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Abstract: The rising incidence of antibiotic-resistant infections, combined with a declining number of new anti-
biotic drug approvals, has generated an alarming therapeutic gap that critically undermines public health. Host
Defense Peptides (HDPs), sometimes referred to as “Nature’s Antibiotics”, are short chain, amphiphilic and cati-
onic peptide sequences found in all multicellular organisms as part of their innate immunity. While there is a vast
diversity in terms of HDP sequence and secondary structure, they all seem to share physiochemical characteristics
that can be appropriated for macromolecular design by the synthetic polymer chemist. Over the past decade,
remarkable progress has been made in the design and synthesis of polymer-based materials that effectively mimic
HDP action — broad-spectrum antibacterial potency, rapid bactericidal kinetics, and minimal toxicity to human
cells — while offering the additional benefits of low cost, high scalability, and lower propensity to induce resis-
tance, relative to their peptide-based counterparts. A broad range of different macromolecular structures and
DOI- architectures have been explored in this design space, including polynorbornenes, poly(meth)acrylates,
poly(meth)acrylamides, nylon-2 polymers, and polycarbonates, to name a just few. Across all of these diverse
chemical categories, the key determinants of antibacterial and hemolytic activity are the same as in HDPs: net
cationic charge at neutral pH, well-balanced facial amphiphilicity, and the molecular weight of the compounds. In
this review, we focus in particular on recent progress in the polymethacrylate category first pioneered by Kuroda
and DeGrado and later modified, expanded upon and rigorously optimized by Kuroda’s and many other groups.
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1. INTRODUCTION

Antibiotic drug resistant pathogens have engendered an accel-
erating global health threat [1-5]. Multidrug-resistant (MDR) strains
were first discovered in the clinic?, but soon spread in the commu-
nity [6] and through the food chain [7]. The Centers for Disease
Control and Prevention (CDC) reported that more than 2 million
people annually experience infections associated with antibiotic-
resistant bacteria in United States and at least 23,000 cases are fatal
[1, 8]. By 2050, persistent infections worldwide are projected to
approach 10 million deaths annually if current trends continue un-
abated [9]. The alarmingly rapid proliferation of bacterial resis-
tance, combined with a persistent decline in the number of new
antibiotic drug approvals, generates an urgent need to develop a
new and effective antimicrobial arsenal against which pathogenic
bacteria are unable to develop resistance.

Host defense peptides (HDPs) are evolutionarily ancient weap-
ons of eukaryotic innate immunity and are produced by all multicel-
lular organisms [10-13]. These so-called “Nature’s antibiotics”
exert rapid, broad spectrum activity against pathogenic microorgan-
isms, including Gram-negative and Gram-positive bacteria, fungi,
viruses and parasites with little propensity to induce available
modes of bacterial resistance [14]. Furthermore, HDPs exhibit low
toxicity towards human cells at therapeutic levels [15] and alert
host cells to initiate immediate inflammatory and innate responses
[16]. These features of HDPs are all significant targets for activity
in future antibiotics toward overcoming the resistance problem.
Synthetic peptides that exert similar activity are also known, and
are included in the broader category of Antimicrobial Peptides
(AMPs). Though occasionally used interchangeably, the term HDP
refers to naturally occurring components of innate immunity and
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the category of AMP includes both the HDPs and their synthetically
designed analogues.

There are thousands of known AMPs. Although highly diverse
in terms of sequence and secondary structure, they possess some
common physiochemical characteristics: cationic amphiphilicity
[10, 11, 14]. Their cationic amphiphilic nature arises from the
prevalence of positively charged amino acids at neutral pH (net
charge of +1-10) along with a high content (30-60%) of hydropho-
bic residues [10, 11, 14]. They are generally low-molecular-weight
(10-50 amino acids) sequences. With regard to secondary structure,
AMPs have been categorized into four major groups: (-sheet, o-
helical, cyclic and disordered random coils. Regardless of secon-
dary structure, these diverse AMPs all tend to fold into segregated
domains whereby cationic residues cluster together in a distinct
domain, while hydrophobic residues cluster in another (Fig. 1). This
so-called “facial amphiphilicity” is typically triggered upon binding
to biomembranes even if it is not evident in monomeric solution
[14,17].

Unlike conventional antibiotics, which are specifically designed
to inhibit a targeted vital life process in the microbial cell [18],
AMPs putatively attack the integrity of biomembranes via electro-
static attraction and hydrophobic interactions, resulting in disrup-
tion of the membrane barrier function [19]. Bacterial membranes,
composed of anionic phospholipids as well as surface-displayed
acidic polymers (lipopolysaccharides in Gram-negative, and wall-
associated teichoic acids in Gram-positive) bear a net negative
charge on their outer leaflets. In contrast to prokaryotic cells, the
external surface of mammalian cells present a much lower negative
charge density due to the abundance of Zwitterionic phospholipids
in their outer leaflets, which bind less avidly to AMPs [14, 17].
While the mechanism of AMP action has been widely investigated
and remains a topic of debate [17], the majority of mechanistic
studies suggest that the bactericidal action of AMPs involves
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Fig. (1). Schematic representation of a cationic antimicrobial peptide fold-
ing into a facially amphiphilic helix upon binding to anionic biomembranes.

electrostatic attraction between cationic peptide and polyanionic
bacterial membranes. Columbic attraction thus causes the peptides
to accumulate on the outer leaflets of bacterial biomembranes, fol-
lowed by the insertion into cell membrane via membrane thinning,
transient pore-formation and disruption of the barrier function (or
translocation through the cytoplasmic membrane and attack on
intracellular targets) which may ultimately induce bacterial cell
death [14].

