (CTAB) was the antimicrobial 

agent included in the cationic layer and film exposure to humidity allowed CTAB diffusion out of 

the film and bacterial growth inhibition in neighbouring regions [215]. Hybrid films from  

poly (methylmethacrylate) (PMMA) and dioctadecyldimethylammonium bromide (DODAB), 

cetyltrimethylammonium bromide (CTAB), or tetrapropylammonium bromide (TPAB) were characterized 

by determination of wettability, ellipsometry, atomic force microscopy, active compounds diffusion to 

water, X-ray photoelectron spectroscopy (XPS) with determination of atomic composition on the films 

surface, and biocidal activity against Pseudomonas aeruginosa or S. aureus [216]. QAC mobility in 

the films increased from DODAB to CTAB to TPAB. Diffusion and optimal hydrophobic-hydrophilic 

balance imparted the highest bioactivity to CTAB. DODAB sustained immobilization at the film 

surface killed bacteria upon contact. TPAB ability to diffuse was useless because of its unfavorable 

hydrophobic-hydrophilic balance for bioactivity as an antimicrobial agent [216]. Figure 4 illustrates 

the assembly of hybrid films or dispersions driven by the electrostatic or the ion-dipole interaction. 

The one-pot, aqueous synthesis of cationic poly [2-(tert-butylaminoethyl) methacrylate] (PTBAM) 

nanofibers with embedded silver nanoparticles was used to reinforce the antimicrobial activity of  

silver [219]. The hybrid fibers displayed excellent antibacterial performance against Escherichia coli 

and Staphylococcus aureus. Furthermore, the prepared nanofibers exhibited enhanced bactericidal 

performance compared with the silver-embedded poly (methyl methacrylate) (PMMA) nanofibers, 

presumably because of the antibacterial properties of the PTBAM polymer [219].  

The construction of anti-adhesive and antibacterial multilayer films from heparin and chitosan [220] 

was also improved by including silver ions which complexed with chitosan to yield a multifunctional 

assembly [221]. The modification of multilayered polymeric films with silver nanoparticles was 

recently reviewed in the literature [222].  
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Figure 4. Self-assembled antimicrobial films and dispersions driven by the electrostatic or 

by the ion-dipole interaction. (A) The layer-by-layer (LbL) approach to optimize delivery 

of antimicrobial cationic peptide from films (adapted with permission from [212]);  

(B) Microbicidal PDDA polymer from microbicidal dispersions of cationic lipid/ 

carboxymethylcellulose/polydiallyldimethylammonium bromide unloaded (adapted with 

permission from [45]) or loaded with yellow amphotericin B (adapted from [223]);  

(C) QACs impregnating PMMA films obtained by spin-coating also displayed bactericidal 

activity (adapted with permission from [216]). 

 

The self-assembly of amphiphilic block copolymers can form a variety of nanostructures such as 

spherical or cylindrical micelles, vesicles and other more complex structures [224–227]. Polymer vesicles 

were obtained by simply adding the polymer powder into hot water, thanks to the partially hydrated 

nature of membrane-forming blocks [228,229]. Poly [2-(tert-butylaminoethyl) methacrylate] (PTA) is 

an effective cationic antimicrobial polymer with low toxicity against human cells [230,231].  

Poly[2-(2-methoxyethoxy)ethyl methacrylate], PMeO2MA, with two ethylene oxide units as side 

groups, is soluble in water at room temperature and has good biocompatibility [232–234].  

Recently, the diblock copolymer PMEO2MA-b-PTA was synthesized and the self-assembly of the 

copolymer molecules in water produced cationic polymeric vesicles [235]. These water soluble and 

antibacterial polymer vesicles without quaternary ammonium moieties or the loading of external 

antibiotics or nano-silvers have not been reported, which are more promising candidates in 

nanomedicine; the un-self-assembled polymer did not exhibit antibacterial activity [235]. 

