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The increasing prevalence of antibiotic-resistant bacterial infections, coupled with the decline in the
number of new antibiotic drug approvals, has created a therapeutic gap that portends an emergent public
health crisis. Since the 1980s, host defense peptides (HDPs) have been recognized as antibacterial com-
pounds that do not induce resistance, but are hampered by their high cost and lack of synthetic scalability.
Starting in the early 2000s, synthetic (co)polymers have been designed to mimic the salient physiochem-
ical features of HDPs. These polymers have shown broad-spectrum antimicrobial activity, rapid bacteri-
cidal kinetics, and a very low propensity to induce resistance. Systematic optimization of the (co)polymer
composition, chain length, hydrophobicity, and cationic charge has generated select examples that are
also highly biocompatible (non-hemolytic and non-cytotoxic in vitro). These polymers are derived from
inexpensive feedstocks and are produced using cost-effective, scalable processes. Accordingly, such
polymers may be viewed as early stage pre-clinical candidates for potential use in pharmaceutical or
therapeutic applications. In this review, we focus on the key macromolecular design principles that have
been gleaned from more than a decade of structure—activity relationship (SAR) studies, as well as some
Received 3rd January 2018, key mechanistic investigations, across this multidisciplinary field. A fundamental understanding of these
Accepted 7th March 2018 functional (co)polymers has arisen from a convergence of ideas in polymer chemistry, microbiology, and
DOI: 10.1039/c8py00012¢ biophysics. In this context, we emphasize the recent advances from the past few years and emerging
rsc.li/polymers opportunities surrounding the rapidly growing field of HDP-mimetic antimicrobial polymers.

1. Motivation and background

. Magainin-2
1.1. Host defense peptides (% i)

The rise of antibiotic drug resistance in infectious pathogens
presents one of the most daunting challenges facing modern
medicine." Tens of millions of lives are saved annually by the Protegrin 1
routine use of broad-spectrum antibiotics. Without these (porcine)

indispensable drugs, society would abruptly return to the

status quo ante of the 1930s, an unimaginably bleak prospect

by modern standards. For example, procedures such as caesar- o rS
. . . . . . . . Indolicidin

ean section birth carried a disturbingly high risk of mortality (bovine)

prior to the advent of antibiotics.

Host defense peptides (HDPs) are components of innate
immunity expressed by all multicellular organisms*™* (repre-
sentative structural examples are shown in Fig. 1). The putative
function of an HDP, at least in part, is to kill bacteria without B-defensin 3
harming host cells and without inducing resistance. The (human)
ability to exert broad-spectrum activity without causing resis-
tance is related to their mechanism of action, which is

Fig. 1 Molecular models of four HDPs. The hydrophobic residues are

“Materials Science and Engineering, Rensselaer Polytechnic Institute, Troy, red and the hydrophilic residues are blue. There is a lack of conserved
NY 12180, USA. E-mail: palere@rpi.edu secondary structure but hydrophobic residues appear to cluster into dis-
bGraduate School of Materials Science, Nara Institute for Science and Technology, tinct domains. The images were generated using the RCSB Protein
8916-5 Takayama-cho, Ikoma, Nara, Japan Databank (http://www.rcsb.org/pdb/home/home.do).
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thought to involve membrane permeabilization.®” Instead of a
precise “lock and key” mechanism, the membrane disruption
pathway is much less specific and thus more challenging for
bacteria to circumvent. Cationic residues (Lys and Arg) in the
HDPs experience electrostatic attraction to anionic com-
ponents of the bacterial cell membrane whereas their abun-
dant hydrophobic residues readily insert in the non-polar
membrane core. Such peptides have been shown to permeabi-
lize model liposome vesicles® and to induce leakage of potass-
ium ions and enzymes from bacterial cells, presumably
leading to concomitant cell death. Electron microscopy,’ con-
focal microscopy, and even high-speed AFM'° of bacterial cells
upon exposure to HDPs and related compounds also support
the notion of membrane permeabilization. It is important to
note that the antibacterial activity of HDPs is in fact more
specific than originally thought; there is convincing evidence
that defensins, for example, sequester microbe-specific lipid
receptors (lipid II), inhibiting cell wall biosynthesis.'* In this
review, however, we focus on the HDP-mimetic design and
optimization of synthetic polymers that aim to capture the
essence of a non-specific membrane-disruption mechanism.
One of the earliest discoveries of an HDP was Magainin-2,
isolated from the skin of the African clawed frog Xenopus
laevis, by M. Zasloff in 1987."> Since that time, thousands of
other antimicrobial peptides have been discovered and it is
now understood that they exist in all multicellular organisms.
Wang and Wang maintain a detailed online database of all
known antimicrobial peptides (AMPs), with 2903 current
entries.”” "> Among this class, there is a remarkable lack of con-
served sequence or preferred secondary structure. Rather, the
commonalities seem to be physiochemical in nature: AMPs (1)
possess cationic charge at neutral pH, (2) contain a substantial
fraction of hydrophobic residues, and (3) are relatively short
chain peptides (Fig. 2). The hydrophobic groups are key to their
interaction with phospholipid bilayers and the cationic charge is
considered crucial for their electrostatic attraction to anionic
components of the bacterial cell surface. Non-natural analogs of
HDPs, such as all-n peptides,"®'” B-peptides,'®*>° and pep-
toids,>"** successfully reproduced the antibacterial activity and
low toxicity to human cells that are the hallmarks of HDP
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efficacy, simply by designing sequences that possess the requisite
cationic amphiphilicity. These abiotic compounds are referred to
as antimicrobial peptides “AMPs”, but they are not HDPs.