Although naturally occurring peptides display therapeutic po-
tential as prototypes for the design of novel antimicrobial sources,
their topical use in biomedicine has been constricted by poor
chemical and pharmacokinetic stability, high manufacturing cost
and unknown systemic toxicity [14, 20]. To overcome these obsta-
cles, researchers have devoted more attention to synthesize non-
natural mimics of bioactive peptides. First of all, Wade et al
showed that all-D enantiomer magainin and cecropin analogs ex-
erted the same level of biological activity compared to natural all-L
peptides, but are not proteolytically degraded [21]. In another study,
peptides were observed to adopt globally amphiphilic helices upon
contact to lipid membranes, even without stable helix formation
[22]. In that light, molecular inspiration by the physicochemical
properties of AMPs is revealed as the key determinant in antimi-
crobial design rather than precise sequence, stereochemistry or
stable secondary structure [23]. Accordingly, all these facts favored
the production of synthetic antimicrobial peptides: B-peptides [24],
o/ peptides [25] and peptoids [26], which exerted outstanding
antimicrobial performance. Despite their membrane-disrupting
behavior and resistance to proteolytic degradation, time- and cost-
intensive preparation of peptidomimetics still hinders their wide-
spread pharmaceutical and biomedical use.

Synthetic polymers have long been used to kill bacteria on con-
tact. Polymeric disinfectants emerged concurrently with the discov-
ery of AMPs in the 1980s, although initially there was little com-
munication between these two disciplines. In contrast to AMPs,
polymer disinfectants can be inexpensively produced on the com-
mercial scale with a flexible framework for chemical modification,
although they are typically toxic to human cells as well as bacteria
[23]. Polymer disinfectants are high-molecular-weight synthetic
polymers that contain quaternary ammonium salts (QAS) as the
cationic moiety and long alkyl chains (Cg-C);) as the hydrophobic
component [27]. A variety of structures including poly(styrene)s,
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poly(vinylpyridine)s, poly(vinyl alcohol)s, and polymethacrylates
have shown antibacterial activity [28]. In spite of their extensive
solid state applications as biocides [29, 30] or antimicrobial coat-
ings [31], unfortunately clinical and biomedical applications of
these polymers is unwarranted due to prohibitively high toxicity to
human cells [32]. Toxicity of these macromolecules, relative to
AMPs, can be ascribed to their high molecular weight, high cationic
charge density, and excessively hydrophobic alkyl chains. In prin-
ciple, however, the toxicity of these polymers can be tuned by care-
fully adjusting the design parameters (MW, charge, hydrophobicity)
and performing structure-activity correlations. To that end, chemists
have harnessed the natural design principle of host defense peptides
with inexpensive methods of polymer chemistry, enabling cost-
effective and biocompatible peptide-mimetic antimicrobial poly-
mers. The first example of such materials was reported by Tew and
DeGrado in 2002; they designed facially amphiphilic arylamide
molecules that mimic the physical and biological features of AMPs
[33]. In 2005, Kuroda and DeGrado demonstrated cationic am-
phiphilic polymethacrylates could exert potent antimicrobial activ-
ity [34]. Gellman and co-workers showed that nylon-type synthetic
polymers are also effective as fully synthetic antimicrobials [35].

Recent advances in polymer chemistry have paved the way for
tailoring the physiochemical characteristics of macromolecules with
ever-increasing sophistication. Tuning the molecular weight, dis-
persity, copolymer composition, sequence distribution, and chain
architecture, with a remarkable degree of precision, are now com-
mon features of the polymer chemistry toolbox. In the context of
antimicrobials, these modern synthetic tools have the potential to
rapidly advance our understanding of the complex interplay be-
tween salient physiochemical features of macromolecules and their
resultant biological activities.

One of the most widely employed strategies to prepare AMP-
mimetic polymers is the statistical copolymerization of two mono-
mers, one bearing a hydrophobic side chain and the other bearing a
(protected) cationic group, followed by a deprotection step. The
structures of each individual monomer, their feed ratios, and the
ratio of initiator or chain transfer agent to monomer (and thus MW)
are readily tunable. This method enables rapid, scalable, and inex-
pensive synthesis of a combinatorial library in which molecular
weight, comonomer identity, and copolymer feed ratios are system-
atically varied. High-throughput microplate assays (turbidity-based,
colorimetric, or fluorometric) are preformed to screen the antibacte-
rial activity against a broad spectrum of bacteria, as well as toxicity
assays against human cells. The measure of antibacterial activity is
the Minimal Inhibitory Concentration (MIC), i.e. the lowest poly-
mer concentration which completely inhibits the growth of the bac-
teria (for this reason, a lower value of MIC implies better antimi-
crobial activity). Toxicity to human red blood cells (RBCs), is
quantified as the HCs, or the concentration of polymer that induces
50% release of hemoglobin (for this reason, a higher value of HCs,
implies better hemo-compatibility). In this review, we refer to “po-
tent” antibacterial activity as an MIC value on the order of 10
pg/mL, whereas “non-hemolytic” refers to an HCsy value in the
range of > 1000 pg/mL. The wealth of data generated from these
experiments provides a basis for understanding the complex rela-
tionships between the structure features and resulting biological
activity of AMP-mimetic polymers. Indeed, studies of this sort have
generated polymer candidate structures that possess the desired
combination of potent antibacterial efficacy and minimal toxicity to
human cells.

In this review, we discuss state-of-the-art methods that have
been employed to optimize macromolecular structures for high
antibacterial activity with low toxicity to human cells. We focus
specifically on polymethacrylates, a prototypical antibacterial plat-
form that has been used by several groups recently. For reviews on
other structural design platforms, including the polynorbornenes,
nylons, polycarbonates, and many others, the reader is directed to
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the numerous existing reviews of this highly active field [28, 36-
40]. Here, we summarize the most important results from prior
work specifically on the polymethacrylate platform, dating back to
2005, and we provide an update on the most recent studies that have
expanded the cannon of structural complexity within this category.
Finally, we look forward to new opportunities and make note of
significant challenges in this exciting field of macromolecular sci-
ence.