The synergistic combination of pathogen surface recognition and lysis, in a engineered protein 

chimera led to protection against Xylella fastidiosa (Xf), a bacterium which causes diseases in multiple 

plants of economic importance [236]. One domain of this chimera is an elastase that recognizes and 
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cleaves MopB, a conserved outer membrane protein of Xf. The second domain is a lytic peptide, 

cecropin B, which targets conserved lipid moieties and creates pores in the Xff outer membrane.  

A flexible linker joins the recognition and lysis domains, thereby ensuring correct folding of the 

individual domains and synergistic combination of their functions. The expression of the protein 

chimera in the xylem is able to directly target Xf, suppressing its growth, and decreasing the leaf 

scorching and xylem clogging in grapevines [236]. 

Cationic amphiphilic polymers were prepared based on a grafting-to strategy functionalizing 

branched polyethyleneimine (PEI) (MW: 25,000) by quaternary ammonium groups and alkyl chains of 

various chain length [237]. In a one-step addition, different functional ethylene carbonates were added 

to react with the primary amine groups of PEI. Ethylene carbonates substituted with different alkyl and 

quaternary ammonium groups were prepared. Both the surface activity and the membrane affinity were 

decreasing with increasing hydrophobicity of the molecules. The reason for that tendency was found to 

be not only the reduction of water solubility leading to aggregation with increasing hydrophobicity but 

also the unimolecular micelle formation which is observed at lower concentration well below the 

aggregation concentration. This conformational change expressed mainly in polymers coupled with 

alkyl chains of 14 and 16 carbon atoms made less accessible the hydrophobic chains for interaction 

with lipid layer. That effect results in reduction of the otherwise considerable membrane affinity [237]. 

Poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) based-copolymers usually exhibit 

bactericidal activity and are often used to inhibit the growth of bacteria on different materials such as 

glass, filter paper, and plastics [238–241]. Quaternization of PDMAEMA or its copolymers, generally 

employing an alkylquaternized derivative, is often used to improve antibacterial activity by increasing 

positive charge density and amphipathic character of these polymers [242,243]. On the other hand, rosin, 

also referred to as resin acids or rosin acids, is a natural product derived from pine trees, and its derivatives 

have been widely used as additives and modifiers for various applications such as tackifiers, surfactants, 

antifouling coatings, food additives, etc. [244]. These natural products have a characteristic bulky 

hydrophenanthrene moiety. Rosin acids have received much attention as a renewable feedstock in 

polymer synthesis [244]. Recently rosin-substituted polyesters with quaternary ammonium (QA) group 

located at the periphery [245] or sandwiched between the polymer backbone and bulky hydrophobic 

hydrophenanthrene side groups were obtained [246]. These polymers showed excellent biocompatibility 

and antibacterial activity [245,246]. Their chemical structure is illustrated in Figure 5.  

Ceragenins are cholic acid derivatives that mimick antimicrobial peptides. The ceragenin Cationic 

Steroidal Antimicrobial-13 or CSA-13 is a synthetic analog of a novel broad-spectrum AMP. This CSA-13 

bactericidal molecule acts similarly to AMPs [247], however, ceragenins are less likely to be deactivated 

through associations with mucins, DNA, and F-actin as compared to the natural AMPs [247,248]. 

Furthermore, because CSA-13 is not peptide based and cannot be a substrate for proteases, it is stable 

under physiological conditions. CSA-13 mitigates antibiotic resistance by introducing a novel approach 

to eliminate bacteria that is not dependent upon molecular binding with receptor sites on the bacterial 

membrane. When critical concentrations of CSA-13 accumulate, the bacterial membrane is rapidly 

depolarized and cell death soon follows. It is believed that the cationic portions of the molecule insert 

themselves into the negatively charged bacterial cell wall causing a severe disruption that subsequently 

kills the microorganism [249].  
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Figure 5. Chemical structure of rosin substituted polyesters with quaternary ammonium 

sandwiched between the polymer backbone and hydrophobic hydrophenanthrene [247]. 

