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a b s t r a c t

Drug resistance of pathogenic bacteria is a major global problem leading humanity towards a pre-
antibiotic era. Decline in the discovery of novel antibiotics and the lack of a resilient platform to
develop novel antimicrobial agents worsens the situation. Amphiphilic antimicrobial polymers, which
have roots coming from antimicrobial peptides, show promise as potent antimicrobials having low
susceptibility for developing resistance, unlike small molecular antibiotics. This feature article highlights
recent advances in the fabrication of membrane-active antimicrobial polymers. The design of various
types of macromolecular architectures with control of structural parameters such as hydrophobicity/
hydrophilicity balance, molecular weight, and ionic groups will be emphasized in order to achieve strong
antimicrobial activities while minimizing toxicity to mammalian cells. Advanced polymeric assemblies
with well-defined nanostructures including core/shell shaped nano-objects and polymeric vesicles are
also discussed. Lastly, current challenges and future directions in the field of antimicrobial polymers for
ensuing practical biomedical applications are presented.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Antimicrobial chemotherapy has revolutionized modern medi-
cine in many aspects and has significantly reduced ailments and
death from infectious diseases. Many classes of antibiotics that are
clinically used today were discovered during the golden era of
antibiotic discovery from 1940s to 1960s [1,2]. Molecular targets of
pathogens, which are absent or significantly different from human
cells such as cell wall, 60S ribosomes, cell membranes, genetic
materials and biosynthetic pathways, are utilized to design anti-
microbial agents (Fig. 1A). Environmental pressure from the action
of antibiotics combined with short life cycles and lateral gene
transfer mechanisms have resulted in rapid appearance of resistant
pathogenic populations of microorganisms [3]. For example,
widespread outbreaks of penicillin-resistant Staphylococcus aureus
and methicillin-resistant S. aureus (MRSA) infections occurred just
a few years after the introduction of b-lactam antibiotics, penicillin
and methicillin.

Resistance mechanisms include efflux pumps, chemical modi-
fications such as phosphorylation, acetylation or hydrolysis,
altering target and reprogramming biosynthesis, most of which are
against small molecule antimicrobials (Fig. 1B) [1,6]. The most
prominent issue is the expeditious growth of acquired resistance in
bacteria that cause major healthcare crisis. For example, since the
introduction of the first b-lactam antibiotics, the number of unique
b-lactamase enzymes has grown from zero to over 1000 [6]. De-
cades of use and misuse of antibiotics, combined with a forty year
lull in the pipe line of novel antimicrobial agents, have conse-
quences of a global superbug threat that could lead human civili-
zation to a pre-antibiotic era. The devastating nature of the
increasing resistance to available antibiotics is a global concern at
high priority. Antibiotic resistance seems inevitable. Therefore, it is
essential to continuously develop antibiotics with novel modes of
action to face the evolving resistance [7].

Antimicrobial polymers are a class of novel antimicrobial agents
that is fueled by the combined knowledge on antimicrobial pep-
tides (AMPs) [8] and polymer disinfectants that have emerged as
two distinct fields since the 1980s [9]. There are several books, a
variety of reviews and highlights on antimicrobial polymers pub-
lished over the past few years that give broader and diverse per-
spectives [5,9e25]. However, there has been a rapid expansion of
novel antimicrobial polymers and related research in the last
decade (Fig. 2), which has not been reviewed frequently.
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Fig. 1. (A) Typical antibiotic target sites present in bacterial cells and; (B) mechanisms of antibiotic resistance. Adapted with permission from Refs. [4,5].
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Hence this feature article focuses on themost recent advances in
membrane-active cationic polymeric antimicrobials and our
perception about modulating the structural features of these ma-
terials to optimize their potential as clinically relevant materials.
However, we do not intend to provide an exhaustive review of all
aspects of antimicrobial polymers. The emphasis will be placed on
research related to antimicrobial polymers and assemblies in so-
lution. The discussion will start by looking at the feasibility of
antimicrobial polymeric macromolecules as an innovative platform
to address the current healthcare crisis pertaining to infectious
diseases. Then the emphasis will be moved to the current un-
derstandings and most recent experimental explorations about
polymer architectures and macromolecular structural de-
terminants to improve the properties of antimicrobial polymers
with regard to antimicrobial activities and biocompatibilities. We
will discuss research on nano assemblies of antimicrobial polymers.
Synthetic strategies, including polymerization techniques, post-
Fig. 2. Number of publications containing “antimicrobial polymer” from 1980 to 2014,
searched via SciFinder.
polymerization modifications and self-assembling procedures,
will be briefly mentioned in prominent case studies. Lastly, the
current challenges in the field and future directions will be delib-
erated with the hope for further expansion of antimicrobial poly-
mer research.
2. Tailoring next-generation antibiotics

It is increasingly recognized that microbial membranes provide
an effective target for the development of de novo designed anti-
microbial agents. Recent understanding of the innate immunity
mediated by macromolecules highlights the importance of short
amphiphilic peptides that modulate host defenses against micro-
bial pathogens [26]. Also known as antimicrobial peptides, these
molecules are produced by almost all forms of life [27]. AMPs are
potent, broad-spectrum antimicrobials that act as the first line of
defense against a wide range of invading pathogens including
bacteria, protozoa, yeast, fungi and viruses by rapid and direct
killing as well as several other means of modulating host immune
systems [28,29]. Several decades of studies have revealed more
than two thousand AMPs with diverse sequences of amino acids
and a range of structures. (Readers are directed to the compre-
hensive AMP database curated by Wang and co-workers (http://
aps.unmc.edu/AP/main.php) [30].) However, all AMPs show a
common characteristic: the presence of an amphiphilic structure
(in some literature, “amphipathic” is often used). The optimal
amphiphilicity, which comes from cationic amino acids (e.g. lysine,
arginine) and hydrophobic residues (e.g. isoleucine, valine), enables
AMPs to fold into cationic and facially amphiphilic secondary
structures. This feature permits AMPs to strongly interact with
biological membranes. Interestingly, receptor-mediated antimi-
crobial activity is generally absent in AMPs. For instance, it was
shown that all-D synthetic enantiomer homologous of magainins
and cecropins have similar potency to all-L natural peptides [31].
This non-specific property has shown to be a class of promising
anti-infective agents that are assumed to defer long-term resis-
tance development compared to small molecule antibiotics.

http://aps.unmc.edu/AP/main.php
http://aps.unmc.edu/AP/main.php
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2.1. Mechanisms of action

Essentially, all types of living cells comprise a cytoplasmic
membrane made of lipid bilayers that serves as a protective barrier
to separate and protect the cell from its surrounding environment.
In addition, being a ‘semi-permeable membrane,’ it acts as a
gateway regulating the transport of substances to and from the
intracellular space. Therefore, the cytoplasmic membrane has a
vital task for the survival of the cell. Most widely accepted mech-
anism of antimicrobial action of AMPs is direct microbial killing by
the disruption, reorganization or pore formation of cell mem-
branes, resulting in the leakage of cellular contents and eventual
cell death. Although still under debate, several models such as
“barrel stave,” “toroidal pore” and “carpet model” have been pro-
posed to explain themembrane damaging interaction of AMPswith
lipid bilayers (Fig. 3) [32]. All these model studies have in common
the fact that amphiphilic secondary structures of AMPs can lead to
cell death by rapid leakage of cellular contents that is beyond the
control of the cell.

The fundamental mode of microbicidal activity of synthetic
antimicrobial polycationic agents is also found to be similar to that
of AMPs [34]. It is interpreted in terms of a sequence of essential
processes [35]: (1) It initiates by the adsorption on microbial cell
surface. This utmost important step is also the basis of selectivity
towards microbes; (2) Then the polycations diffuse through the cell
wall and/or (3) interact with the cytoplasmic membrane; (4) This
interaction may irreversibly damage the integrity of the cell
membrane; (5) subsequently result in the release of cytoplasmic
components including Kþ ions, DNA/RNA; and (6) finally lead to cell
death. In addition to themembrane disruption by the integration of
cationic polymers with lipid membranes, they may also destabilize
the membrane surface by displacing divalent cations such as Ca2þ

associated with the membrane phospholipids.
Lipid membrane interactions with polymers or nanoparticles

are widely discussed recently. There are several reviews about
polymer-membrane interactions [36]. Many research groups
investigated the mechanistic aspects of antimicrobial polymers
Fig. 3. Mechanisms of action for membrane-active AMPs that form facially amphiphilic stru
permission from Ref. [33].
usingmolecular dynamics simulations (MDS) and other biophysical
means. Kuroda, Vemparala and co-workers carried out impressive
investigations on mechanistic aspects of the interaction of random
methacrylate polymers with model bacterial membranes [37,38]. It
was found that cationic polymers assemble intomicellar aggregates
in water phase where hydrophobic groups were buried inside and
cationic arms extending out (Fig. 4). The polymer aggregates
reached anionic membrane via attractive electrostatic interactions
between the cationic groups on the polymer and the anionic lipid
heads of the membrane. At the vicinity of the membrane, the
polymer adopted an extended structure, leading to increased in-
teractions with the membrane surface. Later, individual polymer
chains dissociated from the aggregate when the polymer-
membrane interaction became stronger than the polymer-
epolymer interactions. Those polymers partitioned onto the
membrane, acquired a facially amphiphilic conformation with
cationic and hydrophobic groups that were clearly separated and
sustained throughout the simulation. This caused inhomogeneity
in membrane thickness, which is regarded as a possible trigger for
cellular leakage.

Although themembrane-destabilizing model is widely accepted
now, there remains the curiosity for the investigations of other
possible polymerecell interactions. Baulin and co-workers inves-
tigated the translocation behavior of amphiphilic polymers through
lipid bilayers using MDS [39]. According to the simulations, fully
hydrophilic polymer formed random coils in solution and was
rejected from the bilayer while completely hydrophobic polymer
turned into a globular structure, trapped inside the hydrophobic
core of the bilayer in a quasi-two-dimensional solvent of tails.
However, it was expected to observe an in-between transition from
the above two extremes. Interestingly, the partially hydrophobic
polymer with the optimum amphiphilic balance eventually trans-
located through the lipid bilayer and enhanced local solvent
permeability. Therefore, antimicrobial polymers with precise hy-
drophobic matching with the solvent and the membrane can be
expected to translocate through microbial membranes. On the
other hand, polymers with higher degrees of chemical
ctures. Top left: the a-helical conformation of Magainin. Reprinted and modified with



Fig. 4. MDS snapshots of amphiphilic random copolymer-lipid membrane interactions. Reprinted with permission from Ref. [38].
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heterogeneity (e.g. random copolymers) can cause localization ef-
fects at the membrane surface that reduce polymer translocation.
However, this may maintain induced permeability and result in
pore forming effects.

Kuroda, Wong, L. Yang and co-workers conducted a mechanistic
comparison between AMPs and synthetic mimics of antimicrobial
peptides (SMAMPs), with regard to the cationic and hydrophobic
content [40]. They found out that both systems can form similar
amounts of negative Gaussian curvatures (NGCs). However, the
amount of cationic and hydrophobic content required by the
SMAMPs to exert the same levels of membrane deformation was
significantly higher than that of AMPs. This may be a consequence
of chemical heterogeneity (random sequences) and varying con-
formations (random coils) present in the random copolymers.

Gellman and co-workers developed a family of nylon-3 poly-
mers which are found to be a class of very promising, broad-
spectrum antimicrobial materials. These polymers are among the
first synthetic antimicrobial macromolecules that displayed pro-
nounced antimicrobial activity while maintaining good biocom-
patibility. In a recent study, Wong, Gellman et al. found out two
interdependent mechanisms of antimicrobial activity in nylon-3-
based polymers [41]. At low concentrations, the polymers were
able to permeate bacterial membranes by generating NGCs and
subsequent binding to intracellular DNA to cause cell death without
lysing the cells. However, membrane lysis was possible at higher
concentrations. Vesicle dye leakage, bacterial permeation assays,
and bactericidal assays with small-angle X-ray scattering were
utilized to observe such phenomena. It was concluded that nylon-
3-based polymers demonstrate concentration dependent antimi-
crobial mechanisms of action.
2.2. Molecular basis of selectivity

The basis of the selectivity of AMPs or polymer mimics towards
bacterial or fungal cell membranes comes from the fundamental
difference in the cell membrane lipid composition and surface
components (Fig. 5) [42]. Typically, the cytoplasmic membrane
leaflets of mammalian cells are asymmetric in terms of charge. For
example, the outer leaflet of human erythrocyte membrane is
composed of neutral (zwitterionic) lipids such as phosphatidyl-
choline, sphingomyelin and phosphatidylethanolamine, while the
inner leaflet bears negative charge coming from phosphatidylser-
ine [23]. In contrast, the presence of phosphatidylserine,
phosphatidylglycerol or cardiolipin in microbial cell membrane
outer leaflets, make the outer surface appealing to cationic mole-
cules such as AMPs. In addition, bacterial and fungal cells have
additional cell envelope components essentially, the cell wall that
provides sufficient mechanical strength to endure changes in os-
motic pressure imposed by the environment. In Gram-positive
bacteria, teichoic acids, which are linked to either the peptido-
glycan cell wall or to the underlying cell membrane, impart net
negative charges because of the presence of phosphate moieties in
their structure. Gram-negative bacteria have an additional outer
membrane bearing phospholipids and lipopolysaccharides. The li-
popolysaccharides impart a strongly negative charge to cell surface.
Fungal cell walls are comprised of glycoproteins and poly-
saccharides, mainly glucan and chitin that are extensively cross-
linked together to form a complex network [43]. The phospho-
diester linkages in these glycoproteins result in additional negative
charges to the fungal cell surface [44].

Also the presence of different classes of sterols or analogous
molecules in mammalian cells and pathogens may modulate the
selectivity of AMPs. For example, cholesterol in mammalian cell
membranes, which is absent in prokaryotes, has a significant pro-
tective mechanism against AMPs [45]. It comes from the fact that
cholesterol controls the fluidity of the lipid bilayer by forming rigid
and thick ordered domains (liquid ordered phase) that may resist
membrane curvature induced by AMPs [46e48]. Hence the AMP
dosage requirement gets to a higher threshold, limiting its action
on mammalian cell membranes [49].
2.3. Potential for resistance development

Typically, the relative chance of microbes to develop resistance
to an agent depends on the target specificity of the antimicrobial
mechanism of action [50]. This is the obvious fact for the rapid
resistance development against antibiotics since they are highly
specialized to attack a specific microbial target. In contrast, poly-
cations are mostly nonspecific in their action on microbes. How-
ever, it is unrealistic to expect that microbial pathogens are unable
to develop resistance against these macromolecules. It should be
noted that there are few reports indicating bacterial resistance
development against AMPs [51,52] and synthetic polymers [53].
Nevertheless, widespread and rapid resistance development to-
wards membrane active, cell lysing antimicrobial macromolecules
may be unlikely compared to small molecule antimicrobials



Fig. 5. Origin of the cell selectivity of cationic antimicrobial macromolecules. (A) Illustration of the cross sections of microbial and mammalian cell envelopes. Mammalian cell
membrane surface (left) is largely neutral compared to bacterial (middle) or fungal (right) cell membranes. (B) Selective interactions between cell membranes and cationic
polymers. Adapted with permission from Refs. [19,42].
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mediated with specific receptor sites [54]. It has been observed that
there is a much greater number of passes required to induce
resistance in bacteria against AMPs or synthetic mimics of AMPs
under in vitro experiments [55,56]. On the other hand, it is
ambiguous how in vivo conditions, where a multitude of defense
agents and mechanisms are present in the host organism, may
define the microbial adaptations against cationic macromolecules
[57]. These features may be the reason why AMPs have been
actively present in biological systems as effective defensive mac-
romolecules in many forms of life for millions of years.
2.4. Membrane-active macromolecules

Synthetic mimics of AMPs are rapidly expanding, indicating that
AMPs have formed a better platform to develop a class of next
generation antimicrobial therapeutics. Although many types nat-
ural AMPs and mimics of AMPs such as synthetic AMPs [58], b-
peptides [59] [60], peptoides [61] and AApeptides [62] have been
developed with comparable or even better activities than the nat-
ural versions. However, in most situations costly synthetic ap-
proaches, fast proteolytic degradation, low bioavailability or
toxicity limit their widespread clinical applicability [63,64].