As an interesting side note, a small fraction of AMPs appear
to bear a net negative charge at neutral pH. One such example is
the surfactant-associated anionic peptide (SAAP, charge —7) from
Ovis aries, which only exerts activity when complexed with Zn>*
ions.”* Another anionic example is microplusin (charge -8),
which requires binding to Cu®" as a cofactor to exert activity
against bacteria.** Although the number of such anionic AMPs
represents less than 3% of the total, it is possible that they
possess some unique characteristics worthy of biomimicry.

The conspicuous lack of any conserved sequence or defined
secondary structure led DeGrado’s group to the hypothesis
that synthetic (co)polymers - with all their structural imperfec-
tions and heterogeneities — could perhaps be designed to
capture the essential physiochemical features of HDPs that are
key to their antimicrobial activity. Indeed, this strategy has
been widely employed by numerous research groups over the
past decade with a great deal of promise. In this review, we will
focus on the key structural determinants of antibacterial
activity, and toxicity to human cells, in this class of peptide-
mimetic macromolecules. We begin with summarizing the
classical design approaches to cationic amphiphilicity and
then expand on this idea to include the most recent advances.
We also summarize the relatively limited, but rapidly growing,
number of studies on in vivo activity, and finally we review the
current understanding of their mechanism(s) of bactericidal
action. This article is by no means intended to represent an
exhaustive summary of all the valuable contributions to the
field, and the keen reader is encouraged to reference a large
number of other excellent reviews.>” > Here, we place substan-
tial emphasis on new work published in the past two years,
which are not covered by numerous prior reviews, in addition
to a summary of the major achievements of the past 10 years
that have laid the foundation for future development.

1.2. Convergent trends: HDPs and benzalkonium chlorides

Concurrently with the discovery of HDPs, conceptually and
structurally related polymeric disinfectants were being devel-
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Fig. 2 Despite their lack of conserved sequence or secondary structure, there are three common physiochemical characteristics of antimicrobial
peptides: (a) hydrophobicity, (b) cationic charge, and (c) short chain length. The data were collected from The Antimicrobial Peptide Database

(http://aps.unmc.edu/AP/structure.php).
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oped in the 1980s,*® although there appears to have been little
connection made between these two areas initially. Common
commercial biocides containing the so-called “benzalkonium
chlorides” (BACs) are cationic surfactants composed of a
benzylic quaternary ammonium salt (QAS) and a long alkyl
chain (CgH;; to Cy3Hj3;). The monomeric surfactants indiscri-
minately lyse biomembranes at high concentrations, regard-
less of cell type (i.e. they are “biocidal”). Thus, BACs are bac-
tericidal but also toxic to mammals.

In 1984, Tkeda and co-workers reported the polymerization
of a styrene derivative that contained a pendant BAC surfactant
in the side chain (Fig. 3).>” Not surprisingly, both the styrenic
monomer and the polymer thereof exerted antibacterial
activity, albeit in the mg mL™" concentration range. The tox-
icity data were not shown, but the intensely hydrophobic
nature of the polymer side chains, as well as the high concen-
trations of the polymer employed, suggests that these
materials would almost certainly exert surfactant-like mem-
brane lysis regardless of the cell type.

During the late 1990s, HDPs inspired various peptidomi-
metics such as f-peptides,?®*® a/p-peptides®® and peptoids™®
with antimicrobial activity. In parallel, poly(BAC)s inspired bio-
cidal polymers with a variety of cationic and hydrophobic sub-
stituents. By the mid-2000s, the two fields effectively converged
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into HDP-mimetic polymers, and the field began to experience
rapid growth that continues today (Fig. 4). The convergence of
trends is a prime example of how multidisciplinary science
can vertically advance technologies at the interface of conven-
tionally unrelated fields.