 

In several types of infections, bacteria encounter unfavourable conditions that cause cells to enter 

into a quiescent state of slow growth or even no growth. These metabolically inactive organisms can 

survive high concentrations of antibiotics, and extended treatment is therefore required for drug 

efficacy. When the drug concentration falls below levels that kill or inhibit the growing cells, dormant 

bacteria can reactivate to become growing cells, and the host begins to show symptoms of disease 

again. A consensus is emerging that persisting bacteria evade antibiotic killing by substantially 

downregulating the biosynthetic processes that are targeted by most antibiotics without affecting 

bacterial survival in the metabolically inactive state [250–252]. For example, β-lactam antibiotics kill 

by activating autolysins and this requires active peptidoglycan synthesis in cells undergoing division. 

Agents as the cationic surfactants, lipids, polymers or CSA-13 that disorganize the structure of the 

membrane or that inhibit respiratory enzymes involved in energy production and establishing the 

membrane’s proton motive force are valid approaches for treating infections containing quiescent 

bacteria [252]. Biofilm-mediated infections and tuberculosis (TB) provide two major examples of 

unmet clinical need owing to bacteria that are either slow growing or dormant and therefore hard to 

treat [253]. Immunological tests provide evidence of latent tuberculosis in one third of the global 

population, which corresponds to more than two billion individuals. Latent tuberculosis is defined by 

the absence of clinical symptoms but carries a risk of subsequent progression to clinical disease, 

particularly in the context of co-infection with HIV [253]. 

Recently, the in vitro performance of CSA-13 embedded in silicone polymer for challenges against 

methicillin-resistant Staphylococcus aureus (MRSA) was investigated [254]. A weight-to-weight (w/w) 

concentration of 18% CSA-13 in silicone eliminated 5 × 108 CFU of MRSA within 8 h [254]. A review on 

immobilization of antimicrobial agents both for medical and food preservation applications discussed 

the avoidance of toxicity allowed by immobilized biocides and the compatibility and reservoir 

limitations common to elutable agents [255]. 

A library of antimicrobial polypeptides was easily prepared by the ring-opening polymerization of 

γ-propargyl-l-glutamate N-carboxyanhydride and the alkyne-azide cycloaddition click reaction, which 

mimic the favorable characteristics of naturally occurring antimicrobial peptides (AmPs) [256]. The 

polypeptides ranged in length from 30 to 140 repeat units with variable side group functionalities, 

including primary, secondary, tertiary, and quaternary amines with hydrocarbon side chains ranging 

from 1 to 12 carbons long and exhibited broad-spectrum activity against both Gram positive and Gram 
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negative bacteria, namely, S. aureus and E. coli, while having very low hemolytic activity [256]. 

Figure 6 illustrates the chemical structure and antimicrobial activity of QC8, one of these quaternary 

ammonium derivatives AMPs such as QC8.  

Figure 6. Antimicrobial peptide (AMP)-mimetic polypeptide QC8 bearing an alkyl quaternary 

ammonium moiety in its chemical structure. Adapted with permission from [256]. 

 

Numerous chemical structures have been designed and synthesized to mimic the cationic and 

amphiphilic structure of natural AMPs such as those of synthetic peptides [256–258], peptoids [188–191], 

polymethacrylates [259], polypyridines [260], polynorbornenes [261], polysaccharides [262], etc. 

Many synthesis efforts have considered the interaction of the antimicrobial peptides/polymers with the 

microbe cytoplasmic membrane but have largely ignored their compatibility with the complex cell wall 

structure and the peptidoglycan layer. Recently, peptidopolysaccharides, specifically a copolymer of 

chitosan and polylysine, were designed as peptidoglycan-mimetic compounds able to penetrate into the 

bacterial cell wall resulting in much reduced cytotoxicity to mammalian cells [263] in contrast with 

several hemolytic AMPs and AMPs analogues [259].  