2. STRUCTURAL DETERMINANTS OF ANTIMICROBIAL
AND HEMOLYTIC ACTIVITY

2.1. Amphiphilic Balance

A fundamental design criterion for synthetic antimicrobial
polymers requires a finely tuned balance of cationic charge and
hydrophobic content. Polymers with too high a density of cationic
charges and very low hydrophobicity will exhibit little propensity to
insert into the hydrophobic core of the phospholipid bilayer, al-
though they may bind to anionic components of the outer leaflet
electrostatically. Also, excessively cationic polymers induce he-
magglutination of RBCs, which is a major risk for internal medi-
cine. At the opposite extreme end of composition, highly hydro-
phobic polymers with low cationic content exhibit high toxicity to
both bacterial and human cell membranes and thus lack any appre-
ciable selectivity. Of course, excessively hydrophobic polymers
will also lack solubility in aqueous media and thus exert no signifi-
cant activity against bacteria or human cells. In regard to all factors
above, synthetic polymers should be carefully designed and synthe-
sized to achieve the optimal balance between cationic charge and
hydrophobicity, thus leading to potent antibacterial activity with
low toxicity to host cells (Fig. 2).

Amphiphllic balance
Cationic i Hydrophobic
Haemagglation A————————) {emolyic
Cylotoxicity : Cytotoxicity
Poor antimicrobial ! Aggregation
activity :
1

Potential antimicrobial
Low hemolysis and cytotoxicity
Fig. (2). Optimization of ratio between cationic and hydrophobic residues is

the key parameter to develop antimicrobial polymers with cell-type selectiv-
ity. Reproduced from [51].

2.2. Hydrophobic Groups

The structure of the hydrophobic side chains strongly impact
observed activities. Alkyl chains of varying length, as well as aryl
groups, have been widely employed, either as pendant groups in the
side chains of a copolymer, or as “spacer groups” connecting the
polymer backbone to the cationic group. In 2005, Kuroda and De-
Grado first introduced amphiphilic polymethacrylates as antimicro-
bial substances [34] and these have since been extensively opti-
mized by Kuroda and many others (Fig. 3) [41-53]. The antimicro-
bial activity was quantified using a turbidity-based growth inhibi-
tion microplate assay on 96-well plates that is still widely employed
today. Their first-generation formulations were random copolymers
composed of 2-aminoethylmethacrylate and butyl methacrylate
with varying feed ratios. The number average molecular weights
were controlled by the use of a thiol-based chain transfer agent. For
copolymer compositions from 0 to 0.3 mole fraction butyl side
chains (fp,,; > 0.3), they observed increasing antibacterial activity
against E. coli with increasing fj,,;. Increasing the hydrophobic
content beyond this ratio led to loss of the antibacterial activity,
presumably due to aggregation or collapse of the non-polar
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Fig. (3). The diversity of structures in the polymethacrylate design platform.
Several groups have tuned the activity of polymers by adjusting the identity
of the cationic charges and hydrophobic groups.

macromolecules in solution, which reduces the driving force for
insertion into biomembranes. The copolymers in this initial work
suffered from substantial toxicity to human red blood cells (RBCs).
The authors addressed this limitation in a subsequent paper, in
which it was demonstrated that less intensely hydrophobic co-
monomers such as methyl- or ethyl methacrylate yielded polymers
which retained their antimicrobial activity but dramatically reduced
the toxicity to RBCs [54].

In 2009, Palermo and Kuroda elucidated the role of the cationic
group structure in methacrylate copolymers with varied content of
hydrophobic alkyl groups (methyl, ethyl and butyl) to evaluate
antimicrobial and hemolytic activities [52]. In general, hydrophilic
polymers containing less than a 0.2 mole fraction of methyl groups
(£yemmyr), did not display any significant antibacterial efficacy against
E. coli up to MIC of 2000 pg/mL. In primary amine functionalized
polymers, antibacterial activity was enhanced by two orders of
magnitude as f,,.;; was increased to about 0.5. At this ratio of
methyl groups, the polymers displayed little hemolytic activity and
were in fact the most cell-type selective formulations in that study.
Interestingly, polymers with tertiary amine groups in the side chains
(instead of primary amines) revealed a parabolic trend in MIC
which gives the lowest value at f,.;,; = 0.5. The loss of activity
above 0.5 may be explained by excessive hydrophobicity that
causes aggregation of polymers and reduction in the proportion of
cationic groups required to mediate Coulombic interaction with
anionic biomembranes. Furthermore, replacing the modestly hydro-
phobic methyl groups with longer butyl chains led to enhancement
of bactericidal activity, but also dramatically aggravated hemolytic
toxicity. Eventually, they determined the best candidate with the
highest selectivity index (the ratio of HCs¢/MIC) was a random
copolymer bearing 47% hydrophobic methyl groups, 53% cationic
primary ammonium groups and a DP of about 10-15 repeat units. In
another study of Kuroda ef al., primary amine based methacrylate
copolymers containing a variety of alkyl groups and benzyl units
were synthesized with multiple hydrophobicity composition [54].
Similarly, they reported increased hemolytic activity with increas-
ing lipophilic content either by number of groups, or size of the
group, or both. They concluded that the use of modestly hydropho-
bic methyl methacrylate enables the same level of antibacterial
potency as a lower mole fraction of more hydrophobic butyl
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groups; however, the methyl groups gave markedly lower hemo-
lytic toxicity.

The Locock group investigated cationic polymethacrylates with
increasing hydrophobic content, keeping the molecular weight con-
stant [55]. With increasing mole fraction of hydrophobic comono-
mer, they recorded diminished activity against S. epidermidis for
amine-based polymers, whereas guanidine analogs showed little or
no change in MIC values. However, both polymers induced in-
creased hemolysis as f,.;,, increased. The same group designed a
library of cationic polymethacrylates with indole groups inspired by
the hydrophobic tryptophan residues found in many AMPs [56].
Unfortunately, increasing the indole content lowered antimicrobial
efficacy and enhanced human RBC lysis. Still, they suggested that
potentially promising antimicrobial polymers with minimal cyto-
toxicity could be designed with appropriately low indole content.