In this comparative context, it is instructive to consider the
bee venom toxin melittin.*" This peptide is 26 a.a. residues in
length, contains 46% hydrophobic residues, and bears a +6
cationic charge at neutral pH. Viewing these data alone, the
structure may appear to have more in common with HDPs
than with biocidal polymers. However, the activity profile of
melittin is more similar to that of a QAS-containing disinfec-
tant: it completely lyses both bacterial cells and human red
blood cells alike at approximately the same concentrations.
Such a comparison invites one to ponder: What are the key
design principles that distinguish a cell-selective antibacterial
macromolecule from a biocidal one? Can biocidal polymers be
re-optimized to confer cell-type selectivity?

1.3. Terminology

Before a discussion of structure-activity relationships (SAR),
the technical jargon of this field deserves an explanation for
the non-expert (Table 1). The MIC, a widely used metric, is the
lowest concentration of a polymer that prevents the prolifer-
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Fig. 3 The evolution of antimicrobial polymers. Molecular design principles were gleaned from a convergence of ideas on antimicrobial peptides
and synthetic polymer disinfectants. HDP-inspired polymers are intended to combine the advantages of peptide activity with the cost-effectiveness
and scalability of synthetic polymer chemistry, without the need for precise sequence, unimolecular chain length, or defined secondary structure.
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Fig. 4 Number of publications as a function of time that contain the
phrase "antimicrobial polymer” via ISI Web of Science. These data
include the HDP-mimetic polymer literature (the scope of this review),
as well as biocidal polymers, biopolymers, polymer/drug conjugates,
and composites of polymers with antibacterial inorganics.

ation of bacteria. The MIC is the bacteriostatic concentration at
which bacteria do not grow (but may or may not be dead). In
contrast, the MBC reflects the bactericidal concentration at
which most or all of the bacterial cells are confirmed dead.
The MBC represents at least a 99.9% (or 99.99%) reduction in
colony-forming units (CFU) per mL. The MBC test is more
labor intensive because it requires colony counting on nutrient
agar plates, but is more informative. Frequently for antibacter-
ial polymers, the MIC and MBC values are identical or very
similar, but it must always be the case that MIC > MBC for a
given set of test conditions (it is not possible to kill a cell but
also fail to inhibit its growth, whereas the converse is indeed
possible).

The most commonly used measure of toxicity to human
cells is the hemolysis assay. At the HC5, concentration, a com-
pound induces 50% release of hemoglobin from a suspension
of RBCs. This colorimetric assay is amenable to high through-
put, and provides a quantification of the membrane-lytic
activity against mammalian cell membranes. Cytotoxicity

Table 1 Technical jargon widely used in the antimicrobial polymer field

View Article Online

Polymer Chemistry

against mammalian cell cultures in vitro is less frequently
reported but arguably more informative. The concentration of
the polymer that causes a 50% reduction in cell viability is
termed the LCs,. Various cell lines (HeLa, HEp-2, Cos7, Jurkat,
etc.) along with various high-throughput colorimetric assay
kits (LDH, MTT, XTT, etc.) are routinely employed to that end.

It is important to recognize that all the benchmark activity
values are highly assay-dependent.*”> The same polymer can
show different MIC values, for example, based on the type of
assay media, the initial concentration of bacteria in the inocu-
lum (typically ~10° CFU mL™"), and - surprisingly - even the
material of which the microplate is made. Melittin gives a 4x
higher MIC value when tested on “tissue-culture treated” poly-
styrene microplates compared to polypropylene microplates,
all else being equal. Similarly, the HCs, value can vary signifi-
cantly depending on the pH and the concentration of the
RBCs in the buffer (typically 10 cells per mL, with higher RBC
concentrations resulting in higher HCj;,). For these reasons, it
is important to view MIC and HCs, literature values relative to
a standard of known activity (such as Magainin-2 or Melittin)
tested under strictly identical assay conditions.

The terms “antibacterial” and “antimicrobial” are distinct:
the former is a compound that inhibits (or kills) bacterial
cells, whereas the latter is one that inhibits (or kills) all micro-
organisms, including bacteria, yeast and viruses. Although
sometimes used interchangeably, “antibacterial” is the more
accurate term for a polymer that has not been tested against
yeast or viruses, strictly speaking. The terms “host defense
peptide” (HDP) and “antimicrobial peptide” (AMP) are also
subtly distinct: the former refers to the naturally-occurring
components of innate immunity in host organisms, whereas
the latter is any peptide with antimicrobial activity, whether it
be a natural HDP or a synthetic peptide. Finally, the term “bio-
cidal” refers to a compound that indiscriminately kills both
prokaryotic and eukaryotic cells.