A series of cationic poly (sulfone amines) (PSAs) with different branched architectures and their 

polymer/silver (PSA/Ag) nanocomposites were synthesized through the polycondensation-addition 

reaction of divinylsulfone and 1-(2-aminoethyl)piperazine in mixed solvents [264]. The silver ions 

were complexed to PSAs and then reduced to yield PSA/Ag nanocomposites. The size of the silver 

nanoparticles (AgNPs) decreased with an increasing polymeric branched architecture [264]. The effect 

of the branched architecture on the antimicrobial activity was quite different for PSAs and PSA/Ag 

nanocomposites. For PSAs, the antimicrobial activity decreased with the branched architecture due to 

the reduced zeta-potential and low toxicity of the branched polymers. PSA/Ag nanocomposites 

exhibited an enhanced antimicrobial activity with an increasing polymeric branched architecture due to 

the high specific surface of small AgNPs [264]. The cytotoxicity of PSAs decreased with an increasingly 

branched architecture due to decreasing molecular volume and compact spatial structure, as well 

documented from the hydrodynamic volume of a polymer decreasing with an increasing branched 

density at similar molecular weights [265].  

A series of poly(sodium styrene sulfonate)-b-poly(methyl methacrylate), PSSNa-b-PMMA, amphiphilic 

diblock copolymers have been synthesized through atom transfer radical polymerization (ATRP)  

of Me methacrylate (MMA) in N,N-dimethylformamide/water mixtures, starting from a PSSNa 

macroinitiator [266]. These diblock copolymers were shown to self-assemble in water forming 

micellar structures characterized by an increasing hydrophobic character and a decreasing size as the 
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length of the PMMA block increases. These micelle-like structures turn from surface inactive to 

surface active as the length of the PMMA block increases. Moreover, contrary to the MMA-rich 

random copolymers, the respective diblock copolymers form water insoluble polymer/surfactant 

complexes with cationic surfactants such as hexadecyltrimethyl ammonium bromide (HTAB), leading 

to materials with antimicrobial activity [266]. This work agrees with the previously reported ability of 

PMMA polymer to combine with antimicrobial cationic surfactants and lipids via ion-dipole 

interaction producing antimicrobial materials [215,217]. 

Several inert materials have also been used in combination with antimicrobial polymers as much as 

inert polymers have been used in combination with antimicrobial materials. Recent examples are 

cationic polymer modified silica nanoparticles with enhanced antibacterial performance compared to 

bulk polycations and reduced adhesion on the surface of glass [267], non-leaching antimicrobial 

polyamide nanocomposites based on organoclays modified with a cationic polymer [268], cationic  

β-cyclodextrin-based polymers complexed with antibiotics such as butylparaben and triclosan and used 

to adsorb onto cellulose fibers; these affected the metabolism of the bacteria instead of damaging the 

cell membrane [269], antimicrobial and cationic polyhexamethylene guanidine hydrochloride 

(CPHGH) assembled to temperature-responsive, acetalyzed poly(vinyl alc.)/sodium acrylate  

(APVA-co-AANa) as multilayers [270], copolymers of 4-vinyl-N-hexylpyridinium bromide and 

dimethyl(2-methacryloyloxyethyl) phosphonate self-assembled onto titanium surfaces to form 

biocompatible and antimicrobial ultrathin layers able to prevent biofilm formation on implants [271], 

chitosan formulations, complexes and derivatives with other substances able to prevent or treat wound 

and burn infections not only because of its intrinsic antimicrobial properties, but also by virtue of its 

ability to deliver extrinsic antimicrobial agents to wounds and burns [200], hydrogels, formed by 

cationic polymers alone, or polymer mixtures with antimicrobial surfactants, lipids, nanoparticles, 

peptides, antibiotics or antiviral drugs [272], metallic-based micro and nano-structured materials such 

as copper, zinc and titanium and their oxides assembled into polymers with the migration of cations 

from the polymer matrixes determining their antimicrobial effectiveness [273–275], nonwoven 

poly(ethylene terephthalate) assembled with cationic quaternary ammonium antimicrobial  

polymer [276], rayon fibres made antimicrobial and thermal-responsive via layer-by-layer assembly 

with the appropriate functional polymers [277], silver nanoparticles capped with diaminopyridinylated 

heparin (DAPHP) and hyaluronan (HA) polysaccharides [278], etc. 