Palermo et al. reported random copolymers of ethyl methacry-
late (EMA) and 2-aminoethylene, 4- aminobutylene, and 6-
aminohexylene to evaluate the impact of “spacer length” on antimi-
crobial and hemolytic performance [45]. They reported excellent
antimicrobial activity of the copolymers containing 4-amino-
butylene side chains with minimal hemolysis compared to those
with shorter (2-aminoethylene) or longer (6-aminohexylene) spacer
groups. Thus, they concluded that the optimal combination of an-
timicrobial potency and low toxicity to RBCs could be achieved by
tuning the number of carbons in the side chain that spatially sepa-
rate the cationic charge from the backbone, using an analogy to the
“snorkel” effect discussed in regards to transmembrane helical pep-
tides. This hypothesis was in accord with observation by molecular
dynamics (MD) simulations on phospholipid bilayers.

Yang and co-workers produced a series of primary amine func-
tionalized random poly(acrylate)s via free radical copolymerization
of a monomer having 2-carbon spacer arm (M2) and a 6-carbon
spacer arm monomer (M6) with varying mole fractions of each
[57]. Homopolymers with the short alkyl arm (M2) were ineffective
against Gram-negative and Gram-positive bacteria up to high
polymer concentration (1000 pg/mL) while that of long-alkyl
spacer arm length (M6) was highly biocidal and hemolytic. Interest-
ingly, copolymers with increasing content of the 6-carbon monomer
showed promising antibacterial activity and low hemolysis.

Hedrick and co-workers utilized biodegradable poly (carbon-
ate)s having quaternary ammonium functionality with hydrophobic
tails of various alkyl chain length (methyl, ethyl, hexyl), as well as
pyridinium and imidazolinium (Fig. 4) [58]. The polymer with four
carbon (butyl) tails at the cationic substitutes was reported as the
best candidate among those studied with different alkyl chain
lengths due to its profound selectivity, by an impressive factor of
>256 for E. coli and >1026 for S. aureus. Furthermore, cationic
poly(carbonate)s with aromatic units at the tail showed high anti-
bacterial efficacy as well as low toxicity against rat RBCs. Re-
cently, Cai and co-workers reported amphiphilic carbonate block
copolymers bearing primary amine groups with great selectivity for
bacteria cells [59]. The diblock and random copolymers exhibited
potent biological activity against three different Gram-positive bac-
teria and little hemolysis up to 1 mg/mL. The block copolymers
self-assemble into dynamic biodegradable micelles with excellent
potential as antibacterial nanomaterials.

Gellman and co-workers elucidated the influence of cyclic and
acyclic hydrophobic groups on biological performance of nylon-3
random copolymers [60]. Copolymers with cyclohexane subunits
showed enhanced antimicrobial activity with low hemolytic behav-
ior compared to acyclic homologous. They speculated that the al-
teration in local backbone flexibility might result in activity differ-
ences between the cyclic and acyclic polymers.

Tang and co-workers developed polymers of N,N-
dimethylaminoethyl methacrylate (DMAEMA) quaternized with a
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Fig. (4). The polycarbonates are biodegradable variants of the conventional
polymethacylate design platform. Structure activity relationships in these
interesting materials have been extensively studied.

derivative of dehydroabietic acid (from natural rosin) as the hydro-
phobic residue [61]. Whereas the starting polymer of DMAEMA
was inactive against E. coli and S. aureus, the rosin-functionalized
variant was a potent antibacterial agent. Interestingly, relative to
polymers of DMAEMA quaternized with a linear alkyl chain hav-
ing same number of carbon atoms as the rosin group, the am-
phiphilic polymers bearing rosin pendant groups displayed the most
efficacious biological activity against E. coli and S. aureus. Thus,
naturally occurring compounds from sources such as rosin may
enable “green” and renewable antimicrobial polymer variants, thus
reducing dependence on petrochemical feedstocks.

In summary, the overall hydrophobicity of the polymer must
exceed a certain threshold to achieve activity, but increasing the
hydrophobicity beyond this threshold will aggrevate the hemolytic
toxicity. Thus, all reports agree on the one unifying principle for the
design of an effective antimicrobial polymer with low hemolytic
activity: target the lowest possible hydrophobicity required to con-
fer potent antibacterial activity, but no more than that amount.

2.3. Cationic Groups

Both cationic and hydrophobic functionalities work in concert
to confer membrane-disrupting ability in polymeric antimicrobials.
Naturally occurring peptides are rich in the basic amino acids lysine
and arginine, which are highly protonated at physiological pH.
Thus, AMPs typically bear a net positive charge in the range of +2
to +9 at pH 7.4. The identity of the cationic source, the charge den-
sity, and the spatial arrangment of charges within the polymeric
architecture all significantly influence antimicrobial performance.
This is because the major driving force for binding between nega-
tively charged microbial cell surface and cationic molecule is medi-
ated by Coulombic attraction forces. A diverse range of cationic
moieties, including quaternary ammonium, pyridium, imidazolium
[62], thiazolium, triazolium [63], phosphonium [64], sulfonium or
guanidinium groups, have been employed to that end. Still, the
majority of antimicrobial polymer systems contain pendant ammo-
nium groups, whose structure is reminiscent of lysine residues
found abundantly in HDPs.

In 2009, Palermo and Kuroda synthesized methacrylate co-
polymers with primary, tertiary and quaternary ammonium groups
to evaluate the impact of cationic moiety on antimicrobial and
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hemolytic activity (Fig. 5) [52]. Here, primary amines were mean to
represent synthetic mimics of lysine residues in HDPs, whereas the
quaternary units represented polymer disinfectants that typically
employ QAS as a pH-independent cationic functionality. Clearly,
the primary ammonium-functionalized polymers (with modestly
hydrophobic methyl methacrylate comonomer) gave the best com-
bination of low MIC and high HCs, values. Amphiphilic copoly-
mers with primary or tertiary amines completely inhibited E. coli
growth with little or no hemolytic activity. In contrast, the equiva-
lent polymeric system with QAS pendant groups lacked substantial
antimicrobial activity even at high concentrations. Upon increasing
the overall hydrophobicity of the QAS polymers by replacing alkyl
groups from methyl to butyl, these macromolecules showed bio-
cidal activity, i.e. it resulted in high bactericidal and hemolytic tox-

icity.
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Fig. (5). Effect of cationic group structure. MIC values against E. coli and
HCs, of amphiphilic polymethacrylates with primary, tertiary, and quater-
nary ammonium groups. Bars with a “>” indicate that MIC or HCs, > 2000
pug/mL. Reproduced from [51].