The ability to modulate the structural features, low cost syn-
thesis, potent biological activity and stability make synthetic anti-
microbial polymers favorable over other analogs of AMPs.
Compared with conventional antibacterial agents of low molecular
weight, polymeric antibacterial agents have advantages such as
non-volatilization, inability to permeate the skin, longer circulatory
time and reduced residual toxicity to the environment. The general
term ‘antimicrobial polymers’ include several classes of materials
such as cationic polymers, biocide-releasing polymers and
antibiotic-conjugated polymers. Synthetic polymer disinfectants
with cationic functionalities that emerged simultaneously with
AMPs show strong biocidal activities. These macromolecules usu-
ally have cationic functionality such as quaternary ammonium
groups, and hydrophobic alkyl moieties and have been mostly
derived from poly(styrene)s, poly(vinylpyridine)s, poly(vinyl
alcohol)s, poly(methacrylate)s, etc. [24]. However, earlier versions
of polycationic biocides showed significant toxicity to human cells.
This property could be only in line with their targeted application,
which is in the solid state as potent disinfectants or biocidal coat-
ings. Therefore the improvement of both antimicrobial and
biocompatible polymers is essential to enable widespread systemic
or topical clinical use of these macromolecules.
2.5. Definitions and units on antibacterial and hemolytic properties

There are several important measurements used to quantify the
antimicrobial activity of polymers. The minimum concentration of
antimicrobial agent needed to inhibit bacterial growth known as
minimum inhibitory concentration (MIC) is the standard measure-
ment tofind the antimicrobial potencyof thematerial.MIC ismostly
reported as mg/mL, mM or ppm units. The minimum bactericidal
concentration (MBC) is the concentration at which all the microor-
ganisms are eradicated. Preliminary data on the biocompatibility is
obtained by hemolytic activity assays against mammalian erythro-
cytes. Therefore 50% hemolytic concentration (HC50) is defined as
theminimumconcentration of thematerial that results in 50%of red
blood cells (RBCs) to get lysedwhen exposed to the agent. Preferably
the MIC of an antimicrobial agent should be much lower compared
to HC50 to be a useful therapeutic agent. The ratio of HC50/MIC is
known as the selectivity index (SI) that gives a measure of the
selectivity of the antimicrobial agent towards microorganisms
instead of mammalian cells. Therapeutic index (TI) is the safety
window of a therapeutic agent. It represents as a ratio of the lethal
dose of a drug for 50% of population (LD50) divided by theminimum
effective dose for 50% of the population (ED50).
3. Macromolecular structure parameters

3.1. Macromolecular architectures

There should be careful considerations to rationally design the
structural parameters of antimicrobial polymers to develop



Fig. 7. Representative globally amphiphilic polymeric structures. Polymer in solution
has a random coil structure which turn into a globally amphiphilic conformation upon
contact with a cell membrane.
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systemswith better selectivity indices. Targeted applications would
be for systemic or topical treatments against infectious microor-
ganisms or for modification of polymeric medical devices such as
sutures or medical implants. Unlike small molecule antimicrobial
agents, there are numerous types of polymer architectures such as
homopolymers, random copolymers, block copolymers, telechelic
or zwitterionic and branched polymers that can be wisely utilized
to modulate the biological activities (Fig. 6). An important under-
standing can be gained from the fact that facial amphiphilicity and
hydrophobic content are strongly correlated with antimicrobial
activity and selectivity of AMPs. Therefore an in-depth analysis of
such structural determinants is necessary to develop antimicrobial
polymers in terms of optimal hydrophobicity/hydrophilicity bal-
ance, molecular weight, cationic units, counterions and charge
density, in addition to different polymer architectures to achieve
strong antimicrobial activities with high selectivity indices.

Due to electrostatic repulsions coming from cationic residues,
some AMPs, for instance magainin and indolicidin, adopt random
coil structures in aqueous solutions. However, they can readily
adopt facially amphiphilic secondary structures via different con-
formations such as a-helical structures upon binding to lipid
membranes [5]. In addition, it has been demonstrated that an
induced helical formation improves the bioactivity while defects in
helical formation lead to decreased activity.

However, it is not the helix-induced rigid, distinct and facially
amphiphilic secondary structure leading to the antimicrobial
properties, but the globally amphiphilic secondary structure that
forms upon contact with a polyanionic cell membrane surface
(Fig. 7) [65]. This averts the requirement to adopt a defined
amphiphilic secondary structure as observed for many AMPs and
also explains why randomly sequenced polycations are membrane
active. However, it should be noted that although a priori facially
amphiphilic structure is not necessarily required, such conforma-
tions are energetically favorable for a stronger macromolecule-cell
membrane interaction. Applicability of flexible polymer architec-
tures permits scientists unrestrained possibilities to explore
various kinds of macromolecular architectures to produce cationic
antimicrobial polymers.

3.1.1. Random copolymers
First, it should be noted that in this section copolymers with

unspecified sequences are referred to as “random” copolymers, in
order to signify against other macromolecular architectures and
Fig. 6. Commonly employed polymeric archite
does not necessarily imply truly random copolymers. Random co-
polymers are the most widely reported polymeric architecture to
prepare antimicrobial polymers. They can be facilely synthesized by
combining a non-polar monomer with a cationic monomer. These
“segregated” structures have charged and hydrophobic moieties
that are ‘randomly’ isolated along the polymer backbone. Utilizing
an assortment of structurally different monomers that have a range
of hydrophobicities or by adjusting feed ratios, the amphiphilicities
of the copolymers can be controlled. Another strategy is the post-
polymerization modification of a homopolymer via introducing
cationic biocide functionality or modifying the hydrophobicities of
some repeat units. The advantage of the latter approach is that a
variety of cationic groups can be introduced, and the degree of
modification can be well-controlled while the polymer backbone
remains persistent. This allows for accurate structure-property
evaluations by using a common base polymer structure and mo-
lecular weight to generate a lineage of derivatives having compa-
rable structures [66]. Antimicrobial random polymers mostly
include functionalized poly(methacrylate)s, poly(methacrylamide)
s, poly(b-lactam)s, poly(norborene)s and poly(carbonate)s.

Unlike cationic amine groups, guanidine moieties introduce
intriguing behaviors to antimicrobial polymers. Haeussler et al.
scrutinized the effects of guanylated poly(methacrylate)s towards
antimicrobial and hemolytic activities [67]. They synthesized
ctures to prepare antimicrobial polymers.
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poly(methacrylate)s decorated with amine or guanidine cations
and hydrophobic side chains (Table 1A) by reversible additione-
fragmentation chain transfer (RAFT) polymerization. Interestingly,
guanidine copolymers were more active against microbes
compared to the amine analogs and were less hemolytic. In addi-
tion, guanidine polymers were able to sustain activity in tryptic soy
broth (TSB) with fetal bovine serum (FBS) while amine analogs lost
their activity. Inspired by the naturally occurring, tryptophan-rich
cationic antimicrobial materials, Haeussler and co-workers
elegantly designed novel poly(methacrylate) random copolymers
[68]. They synthesized methacrylate monomers that mimic the
chemical structures of tryptophan, lysine and arginine (Table 1B).
Low levels of indole content were required to optimize antimicro-
bial potency and minimize toxicity of the two series of amine and
guanidine antimicrobial copolymers.

Antifungal polymers have been gaining more interest recently.
Achieving similar activities against fungi compared to bacteria is
somewhat difficult due to the similarities in fungal andmammalian
cells, as both are eukaryotes. However, Gellman, Masters and co-
workers found out that a group of nylon-3 copolymers (Table 1C)
were highly active against Candida albicans while maintaining low
hemolytic activity [69]. These sequence-random poly(b-peptide)s
are structurally very similar to AMPs since they contain protein like
polymer backbone. Typically, these polymers are prepared by
anionic ring-opening polymerization of appropriate b-lactam
monomers. Therefore this class of macromolecules combines AMP
structural similarities while providing the ease of synthesis.
McBride, Gellman et al. investigated the activity of another class of
nylon-3 copolymers against Clostridium difficile, an important
endospore-forming anaerobic bacterial pathogen [70]. The poly-
mers effectively inhibited the growth of vegetative cells as well as
spore outgrowth.

Keul, M€oller and co-workers, designed cationic antimicrobial
poly(ethylene imines)s with three distinct microstructures [71].
They incorporated hydrophobic, cationic or amphiphilic couplers to
poly(ethylene imines)s to generate the microstructures. Polymers
with cations directly attached to the hydrophobe were more
effective against bacteria, compared to segregated polymers and
polymers with cation and hydrophobe linkedwith an alkyl chain. In
a more recent study, they synthesized azetidinium functionalized
poly(vinyl amine) copolymers (Table 1D) via a one-pot post-poly-
merization modification approach using suitable functional cou-
plers [72]. When the hexyl chain in the hydrophobic group was
replaced by a decyl chain, antimicrobial activity against S. aureus
and Escherichia coli increased significantly. They observed certain
threshold percentages of cationic and hydrophobic content that
achieved best antibacterial activity. Antimicrobial poly(acrylate)
copolymers with superior antibacterial activity were developed by
Yang and co-workers [73]. They used monomers with various
spacers linking primary ammonium groups (Table 1E) to modulate
the activity.

Toxicity of cationic polymers can result in adverse effects to host
cells. To circumvent off-target effects, ‘smart’ antimicrobial random
copolymers were developed by Yang and co-workers [74] that can
be activated by acids. They incorporated methacrylic acid in addi-
tion to cationic 2-aminoethyl methacrylate and hydrophobic
methacrylate. At physiological pH conditions net neutral polymers
were generated and had diminished hemolytic activity. However,
under acidic conditions the polymers were active against bacteria.
In another study, antimicrobial random copolymers with improved
selectivities were developed by them. They used hydrophilic and
cationic methacrylate repeating units in the polymers (Table 1F)
[75]. Kuroda et al. designed novel cationic antimicrobial polymers
that can self-degrade via intramolecular amidation reactions [76].
They used metal-catalyzed simultaneous chain- and step-growth
radical polymerization of tert-butyl acrylate and 3-butenyl 2-
chloropropionate to prepare polymers (Table 1G). The degrada-
tion of primary amine-containing polymers in aqueous media
resulted in oligomers that were poorly antimicrobial. This new
concept is useful to prepare antimicrobial macromolecules that
have lower residual toxicities.

3.1.2. Amphiphilic homopolymers
The next strategy is to prepare homopolymers using monomers

that house both hydrophobic units and hydrophilic cationic groups
together. In reference to the polymer backbone, several structural
differences can be defined as reported by Hedrick, Yang and co-
workers in their recent review [19]. One type of homopolymers has
a brush-like architecture inwhich cationic groups and hydrophobic
groups spread out from the same repeating unit along the polymer
backbone. Such polymers contain “facially amphiphilic” repeat
units with respect to the polymer backbone (Table 2A and E). The
second type is a “same-centered” repeat unit structure, where the
hydrophobic moiety directly accompany the charged moiety, thus
the functional groups are not spatially separated over the backbone
(Table 2B and C). With regard to random copolymers where hy-
drophobic and cationic moieties are linked to different repeating
units that are randomly distributed, homopolymers show amphi-
philic balance at the monomer level.

Tew and coworkers prepared a series of antimicrobial poly(-
norbornene) homopolymers derived from facially amphiphilic
monomers (Table 2A) [77]. Hemolytic activities of the polymers
increased with increasing alkyl chain lengths. In another study,
they conducted a direct comparison between poly(norbornene)s
derived from facially amphiphilic monomers and similar co-
polymers made from segregated monomers [83]. The results show
a significant improvement of activity in the first system with
facially amphiphilic repeat units. This indicates that local amphi-
philic balance at themonomer level has a considerable effect on the
biological activity of amphiphilic homopolymers. Poly(carbonate)
based biodegradable antimicrobial polymers were prepared by
Hedrick and coworkers. The “same-centered” homopolymers
(Table 2B) showed outstanding results with high antibacterial ac-
tivities against MRSA, vancomycin-resistant Enterococcus (VRE),
carbapenem-resistant Acinetobacter baumannii and fluconazole-
resistant Cryptococcus neoformans [78]. They employed several
cationic appendages to control the amphiphilic balance. Conse-
quently, polymers with butyl group attached to the quaternary
ammonium turned out to be a highly efficacious and nonhemolytic
antimicrobial agent.

Tang and co-workers developed a class of novel antimicrobial
homopolymers using renewable biomass. In one study, they syn-
thesized resin acid-derived cationic poly(ε-caprolactone) homo-
polymers using ring-opening polymerization (ROP) and click
chemistry (Table 2C). The polymers had promising antibacterial
activities against a wide range of bacteria including Community-
acquired (CA) methicillin-sensitive S. aureus, CA-MRSA and
hospital-acquired MRSA (HA-MRSA). Interestingly, the polymers
had outstanding in vitro and in vivo biocompatibilities [79,84].
Recently, Kuroda and co-workers investigated cationic poly(-
methacrylate)s as topical antimicrobial agents against S. aureus
nasal colonization [53]. The polymers (Table 2D) were prepared via
RAFT polymerization of N-(tert-butoxycarbonyl)aminoethyl meth-
acrylate and subsequent deprotection with trifluoroacetic acid. The
polymers reduced the number of viable S. aureus cells in the nasal
environment of cotton rats, illustrating the potential as topical anti-
infective agents.

Novak and co-workers investigated the antimicrobial and he-
molytic activity of a family of cationic helical polymers derived
from polycarbodiimides [80]. They incorporated guanidium groups



Table 1
Antimicrobial random copolymers.

Representative chemical structure Test subject MIC or HC50 (mg/mL) Ref.

1A S. aureus 94 [67]
S. epidermidis 10
E. coli >1,500
C. albicans 32

1B S. epidermidis 12 [68]
MRSA 47

1C C. albicans 3.1 [69]
RBC >400

1D S. aureus 3e100 [72]
E. coli 10e100
RBC 23e41

1E S. aureus 16e104 [73]
RBC >1,619

1F S. aureus 8e32a [75]
B. subtilis 8a

P. aeruginosa 4e32a

E. coli 3e4a

RBC 2e512a
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Table 1 (continued )

Representative chemical structure Test subject MIC or HC50 (mg/mL) Ref.

1G E. coli 104 [76]
RBC >500

a MBC is given.
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to the polymers prepared by coordination-insertion polymerization
of carbodiimide monomers with different alkyl chain lengths
(Table 2E). Helical handedness did not influence antibacterial ac-
tivity proving the non-specific activity of the polymers. Surpris-
ingly, the polycations mostly precipitated RBCs without hemolysis.

Many types of antimicrobial polymers based on poly(phenylene
ethynylene) cationic conjugated polyelectrolytes were investigated
by Whitten and co-workers [85]. In a recent study, antifungal ac-
tivity of poly(phenylene ethynylene) polyelectrolytes (Table 2F) and
oligo-phenylene ethynylenes were investigated [81]. The poly-
cations effectively inhibited the fungus Saccharomyces cerevisiae, an
opportunistic human pathogen, both in the dark and under ultra-
violet (UV)/visible light irradiation. Fungal spores were completely
inactivated under light conditions. Under UV/visible light irradia-
tion these conjugated macromolecules generate corrosive singlet
oxygen species (1O2) and subsequent secondary reactive oxygen
species that rapidly damage microorganisms. A new family of
hemocompatible and antifungal nylon-3 polymers (Table 2G) was
added to the genre of antimicrobial polymers developed by Gell-
man and co-workers [82]. These cationic homopolymers were
identified as a strong candidate against C. albicans with SI > 130.
3.1.3. Block copolymers
Compared to other polymeric systems, block copolymers are

typically prepared by living polymerization techniques. Block co-
polymers exhibit strong partitioning between hydrophobic and
hydrophilic regions along the polymer backbone, hence providing
another approach to control the amphiphilic balance. Unlike ho-
mopolymers or random copolymers, block copolymers form self-
assembled nanostructures. Such examples will be discussed in a
separate section. There are relatively few reports related to anti-
microbial block copolymers in solution. This may be due to the low
critical micelle concentration (CMC) values of amphiphilic block
copolymers. Most reported work focused on antimicrobial block
copolymers are related to antimicrobial micelles or nanoobjects
[86e88], antimicrobial fibers [89] and surface coatings [90,91].