While some natural antibacterial materials, such as zinc and silver, possess greater antibacterial 

properties as particle size is reduced into the nanometer regime (due to the increased surface to volume 

ratio of a given mass of particles), the physical structure of a nanoparticle itself and the way in which it 

interacts with and penetrates into bacteria appears to also provide unique bactericidal mechanisms [274]. 

Cationic nanoparticles were shown to induce the formation and/or growth of nanoscale holes in supported 

lipid bilayers. Noncytotoxic concentrations of cationic nanoparticles induce 30–2,000 pA currents in 

human embryonic kidney and human epidermoid carcinoma cells, consistent with a nanoscale defect 

such as a single hole or group of holes in the cell membrane [279,280]. The cell membrane leakage 

observed at non-cytotoxic concentrations arises from the nanoscale holes induced in the cell plasma 

membrane [279]. Bacteria and lipid vesicles were used to study the effect of a cationic sequence-random 

copolymer having an average length of 21 residues that is active against both Gram-positive and 

Gram-negative bacteria [281]. At low concentrations, this polymer is able to permeabilize model 
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anionic membranes that mimic the lipid composition of E. coli, S. aureus, or Bacillus subtilis but is 

ineffective against model zwitterionic membranes, which explains its low hemolytic activity. The 

polymer is capable of binding to negatively charged vesicles, inducing segregation of anionic lipids. 

The appearance of anionic lipid-rich domains results in formation of phase-boundary defects through 

which leakage can occur. At low concentrations, the polymer permeabilizes the outer and inner 

membranes; at higher polymer concentrations, permeabilization of the outer membrane is progressively 

diminished, while the inner membrane remains unaffected with the polymer blocking the passage of 

solutes into the intermembrane space [281]. 

In general, positive charge on macromolecules (e.g., dendrimers) or nanoparticles appears to 

improve the efficacy of imaging, gene transfer, and drug delivery but the higher cytotoxicity of such 

constructs remains a major concern. Cationic nanoparticles (NPs) cause more pronounced disruption of  

plasma-membrane integrity, stronger mitochondrial and lysosomal damage, and a higher number of 

autophagosomes than anionic NPs [282]. In general, nonphagocytic cells ingest cationic NPs to a 

higher extent, but charge density and hydrophobicity are equally important; phagocytic cells 

preferentially take up anionic NPs. Cells do not use different uptake routes for cationic and anionic 

NPs, but high uptake rates are usually linked to greater biological effects [282]. The different uptake 

preferences of phagocytic and nonphagocytic cells for cationic and anionic NPs may influence the 

efficacy and selectivity of NPs for drug delivery and imaging. For antimicrobial chemotherapy using 

the antimicrobial polymers and their assemblies, a scrutinity of cytotoxic effects on different cell types 

and on in vivo animal models will be required before biomedical applications can be achieved. 

Furthermore, there are reports on development of resistance against cationic antimicrobial polymers [283]. 

The cationic antimicrobial polymer poly(2-(dimethylamino ethyl)methacrylate) (pDMAEMA) was 

more effective at antagonizing growth of clinical isolates of Staphylococcus epidermidis than of  

S. aureus and this was due to the fact that the S. aureus isolates tested were generally more hydrophobic 

than the S. epidermidis isolates and had a less negative charge [283]. A high content analysis of 

cytotoxic effects of pDMAEMA on human intestinal epithelial and monocyte cultures revealed several 

toxicological aspects of the cationic polymer [284]. Following 24–72 h exposure, 25–50 μg/mL 

pDMAEMA induced necrosis in U937 cells, while 100–250 μg/mL induced apoptosis in Caco-2. 