Many groups have observed similar trends. For example, the
antibacterial activity of a series of polyacrylates bearing tertiary
amine side chains was investigated before and after the quaterniza-
tion of corresponding polymers [65]. This study reported reduced
antibacterial action of quaternized polymers towards Gram-negative
bacteria, attributed to loss in hydrophobicity required to damage
bacterial membranes. Furthermore, The Morgan and McCormick
groups designed a series of primary- and tertiary amine functional-
ized methacrylamide homopolymers and statistical copolymers via
aqueous RAFT polymerization [66]. Relative to primary amine
functionalized polymers, the tertiary amine groups were less effec-
tive against E. coli and B. subtilis, possibly due to steric hindrance
of these bulky groups, which may mitigate the cation-microbial cell
interactions on the molecular level (e.g. reduced hydrogen bond
strength). Interestingly though, Alvarez-Paino et al. reported im-
proved antimicrobial ability after quaternization of tertiary amines
in methacrylate copolymers [67]. These results clearly indicate that
the number of cationic groups and the chemical structure of these
groups are important determinants of biological activity. Compared
to QAS groups, protonated amine groups generally displayed better
antibacterial activity and lower hemolytic toxicity. These findings
suggest that perhaps the combination of electrostatic attraction
forces and hydrogen bonding generate stronger interactions be-
tween primary amine groups and bacterial phospholipids.

While most studies on antimicrobial polymers have concen-
trated on ammonium groups as the cationic moiety, there are sev-
eral examples of guanidinium-functionalized polymethacrylates,
inspired by the arginine residues found abundantly in certain HDPs.
In general, peptides with a high proportion of arginine exhibit better
antimicrobial activity than corresponding lysine-rich peptides [68]
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and they can act as cell-penetrating agents that translocate across
biomembranes and possibly attack intracellular targets [69, 70]. The
guanidinium group features strong resonance stabilization, delocal-
izing the positive ions around three nitrogen atoms [71]. The pK,
value of arginine is ~12.5 which is substantially higher than that of
lysine, ~10.5. Thus, polymers containing multiple guanidine groups
in proximity are expected to have higher degrees of protonation at
physiological pH. Also, the bidentate nature of the hydrogen bond-
ing between guanidine and phospholipid further enhances the inter-
action. Similar effects were observed in synthetic antimicrobial
guanidinylated polymers. [72] Locock et al. synthesized a series of
primary amine-based polymethacrylates and converted these into
guanidine-functionalized polymers to allow a direct comparison
[55, 73]. They reported that polymers with pendant guanidine
groups gave lower haemotoxicity and stronger antimicrobial activ-
ity against S. epidermidis, S. aureus, E. coli and C. albicans com-
pared to primary amine-based polymers. lkeda et al. synthesized
acrylate homopolymers and copolymers with acrylamide containing
pendant biguanide units, and these also showed promising antimi-
crobial activity against a broad spectrum of pathogens [27].

The Fernandez-Garcia group reported non-hemolytic, antimi-
crobial activity of polymethacrylates by quaternization of azole-
functionalized methacrylate polymers (Fig. 6) [63]. Polymethacry-
lates bearing triazoles and thiazoles were alkylated with butyl io-
dide with controlled degrees of quaternization (DQ) from 10-100%.
Interestingly, they observed very potent antibacterial activity (MIC
< 10 pg/mL) against P. aeruginosa and S. aureus for DQ > 50%
and remarkable non-hemolytic activity (HCso > 5000 pg/mL),
which gives a very high ratio of selectivity. The bactericidal kinet-
ics gave a 3-log reduction in CFU/mL in 15 min. Furthermore, cell
morphologies revealed by SEM showed a loss of smoothness in cell
surfaces and extensive bacterial cell aggregation after treatment
with these novel polymers, which supports the hypothesis of a
membrane-disrupting mechanism of action.

n
0
0

V5.

Fig. (6). Polymethacrylates bearing azole units quaternized with butyl io-
dide.

Imidazole side chains, inspired by histidine-rich HDPs, are
another example of the source of cationic charge used in certain
antimicrobial polymers. Hedrick and co-workers synthesized bio-
degradable cationic polycarbonates containing propyl and hexyl
side chains quaternized with imidazoles [74]. Those polymers pre-
sented a potential antimicrobial activity against broad spectrum of
pathogens with selectivity through red blood cells. In addition, imi-
dazolium-based poly (ionic liquids) (PILs) were developed by
Zheng and Yang [62]. Both mono- and bis-imidazolium functional-
ized polymers displayed high antibacterial properties to S. aureus
and E. coli.
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There are examples of cationic polymers that employ heteroa-
toms other than nitrogen. For example, Kurihara et al. synthesized
copolymers of N-isopropylacrylamide (NIPAAm) with methacry-
loyloxyethyl trialkyl phosphonium chlorides (METRs) containing
alkyl chains of varying length [75]. Phosphonium-based cationic
copolymers revealed more potent antibacterial efficacy with longer
alkyl tails.