Chojnowski et al. compared the antimicrobial activity of block
and statistical all-siloxane copolymers containing quaternary
ammonium salts [92]. Interestingly, there were no clear differences
of antibacterial activity observed between the two polymeric sys-
tems. A series of amphiphilic block copolymers of poly(vinyl ether)
derivatives (Table 3A) were prepared by Kuroda and coworkers via
living cationic polymerization [93]. They observed similar anti-
bacterial activity of block copolymers to analogous random co-
polymers against E. coli. However, block copolymers did not show
hemolytic activity even up to 1000 mg/mL, while random co-
polymers showed strong hemolytic activity at much lower con-
centrations. As an explanation for this behavior, they proposed the
formation of single molecule cationic particles from block co-
polymers that prevent the hydrophobic core reaching out to the red
blood cell membrane.
Liu and coworkers, prepared random and diblock copolymers of
2-(N,N-dimethylamino)ethyl methacrylate and butyl methacrylate
prepared by atom transfer radical polymerization (ATRP) (Table 3B)
[94]. Although the antibacterial activities against S. aureus and
E. coli were similar, the diblock copolymers had much lower he-
molytic activity compared to the random copolymers. Therefore,
the selectivities of the diblock copolymers were superior to the
analogous random copolymers with similar compositions and
molecular weights. These investigations demonstrate that parti-
tioning of the functionalities (i.e. cationic groups that modulate the
cell selectivities and hydrophobic groups that damage the mem-
brane) on the macromolecule may improve cell selectivities.

A recent study about amphiphilic block copolymers was con-
ducted by Fern�andez-García et al. [82]. They used ATRP to prepare
well-defined block and statistical copolymers of butyl methacry-
late, 2-(dimethylamino)ethyl methacrylate and a glycomonomer
(Table 3C). The polymers were active against a range of microor-
ganisms including S. aureus, Staphylococcus epidermidis, Pseudo-
monas aeruginosa and Candida parapsilosis. The incorporation of
certain amount of carbohydrate pendant groups lowered the he-
molytic activity substantially while maintaining the antimicrobial
activity.
3.1.4. Telechelic polymers
In recent years, there is a considerable interest in telechelic

polymer architecture in designing antimicrobial macromolecules.
Telechelic polymers contain reactive end groups that come from
the initiator or the terminating or chain transfer agents, and are
typically synthesized via controlled/living polymerization
methods. These reactive groups have the capacity to allow addi-
tional polymerization or other reactions that can be used to prepare
more advanced architectures including block and graft copolymers,
star, hyperbranched or dendritic polymers and macrocycles [95].
Telechelic polymers composed of non-biocidal repeating units are
particularly appealing. Complete degradation of such polymers
would result in inactive compounds that are favorable in reducing
resistance development and contamination of the environment.

Poly(oxazoline)s are useful for polymer therapeutics due to their
biocompatibility, better solubility, variation of size, architecture as
well as chemical functionality [96]. Tiller and coworkers have
largely contributed to the area of telechelic antimicrobial polymers.
They prepared telechelic poly(oxazoline)s with biocidal end groups
and an NH2 function at the starting end (satellite groups (SGs)) of
the polymer (Table 4A) [97]. Cationic ring-opening polymerization
was used to prepare the polymers. SGs were incorporated as ini-
tiators, and biocidal functionality was achieved by terminatingwith
tertiary amines. It is intriguing that the SG, although located far
from the biocidal group, has a significant effect on the antimicrobial
activity of the polymer.

They investigated telechelic antimicrobial function of poly(-
oxazoline)s to reveal the influence of different non-active SGs distal



Table 2
Antimicrobial homopolymers.

Representative chemical structure Test subject MIC or HC50 (mg/mL) Ref.

2A B. subtilis 25e>500 [77]
E. coli 25e>500
RBC <1e>4,000

2B MRSA 7.8 [78]
VRE 3.9
A. baumannii 62.5
C. neoformans 31.3
RBC >4,000

2C CA-MSSA 8.8 [79]
CA-MRSA 9.9
HA-MRSA 14
RBC >492

2D S. aureus 42e63 [53]
RBC >1,000

2E S. aureus 64e128 [80]
RBC >3,000 mM

2F S. cerevisiae >6-log reductions [81]
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Table 2 (continued )

Representative chemical structure Test subject MIC or HC50 (mg/mL) Ref.

2G C. albicans 3.1 (MIC50) [82]
RBC >400 (HC10)
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to the cationic end groups on the antimicrobial effect (Table 4B)
[98]. They found that the antimicrobial activity can be controlled
over several orders of magnitude, illustrating the fact that hydro-
philic SGs with necessary length activate the biocidal group while
nonbasic hydrophilic groups deactivate it. Critical micelle concen-
trations decreased abruptly with increasing chain lengths of the SG.
This may have significantly influenced the antibacterial activity for
some polymers.

Tiller et al. also demonstrated that the antimicrobial activity of
poly(2-methyloxazoline) can be switched via the satellite group
modification (Fig. 8) [99]. Cationic ring-opening polymerization of
2-methyl-2-oxazoline was used to prepare the polymer while
termination with the biocidal group N,N-dimethyldodecylamine
introduced antimicrobial activity (Table 4C). Introduction of a hy-
drolyzable ester satellite group permitted the bioswitchable anti-
microbial activity. It was apparent that hydrophobic SGs greatly
activate the distal biocidal group, while hydrophilic SGs deactivate
it. The polymer was specific for Gram-positive bacteria and showed
high hemocompatibility. As a matter of fact, the selectivity at 120
was very high towards S. aureus. Upon degradation by lipase, the
antimicrobial activity against S. aureus decreased by 30-fold, and
the HC50 of the hydrolyzed polymer increased by 5-fold.
Table 3
Antimicrobial block copolymers.

Representative chemical structure Test subject MIC or HC50

(mg/mL)
Ref.

3A E. coli 1.6e2.4a [93]

3B S. aureus 34e67 [94]
E. coli 54e97

3C S. aureus 16e64 [82]
S. epidermidis 16e32
P. aeruginosa 250
C. parapsilosis 8e16
RBC >2,500

a Biocidal concentration for 99.9% killing.
Although different from typical telechelic polymers, end group
functionalization is used to control biological activities of other types
of polymers as well. Gellman at al. functionalized the N- and C-ter-
minals of nylon-3 random copolymers (Table 4D) [100]. They found
that there is a significant difference in the two types of polymer
terminus in terms of introducing a hydrophobic group. The N-
terminimodification generated a polymer that had better selectivity,
while the C-termini modified polymer suffered from increased he-
molysis. The impact of end-groups on the activity and cytotoxicity of
cationicmethacrylate polymerswas investigated by Griesser and co-
workers [101]. They used RAFT polymerization to prepare poly(-
methacrylate) random copolymers which bear either amine or
guanidine pendant groups, while incorporating different R- and Z-
end-groups (Table 4E). Presence of a carboxylic group on R terminus
resulted in a lower level of hemolysis compared to isobutyronitrile
group. In addition, longer alkyl chains in the Z-group improved the
antimicrobial profile. These studies establish the concept of con-
trolling antimicrobial and hemolytic activities of antimicrobial
polymers via the chemical modifications at the chain ends.
3.1.5. Zwitterionic polymers
Zwitterionic polymers are a class of novel charged polymeric

antimicrobials that bear an equal number of anionic and cationic
groups in their polymer chains. The ionic nature of zwitterionic
materials enables the adjustment of polymer charge density, pH
sensitivity, counterion association via switching between cationic
and zwitterionic states.

Lowe and co-workers studied the antimicrobial activities of a
series of statistical copolymers derived from 2-(dimethylamino)
ethyl methacrylate with four different hydrophobic comonomers
(ethyl, butyl, cyclohexyl, and octyl methacrylates) [102]. They used
conventional free radical copolymerization and post polymer
modifications to yield corresponding poly(sulfopropylbetaine) de-
rivatives (Table 5A). Some of the copolymers exhibited bacterio-
static activity against S. aureus and E. coli. Antimicrobial activity
improved with the increasing hydrophobic content.

Zwitterionic poly(oxanorbornene) antimicrobial polymers
(Table 5B) were prepared by Tew et al. to examine the effect of
covalently connected ‘intramolecular counterion’, which would not
be able to diffuse away from the polymer backbone [103]. The
zwitterionic polymer sample was less active compared to the
analogous diamine monomer, and they assumed that this was due
to ion pair formation.

Yang and co-workers synthesized well-defined PEGylated-
polymers with various tertiary amines via RAFT polymerization
[104]. They introduced various alkyl halides to produce quaternized
polymers. When they introduced a zwitterion to the polymer
(Table 5C), antimicrobial activity was lost. These observations may
be due to the fact that zwitterion reduces the general cationic na-
ture of the polymer. However, zwitterionic polymers are very
effective for non-fouling applications.

Jiang and co-workers have extensively contributed to the field of
antimicrobial and non-fouling zwitterionic polymers over the past



Table 4
Telechelic antimicrobial polymers.

Representative chemical structure Test subject MIC or HC50 (mg/mL) Ref.

4A S. aureus 200e>1,000 [97]

4B S. aureus 6e>5,000 mM [98]
E. coli 53e>5,000 mM

4C S. aureus 40 [99]
E. coli 1,250
B. subtilis 40
S. epidermidis 40
S. mutans 156
RBC >4,730

4D S. aureus 25e400 [100]
E. coli 12.5e200
B. subtilis 3.13e12.5
E. faecium 12.5e100
RBC >800

4E Vancomycin and methicillin
resistant S. aureus

16e128 [101]

S. epidermidis 16e31
C. albicans 32e256
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few years. They have published a concise review about the zwit-
terionic polymers [105]. Most of the zwitterionic polymer systems
have been tested for their surface bound bactericidal or non-fouling
activity. Direct bactericidal property was achieved by reversible
lactonization [106] or side-chain ester hydrolysis (Fig. 9) [107].

3.1.6. Branched antimicrobial polymers
Antimicrobial macromolecules with dendrimer, hyperbranched,

brush or star structures have also been studied although they do
not necessarily mimic the fundamental structural features on most
AMPs. Dendrimers are monodisperse globular shaped
macromolecules that have been widely studied in biomedical ap-
plications including drug delivery, imaging, and antimicrobial.
There are many comprehensive reviews [108e111]. The highly
branched, three dimensional architecture of dendrimers can be
tailored to produce substantially functionalized macromolecules
with tunable internal cavities, surfaces, sizes and molecular
weights [110]. Inherently polyvalent compact structure with the
availability of many end groups offer high local concentrations of
active groups that can act in a synergistic fashion. Although the
diffusion of dendrimers is limited, initial adsorption and binding to
cell membranes is stronger than linear polymers. Therefore



Fig. 8. Schematic representation of membrane-active bioswitchable biocidal telechelic
polymers. Reprinted with permission from Ref. [99].
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branched macromolecules are expected to show higher level of
membrane disrupting activity (Fig. 10).

Typically, dendrimers are synthesized by either a divergent or a
convergent approach [110]. At each stage of synthesis, identified as
generations (G), dendrimers increase the number of functional
groups, the size, and themolecular weight. There are several classes
of dendrimers that can be applied as antimicrobials. Those include
Table 5
Zwitterionic antimicrobial polymers.

Representative chemical structure

5A

5B

5C
glycodendrimers, cationic dendrimers, anionic dendrimers, and
peptide dendrimers [109]. Antimicrobial dendrimers also show a
size and hydrophobic alkyl chain length dependence, similar to
most conventional liner polymer antimicrobials. Cooper et al.
investigated PPI dendrimers with terminal quaternary ammonium
C12 hydrophobes. The influence of generation number on antimi-
crobial activity had a trend of G5 > G4 > G1 > G2 > G3 [112]. This
indicates the requirement for an optimization of two opposing
factors, cationic functionality and overall size of the dendrimer.

Common cationic dendrimer biocides are prepared by func-
tionalizing end groups of dendrimers with quaternary ammonium
salts to produce cationic dendrimers [115]. Poly(amidoamine)
(PAMAM), poly(propylenimine) (PPI) and poly(carbosilane) (PCS)
based dendrimers are widely investigated as antimicrobials
(Fig. 11). Schoenfisch and co-workers developed a class of novel
dual action PAMAM antimicrobial dendrimers [113]. They synthe-
sized nitric oxide-releasing quaternary ammonium functionalized
G1 and G4 PAMAM dendrimers (Fig. 11A). Both individual and dual
action dendrimers demonstrated activity against S. aureus and P.
aeruginosa that was found to be dependent on the type of bacteria,
dendrimer generation and quaternary ammonium alkyl appendage
length. Longer alkyl chains (octyl and dodecyl) improved antimi-
crobial activity. Lisowska et al. investigated the antibacterial and
antifungal activity of PPI G4 dendrimers unmodified or modified by
maltose [116]. PPI dendrimers had various levels of cationic charges
on the surface depending on the medium. It was found that un-
modified PPI dendrimer was efficient against S. epidermidis and
C. albicans at higher concentrations. Maltose modification
improved the activity against S. aureus and improved
Test subject MIC or HC50 (mg/mL) Ref.

S. aureus 1,250e1,750 [102]
E. coli 1,125e2,000

S. aureus 50e>200 [103]
E. coli >200

B. subtilis >200 [104]
RBC >500



Fig. 9. Antimicrobial and nonfouling applications of various types of zwitterionic polymers in solution and surfaces. Reproduced with permission from Ref. [105].

Fig. 10. Proposed mechanism of action of cationic dendrimers. Reprinted with
permission from Ref. [109]. Copyright (2012) American Chemical Society.
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biocompatibility. In an earlier report, Cooper and co-workers
demonstrated enhanced antibacterial properties of quaternized
PPI dendrimers [117].

Silicon-containing antimicrobial agents are interesting due to
the presence of organic-inorganic hybridmaterials. Silicon provides
low hydrophilic characters. G�omez and co-workers compared the
antimicrobial activity of dendrimer and hyperbranched materials
with carbosilane skeleton and terminal quaternary ammonium
groups (Fig. 11B) [114]. Both materials had similar MICs against
S. aureus and E. coli in the range of 4e16 mg/mL. Mata, G�omez and
co-workers recently published their investigation of carbosilane
cationic dendrimers synthesized via thiol-ene click chemistry [118].
They prepared three types of dendrimers. Two of them had surface
charges as primary ammonium or quaternary ammonium moieties
while the third one had internalized quaternary ammonium moi-
eties with ethylalcohol appendages. They observed the loss of
antimicrobial activity with increasing generations as well as
increasing size of substituents on nitrogen atoms. Interestingly, the
presence of sulfur instead of silicon close to the nitrogen atom,
enhanced the antibacterial activity.

Kuroda et al. reported structureeactivity relationships in the
antimicrobial activity of linear and branched poly(ethylene imine)s
[119]. It was found that lowmolecular weight polymers were active
against S. aureus and E. coli. In addition, branched molecules had
lower cytotoxic effects on mammalian cells. Izzo et al. designed
novel star-like heteroarms polymer containing cationic and



A. PAMAM dendrimer

[113]

B. PCS dendrimer and hyperbranched polymer

[114]

Fig. 11. Antimicrobial cationic dendrimers and hyperbranched polymers. Refs. [113,114].
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hydrophilic groups [120]. They prepared three series of polymers
with linear, two-arm and four-arm architectures where poly(-
ethylene glycol) was the starting block and the second block had
methyl methacrylate and nonquaternized 2-(dimethylamino)ethyl
methacrylate. The films prepared using these polymers demon-
strated strong antibacterial effects. Polymers with PEG attached to
two arms showed finest results. Gao, Yang and co-workers inves-
tigated 8-arm poly(glycidyl methacrylate)s with quaternary
ammonium functionality [121]. The polymers were active against
S. aureus and E. coliwith the lowest MICs of 16 mg/mL and 64 mg/mL
respectively.