Increasing pDMAEMA concentration, decreased [Ca2+]i in U937 cells and increased [Ca2+]i in Caco-2 

cells. Phospholipidosis was not observed in either cell line. pDMAEMA (10 mg/mL) did not induce 

any histological damage on rat colonic tissue and only mild damage to ileal tissue following exposure 

for 60 min the rathr complete toxicological analysis showed that pDMAEMA induces cytotoxicity in 

different ways on different cell types at different concentrations [284]. 

A biodegradable and in vivo applicable antimicrobial polymer was recently synthesized by metal-free 

organocatalytic ring-opening polymerization of functional cyclic carbonate in form of nanoparticles [285]. 

These nanoparticles disrupt microbial walls/membranes selectively and efficiently, thus inhibiting the 

growth of Gram-positive bacteria, methicillin-resistant Staphylococcus aureus (MRSA) and fungi, 

without inducing significant haemolysis over a wide range of concentrations [285]. These 

biodegradable nanoparticles, which can be synthesized in large quantities and at low cost, are 

promising as antimicrobial drugs, and can be used to treat MRSA-associated infections, which are 

often linked with high mortality. 
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Other less explored approach regards the assembly of antimicrobial polymers with biocompatible 

and biodegradable vehicles such as proteins or polyssacharides to produce self-assembled 

nanoparticles [45,223,286–288]. There has been a great interest in application of nanoparticles as 

biomaterials for delivery of therapeutic molecules such as drugs and genes, and for tissue engineering. 

In particular, biopolymers are suitable materials as nanoparticles for clinical applications due to their 

versatile traits, including biocompatibility, biodegradability and low immunogenicity. Biopolymers are 

polymers that are produced from living organisms, generally classified in three groups: proteins, 

polyssacharides and nucleic acids. It is important to control particle size, charge, morphology of 

surface and release rate of loaded molecules to use biopolymer-based nanoparticles as delivery carriers 

for antimicrobial polymers. To obtain a nano-carrier for therapeutic purposes, biocompatible 

nanoparticles consisting of biopolymers such as protein (silk, collagen, gelatin, β-casein, zein and 

albumin) and protein-mimicked polypeptides and polysaccharides (chitosan, alginate, pullulan, starch 

and heparin) have been described and recently reviewed [286,289]. Electrostatic interactions between 

synthetic antimicrobial polymers and proteins can lead to the formation of dense, macroion-rich liquid 

phases, with equilibrium microheterogeneities on length scales up to hundreds of nanometers [287]. 

For example, coacervates obtained for bovine serum albumin (BSA) and chitosan or for BSA and  

poly (diallyldimethylammonium chloride) (PDDA), a cationic and synthetic antimicrobial polymer [45], 

are essentially nanoparticles as illustrated in Figure 7.  

Figure 7. Cryo-transmission electron micrograph of bovine serum albumin (BSA)/PDDA 

coacervates at pH 8.5 and 100 mM of ionic strength. Adapted with permission from [287]. 

 

In Table 5, there are some examples of cationic polymers and polypeptides, and their antimicrobial 

and haemolytic toxicity. 

As the polymers become more hydrophobic, their incorporation to the lipid membrane is enhanced, 

and thus the integrity of bacterial membrane is more efficiently disrupted [135]. In Table 5, the highest 

hydrophobicity and the highest antimicrobial efficiency against Gram-negative, -positive or fungus can 

be ascribed to PDDA. One should notice that only for PDDA the MBC values were available in the 

literature [45,213]. For the other polymers, only MIC values were retrieved. Furthermore, PDDA is a 

well-known polymer. PDDA has been considered safe for human health and is widely used in paper 

manufacturing, water treatment, mining industries, besides biological or medical applications and food 

processing [290]. The cell envelopes of most bacteria fall into one of two major groups. Gram-negative 

bacteria are surrounded by a thin peptidoglycan cell wall, which itself is surrounded by an outer 

membrane containing lipopolysaccharide. Gram-positive bacteria lack an outer membrane but are 
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surrounded by layers of peptidoglycan many times thicker than is found in the gram-negatives. 