In addition to the type of cationic source, density, location and
spatial arrangement of positive charges on polymer chains affect
biological activity. Tew’s group studied poly(norbornene)s with
one, two or three primary amine substituents on each repeating unit,
to examine the effect of increasing cationic charge density [76].
They found a decrease in hemolytic activity of a hydrophobic
polymer while retaining antimicrobial performance towards E. coli
and S. aureus. Yang et al. also reported lower MIC (minimum in-
hibitory concentration required to prevent bacterial growth) values
for higher charge density (bis-cations out-performed mono-cations)
of imidazolium-based PILs [62]. In a similar vein, Palermo and
Kuroda tested cationic antimicrobial poly(methacrylate)s in media
where the pH was varied between 6 and 8. They pointed out that
increasing the density of amine groups in a polymer chain reduces
the apparent pK, of the polymer due to electrostatic repulsion be-
tween neighboring charges, hence reducing the extent of ionization
of amine groups relative to their monomeric counterparts. This is an
important consideration since changes in pH can alter the am-
phiphilic balance. In a recent study by Kuroda’s group, amphiphilic
random methacrylate copolymers were tested under various pH 7.4
(represents infected skin condition) and pH 5.5 - 6.5 (represents
healthy skin conditions) with drug-resistant strains of S. aureus
[77]. Polymers showed pH-dependent antibacterial activity which is
highly active at neutral pH, but ineffective under acidic environ-
ment. According to zeta potential measurements, bacterial cell sur-
faces were found to be less negatively charged in the lower pH
media. This mitigates the binding of positively charged polymer to
the membrane. They also noted that a change in pH of test media
affects the amphiphilic balance of the polymer that may become
more hydrophobic at higher pHs, favoring membrane disruption.
Encouragingly, there was not any substantial hemolytic activity
against human RBCs or cytotoxicity to human dermal fibroblast
across the pH range studied.

It has been also found that bactericidal and hemolytic activities
are affected by the spatial arrangement of cationic and lipophilic
moieties on polymer backbone (Fig. 7). A series of amphiphilic
pyridinium-methacrylate copolymers differing in the coordination
of charge and alkyl tail, either all on the same center or spatially
separated, were studied by Sen and co-workers to access toxicity
[78]. Despite higher antimicrobial efficacy of polymers with differ-
ent centered groups, macromolecules with cationic pyridines and
lipophilic tail on the same center exhibited non-hemolytic activity.
Punia and co-workers also showed the effect of structural arrange-
ment of cationic and lipophilic residues along the backbone [79].
They reported highly antibacterial, non-hemolytic PEGylated acry-
late copolymers with hydrophobic hexyl and cationic group on the
same repeating unit. However, in the case of terpolymers (posi-
tively charged and lipophilic moieties on separate centers), the in-
corporation of PEG side chains did not mitigate the RBC toxicity
even up to 40% PEG content.

2.4. Neutral hydrophilic groups

Another method to alleviate the hemolytic activity of antimi-
crobial polymers is to incorporate electrically neutral, hydrophilic
moieties to side chains in order to accomplish the desired am-
phiphilic balance (Figure 8). In addition to the cationic and hydro-
phobic residues found in most HDPs, hydrophilic and neutral resi-
dues are also a substantial fraction of the amino acid sequences.
This third component of the HDP composition has not been incor-
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Fig. (7). Effect of spatial arrangement of cationic and hydrophobic groups
on antibacterial and hemolytic performance. Reproduced from [78].
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Fig. (8). Random terpolymers of methacrylates bearing cationic, hydropho-
bic, and neutral hydrophilic components. These terpolymers exert excellent
antibacterial activity combined with reduced hemolytic toxicity.

porated into many prior antimicrobial synthetic polymers, but may
play a useful role. Accordingly, introducing uncharged hydrophilic
groups such as, polyethylene glycol, sugar or Zwitterionic units into
amphiphilic macromolecules is an attractive strategy to achieve
biocompatible antimicrobial properties. In 2007, Youngblood and
co-workers copolymerized quaternized poly(vinylpyridine) with
hydroxyethyl methacrylate and PEG methyl ether methacrylate
[80]. Polymers bearing hydrophilic units showed diminished hemo-
lytic activity with maintained or even enhanced antibacterial per-
formance. Yang and co-workers converted hydrophobic groups of
primary amine functionalized polymethacrylates into hydrophilic
moieties to improve biocompatibility [81]. Indeed, hydrophilic-and-
cationic polymers, compared to hydrophobic-and-cationic parents,
demonstrated both membrane active ability against bacteria and
reduction in hemolysis, in doing so, strongly enhanced selectivity.
Punia and Yang utilized amphiphilic acrylic copolymers with hex-
amethyleneamine and poly(ethylene glycol) side chains which ex-
hibited >100-fold selectivity towards E. coli over RBCs while cati-
onic homopolymers were highly antibacterial and hemolytic [82].
The cytotoxicity of triblock copolymers of methacrylates was in-
vestigated by Fernandez-Garcia [67]. Their group developed qua-
ternary ammonium based methacrylates with hydrophobic
poly(butylmethacrylate) and hydrophilic 2-(D-glucosamin-2-N-yl)
carbonylethyl methacrylate segments of different mole fractions.
They found that the introduction of carbohydrate pendant units
reduced cytotoxicity while retaining potent antimicrobial activity.
The hydrophilic modification trend additionally applied to polynor-
bornene systems by incorporation of PEG and sugars at the side
chains [83]. Although antimicrobial activity of polymers was re-
duced slightly with increasing hydrophilicity, the hemolytic activity
was drastically lowered. In summary, three-component “fer-
polymers” containing hydrophobic, cationic, and neutral hydro-
philic substituents are highly attractive candidates for biocompati-
ble antibacterial materials.