3.2. Hydrophobic/hydrophilic balance

Undoubtedly the most important design parameter in the
development of antimicrobial polymer is the amphiphilicity, also
referred to as hydrophobic/hydrophilic balance. It is the funda-
mental factor directly linked with the activity and selectivity of
thesematerials. AMPs have a surprisingly optimal amphiphilicity as
a result of million years of experiments by Mother Nature, which
are still going on. Although amphiphilic balance is influenced by
many chemical and physical features of the molecule, scientists
have been able to capture some essence of these features to design
synthetic antimicrobial polymers. For example highly hydrophilic
or dense cationic polymers may have the ability to bind to poly-
anionic cell surfaces [122]. However, without enough hydrophobic
groups they may not insert into the bilayer core that is required to
damage the membrane. At the same time, largely hydrophobic
polymers may be toxic to all types of cells. There may be also some
solubility issues in biological media. Therefore hydrophobicity of
the polymers can be considered as the main determinant of he-
molysis or toxicity [123].

When stationed inside the core of cell membrane, the hydro-
phobic components of polymers cause reorganization and disin-
tegration of the membrane. Partition coefficient is an important
parameter to evaluate the hydrophobicity of polymers that signif-
icantly correlate with the membrane activity. It is assumed that
polymer-membrane binding can be depicted in terms of parti-
tioning of hydrophobic content of polymers from an aqueous phase
to an organic phase. The watereoctanol partition coefficient of
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polymers is reported in several recent studies as a measure of
overall amphiphilic balance [75,124]. It is observed that the
amphiphilicity of polymers is influenced by the chemical structure,
size or length of hydrophobic group, as well as its location on the
polymer chain.

3.2.1. Alkyl spacers and tails
It is obvious that the penetration and burial of antimicrobial

polymers into cell membranes depend on the alkyl chain length,
because the cationic functionalities tend to complex with phos-
pholipid head groups while the hydrophobic backbone or other
moieties favor the membrane core. In ‘same-centered’ polymer
structures, at least one substituent is a longer alkyl chain that acts
as a spacer to connect the cationic group to the polymer backbone
or a tail conjugated to a positive charge. The length of this alkyl
group has a significant effect on the biological activity. The increase
of alkyl chain length buildups hydrophobicity so that the polymer
backbone can effectively penetrate into the hydrophobic core of the
membrane lipid bilayer.

Kurihara and coworkers prepared thermosensitive antimicro-
bial polymers by copolymerization of N-isopropylacrylamide with
methacryloyloxyethyl trialkyl phosphonium chlorides with
different alkyl tail lengths [125]. They observed improving anti-
bacterial activities of copolymers with increasing alkyl tail lengths
on the phosphonium group. A series of amphiphilic pyridinium
copolymers were prepared by Sen and coworkers to compare the
spatial relationship between the positive charge and the pendent
alkyl tail as well as the effect from the tail length [126]. The poly-
mers were prepared using vinylpyridine and methacrylate mono-
mers via free radical polymerization. The polymers having same
centered structure were modified with tails from C2 to C10. They
observed a parabolic shape for the MIC against the alkyl chain
length, where the lowest MIC for E. coli was obtained for C4, and C6
for Bacillus subtilis. Hemolytic activity increased with longer alkyl
tails up to C8. A similar trend was observed for the segregated
approach. However, it was observed that the same centered poly-
mers had lower membrane disrupting capabilities while the
spatially separated centers resulted in a higher membrane-
disrupting ability, as evident from the increased antibacterial and
hemolytic activities (lower selectivities). In addition, they observed
strong cellular agglutination of RBCs caused by spatially separated
polymers, which may be a leading factor for hemolysis. The un-
derlying structureeactivity relationship may be due to the fact that
the hydrophobic groups can form aggregates when the copolymer
has a segregated or “separate centered” structure. These groups can
donate the hydrophobic component into the cell membranes
without any selectivity. On the other hand, “same centered” or
“facially amphiphilic” structures may prevent such aggregations at
single molecule level and that may be the reason for their better
selectivities.
Fig. 12. Cyclic vs acyclic hydrophobic subuni
Kuroda and coworkers controlled the antimicrobial and hemo-
lytic activities of amphiphilic random copolymers by modulating
the spacer length in side chain [37]. They prepared a series of
random copolymers with ethyl methacrylate and 2-aminoethylene,
4-aminobutylene, or 6-aminohexylene groups where the co-
polymers with 4-aminobutylene cationic side chains showed the
optimal activity. 2-aminoethylene side chains resulted in lower
activity while the more elongated hexylene side chains showed
potent antimicrobial activity with stronger hemolytic activities as
well.

Yang and Hedrick et al. demonstrated that biodegradable broad-
spectrum poly(carbonate)s had a comparable antimicrobial ten-
dency on alkyl chain length [78]. They synthesized the poly(-
carbonate) polymers via organocatalytic ring-opening
polymerization and functionalized with quaternary ammonium
groups of various pendant structures (e.g., alkyl, aromatic, imida-
zolinium) (Fig. 15G). They observed an optimal alkyl chain length at
four carbons (butyl) for the series of polymers quaternized with
N,N-dimethyl alkylamines with various alkyl chain lengths. Inter-
estingly, the poly(carbonate)s with butyl substituents had
remarkable selectivity > 256 against E. coli and 1026 against
S. aureus. In addition, cyclic and aromatic substituent containing
quaternary ammonium polymers had better selectivities as well.
Activity-alkyl chain length dependence was observed for the “same
centered” quaternary ammonium and PEG copolyoxetanes pre-
pared by Wynne et al. [127]. However, the alkyl chain here was not
the spacer linking the backbone and the quaternary ammonium,
but an alkyl tail extending out from the quaternary ammonium
group. They synthesized the copolymers via cationic ring-opening
polymerization, resulting in 1:1 ratio of repeating units. The qua-
ternary alkyl chain length was varied from 2 to 16 carbons. The
most effective antimicrobial polymer had quaternary alkyl chains of
8 carbons, resulting in MICs of 4 mg/mL for E. coli, 2 mg/mL for
S. aureus and 24 mg/mL for P. aeruginosa.

Alkyl spacer length dependent activity was also observed for the
antimicrobial poly(acrylate) copolymers developed by Yang and co-
workers [73]. They used monomers having 2-carbon or 6-carbon
spacers linking primary ammonium groups (Table 1C). Interest-
ingly, antimicrobial activity substantially increased with increasing
amount of the long-alkyl monomer. However, the hemolytic ac-
tivity was very low in the copolymer. Homopolymer of short-alkyl
monomer was low hemolytic while that of long-alkyl monomer
was very high.

3.2.2. Cycles and fused cycles
For a majority of antimicrobial polymers, linear alkyl chains are

used as the hydrophobic units. However, there are only few reports
focused on cyclic or fused cyclic structures as hydrophobic groups
in antimicrobial polymers. Gellman and coworkers investigated the
effects of cyclic and acyclic hydrophobic subunits on the biological
ts in nylon-3 copolymers. Refs. [71,128].



Fig. 13. Antimicrobial polymers with fused-ring structures as hydrophobic components. Refs. [66,84].
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properties of nylon-3 random copolymers (Fig. 12A) [128]. The
copolymer with cyclohexane hydrophobic groups indicated
improved antimicrobial efficacy, with low hemolytic activity rela-
tive to analogous acyclic subunits. They assumed that the major
contribution for the observed properties comes from changes in
local backbone flexibility between cyclic and acyclic hydrophobic
nylon-3 polymers. Conversely, a more recent study on binary
nylon-3 random copolymers with isomeric or nearly isomeric cyclic
and acyclic hydrophobic subunits demonstrated an opposite phe-
nomenon. The copolymer without a cyclic constraint on the back-
bone (Fig. 12B right) displayed superior properties. This may be due
to the shorter alkyl chain lengths in the hydrophobic subunit.

Tang et al. utilized resin acids with bulky hydrophenanthrene
rings as hydrophobic substituents (Fig. 13) for their antimicrobial
polymers [66,84]. They prepared poly(N,N-dimethylaminoethyl
methacrylate) via RAFT polymerization and partially quaternized
the polymer using rosin ester chloride (Fig. 13A). The polymers
were highly active against E. coli and S. aureus. Interestingly, the
starting polymer and the polymer quaternized with a linear alkyl
chainwith the same number of carbon atoms as the rosin group did
not show significant antibacterial properties. In another study, they
attached the quaternary ammonium group to the periphery of rosin
Fig. 14. Illustration of the cell membrane and cell-wall morphology of bacteria and their
weight polymers encounter a “sieving effect” from the cell wall. (B) Outer membrane of
Reproduced with permission from Ref. [131].
moiety (Fig. 13B). Molecular dynamics simulations revealed a
strong preference of hydrophobic fused ring structure to penetrate
and dock into the hydrophobic core of the lipid bilayer of a model
system [79]. Also these systems demonstrated superior antimi-
crobial activities even against MRSA and strong biocompatibilities
both in vitro and in vivo. It is believed that the natural hydro-
phenanthrene ring structure has a better compatibility with the
hydrophobic core of the lipid membrane in a similar fashion to
steroids present in cell membranes.

3.3. Molecular weight effect

Unlike the small molecules, antimicrobials macromolecules
provide the freedom for chemists to optimize the biological activ-
ities by varying the molecular weight of macromolecules. The
contact-active mechanism of polycations suggests higher molecu-
lar weight requirements to have better selectivity since it relies on
increased initial electrostatic attractions, while better antimicrobial
activity comes from increased hydrophobic active sites that pene-
trate into the lipid bilayer. In addition, favorable antimicrobial effect
comes from the fact that the complexation of a polycation with a
polyanion is essentially irreversible, while complexes of a polyion
interactions with antimicrobial polymers. (A) Gram-positive bacteria. High molecular
Gram-negative bacteria limit antimicrobial polymers reaching the inner membrane.



Fig. 15. Representative chemical structures of various ammonium groups integrated in antimicrobial polymers. Refs. [78,126,136,139,140e144].
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with species with low amount of charges are mostly reversible [66].
However, with increase of molecular weight, there comes into play
other limiting parameters such as solubility, diffusion and aggre-
gation in the biological media, barriers such as bacterial cell
wall, etc.

Synthetic antimicrobial materials that mimic the small AMPs
generally show better antimicrobial properties with minimum
hemolytic activities. Typically AMPs consist of small number of
amino acid residues (12e100 aa) with molecular weights in the
range of 2e8 kg/mol. A similar trend is observed for antimicrobial
polymers where pronounced antimicrobial efficacy is generally
withmolecular weights ranging from 2 to 12 kg/mol. Themolecular
weight effect in methacrylate based systemwas studied by Kuroda
et al. [124]. It showed the increase of antimicrobial and hemolytic
properties with increase of molecular weight up to 10,100 g/mol.
However, Gellman et al. did not observe similar effect in the nylon-
3 polymers with regard to chain length [129]. Significant hemolysis
was observed above ~30 repeating units where minimum hemo-
lytic concentration went below MIC.

Tang et al. studied the molecular weight dependence for pol-
y(methacrylate) systemwith bulky rosin group as the hydrophobic
moiety [66]. The degree of quaternization was kept similar while
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the molecular weights were changed. Low molecular weight
polymers showed higher antibacterial activities than their high
molecular weight counterparts. Also this dependence of molecular
weight was somewhat characteristic to the cell envelope structure
of bacteria. For example, MIC became abruptly high for Gram-
positive bacteria with increasing molecular weight. Tew et al.
made facially amphiphilic oxanorbornene monomer derived poly-
meric systems by ring-opening metathesis polymerization. They
observed a “sieving effect” for high molecular weight polymers
against Gram-positive bacteria (Fig. 14.) [130,131]. In addition,
double membrane structure of Gram-negative bacteria prevented
the polymers reaching the inner membrane at proper concentra-
tions. Therefore the Gram-positive bacterial were more susceptible
to the agents. Poly(oxonorbornene)-based antimicrobial polymers
were found to be promisingly human cell compatible [132]. This
“doubly selective” system, with the ability to kill bacteria over
mammalian and one bacterial type over the other, may be a fasci-
nating example for targeted therapy.

Yang and Hedrick et al. studied the molecular weight effect on
antimicrobial poly(carbonate)s [133]. They also observed similar
trends with Gram-positive activity for low molecular weight pol-
ycarbonates and the reverse trend for Gram-negative bacteria such
as E. coli and P. aeruginosa. Tang and coworkers prepared antimi-
crobial poly(caprolactone) homopolymers containing cationic rosin
groups, which showed strong bactericidal activities even at high
molecular weights, e.g. 74,000 g/mol [84]. This intrinsic property
may be attributed to the strong bactericidal property of cationic
rosin units as well as their locality as a ‘same-centered’ polymer
architecture.

3.4. Ionic/polar group effect

All membrane-active macromolecules require some sort of
amphiphilic functionality. In natural AMPs it is fulfilled by amino
acid residues such as lysine, arginine or histidine that are proton-
ated at physiological pH, generating a net positive charge on the
peptide, typically in the range of þ2 andþ9 [134]. Since the driving
force for the selective interaction between antimicrobial macro-
molecules and the microbe cell surface is largely based on elec-
trostatic interactions, it is obvious that the type of charge, the
charge density and the charge location would have a strong impact
on the activity profile of the macromolecules. Therefore, careful
manipulation is necessary because the addition of charged groups
along the polymers usually affect the overall hydrophobicity, due to
the interplay of charge and hydrophobicity. Most antimicrobial
polymeric systems, contain permanent cationic moieties largely
composed of ammonium groups. There are relatively fewer studies
that employ alternative cations such as phosphonium, sulfonium
systems or metal ions.

3.4.1. Ammonium
The ammonium group is the most widely studied source of

cationic charge due to its resemblance to AMPs, in addition to the
ease of synthesis. In AMPs, the cationic charge comes mostly from
primary amines (lysine) or guanidium moiety (arginine) due to
their greater abundance in such peptides. In contrast, most poly-
meric antimicrobials employ quaternary ammonium groups as
cations, primarily because the antimicrobial activity is independent
from the pH of the media. Synthetic polymers with quaternary
nitrogen atoms are widely explored and well-reviewed [135].
Kuroda and coworkers studied the impact of the type of amine
groups such as primary, tertiary, or quaternary ammonium on
antimicrobial and hemolytic activity (Fig. 15A) [136,137]. Interest-
ingly, the poly(methacrylate) copolymers bearing primary and
tertiary amine groups were able to completely inhibit E. coli growth
with almost no hemolytic activity. In contrast, the analogous sys-
tem with quaternary ammonium groups did not show antimicro-
bial properties until higher concentrations. The same quaternary
ammonium polymer showed significant hemolytic activity and
some antimicrobial activity upon increasing the hydrophobic con-
tent by changing alkyl chains from methyl to butyl moieties.
Watereoctanol partition coefficients demonstrated that the overall
amphiphilicity does not depend only on the number of cationic
groups but also their chemical structure. This indicates the fact that
the dissociation constants of the charged group have a strong in-
fluence on the polymer amphiphilicity. Specifically, amphiphilic
polymers containing permanent quaternary ammonium groups are
more hydrophilic than the analogous polymers with exchangeable
cationic groups formed by the protonation of amine groups. In
other terms, it can be envisioned that the permutable nature of the
protonation of amine groups leads to a greater selectivity because
of the variable nature of amphiphilicity. In addition, it is assumed
that protonated ammonium groups form stronger complexes with
phosphate lipid heads via a combination of hydrogen bonding and
electrostatic force, opposed to quaternary ammonium groups.

Cation structure dependent antimicrobial activity was also
observed by Morgan et al., for their primary and tertiary amine-
containing poly(methacrylamide) homopolymers and statistical
copolymers prepared via aqueous RAFT polymerization [138]. They
found that copolymers consisting largely of primary amines were
most effective against both strains of E. coli and B. subtilis. Tertiary
amines with methyl or ethyl groups had limited activities, indi-
cating steric hindrance that dwindles polymer bacterial
interactions.