Threading through these layers of peptidoglycan are long anionic polymers, called teichoic acids.The 

teichoic acids are responsible for the anionic properties of the bacterial cell surface [179]. In resistant 

strains, the teichoic acid may be replaced by alanine residues conferring reduced negative charge to the 

cell wall [179]. On the other hand, the lipopolyssacharides present in the complex structures of  

Gram-negative bacteria confer negative charges to the surface [291]. Among the polymers in Table 5, 

penetration in the outer membrane of the Gram-negative bacteria was optimal for PDDA due to its 

high hydrophobicity, whereas the other cationic polymers, more hydrophilic than PDDA, required 

much higher doses to exhibit activity. Against mammalian cells, such as red blood cells, most cationic 

polymers displayed very high percentile of haemolysis in comparison to PDDA (Table 5). Important 

features of polymers useful as disinfectants are not only their microbicidal potency but also low 

toxicity to human cells, especially for medical/clinical use. Considering this, and the characteristics of 

the cationic polymers listed above, the ideal polymers and their assemblies are those which display 

excellent activity against microorganisms and practically no toxicity to red blood cells. PDDA fits in 

these characteristics, as much as its hybrid assemblies of DODAB BF/CMC/PDDA, already described 

in Table 4 [45,213]. 

Table 5. Minimum Inhibitory Concentrations (MIC) and haemolysis for some cationic polymers. 

Polymer Microrganism MIC (µg/mL) Haemolysis Ref. 

Polyionene 5 P. aeruginosa 100–330 Nt [86] 
 S. aureus 5–10 

Polyionene 14 P. aeruginosa 330–660 Nt [86] 
 S. aureus 33–66 

Lipopeptoid  
C16NlysGNlys 

P. aeruginosa 64 56%  
(at 100 µg/mL lipopeptoid) 

[190] 
S. aureus 8 

Lipopeptoid 
C16NlysNlysNlys 

P. aeruginosa 128 68%  
(at 100 µg/mL lipopeptoid) 

[190] 
S. aureus 16 

Lipopeptide  
C16-KKK 

P. aeruginosa * 128 4%  
(at 100 µg/mL lipopeptide) 

[191] 
S. aureus * 16 

Lipopeptide  
C16-KGK  

P. aeruginosa * 64  63%  
(at 100 µg/mL lipopeptide) 

[191] 
S. aureus * 8 

pDMAEMA P. aeruginosa 1000 50% 
>10 mg/mL 

[242] 
S. epidermidis 100 

PDDA P. aeruginosa 
S. aureus 

C. albicans 

** 1.0 0%  
(at 100 µg/mL) 

[45,213] 

** 10 

** 0.5 

* MIC for 90% inhibition of microorganisms. ** MBC for 99% of cell death. Nt: Not tested. 

4. Conclusions 

Macromolecular antimicrobial agents such as cationic polymers, peptoids, peptides and lipopeptides 

have been under an increased level of scrutiny because they can combat multi-drug-resistant microbes. 

However, most of these polymers are neither biocompatible nor biodegradable. The straightforward 

ways of avoiding toxicity would be the design of biodegradable novel materials or the use of natural 
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cationic polymers (e.g., chitosan). Other approaches to be further explored involve the combinations of 

antimicrobial polymers and appropriate materials either by grafting or by self-assembly in order to produce 

formulations with adequate performance and low toxicity in vivo. Biopolymers such as polysaccharides 

and proteins or even biocompatible synthetic polymers such as PMMA could be good alternatives for 

combinations with antimicrobial polymers aiming at antimicrobial chemotherapy in vivo. The use of 

antimicrobial macromolecular agents, however, is not restricted to in vivo applications: they may also 

be used ex vivo for water disinfection, food packing and preservation and many antifouling applications.  
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