2.5. Molecular Weight

Controlled “living” free radical polymerization methods (in-
cluding Reversible Addition Fragmentation Transfer (RAFT), Atom
Transfer Radical Polymerization (ATRP), and others) enable pre-
cise tuning of the biological activity of antimicrobial macromole-
cules by precisely modulating the average chain length, with nar-
row dispersity, as an additional design parameter. Higher molecular
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weight was initially considered a desirable trait in polymer disinfec-
tants to achieve antimicrobial potency based on the hypothesis that
it would provide more cationic and hydrophobic sites per chain to
interact with and disrupt the bacterial cell membrane. Also, it was
thought that antimicrobial efficacy would be enhanced via irre-
versible complexation of a polycation with polyanion, in contrast to
reversible complexes of a polyanion with poorly charged agents.
On the other hand, there are several key factors that clearly disfavor
increasing molecular weight: limited solubility and diffusion
through the bacterial cell wall, aggregation in biological media, and
the propensity of high MW polycations to exert toxicity against
human cells. Naturally occurring HDPs are typicaly quite small in
size, varying in the range of 2-8 kDa, with little hemolytic toxicity.
Thus, peptide-mimetic antimicrobial polyemrs tend to be rather
short in chain length, with degrees of polymerization (DP) typically
in the range of 10-20 repeat units.

The polymethacrylates of Kuroda and DeGrado, with varying
molecular weights in the range of 1.3-10.1 kDa, were screened to
elucidate the effect of chain length on biological activity [34]. Low
MW copolymers exhibited more favorable selectivity indices
(HC5¢/MIC) regardless of copolymer compositions, as compared to
high MW analogues. Interestingly, they showed that the antibacte-
rial activity of the cationic homopolymer (composed of 100% ami-
noethyl methacrylate, fyg = 0) was enhanced with increasing poly-
mer chain length [54]. In general, they observed increased hemo-
lytic behavior of polymers with increasing MW, perhaps due to the
hydrophobicity of the polymer backbone.

Several other reports have confirmed a strong correlation be-
tween MW and antibacterial and hemolytic activity. For example,
Locock et al. synthesized cationic amphiphilic polymethacrylates
by RAFT with various molecular weights but similar lipophilicity
levels [55]. The MIC values against S. epidermidis exhibited MW-
independent profile for amine polymers, while guanidines showed a
clear increase in antibacterial action with decreasing MWs, possibly
due to the nature of guanidine groups which may enable transloca-
tion across biomembranes and intracellular targeting. Importantly,
they showed that increasing chain length dramatically enhanced the
hemolysis for both ammonium and guanidine based polymers. The
effect of varying the chain length of nylon-3 polymers on biological
activity was studied by Gellman’s group [84]. They did not find any
consistent impact of molecular size on MIC values taken from four
different bacterium species, but the larger MW polymers were
much more hemolytic. Tang and co-workers elucidated the molecu-
lar weight effect on cationic polymethacrylates bearing hydropho-
bic bulky rosin moieties while keeping the degree of quaternization
constant [61]. Lower MW polymers exhibited more powerful an-
timicrobial efficacy against both Gram-positive and Gram-negative
strains. A similar trend against S. aureus for shorter polymer chains
was also noted by Yang and Hedrick on amphiphilic
poly(carbonate)s [85], however, large molecular weight polymers
were more effective against Gram-negative bacteria such as, E. coli
and P. aeruginosa.

2.6. Counter-anions

The identity of counter anions has been shown to impact the
activity of polymers, although this topic has received relatively less
attention. The Cooper group observed more profound biocidal effi-
cacy in quaternary ammonium poly(propyleneimine) dendrimers
with bromide anions compared to those with chloride [86]. Fur-
thermore, counter-anion dependence of poly [tributyl(4-vinyl ben-
zyl) phosphonium] on antibacterial activity was studied by Kana-
zawa and co-workers [87]. They ranked antimicrobial performance
of polymers with different anions in an order of chloride > tetra-
fluoride perchlorate > hexafluorophosphate. In contrast, Panarin et
al. did not find any significant effect of different counter anion
including chloride, bromide and iodide on antibacterial activity of
vinylamine and methacrylate homopolymers with QAS [88]. The
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counter anion effect can be explained with regards to solubility and
ion-pair formation. If the anion possesses a slightly hydrophobic
character, it would decrease the solubility of the polymer in the test
media and affect the amphiphilic balance. Secondly, if the anion
generates a stronger ion-pair with the polymer cation, it will mask
the efficacy of cations which mediate polymer-biomembrane attrac-
tion [36]. Thus, consideration of the subtle but important counterion
parameter ought to be included as a molecular design principle for
antibacterial polymers.

2.7. End Groups

Most studies have focused attention on the nature of the poly-
mer main chain and the hydrophobic and cationic functional groups
in the side chains, ignoring the end groups. Although the properties
of most high MW polymers do not depend at all on the end group
identity, it is intuitively apparent that end group effects may signifi-
cantly impact the activity of relatively low molecular weight antim-
icrobial polymers (DP = 10-20 units in many cases). Interestingly,
there are a few studies that examine the effect of end-groups on
antimicrobial activity. In 2014, Locock and co-workers synthesized
RAFT-derived cationic polymethacrylates with primary amine or
guanidine groups pendant in the side chains, while altering the R-
and Z-end groups [89]. For amine polymers, a change in R-group
from cyanovaleric acid to isobutyronitrile did not substantially im-
pact antimicrobial efficacy, however, biological activity especially
against C. albicans increased in guanidine polymers with reduction
in cytotoxicity. Moreover, Z-end groups of both amine and gua-
nidine polymers were modified with either a dodecyl or an ethyl
end group. In both scenarios, amphiphilic polymers with longer
alkyl substituent demonstrated better killing performance against
vancomycin- and methicillin-resistant strains of S. aureus (MRSA)
and C. albicans due to the enhanced membrane insertion and per-
meabilization ability with similar hemolytic activity. To probe the
influence of hydrophobic end groups, they also tested correspond-
ing polymers without lipophilic unit at the Z-terminus, which sur-
prisingly led to a reduction in antimicrobial activity, perhaps due to
micellization or other aggregation process of these end-
functionalized macromolecular amphiphiles.

In summary, the end groups are an often neglected aspect of the
polymer design and deserve further examination in future work,
especially for the case of low MW oligomeric compounds, which is
indeed the case for many of these materials.