In another study, Tew et al. investigated the consequences of
guanidium functionality instead of ammonium groups in a poly(-
norobornene) system (Fig. 15B) [139]. Unlike the poly(-
norobornene) antimicrobials with primary amine groups, the
guanidium functionalized polymer was strongly antibacterial
against Gram-negative and Gram-positive bacteria as well as non-
hemolytic against human red blood cells. The mechanistic in-
vestigations revealed that the guanidine functionalized polymer
caused little or no membrane disruption. However, the antimicro-
bial activity likely occurred via a different mechanism with intra-
cellular targets such as anionic macromolecules including essential
membrane proteins or RNA/DNA.

Mathias et al. prepared water soluble antimicrobial polymers
containing pendant quaternary ammonium moieties based on 1,4-
diazabicyclo-[2.2.2]-octane (Fig. 15E) [143]. They were moderately
effective against bacteria. Zhang, Fan and co-workers synthesized a
novel main-chain imidazolium oligomer material as a promising
broad-spectrum antimicrobial agent (Fig. 15H) [140]. The oligomer
was strongly active against most pathogenic bacteria including
MRSA and VRE with MICs in the range of 1.5e31.25 mg/mL. Inter-
estingly, the cationic oligomers were mostly non-hemolytic. The
selectivity indices were over 3000. In vivo infection activity was
also tested using mice, which revealed a high therapeutic index
(LD50/ED50) of 37 against S. aureus infection.

Hedrick, Yang and coworkers investigated the impact of
nitrogen-containing heterocycles as quaternizing agents on the
antimicrobial and hemolytic activity of antimicrobial poly-
carbonates [141]. They synthesized biodegradable cationic poly-
carbonates containing propyl or hexyl side chains quaternized with
various nitrogen-containing heterocycles, including imidazoles and
pyridines (Fig. 15I). The polymers were broad spectrum activity
while stronger activities against Gram-positive bacteria were
observed. Hexyl side chains improved the properties. Interestingly,
N-heterocycle quaternized polymers had enhanced antimicrobial
activity compared to their analogs quaternized with trimethyl-
amine. In addition, among imidazole-containing polymers, 1-
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butylimidazole had better antibacterial activities. A greater inhib-
itory efficiency was observed when pyridine was replaced by 4-
(dimethylamino)pyridine.

3.4.2. Phosphonium
Phosphonium containing polymers are widely explored in fields

such as ionic liquids and nucleic acid delivery. However, their
antimicrobial potency remains relatively untapped. Endo and co-
workers studied various phosphonium salts containing biocides,
which were active against a range of bacteria [145]. It was found
that phosphonium-containing biocides had better bactericidal ac-
tivity and killing rates compared to analogous ammonium con-
taining systems. Recent reports suggest that phosphonium groups
possess the additional advantage of lower toxicity towards
mammalian cells as well as thermal stability [146,147].

Quaternary phosphonium grafted on an insoluble ‘gel-type’
styrene divinylbenzene copolymer was prepared by Dehelean et al.
[148]. They reported that ethyl phosphonium grafted polymers had
better activity than phenyl phosphonium polymers. Quaternary
ammonium and phosphonium salts based on random copolymers
of glycidyl methacrylate and 2-hydroxyethyl methacrylate were
synthesized via free radical polymerization and post-
polymerization modification by Kenawy and coworkers [35].
Compared to triphenylphosphonium moiety, polycation with trib-
utylphosphonium had the highest antimicrobial activity against a
range of bacteria including E. coli, P. aeruginosa and B. subtilis, and
the fungus T. rubrum. These polymers had better efficacy towards
the fungus while the lowest activity was against Gram-positive
bacteria. Nevertheless, an opposite observation was resulted from
ammonium- or phosphonium-containing crosslinked copolymers
investigated by Kenawy and co-workers [149]. Triphenylphospho-
nium salt of the modified copolymer was most effective against
C. albicans and S. aureus. Fig. 16 illustrates representative chemical
structures of phosphonium-containing polymers.

Ao et al. modified epoxied natural rubber with quaternary
phosphonium groups and observed antibacterial activity of the
polycationic materials [153]. Liang and coworkers prepared a class
of new antimicrobial cationic polymers consisting of poly(-
phenylene oxide) (PPO) backbone, from the quaternization re-
actions of the methyl-brominated PPO with tertiary amines or
phosphines [152]. Interestingly, they also observed
triphenylphosphonium-containing polymers to be active against
Fig. 16. Representative phosphonium- and sulfonium-contain
both E. coli and S. epidermidis, while the quaternary ammonium
polymers and tributylphosphonium polymers analogs were active
against S. epidermidis only. The polymers were also found to be
compatible with Hs68 fibroblasts. This difference may have
attributed from the balanced hydrophobicity coming from the
phenyl moieties that facilitate the interactions with more compli-
cated Gram-negative cell surfaces.

Amine-, ammonium- and phosphonium-containing cationic
poly(acrylamide) tripolymers (PPAD) were investigated by Zhao
and coworkers [150]. Free radical solution polymerizationwas used
to prepare polymers that demonstrated bactericidal and excellent
virucidal activities. The polymers showed an inhibitory action
against the adenovirus (ADV) infection on human embryonic kid-
ney cell (Fig. 17). With the increase of phosphonium content, the
MIC values decreased significantly, indicating the enhanced anti-
bacterial activities.

3.4.3. Sulfonium
Sulfonium compounds are analogous to quaternary ammonium

materials in terms of charge. However, their antimicrobial and
hemolytic activities are not in line. In contrast to other cationic
groups, very few studies have been performed on polymeric sul-
fonium compounds as antimicrobials and their biocompatibility.
Endo and coworkers prepared poly(p-vinylbenzyl tetramethyle-
nesulfonium tetrafluoroborate)s (Fig. 16C) with various molecular
weights, to explore the effect of hetero atoms on the antibacterial
activity of polymeric onium salts. The polymers were prepared by
radical polymerization of vinylbenzyl tetramethylenesulfonium
tetrafluoroborate. They tested the activity against S. aureus and
E. coli and found higher antibacterial activity against Gram-positive
bacteria [151]. Hirayama reported the antimicrobial and biocom-
patibility properties of sulfonium salts, illustrating that the sulfo-
nium salts were much better in antibacterial activities with
minimum toxicities in contrast to quaternary ammonium salts
[154]. However, one limitation of sulfonium polycations is their low
thermal stability.

3.4.4. Cationic metals
Organometallic polymers have been used in many areas in

medicinal chemistry as anticancer drugs, enzyme inhibitors, tar-
geting agents, contrasting agents, etc. [155]. Metal ions or nano-
particles could be located throughout polymer backbone or as
ing antimicrobial polymer structures. Refs. [35,150e153].



Fig. 17. A model for the role of PPAD in inhibiting ADV binding and entry into the host cell. Reprinted with permission from Ref. [150].
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pendant groups. There is plenty of research on silver-containing
antimicrobial polymers largely due to strong and broad spectrum
antimicrobial activity of silver ions or silver nanoparticles [156].
Most silver-containing antimicrobial polymers consist of either
elemental silver or as Agþ releasing polymeric composite systems.
However, organometallic antimicrobial polymers with cationic
metal ion complexes and their application as biocompatible and
membrane-active antimicrobial materials have not been explored
well. Metal such asMn, Co, Ni, Cu and Zn have been incorporated on
to polymers. One limitation in such polymers would be the toxicity
of most metal ions towards mammalian cells and low light-thermal
stability. There are several reviews that describe about antimicro-
bial organometallic polymers [11,17].

Tang and coworkers recently reported a class of novel charged
metallopolymers based on cationic cobaltocenium-containing
polymers that were bactericidal and highly biocompatible [157].
Cobaltocenium-containing methacrylate polymers with hexa-
fluorophosphate anion and their halide paired cobaltocenium-
containing polymers were synthesized via RAFT polymerization
and further ion exchange. In addition to inherent antimicrobial
activity, these polymers formed conjugates with conventional an-
tibiotics such as Penicillin G, Amoxicillin, Ampicillin and Cefazolin
via ion-pair interactions (Fig. 18). It was found that metal-
lopolymers attack both cell envelopes and belactamase enzymes.
This novel activity inhibited b-lactamase degradation of the anti-
biotics and protected conjugated antibiotics via ion-pairing be-
tween polymers and antibiotics.

3.4.5. Uncharged polar or neutral groups
Another emerging trend to circumvent hemolytic activity of

antimicrobial polymers is to introduce uncharged hydrophilic
groups such as highly biocompatible poly(ethylene gylcol) (PEG).
PEGylation is an attractive method to increase the hydrophilicity of
polymers. Youngblood and coworkers identified the increased ef-
ficacy of quaternized poly(vinylpyridine) through copolymerization
with hydroxyethyl methacrylate and poly(ethylene gycol) methyl
ether methacrylate (Fig. 19A) [158]. It was attributed to the syner-
gistic activity of poly(ethylene gycol) with the bactericidal quater-
nized poly(vinylpyridine). Tew et al. modified amphiphilic
poly(norbornene) polymers through the integration of hydrophilic
and biocompatiblemoieties such as sugar and poly(ethylene glycol)
(Fig. 19B) [159]. It was found that increasing hydrophilicity reduced
antibacterial activity. However, at the same time the hemolytic
activity was much significantly lowered. The hemocompatibility of
the Wynne and co-workers’ copolyoxetanes (Fig. 19C) may be
owing to the presence of PEG side chains [127]. The incorporation
of certain amounts of carbohydrate pendants groups substantially
increased the hemolytic concentration of the amphiphilic block
copolymers (Fig. 19D) developed by Ferna

́

ndez-García et al. [86].
However, the antimicrobial activity was sustained.

In a recent study, Gellman et al. highlighted a similar trend in
achieving biocompatibility [160]. They have optimized the selec-
tivity of previously evaluated binary hydrophobicecationic nylon-3
copolymers that showedstrong antibacterial andhemolytic profiles.
The homoglycine subunits and honoserine subunits were newly
introduced to the polymers as neutral or hydrophilic repeating units
(Fig.19E). The partial replacement of hydrophobic subunits, cationic
subunits, or both into a neutral or hydrophilic functionality led to a
decline in hemolytic activity while antibacterial activity was main-
tained. Yang et al. demonstrated a method to improve biocompati-
bility via simply substituting the hydrophobic moiety of an
antimicrobial polymer into a hydrophilic moiety [75]. Long hydro-
philic and cationic poly(methacrylate) randomcopolymers (Fig.19F)
were significantly less hemolytic compared to the analogous
hydrophobic-and-cationic poly(methacrylate)s.

In summary, it can be established that incorporation of hydro-
philic biocompatible groups into cationic polymers would improve
the biocompatibility of the macromolecule. However, a correct
balance should be maintained to retain the antimicrobial activity.

3.4.6. Charge density and position
Although most polymeric antimicrobials contain a single cation

per monomer, there is a possibility to incorporate extra cationic
groups to fine-tune the amphiphilicity. Tew and coworkers pre-
pared cationic antimicrobial poly(norbornene)s that carry one, two,
and three charges permonomer repeat unit to investigate the effect
of charge density on biological activities (Fig. 15C) [142]. For more
hydrophilic polymers, increased amount of amine groups per
repeat unit resulted in very little influence on antimicrobial activity
against both S. aureus and E. coli, while the hemolytic activity
significantly reduced. Although hydrophilic polymers remained
non-hemolytic, enhanced activity against Gram-positive bacteria
was observed with increased amount of amine groups.

The location of the cationic group on polymers has a pro-
nounced effect on both antimicrobial and hemolytic activities. Tang
et al. studied the effects of charge location over biological activity
when the quaternary ammonium group was at the periphery,
compared to when the quaternary ammonium was sandwiched



Fig. 18. Antimicrobial metallopolymers, the formation of ion-pairs between b-lactam antibiotics and cobaltocenium-containing polymers. Reprinted with permission from Ref.
[157]. Copyright (2014) American Chemical Society.
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between a bulky hydrophobic group and the polymer backbone
[66,84]. When the cationic groups were located on the termini of
the pendant hydrophobic moiety, they were able to act like small
needles with pronounced antimicrobial activities. However, the
polymer with positive charges sandwiched between two hydro-
phobic moieties, showed little or no activity. This was attributed to
the increased steric hindrance lowering electrostatic interactions
between the polymer and the cell membranes. In addition, they
observed a dependence of antibacterial activity on the degree of
quaternization (DQ). The MICs first decreased as a result of
increased cationic functionality. However, the MICs increased with
further increase of DQ. It is believed that the increase of DQ was
bounded with incorporation of additional rosin moieties that could
increase the overall hydrophobicity of polymers. This could result
in partial aggregation of polymers and reduce solubility in biolog-
ical media. Youngblood and co-workers demonstrated the steric
effect at the quaternized group on the antimicrobial properties.
They compared copolymers from 2-vinylpyridine (2VP) and
poly(ethylene glycol) methyl ether methacrylate to the analogs of
4-vinylpyridine (4VP) copolymers [161]. There is more steric
crowding at the cation of 2VP due to the close proximity to the
polymer backbone. In general, 4VP copolymers were more active
against microbes and had better selectivities.
Sampson and coworkers inspected the effect of the spatial
separation between cationic groups towards antimicrobial activity
[162]. Ring-opening metathesis polymerization was utilized to
prepare a series of alternating copolymers, random copolymers
and homopolymers containing trialkylammonium, ammonium,
and guanidinium substitutents. They identified the requirement
for an ordered microstructure toward optimal antimicrobial ac-
tivity. The most successful polymer system had regularly spaced,
featuring a 6e8 carbon stretch along the backbone spatially
separating the side chains that presented positively charged
groups. It was concluded that random copolymers with 8e10 Å
backbone spacing between the functional groups may yield better
properties.

The amount of quaternary ammonium groups along polymer
chains also has a major effect on the biological activity of polymers.
Wynne and coworkers explored this phenomena on their copo-
lyoxetanes with quaternary ammonium and PEG-like side chains
[163]. Along with most polycations, the copolyoxetanes had a
strong polyvalent effect compared with the monovalent analogs.
Water-soluble copolyoxetanes with C12 alkylammonium side
chains had a systematic trend in composition versus antimicrobial
activity against E. coli, S. aureus and P. aeruginosa, improving with
the increase of mole percent of cationic repeating units up to 60%.



Fig. 19. Introduction of PEG, neutral or uncharged polar groups to improve hemocompatibility. Refs. [75,86,127,158e160].
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However, the MICs gradually decreased over 60% of cationic groups,
which may be a result of increasing alkyl chains to shield the
charges or to decrease hydrophilic character.

3.4.7. Counter anion influence
Counter anions can influence cationic polymers in terms of sol-

ubility and ion-pair formation. If the counter anions introduce strong
hydrophobicity, the solubility will be reduced in polar media. It
should be noted that, there is an entropic gain when the counter
anions get released at the time of polymer -membrane ion-pair
formation. However, if the counter anions form tight ion pairs with
polymer cations, it would result in unfavorable enthalphic penalties,
in addition to masking of the cations that reduce initial polymer-
membrane attractive forces. Counter anion effects on antimicrobial
activity have been studied sparingly. Endo et al. examined the
counter anion effects on poly[tributyl(4-vinylbenzyl)phosphonium]
antibacterial activity against S. aureus [164]. Poor activity was
observedwhen the counter anion tends to form a tight ion-pair with
phosphonium ion, while it was high for anions facilitating ionic
dissociation. This behavior was in concurrent with the solubility of
polymers. The antibacterial activity was in the order of
chloride > tetrafluoride > perchlorate > hexafluorophosphate, and
was inversely related to the polymer-anion ion-pair tightness. Tew
and co-workers investigated the impact of organic counter anions on
the activity of poly(oxanorbornene)-based system [103]. The hy-
drophobic counter anions turned out to inactivate the antimicrobial
polymers against microbes. It was found that the counter anions
form tight ion pairs with the cationic amines, leading to a strong
masking of overall cationic nature of polymers. In summary, one
could claim that weaker ion-pairing and hydrophilic counter anions
may improve the antimicrobial activity of cationic macromolecules.