In this article, we denote the concentration range of
1-10 pg mL™" as “very potent” activity, whereas the range of
10-100 pg mL™' is called “moderate” activity, 100-1000
pg mL™ is “weak” and >1000 pg mL~' is “inactive”. These
ranges are only intended as a rough guide to facilitate our
discussion and are by no means intended as strict rules.

Term Definition

Comments

Minimum inhibitory concentration (MIC)

Minimum bactericidal concentration
(MBC)

inoculum.
Hemolytic concentration (HCs)

Lethal concentration (LCs)
by 50% in culture media.

2410 | Polym. Chem., 2018, 9, 2407-2427

The lowest concentration of a polymer that completely
inhibits the growth of a microorganism in nutrient media.

The lowest concentration of a polymer that reduces
bacterial cell viability by at least 99.9% of the initial

The concentration that induces 50% release of hemoglobin
from red blood cells in buffer.
The concentration that reduces mammalian cell viability

« Turbidity-based, high-throughput
assay

+ Lower MIC = better activity

* Bacteriostatic activity

+ Colony counting, low-throughput
assay

+ Lower MBC = better activity

* Bactericidal activity

+ Colorimetric, high-throughput assay
+ Lower HCs, = worse toxicity

+ Colorimetric, high-throughput assay
+ Lower LCs, = worse toxicity

This journal is © The Royal Society of Chemistry 2018
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2. Structure—activity relationships
(SAR)

2.1. Fundamental design principles

Amphiphilic balance. Of all the SAR principles discussed in
this field, the most universally embraced idea is the need for
some “balance” between the cationic and hydrophobic com-
ponents in the polymer structure. Excessive hydrophobicity
causes high toxicity and poor solubility, whereas polycations
with very low hydrophobicity are typically not potent antibac-
terials and also tend to induce aggregation of RBCs (hemag-
glutination). Between these two extremes, there are certain for-
mulations that provide the desired balance of hydrophobic
and cationic character. For example, among the poly(methacry-
late) random copolymers of Kuroda and co-workers,** a ~10-
mer with 40% methyl side chains and 60% aminoethyl side
chains will exhibit the desired combination of potent antibac-
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Fig. 5 Amphiphilic balance is a widely employed concept for the
optimization of copolymer composition in antibacterial polymers. In
random copolymers of methacrylates, the ratio of cationic to hydro-
phobic comonomer dictates the antibacterial and hemolytic activities.
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terial activity and minimal hemolytic toxicity, whereas the cat-
ionic homopolymer (containing 0% methyl side chains) is
inactive against E. coli, and the highly hydrophobic copolymers
(with more than ~70% methyl side chains) are highly hemo-
Iytic and poorly soluble (Fig. 5). Qualitatively similar results
were obtained by the optimization of the hydrophobic and cat-
ionic composition in poly(norbornene)s,** nylon-3 copoly-
mers,*>*® and others, although each unique platform requires
independent optimization to find the right balance.

It should be acknowledged that the concept of “amphiphi-
lic balance” in fact predates HDP-mimetic polymers; it was
extensively discussed for biocidal polymers since the 1990s.>°
Benzalkonium chlorides, and their polymeric derivatives,
contain very long alkyl chains (up to Cy4) attached to their cat-
ionic QAS groups and are toxic to human cells. In stark con-
trast, the most hydrophobic amino acid is isoleucine (with a C,
side chain). Thus, the use of modestly hydrophobic side chain
groups (C;-C,) in HDP-mimetic polymers is a crucial factor
determining their cell-type selectivity. It has been shown that
the overall hydrophobicity of the polymer will dictate the
hemolytic toxicity.”®> The fundamental design principle is
therefore quite simple: incorporate the minimum amount of
hydrophobic content needed to confer antibacterial activity.
Fig. 6 shows the diversity of structural modifications that have
been carried out on the polymethacrylate platform in order to
optimize the balance of hydrophobic and cationic character.