3. MICROBIAL BIOFILM APPLICATIONS

Biofilms, the most prevalent survival mode for microbes, are
formed when a quorum of microbes accumulate on a surface, en-
cased and protected by a extracellular matrix [90, 91]. This protec-
tive layer not only assists pathogens to accrete, but also blocks the
diffusion of antimicrobials, hence, remarkably increasing the resis-
tence of cells to antibiotic treatment and immune response [92]. As
a consequence, MIC and MBC values for biofilm cells have be
reported at 10 to 1000 times higher than those of planktonic cells
[93, 94]. Biofilm growth on surfaces is the direct cause of deleteri-
ous, even fatal outcomes in medicine, dentistry, water treatment,
food processing and other fields. In fact, almost 80% of all medical
infections are associated with biofilm formation, reported in a pub-
lic announcement by the US National Institutes of Health [95, 96].
Biofilms are responsible for a broad spectrum of persistent infec-
tions including mainly urinary tract infections, chronic wounds and
cystic fibrosis-associated lung infections [91]. Furthermore,
biofilms are also known as important colonizers of medical devices
such as, urinary, venous and arterial catheters, orthopedic prosthe-
ses and joints, shunts, stents, contact lenses, dentures and so on
[97].

Biofilm formation on medical devices is an enormously costly
problem in the clinic. Such complications extend the period of
treatment, and in some cases require additional surgery to replace
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in-dwelling devices. As a result, new solutions to prevent biofilm
formation, or to demolish established biofilms, are urgently needed.
Recently, Traven and co-workers determined the efficacy of guand-
inylated polymethacrylates in the treatment of biofilms containing
S. aureus and C. albicans fungus [98]. According to confocal mi-
croscopy image analysis, the polymers were effective against po-
lymicrobial biofilms. They induced 94% and 80% reduction in S.
aureus and C. albicans cell viability within the biofilm matrix,
respectively. It is worth noting that the biofilms were exposed to
commercial antibiotics at ten-fold higher concentration than the
polymers — highlighting the exemplary performance of these mate-
rials relative to small molecule drugs.

Kuroda and co-workers tested cationic methacrylate ho-
mopolymers bearing primary amine groups (PE;) and random co-
polymers with both cationic and hydrophobic residues (PEsy, foy0=
0.31) on S. mutans biofilms [99]. The MIC values against plank-
tonic cells were 52 and 8 ug/mL for PE, and PEj;j, respectively.
Polymers also prevented biofilm formation at concentrations in the
range of 6-8 pug/mL, whereas MBIC value for cholorhexidine was 1
ug/mL. However, while cholorhexidine was inactive to remove S.
mutans biofilms, the methacrylate polymers were found to be
highly effective at eradication of biofilms after 1 day of maturation.
Also, these cationic homopolymers are non-hemolytic and non-
cytotoxic to human cells up to 1000 pg/mL, unlike the hydrophobic
copolymer and cholorhexidine, which both exhibited marked toxic-
ity.

There is still much to be done in the field of antimicrobial
polymers towards long-term prevention of biofilms. These materi-
als can indeed kill bacteria on contact by a mechanism of cell
membrane disruption; however, the cellular debris that result from
lysis will often adhere to the surface, fouling the active layer and
allowing biofilm formation to proceed after long exposure times
and repeated microbial challenges. Thus, new methods are urgently
needed to address this significant challenge.
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CONCLUSIONS AND FUTURE OUTLOOK

The practically limitless combinations of structure in
(co)polymer design allow us to expand the possibilities of more
novel antimicrobial compounds with well-tuned biological activity.
One of the macromolecular approaches might involve copolymers
with increasingly sophisticated structure and chain architecture. In
2011, Kuroda et al. reported amphiphilic block and random co-
polymers of poly (vinyl) ether with similar chain length and mono-
mer fraction to test antibacterial and hemolytic performance [100].
Diblock and random copolymers presented similar anti- E. coli
activity, however the diblock variants were much less hemolytic
relative to random copolymers. They speculated that the difference
was based on single-chain conformation of the polymers in water.
Block copolymers might generate intramolecular aggregates with a
hydrophobic core shielded with cationic residues, which reduces
hydrophobic interactions between polymer and RBC membrane,
hence, diminishing hemolytic activity. In contrast, random copoly-
mers might form random coils or slightly shrunk conformation in
low hydrophobic content, which tends to bind RBC membranes,
resulting in cell lysis (Fig. 9). Thus, it can be concluded that co-
polymer sequence and architecture (block, random, gradient, graft,
branched, dendritic etc.) may be crucial design parameters that are
worthy of increased attention.

With an eye toward utilizing antimicrobial polymethacrylates in
the clinical setting, Kuroda and his group determined in vivo anti-
bacterial efficacy of methacrylate copolymers in a rodent model for
S. aureus nasal infection [101]. They found stronger inhibitory
performance against Gram-positive bacteria than Gram-negative
ones. These polymers were also almost non-hemolytic and did not
present substantial cytotoxicity towards mammalian cells. Cationic
homopolymers indicated potent anti-S. aureus efficacy in fetal bo-
vine serum (FBS) relative to that of antibiotic mupirocin. Finally,
they investigated significant reduction in the amount of viable cells
in nasal environment of cotton rats which exhibits promising topical
use of the polymer to treat S. aureus infections in the future.
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Fig. (9). Schematic representation of a hypothesis regarding the antibacterial and hemolytic activity mechanisms of diblock and random copolymers. Reprinted

from [100].
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Over the past decade, an impressive body of work has been
devoted to understanding and optimizing the structure, activity, and
mechanism of action in antimicrobial polymers. Within this broad
category, methacrylate-based copolymers have played a significant
role. Much has been learned about the complex interplay between
physiochemical properties (charge, hydrophobicity, molecular
weight) as well as tuning more subtle effects (end groups, counter
ions, spacer groups) towards a thorough understanding of the struc-
ture-property relationships. In this review, we summarize the most
recent findings and look towards the future of development in this
exciting field of macromolecular bioscience.
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