4. Antimicrobial polymer assemblies

In contrast to monomeric units, antimicrobial polymers typi-
cally show enhanced activity due to increased local concentration
of active groups. Self-assembled structures of polycations bring
even more enhanced activity due to the fact that they can
immensely localize mass and cationic charge of the amphiphilic
macromolecules [165]. In addition, nanostructures have high sur-
face area leading to higher activities. Therefore nanostructures of
cationic antimicrobial macromolecules such as micellar nano-
particles, liposomes, bilayer fragments are quite attractive [166].
There is much attention about cationic polymers that can form
secondary structures via non-covalent interactions such as hydro-
phobic and hydrogen bonding.



Fig. 20. Cationic amphiphilic polycarbonates that form micelles. Reprinted with
permission from Ref. [88].
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Core/shell polymer nanoparticles are among the most explored
nanostructures in antimicrobial applications because they provide
the highest surface to volume ratio, better stability in a range of
environmental conditions, ease of synthesis and the ability to
control size by the utilization of inorganic nanoparticles as a core
substrate on which the polymer shell is grown. In depth discussion
about such nanoparticles is beyond the scope of this feature article
and hence the readers are routed for a recent review [167].

Amphiphilic block copolymer micelles are another class of
widely studied antimicrobial nanostructures. Most amphiphilic
block copolymers can self-assemble into core/shell nanoparticles
for loading drugs or as drug carriers. Typically, amphiphilic block
copolymer micelles could be potent against a broad spectrum of
Fig. 21. Schematic representation of a synthetic procedure for shaped a
fungi and bacteria. In their outstanding quest on poly(carbonates),
Hedrick, Yang and coworkers reported a class of novel biodegrad-
able and in vivo antimicrobial cationic micellar nanoparticles
(Fig. 20), which were appreciably active against a range of Gram-
positive bacteria and a fungus with MIC values as low as ~39 mg/
mL [88]. The cationic polycarbonate triblock copolymers
(Mn ¼ 6,200e9,200 g/mol) were prepared by metal free organo-
catalytic ring-opening polymerization of functional cyclic carbon-
ates. Although these polymers that formed larger aggregates with
an average diameter of ~400 nm did not show efficacy, it was
believed that micelles with considerably smaller size (43e198 nm)
damaged the cell wall. Interestingly, these polymers did not show
significant activity below the critical micellar concentration, illus-
trating the importance of self-assembled nanostructures that
collectively enhance the potency rather than discrete antimicrobial
polymer chains.

In another study, Hedrick, Yang and coworkers developed highly
dynamic, biodegradable micelles from poly(carbonate)s that
demonstrated stronger bactericidal properties [133]. The micelles
from random poly(carbonate)s showed stronger activity against
Gram-negative bacteria, compared to block copolymers. The
instability of micelles from random copolymers allowed them to
better integrate with bacterial membranes such that the hydro-
phobic core can move into the hydrophobic lipid bilayer core at
faster rates. This study confirmed the concept that in order to be
highly potent, antimicrobial nanostructures should be stable
enough to keep their integrity in solution, but disassemble rapidly
upon contact with negatively charged bacterial cell membrane.

Another type of biodegradable cationic antimicrobial nano-
particles was synthesized by Hedrick and co-workers [168]. An
assembly directing terephthalamide-bisurea core was used to
initiate triblock copolymers of lactide and cyclic carbonates. These
copolymers self-assembled into either spherical or rod-like three-
dimensional cationic structures. Although the molecular weight
was in the range of 11,800e13,400 g/mol, the nanostructures were
small in diameter (rod shape ~10 nm and spherical shape ~20 nm).
It may be the major reason for pronounced activity of these
nanostructures, compared to other systems. Interestingly, both
shapes were found to have similar size and charge density, while
only the rod-like assemblies were effective against C. albicans.

The biopolymer chitosan is a widely used antimicrobial agent
due to its biodegradability and nontoxicity. The antimicrobial
properties are related to its polycationic structure. There are several
interesting review articles on antimicrobial chitosan derivatives
[169,170]. Chitosan nanoparticles can be prepared by ionic gelation
ntibacterial nanoobjects. Reprinted with permission from Ref. [87].



Fig. 22. Self-assembly of PEO-b-PCL-b-PTA triblock copolymer into antibacterial mi-
celles. Reprinted with permission from Ref. [86].
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of chitosan with different anions. There are many reports on anti-
microbial chitosan nanoparticles [171] and nanofibers [172].
Nanoparticles made from low molecular weight chitosan showed
better efficacy against microbes [173]. In addition, quaternary
ammonium modified chitosan increased the solubility and anti-
bacterial activity of nanoparticles.

Chen et al. fabricated antibacterial core/shell polymer nano-
objects with sheet-like, cylindrical, and spherical shapes (Fig. 21)
[87]. The nanoobjects had crosslinked poly(siloxane) cores and
densely grafted poly(ammonium) shells. They were prepared by
dispersing cross-linked microphase separated materials of diblock
copolymers, poly(2-(dimethylamino)ethyl methacrylate)-block-
poly(3-(triethoxysilyl)propyl methacrylate) (PDMAEMA-b-PTEPM)
and further quaternization with n-octyl bromide. Antibacterial ac-
tivities of these nanoobjects were assessed against E. coli. All
nanoobjects had similar bactericidal activity and were 10 fold
better than corresponding quaternized homopolymers.
Fig. 23. Synthesis, self-assembly and antimicrobial mechanism of a dib
Water-dispersible, biodegradable, unique core/corona nano-
structured polymer micelles with significant antibacterial activities
were developed by Du and coworkers, utilizing amphiphilic ABC
triblock copolymers comprising of poly(ethylene oxide)-b-poly-
(ε-caprolactone)-block-poly[(2-tert-butylaminoethyl) methacry-
late] (Fig. 22) [86]. The micelles had a hydrodynamic diameter of
23 nm or 34 nm. Below CMC, the antibacterial activity against E. coli
or S. aureus was little or zero, but more effective above CMC,
proving the activity enhancement was achieved via micelle
formation.

Du et al. also studied antimicrobial activity of solution self-
assembled polymer vesicles prepared by thermo- and pH-
responsive diblock copolymers [174]. Interestingly, this diblock
copolymer system, made of poly[2-(2-methoxyethoxy)ethyl
methacrylate]-b-poly[2-(tert-butylaminoethyl) methacrylate], had
secondary amines that can get protonated in the medium (Fig. 23).
The vesicular structures had a mean diameter of 240 ± 50 nm and a
membrane thickness of 21 nm. The hydrodynamic diameter was
dependent on the pH of the media. These polymer vesicles were
active against E. coli and S. aureus under physiological conditions in
contrast to un-self-assembled individual polymer chains. In addi-
tion, these hollow structures are potentially promising as delivery
vehicles for nano medicines.

The same diblock copolymer was self-assembled into an
‘‘armed’’ high-genus vesicle by a solvent switch method [175].
These high-genus vesicles were even better at antimicrobial ac-
tivities and excellent in hemocompatibility. In addition, they used
the vesicles to successfully deliver anti-cancer drug Doxorubicin,
proving the system to be useful in antibacterial and anticancer
therapeutic processes simultaneously. Xie and coworkers fabri-
cated a covalent organic polymer with hollow structure via Sono-
gashira coupling from precursors containing positive charge [176].
Fluorene decorated with positive charge and 1,3,5-triethynylbenze
lock copolymer vesicle. Reprinted with permission from Ref. [174].



Fig. 24. SEM micrographs of biodegradable nanoparticles from PEG-poly(amino acid)s, and an schematic illustration. Reprinted with permission from Ref. [177].
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was used as core structural units. The hollow structures were active
against E. coli with an MIC of 0.25 mg/mL.

Cai and co-workers developed biodegradable nanoparticles
from PEG-poly(amino acid)s [177]. They synthesized a series of
PEGylated poly(amino acid)s via ring-opening polymerization of N-
carboxyanhydrides with cationic and hydrophobic properties. The
polymers formed nanoparticles with 50e200 nm under aqueous
conditions (Fig. 24). The antibacterial activities of the nanoparticles
were tested against a range of bacteria. It was found that they had
broad-spectrum activity. PEGylation promoted the nanoparticle
formation as well as the reduction of hemolytic activity.

Riberio et al. reported hybrid nanoparticles from cationic lipids
and polymers [14]. They prepared bilayer fragments by a layer-by-
layer depositionmethod. The antibacterial activity was pronounced
against P. aeruginosa and S. aureus. They observed the antimicrobial
effect dependent on the amount of positive charge on particles and
independent of particle sizes [178]. In a more recent investigation,
they characterized antimicrobial polymer particles of poly(-
methylmethacrylate), which were prepared by emulsion polymer-
ization in the presence of quaternary ammonium surfactants [179].
It was found that high surfactant concentrations yielded stable
colloids with permanent cationic groups that were significantly
antibacterial. Polymeric nanofibrous structures are also intriguing
antimicrobial agents because their high aspect ratio and large
surface area improve the interactions with cell surfaces. Three-
dimensional scaffolds produced by polymeric nanofibers are
widely used in tissue engineering with even greater control over
cell incorporation and function. Electrospinning, self-assembly,
phase separation, templating and several other techniques with
varying degree of success have been applied to generate nano-
fibrous polymeric materials [167,180].

5. Conclusions and outlook

In this feature article, a wide range of AMP-mimicking cationic
polymer systems are described as a promising platform for the
development of next-generation antimicrobial agents. These
synthetic polymers can be prepared with low cost at a large scale,
and are more stable for in vivo applications in contrast to most
other analogs of AMPs. Cell membrane disruption is widely
considered as the major mechanism of action for cationic polymers,
while several other possibilities are being unearthed slowly. Weak
aggregations between polymerepolymer and cationeanion are
important in terms of enthalpic and entropic penalties to gain
stronger membraneepolymer interactions. The vast potential on
the chemistry of antimicrobial polymers is not fully explored yet.
The field is rapidly expanding. Over the course of the development
of antimicrobial polymers, it has resulted in a diverse library of
materials, improved synthetic methodologies, and better mecha-
nistic studies that can be applied to other fields as well. These
membrane-active polymers show potent effects against most bac-
teria, several fungal and few viral species, illustrating their broad-
spectrum activity. The absence of specific molecular targets and
rapid biocidal properties make antimicrobial polymers much more
tolerant towards microbial resistance development compared to
conventional antibiotics. These features favor the application of
antimicrobial polymers as disinfectants in clinical settings, medical
device coatings, topical antimicrobial agents, intravenous formu-
lations for systemic treatments and many other industrial and
domestic applications. However, more research is required to un-
derstand complex, long-term interactions of antimicrobial poly-
mers with microorganisms as well as host animals. It can be
concluded that antimicrobial polymers have varying potencies and
behaviors in accordance to their macromolecular architectures
such as homopolymers, random copolymers, block copolymers,
telechelic polymers and zwitterionic polymers. In addition, the
type of cation, charge location and cationic density also influence
the antimicrobial activities. Incorporation of non-cationic hydro-
philic groups as well as cyclic or heterocyclic hydrophobic moieties
may improve biocompatibility. Higher ordered structures such as
micelles and other nano-objects demonstrated intriguing antimi-
crobial effects.

Since the field is rapidly expanding and more scientists are
getting involved, there is a greater need to compare the
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antimicrobial and biocompatible properties in different polymeric
systems. However, due to different conditions utilized in each
laboratory, it is rather difficult to directly compare the MICs or HC
values found in literature. For example, it has been observed by
Gellman, Weisshaar and co-workers that there is a medium effect
on MIC of nylon-3 polymers against E. coli [181]. Therefore it is
essential to identify a proper medium to evaluate the antimicrobial
activities of novel antimicrobial polymers. In addition, it would be
beneficial to report MICs of new polymers together with the MIC
value for a standard such as magainin or melittin. This could serve
as a basis for normalization of biological profiles across different
labs. Althoughmany research groups reported in vitro antimicrobial
and hemolytic activities, there is a lack of research where in vivo
experiments that are carried out using infected animal models with
topical infections or systemic infections [53]. This type of work
could direct the field to prepare more biocompatible polymeric
systems.

It is widely accepted that many synthetic cationic macromole-
cules are membrane-active antimicrobials. However, there is a
great need to understand specific mechanisms of action because
there is a plethora of diverse chemical structures involved with
each system. Several biophysical methods are utilized to investigate
the membrane disrupting mechanism including the measurement
of dye-leakage from dye-filled synthetic liposomes [79,83,182,183],
quantification of leaked cellular constituents (e.g. phosphorylated
compounds) [14,184], fluorescence-based methods [84], and
observation of morphologic changes by scanning electron micro-
scopy [159] [66], transmission electron microscopy [144] and
atomic force microscopy [185]. However, all of these methods assist
to identify the membrane damaging effects of polymers. Unfortu-
nately, there are almost no investigations on interactions of anti-
microbial polymers with internal cellular components such as cell
organelles, proteins and genetic materials. Such investigations are
greatly essential to unveil other possible mechanisms of antimi-
crobial action carried out by cationic polymers. It would be fasci-
nating to observe real-time antimicrobial effects on cell surfaces.
This could be attainable by using labeled antimicrobial nano-
particles. In addition, it would be interesting to find out if synthetic
antimicrobial polymers can induce oxidative stress on microbes as
some antimicrobial peptides do [186].

Unlike the homogenous nature of helical forming AMPs, it is
assumed that antimicrobial cationic polymers form random coils in
solution that aid the antimicrobial activity. Therefore, it would be
helpful to have in-depth investigations of polycation structures in
solution, conformational preferences and different partitioning
properties to completely unveil the mechanistic profiles of anti-
microbial polymers. Although phosphonium and sulfonium con-
taining polymers are known to be better (in limited cases) in
biocompatibility and stability over ammonium-containing coun-
terparts, there is less focus on novel systems with such cations.
Cationic metal-containing polymers are at their infancy and worthy
for more research, as their binding to cell membranes is largely
unknown. In addition, polymers with cationic groups on polymer
backbone are not well explored as antimicrobial materials. Such
polymers may have different properties with regard to the parti-
tioning into the biological membranes. Furthermore, macromo-
lecular architectures such as star, comb, brush and cyclic polymers
have not been actively explored as antimicrobial polymers. In
addition, “Janus” architectures would be very interesting to study,
since they allow a higher level of amphiphilicity manipulations.
Therefore, we believe investigations on Janus particles [187] would
open a new class of antimicrobial macromolecules. These struc-
tures may lead to interesting structureeactivity relationships.

Microbial resistance spans over almost all antibiotics clinically
used today. It is widely assumed that membrane-active
antimicrobial polymers may enjoy longer effectiveness due to slow
resistance development by microorganisms. However, it is wise to
find in advance, the reservoir of resistance determinants of mi-
crobes, especially multidrug resistant bacterial species that may
show clues about the future of resistance development against
these novel materials [188,189]. Moreover microorganism re-
sponses induced by cationic polymers are pivotal to predict any
resistance development. For example, it could be worth exploring
antimicrobial polymer-induced DNA expressions, extracellular
chemical production, effects on quorum sensing, etc.

Most antibiotics are released to the environment as active spe-
cies at sublethal doses, resulting in accelerated evolution and
spread of antibiotic resistance [190]. There is a possibility to evade
microbial resistance towards cationic antimicrobial polymers by
the introduction of degradability to these materials. Since antimi-
crobial activity of cationic macromolecules function as a collective
feature, degradation of such molecules would result in inactive
ingredients that may have no effect on resistance development.
Therefore, considering the ecology of antibiotics, degradable mac-
romolecules can be envisioned as a better choice compared to
current small molecule antibiotics. Also this may improve
biocompatibility with host organisms and have minimum footprint
on the environment.

Finally, it is apparent that there is a tremendous opportunity for
the development of novel antimicrobial materials using cationic
macromolecules tailored to specific functional requirements
through the use of a wide variety of building-block monomers,
macromolecular architectures, and the profound knowledge gained
during the past decades. This rapid and widely expanding research
area may bring a new momentum to defeat or at least control the
threat posed by resistant microorganisms.
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[12] Sobczak M, Dębek C, Olędzka E, Kozłowski R. Molecules 2013;18:14122e37.
[13] Takahashi H, Palermo EF, Yasuhara K, Caputo GA, Kuroda K. Macromol Biosci

2013;13:1285e99.
[14] Carmona-Ribeiro A, de Melo Carrasco L. Int J Mol Sci 2013;14:9906e46.
[15] Kuroda K, Caputo GA. Wiley Interdiscip Rev Nanomed Nanobiotechnol

2013;5:49e66.
[16] Li P, Li X, Saravanan R, Li CM, Leong SSJ. RSC Adv 2012;2:4031e44.
[17] Mu~noz-Bonilla A, Fern�andez-García M. Prog Polym Sci 2012;37:281e339.
[18] Siedenbiedel F, Tiller JC. Polymers 2012;4:46e71.
[19] Engler AC, Wiradharma N, Ong ZY, Coady DJ, Hedrick JL, Yang Y-Y. Nano

Today 2012;7:201e22.
[20] Timofeeva L, Kleshcheva N. Appl Microbiol Biotechnol 2011;89:475e92.
[21] Som A, Vemparala S, Ivanov I, Tew GN. Biopolymers 2008;90:83e93.
[22] Giuliani A, Pirri G, Bozzi A, Di Giulio A, Aschi M, Rinaldi AC. Cell Mol Life Sci

2008;65:2450e60.

http://refhub.elsevier.com/S0032-3861(15)00235-9/sref1
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref1
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref2
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref2
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref2
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref3
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref4
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref4
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref5
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref5
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref6
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref6
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref7
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref7
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref7
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref8
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref8
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref9
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref9
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref10
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref11
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref11
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref11
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref11
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref11
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref12
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref12
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref12
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref12
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref13
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref13
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref13
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref14
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref14
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref15
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref15
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref15
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref16
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref16
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref17
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref17
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref17
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref17
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref18
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref18
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref19
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref19
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref19
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref20
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref20
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref21
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref21
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref22
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref22
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref22


M.S. Ganewatta, C. Tang / Polymer 63 (2015) A1eA29A28
[23] Gabriel GJ, Som A, Madkour AE, Eren T, Tew GN. Mater Sci Eng R Rep
2007;57:28e64.

[24] Kenawy E-R, Worley SD, Broughton R. Biomacromolecules 2007;8:1359e84.
[25] Tashiro T. Macromol Mater Eng 2001;286:63e87.
[26] Hancock RE, Diamond G. Trends Microbiol 2000;8:402e10.
[27] Nakatsuji T, Gallo RL. J Invest Dermatol 2012;132:887e95.
[28] Reddy KVR, Yedery RD, Aranha C. Int J Antimicrob Agents 2004;24:536e47.
[29] Hancock RE, Sahl HG. Nat Biotechnol 2006;24:1551e7.
[30] Wang G, Li X, Wang Z. Nucleic Acids Res 2009;37:D933e7.
[31] Wade D, Boman A, Wåhlin B, Drain CM, Andreu D, Boman HG, et al. Proc Natl

Acad Sci U S A 1990;87:4761e5.
[32] Brogden KA. Nat Rev Microbiol 2005;3:238e50.
[33] Salditt T, Li C, Spaar A. Biochim Biophys Acta 2006;1758:1483e98.
[34] Gilbert P, Moore LE. J Appl Microbiol 2005;99:703e15.
[35] Kenawy E-R, Abdel-Hay FI, El-Shanshoury AE-RR, El-Newehy MH. J Polym Sci

Part A Polym Chem 2002;40:2384e93.
[36] Schulz M, Olubummo A, Binder WH. Soft Matter 2012;8:4849e64.
[37] Palermo EF, Vemparala S, Kuroda K. Biomacromolecules 2012;13:1632e41.
[38] Baul U, Kuroda K, Vemparala S. J Chem Phys 2014;141:084902.
[39] Werner M, Sommer J-U, Baulin VA. Soft Matter 2012;8:11714e22.
[40] Hu K, Schmidt NW, Zhu R, Jiang Y, Lai GH, Wei G, et al. Macromolecules

2013;46:1908e15.
[41] Lee MW, Chakraborty S, Schmidt NW, Murgai R, Gellman SH, Wong GC.

Biochim Biophys Acta 2014;1838:2269e79.
[42] Matsuzaki K. Biochim Biophys Acta 2009;1788:1687e92.
[43] Bowman SM, Free SJ. Bioessays 2006;28:799e808.
[44] Ruiz-Herrera J, Elorza MV, Valentin E, Sentandreu R. FEMS Yeast Res 2006;6:

14e29.
[45] Matsuzaki K, Sugishita K, Fujii N, Miyajima K. Biochemistry 1995;34:3423e9.
[46] Hung W-C, Lee M-T, Chen F-Y, Huang HW. Biophys J 2007;92:3960e7.
[47] Mason AJ, Marquette A, Bechinger B. Biophys J 2007;93:4289e99.
[48] McHenry AJ, Sciacca MFM, Brender JR, Ramamoorthy A. Biochim Biophys

Acta 2012;1818:3019e24.
[49] Ramamoorthy A, Lee D-K, Narasimhaswamy T, Nanga RPR. Biochim Biophys

Acta 2010;1798:223e7.
[50] Poole K. J Appl Microbiol 2002;92:55Se64S.
[51] Yeaman MR, Yount NY. Pharmacol Rev 2003;55:27e55.
[52] Nizet V. Curr Iss Mol Biol 2006;8:11e26.
[53] Thoma LM, Boles BR, Kuroda K. Biomacromolecules 2014;15:2933e43.
[54] Marr AK, Gooderham WJ, Hancock REW. Curr Opin Pharmacol 2006;6:

468e72.
[55] Pollard JE, Snarr J, Chaudhary V, Jennings JD, Shaw H, Christiansen B, et al.

J Antimicrob Chemother 2012;67:2665e72.
[56] Sovadinova I, Palermo EF, Urban M, Mpiga P, Caputo GA, Kuroda K. Polymers

2011;3:1512e32.
[57] Peschel A, Sahl H-G. Nat Rev Microbiol 2006;4:529e36.
[58] Fjell CD, Hiss JA, Hancock REW, Schneider G. Nat Rev Drug Discov 2012;11:

37e51.
[59] Porter EA, Wang X, Lee H-S, Weisblum B, Gellman SH. Nature 2000;404:565.
[60] Godballe T, Nilsson LL, Petersen PD, Jenssen H. Chem Biol Drug Des 2011;77:

107e16.
[61] Chongsiriwatana NP, Patch JA, Czyzewski AM, Dohm MT, Ivankin A,

Gidalevitz D, et al. Proc Natl Acad Sci U S A 2008;105:2794e9.
[62] Niu Y, Wu H, Li Y, Hu Y, Padhee S, Li Q, et al. Org Biomol Chem 2013;11:

4283e90.
[63] Yeung AY, Gellatly S, Hancock RW. Cell Mol Life Sci 2011;68:2161e76.
[64] Ong ZY, Wiradharma N, Yang YY. Adv Drug Deliv Rev 2014;78:28e45.
[65] Mowery BP, Lee SE, Kissounko DA, Epand RF, Epand RM, Weisblum B, et al.

J Am Chem Soc 2007;129:15474e6.
[66] Chen Y, Wilbon PA, Chen YP, Zhou J, Nagarkatti M, Wang C, et al. RSC Adv

2012;2:10275e82.
[67] Locock KES, Michl TD, Valentin JDP, Vasilev K, Hayball JD, Qu Y, et al. Bio-

macromolecules 2013;14:4021e31.
[68] Locock KES, Michl TD, Stevens N, Hayball JD, Vasilev K, Postma A, et al. ACS

Macro Lett 2014;3:319e23.
[69] Liu R, Chen X, Hayouka Z, Chakraborty S, Falk SP, Weisblum B, et al. J Am

Chem Soc 2013;135:5270e3.
[70] Liu R, Su�arez JM, Weisblum B, Gellman SH, McBride SM. J Am Chem Soc

2014;136:14498e504.
[71] He Y, Heine E, Keusgen N, Keul H, Moller M. Biomacromolecules 2012;13:

612e23.
[72] Chattopadhyay S, Heine ET, Keul H, M€oller M. Macromol Biosci 2014;14:

1116e24.
[73] Punia A, He E, Lee K, Banerjee P, Yang N-L. Chem Commun 2014;50:7071e4.
[74] Jiang Y, Yang X, Zhu R, Hu K, Lan W-W, Wu F, et al. Macromolecules 2013;46:

3959e64.
[75] Yang X, Hu K, Hu G, Shi D, Jiang Y, Hui L, et al. Biomacromolecules 2014;15:

3267e77.
[76] Mizutani M, Palermo EF, Thoma LM, Satoh K, Kamigaito M, Kuroda K. Bio-

macromolecules 2012;13:1554e63.
[77] Ilker MF, Nüsslein K, Tew GN, Coughlin EB. J Am Chem Soc 2004;126:

15870e5.
[78] Chin W, Yang C, Ng VWL, Huang Y, Cheng J, Tong YW, et al. Macromolecules

2013;46:8797e807.
[79] Ganewatta MS, Chen YP, Wang J, Zhou J, Ebalunode J, Nagarkatti M, et al.
Chem Sci 2014;5:2011e6.

[80] Budhathoki-Uprety J, Peng L, Melander C, Novak BM. ACS Macro Lett 2012;1:
370e4.

[81] Wang Y, Chi EY, Natvig DO, Schanze KS, Whitten DG. ACS Appl Mater In-
terfaces 2013;5:4555e61.

[82] �Alvarez-Paino M, Mu~noz-Bonilla A, L�opez-Fabal F, G�omez-Garc�es JL,
Heuts JPA, Fern�andez-García M. Biomacromolecules 2014;16:295e303.

[83] Gabriel GJ, Maegerlein JA, Nelson CF, Dabkowski JM, Eren T, Nüsslein K, et al.
Chem Eur J 2009;15:433e9.

[84] Wang J, Chen YP, Yao K, Wilbon PA, Zhang W, Ren L, et al. Chem Commun
2012;48:916e8.

[85] Wang Y, Chi EY, Schanze KS, Whitten DG. Soft Matter 2012;8:8547e58.
[86] Yuan W, Wei J, Lu H, Fan L, Du J. Chem Commun 2012;48:6857e9.
[87] Yao D, Guo Y, Chen S, Tang J, Chen Y. Polymer 2013;54:3485e91.
[88] Nederberg F, Zhang Y, Tan JPK, Xu K, Wang H, Yang C, et al. Nat Chem

2011;3:409e14.
[89] Guo-Dong F, Fang Y, Zhigang L, Xinsong L. J Mater Chem 2008;18:859e67.
[90] Park D, Finlay JA, Ward RJ, Weinman CJ, Krishnan S, Paik M, et al. ACS Appl

Mater Interfaces 2010;2:703e11.
[91] Fuchs AD, Tiller JC. Angew Chem Int Ed 2006;45:6759e62.
[92] Sauvet G, Fortuniak W, Kazmierski K, Chojnowski J. J Polym Sci Part A Polym

Chem 2003;41:2939e48.
[93] Oda Y, Kanaoka S, Sato T, Aoshima S, Kuroda K. Biomacromolecules 2011;12:

3581e91.
[94] Wang Y, Xu J, Zhang Y, Yan H, Liu K. Macromol Biosci 2011;11:1499e504.
[95] Tasdelen MA, Kahveci MU, Yagci Y. Prog Polym Sci 2011;36:455e567.
[96] Luxenhofer R, Han Y, Schulz A, Tong J, He Z, Kabanov AV, et al. Macromol

Rapid Commun 2012;33:1613e31.
[97] Waschinski CJ, Tiller JC. Biomacromolecules 2005;6:235e43.
[98] Waschinski CJ, Herdes V, Schueler F, Tiller JC. Macromol Biosci 2005;5:

149e56.
[99] Krumm C, Harmuth S, Hijazi M, Neugebauer B, Kampmann A-L,

Geltenpoth H, et al. Angew Chem Int Ed 2014;53:3830e4.
[100] Zhang J, Markiewicz MJ, Mowery BP, Weisblum B, Stahl SS, Gellman SH.

Biomacromolecules 2011;13:323e31.
[101] Michl TD, Locock KES, Stevens NE, Hayball JD, Vasilev K, Postma A, et al.

Polym Chem 2014;5:5813e22.
[102] Ward M, Sanchez M, Elasri MO, Lowe AB. J Appl Polym Sci 2006;101:

1036e41.
[103] Lienkamp K, Madkour AE, Kumar K-N, Nüsslein K, Tew GN. Chem Eur J

2009;15:11715e22.
[104] Venkataraman S, Zhang Y, Liu L, Yang Y-Y. Biomaterials 2010;31:1751e6.
[105] Mi L, Jiang S. Angew Chem Int Ed 2014;53:1746e54.
[106] Cao Z, Mi L, Mendiola J, Ella-Menye J-R, Zhang L, Xue H, et al. Angew Chem

Int Ed 2012;51:2602e5.
[107] Cheng G, Xue H, Zhang Z, Chen S, Jiang S. Angew Chem Int Ed 2008;47:

8831e4.
[108] Jang W-D, Kamruzzaman Selim KM, Lee C-H, Kang I-K. Prog Polym Sci

2009;34:1e23.
[109] Mintzer MA, Dane EL, O'Toole GA, Grinstaff MW. Mol Pharm 2012;9:342e54.
[110] Chen CZ, Cooper SL. Adv Mater 2000;12:843e6.
[111] Zhang L, Pornpattananangku D, Hu CM, Huang CM. Curr Med Chem 2010;17:

585e94.
[112] Chen CZ, Beck-Tan NC, Dhurjati P, van Dyk TK, LaRossa RA, Cooper SL. Bio-

macromolecules 2000;1:473e80.
[113] Worley BV, Slomberg DL, Schoenfisch MH. Bioconjugate Chem 2014;25:

918e27.
[114] Ortega P, Cobaleda BM, Hernandez-Ros JM, Fuentes-Paniagua E, Sanchez-

Nieves J, Tarazona MaP, et al. Org Biomol Chem 2011;9:5238e48.
[115] Chen CZ, Cooper SL. Biomaterials 2002;23:3359e68.
[116] Felczak A, Wronska N, Janaszewska A, Klajnert B, Bryszewska M,

Appelhans D, et al. New J Chem 2012;36:2215e22.
[117] Zhisheng Chen C,L, Cooper S, Beck Tan NC. Chem Commun 1999:1585e6.
[118] Fuentes-Paniagua E, Hernandez-Ros JM, Sanchez-Milla M, Camero MA,

Maly M, Perez-Serrano J, et al. RSC Adv 2014;4:1256e65.
[119] Gibney KA, Sovadinova I, Lopez AI, Urban M, Ridgway Z, Caputo GA, et al.

Macromol Biosci 2012;12:1279e89.
[120] Vigliotta G, Mella M, Rega D, Izzo L. Biomacromolecules 2012;13:833e41.
[121] Liang Z, Zhu M, Yang Y-W, Gao H. Polym Adv Technol 2014;25:117e22.
[122] Cheng C-Y, Wang J-Y, Kausik R, Lee KYC, Han S. Biomacromolecules 2012;13:

2624e33.
[123] Palermo EF, Sovadinova I, Kuroda K. Biomacromolecules 2009;10:3098e107.
[124] Kuroda K, Caputo GA, DeGrado WF. Chemistry 2009;15:1123e33.
[125] Nonaka T, Hua L, Ogata T, Kurihara SJ. Appl Polym Sci 2003;87:386e93.
[126] Sambhy V, Peterson BR, Sen A. Angew Chem Int Ed 2008;47:1250e4.
[127] King A, Chakrabarty S, Zhang W, Zeng X, Ohman DE, Wood LF, et al. Bio-

macromolecules 2014;15:456e67.
[128] Chakraborty S, Liu R, Lemke JJ, Hayouka Z, Welch RA, Weisblum B, et al. ACS

Macro Lett 2013;2:753e6.
[129] Mowery BP, Lindner AH, Weisblum B, Stahl SS, Gellman SH. J Am Chem Soc

2009;131:9735e45.
[130] Lienkamp K, Madkour AE, Musante A, Nelson CF, Nusslein K, Tew GN. J Am

Chem Soc 2008;130:9836e43.

http://refhub.elsevier.com/S0032-3861(15)00235-9/sref23
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref23
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref23
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref24
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref24
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref25
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref25
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref26
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref26
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref27
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref27
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref28
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref28
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref29
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref29
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref30
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref30
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref31
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref31
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref31
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref32
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref32
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref33
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref33
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref34
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref34
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref35
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref35
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref35
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref36
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref36
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref37
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref37
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref38
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref39
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref39
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref40
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref40
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref40
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref41
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref41
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref41
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref42
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref42
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref43
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref43
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref44
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref44
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref44
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref45
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref45
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref46
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref46
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref47
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref47
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref48
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref48
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref48
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref49
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref49
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref49
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref50
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref50
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref51
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref51
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref52
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref52
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref53
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref53
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref54
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref54
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref54
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref55
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref55
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref55
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref56
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref56
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref56
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref57
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref57
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref58
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref58
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref58
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref59
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref60
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref60
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref60
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref61
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref61
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref61
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref62
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref62
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref62
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref63
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref63
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref64
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref64
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref65
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref65
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref65
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref66
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref66
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref66
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref67
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref67
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref67
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref68
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref68
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref68
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref69
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref69
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref69
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref70
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref70
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref70
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref70
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref71
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref71
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref71
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref72
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref72
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref72
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref72
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref73
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref73
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref74
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref74
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref74
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref75
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref75
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref75
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref76
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref76
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref76
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref77
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref77
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref77
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref78
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref78
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref78
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref79
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref79
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref79
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref80
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref80
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref80
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref81
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref81
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref81
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref82
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref83
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref83
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref83
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref84
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref84
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref84
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref85
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref85
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref86
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref86
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref87
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref87
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref88
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref88
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref88
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref89
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref89
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref90
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref90
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref90
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref91
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref91
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref92
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref92
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref92
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref93
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref93
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref93
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref94
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref94
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref95
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref95
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref96
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref96
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref96
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref97
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref97
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref98
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref98
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref98
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref99
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref99
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref99
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref100
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref100
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref100
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref101
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref101
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref101
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref102
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref102
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref102
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref103
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref103
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref103
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref104
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref104
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref105
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref105
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref106
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref106
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref106
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref107
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref107
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref107
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref108
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref108
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref108
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref109
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref109
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref110
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref110
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref111
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref111
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref111
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref112
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref112
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref112
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref113
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref113
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref113
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref114
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref114
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref114
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref115
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref115
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref116
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref116
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref116
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref117
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref117
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref118
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref118
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref118
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref119
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref119
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref119
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref120
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref120
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref121
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref121
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref122
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref122
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref122
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref123
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref123
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref124
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref124
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref125
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref125
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref126
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref126
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref127
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref127
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref127
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref128
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref128
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref128
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref129
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref129
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref129
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref130
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref130
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref130


M.S. Ganewatta, C. Tang / Polymer 63 (2015) A1eA29 A29
[131] Lienkamp K, Kumar KN, Som A, Nusslein K, Tew GN. Chemistry 2009;15:
11710e4.

[132] Al-Ahmad A, Laird D, Zou P, Tomakidi P, Steinberg T, Lienkamp K. PLoS One
2013;8:e73812.

[133] Qiao Y, Yang C, Coady DJ, Ong ZY, Hedrick JL, Yang Y-Y. Biomaterials
2012;33:1146e53.

[134] Hancock RE, Brown KL, Mookherjee N. Immunobiology 2006;211:315e22.
[135] Jaeger W, Bohrisch J, Laschewsky A. Prog Polym Sci 2010;35:511e77.
[136] Palermo EF, Kuroda K. Biomacromolecules 2009;10:1416e28.
[137] Palermo EF, Lee D-K, Ramamoorthy A, Kuroda K. J Phys Chem B 2010;115:

366e75.
[138] Paslay LC, Abel BA, Brown TD, Koul V, Choudhary V, McCormick CL, et al.

Biomacromolecules 2012;13:2472e82.
[139] Gabriel GJ, Madkour AE, Dabkowski JM, Nelson CF, Nüsslein K, Tew GN.

Biomacromolecules 2008;9:2980e3.
[140] Liu L, Huang Y, Riduan SN, Gao S, Yang Y, Fan W, et al. Biomaterials 2012;33:

8625e31.
[141] Ng VWL, Tan JPK, Leong J, Voo ZX, Hedrick JL, Yang YY. Macromolecules

2014;47:1285e91.
[142] Al-Badri ZM, Som A, Lyon S, Nelson CF, Nüsslein K, Tew GN. Bio-

macromolecules 2008;9:2805e10.
[143] Dizman B, Elasri MO, Mathias LJ. J Appl Polym Sci 2004;94:635e42.
[144] Timofeeva LM, Kleshcheva NA, Moroz AF, Didenko LV. Biomacromolecules

2009;10:2976e86.
[145] Kanazawa A, Ikeda T, Endo T. Antimicrob Agents Chemother 1994;38:

945e52.
[146] Ornelas-Megiatto C, Wich PR, Fr�echet JMJ. J Am Chem Soc 2012;134:1902e5.
[147] Hemp ST, Smith AE, Bryson JM, Allen MH, Long TE. Biomacromolecules

2012;13:2439e45.
[148] Popa A, Davidescu CM, Trif R, Ilia G, Iliescu S, Dehelean G. React Funct Polym

2003;55:151e8.
[149] Kenawy E-R, Abdel-Hay FI, El-Magd AA, Mahmoud Y. React Funct Polym

2006;66:419e29.
[150] Xue Y, Pan Y, Xiao H, Zhao Y. RSC Adv 2014;4:46887e95.
[151] Kanazawa A, Ikeda T, Endo T. J Polym Sci Part A Polym Chem 1993;31:

2873e6.
[152] Chang H-I, Yang M-S, Liang M. React Funct Polym 2010;70:944e50.
[153] Li C, Liu Y, Zeng Q-Y, Ao N-J. Mater Lett 2013;93:145e8.
[154] Hirayama M. Biocontrol Sci 2011;16:23e31.
[155] Hardy CG, Zhang J, Yan Y, Ren L, Tang C. Prog Polym Sci 2014;39:1742e96.
[156] Dallas P, Sharma VK, Zboril R. Adv Colloid Interface Sci 2011;166:119e35.
[157] Zhang J, Chen YP, Miller KP, Ganewatta MS, Bam M, Yan Y, et al. J Am Chem

Soc 2014;136:4873e6.
[158] Sellenet PH, Allison B, Applegate BM, Youngblood JP. Biomacromolecules

2006;8:19e23.
[159] Colak S, Nelson CF, Nüsslein K, Tew GN. Biomacromolecules 2009;10:353e9.
[160] Chakraborty S, Liu R, Hayouka Z, Chen X, Ehrhardt J, Lu Q, et al. J Am Chem

Soc 2014;136:14530e5.
[161] Stratton TR, Applegate BM, Youngblood JP. Biomacromolecules 2010;12:

50e6.
[162] Song A, Walker SG, Parker KA, Sampson NS. ACS Chem Biol 2011;6:590e9.
[163] Chakrabarty S, King A, Kurt P, Zhang W, Ohman DE, Wood LF, et al. Bio-

macromolecules 2011;12:757e69.
[164] Kanazawa A, Ikeda T, Endo T. J Polym Sci Part A Polym Chem 1993;31:

1441e7.
[165] Liu L, Xu K, Wang H, Jeremy Tan PK, Fan W, Venkatraman SS, et al. Nat Nano

2009;4:457e63.
[166] Chen J, Wang F, Liu Q, Du J. Chem Commun 2014;50:14482e93.
[167] Song J, Jang J. Adv Colloid Interface Sci 2014;203:37e50.
[168] Fukushima K, Tan JPK, Korevaar PA, Yang YY, Pitera J, Nelson A, et al. ACS

Nano 2012;6:9191e9.
[169] Kong M, Chen XG, Xing K, Park HJ. Int J Food Microbiol 2010;144:51e63.
[170] Rabea EI, Badawy MET, Stevens CV, Smagghe G, Steurbaut W. Bio-
macromolecules 2003;4:1457e65.

[171] Shi Z, Neoh KG, Kang ET, Wang W. Biomaterials 2006;27:2440e9.
[172] Ignatova M, Manolova N, Rashkov I. Macromol Biosci 2013;13:860e72.
[173] Ch�avez de Paz LE, Resin A, Howard KA, Sutherland DS, Wejse PL. Appl En-

viron Microbiol 2011;77:3892e5.
[174] Zhang C, Zhu Y, Zhou C, Yuan W, Du J. Polym Chem 2013;4:255e9.
[175] Zhu H, Geng Q, Chen W, Zhu Y, Chen J, Du J. J Mater Chem B 2013;1:

5496e504.
[176] Sun Z, Li Y, Guan X, Chen L, Jing X, Xie Z. RSC Adv 2014;4:40269e72.
[177] Costanza F, Padhee S, Wu H, Wang Y, Revenis J, Cao C, et al. RSC Adv 2014;4:

2089e95.
[178] LcD Melo, Mamizuka EM, Carmona-Ribeiro AM. Langmuir 2010;26:12300e6.
[179] Naves AF, Palombo RR, Carrasco LDM, Carmona-Ribeiro AM. Langmuir

2013;29:9677e84.
[180] Beachley V, Wen X. Prog Polym Sci 2010;35:868e92.
[181] Choi H, Chakraborty S, Liu R, Gellman SH, Weisshaar JC. PLoS One 2014;9:

e104500.
[182] Eren T, Som A, Rennie JR, Nelson CF, Urgina Y, Nüsslein K, et al. Macromol

Chem Phys 2008;209:516e24.
[183] Ilker MF, Schule H, Coughlin EB. Macromolecules 2004;37:694e700.
[184] Vieira DB, Carmona-Ribeiro AM. J Antimicrob Chemother 2006;58:760e7.
[185] Qian L, Xiao H, Zhao G, He B. ACS Appl Mater Interfaces 2011;3:1895e901.
[186] Choi H, Yang Z, Weisshaar JC. Proc Natl Acad Sci U S A 2015;112:E303e10.
[187] Walther A, Müller AHE. Chem Rev 2013;113:5194e261.
[188] Wright GD. Nat Rev Micro 2007;5:175e86.
[189] D'Costa VM, McGrann KM, Hughes DW, Wright GD. Science 2006;311:

374e7.
[190] Andersson DI, Hughes D. Nat Rev Microbiol 2014;12:465e78.

Mitra Shiran Ganewatta received his B.S (honors) in
chemistry from University of Colombo, Sri Lanka in 2011.
He did his undergraduate research with Prof. E. Dilip de
Silva, on bioactive natural product isolation from marine
algae. Since fall 2012, he has been a graduate student
under the supervision of Prof. Chuanbing Tang in the
Department of Chemistry and Biochemistry at the Uni-
versity of South Carolina. His current research is mainly
focused on antimicrobial compounds and polymers
derived from renewable resources.
Dr. Chuanbing Tang received B.S. from Nanjing University
and Ph.D. from Carnegie Mellon University with Profs.
Krzysztof Matyjaszewski and Tomasz Kowalewski. He was
a postdoctoral scholar at the University of California Santa
Barbara with Profs. Edward J. Kramer and Craig J. Hawker.
Since August 2009, he has been an Assistant, Associate and
College of Arts and Sciences Distinguished Professor in
Department of Chemistry and Biochemistry at the Uni-
versity of South Carolina. His research interests focus on
organic polymer synthesis, sustainable polymers from
renewable natural resources, metal-containing polymers,
polymers for biomedical application and nanophase-
separated copolymers for energy storage. He has been
recognized with a few awards including NSF Career Award
and Thieme Chemistry Journal Award. He has also been named an ACS PMSE Young
Investigator and a Rising Star at the University of South Carolina. He has published
over 80 papers and 10 patent applications.

http://refhub.elsevier.com/S0032-3861(15)00235-9/sref131
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref131
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref131
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref132
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref132
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref133
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref133
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref133
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref134
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref134
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref135
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref135
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref136
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref136
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref137
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref137
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref137
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref138
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref138
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref138
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref139
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref139
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref139
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref140
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref140
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref140
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref141
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref141
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref141
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref142
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref142
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref142
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref143
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref143
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref144
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref144
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref144
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref145
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref145
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref145
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref146
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref146
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref146
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref147
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref147
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref147
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref148
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref148
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref148
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref149
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref149
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref149
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref150
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref150
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref151
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref151
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref151
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref152
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref152
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref153
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref153
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref154
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref154
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref155
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref155
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref156
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref156
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref157
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref157
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref157
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref158
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref158
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref158
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref159
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref159
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref160
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref160
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref160
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref161
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref161
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref161
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref162
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref162
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref163
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref163
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref163
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref164
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref164
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref164
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref165
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref165
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref165
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref166
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref166
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref167
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref167
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref168
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref168
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref168
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref169
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref169
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref170
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref170
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref170
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref171
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref171
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref172
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref172
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref173
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref173
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref173
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref173
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref174
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref174
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref175
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref175
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref175
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref176
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref176
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref177
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref177
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref177
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref178
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref178
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref179
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref179
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref179
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref180
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref180
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref181
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref181
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref182
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref182
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref182
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref183
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref183
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref184
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref184
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref185
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref185
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref186
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref186
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref187
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref187
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref188
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref188
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref189
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref189
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref189
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref190
http://refhub.elsevier.com/S0032-3861(15)00235-9/sref190

	Controlling macromolecular structures towards effective antimicrobial polymers
	1. Introduction
	2. Tailoring next-generation antibiotics
	2.1. Mechanisms of action
	2.2. Molecular basis of selectivity
	2.3. Potential for resistance development
	2.4. Membrane-active macromolecules
	2.5. Definitions and units on antibacterial and hemolytic properties

	3. Macromolecular structure parameters
	3.1. Macromolecular architectures
	3.1.1. Random copolymers
	3.1.2. Amphiphilic homopolymers
	3.1.3. Block copolymers
	3.1.4. Telechelic polymers
	3.1.5. Zwitterionic polymers
	3.1.6. Branched antimicrobial polymers

	3.2. Hydrophobic/hydrophilic balance
	3.2.1. Alkyl spacers and tails
	3.2.2. Cycles and fused cycles

	3.3. Molecular weight effect
	3.4. Ionic/polar group effect
	3.4.1. Ammonium
	3.4.2. Phosphonium
	3.4.3. Sulfonium
	3.4.4. Cationic metals
	3.4.5. Uncharged polar or neutral groups
	3.4.6. Charge density and position
	3.4.7. Counter anion influence


	4. Antimicrobial polymer assemblies
	5. Conclusions and outlook
	Acknowledgments
	References