Cationic group structure. Inspired by lysine-rich HDPs,
many antibacterial synthetic polymers contain pendant
primary amine groups as their source of cationic charge, in
contrast to the quaternary ammonium salt (QAS) groups that
are ubiquitous in biocidal polymers inspired by BACs. A direct
comparison of primary versus quaternary ammonium groups
as the cationic moieties in polymethacrylates (with the same
M, b and % copolymer composition for direct comparison)
revealed that the polymers bearing primary ammonium
groups outperformed their tertiary and quaternary analogues
in terms of more potent antibacterial activity and lower toxicity
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Fig. 6 The broad diversity of cationic and hydrophobic group structures, and their relative spatial arrangements, have been extensively tailored in
the poly(methacrylate) design platform towards the optimization of biological activity.
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to human cells.*” The role of cationic functionality in dictating
the binding to and disruption of lipid bilayers was investigated
by a suite of biophysical techniques which indicated that
primary ammonium groups more strongly complex to phos-
pholipid headgroups as compared to QAS analogues.’® A
similar result was reported for poly(styrene) derivatives con-
taining tertiary ammonium or QAS charges.*® N.-L. Yang and
co-workers explored antibacterial poly(acrylate) random copoly-
mers with both primary and secondary ammonium groups in
the side chains and found that the ratio of different cationic
groups, as well as the charge density, plays a key role in dictat-
ing the antibacterial and hemolytic activities.>*>"

Among the polynorbornene derivatives studied by the Tew
group (Fig. 7), a variety of different cationic structures have
been utilized. Primary ammonium cations were used first’>
and most frequently,”> > but pyridinium®® and guanidinium
groups™ have also been utilized. In one study for example,
Tew et al. showed that increasing the density of amine groups
on each monomer unit enhances the efficacy of the polymers
by decreasing hemolytic toxicity substantially.”” Charge
density was also examined by the Yan group in the context of
geminized polyacrylates containing multiple same-centered
QAS amphiphiles in each repeat unit. They found that the
increased charge density per monomer unit enhanced antibac-
terial activity.®

Hedrick, Yang, and co-workers have extensively studied
antibacterial polycarbonates (some example structures are

"Facially amphiphilic units"
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Fig. 7 Examples from the polynorbornene design platform of Tew and
co-workers. The identity and density of cationic charges, as well as the
identity, relative amount, and spatial arrangement of the hydrophobic
groups, have been extensively optimized.
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Fig. 8 Polycarbonates prepared by organo-catalyzed ROP have been
structurally tuned to optimize the hydrophobic and cationic properties.

given in Fig. 8) with a variety of different QAS groups, includ-
ing pyridinium and imidazolium.>>®® These materials showed
remarkable selectivity for S. aureus relative to human RBCs
(HC5o/MIC > 250) but were less effective against Gram-nega-
tives and C. albicans. The J. Cai group studied amphiphilic
polycarbonates (block and random) with primary ammonium
functionality in the side chains, as compared to the QAS
groups, and found potent selectivity against multidrug-resist-
ant Gram-positives but not Gram-negatives.*'

Besides high Lys content, AMPs are also enriched in Arg as
a source of cationic charge. The guanidinium group in Arg is
known to complex anionic phospholipids by a combination of
Coloumbic attraction and precisely orientated bidentate hydro-
gen-bonding interactions. Because anionic phospholipids are
present on the outer leaflet of bacterial cell membranes,
several groups have reported cationic amphiphilic polymers
containing the guanidinium functional group as the source of
cationic charge, instead of primary ammonium cations.
Locock’s group has shown that polymethacrylates with guani-
dinium cations were more active against S. epidermidis and
C. albicans relative to primary ammonium-containing ana-
logues.®” Morgan and co-workers observed similar effects in
guanidinium-functionalized poly(methacrylamide)s.*?
Recently, the Tew group has pioneered guanidinium-rich poly-
mers as mimics of cell-penetrating peptides,®"®> which is very
interesting but outside the scope of this review.

Fernandez-Garcia and co-workers developed polymethacry-
lates bearing thiazolium and triazolium cations, which gave
excellent antibacterial activity (4-8 pg mL™') against
P aeruginosa and S. aureus with very high HCs, values
(>5000 pg mL™").°® Tang and co-workers have pioneered the
use of natural products in antimicrobial formulations. In one
example,®” they used tertiary amine groups quaternized with a
derivative of the natural product rosin, which showed moder-
ate antibacterial activity against E. coli and S. aureus. The same

This journal is © The Royal Society of Chemistry 2018
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group has shown that cationic polymethacrylates bearing
cationic metallocene groups (cobaltocenium) kill multidrug-
resistant bacteria and can also complex with small molecule
antibiotic drugs in a synergistic formulation, paving the way
for polymers to reinvigorate antibiotics that are presently con-
sidered obsolete.®®

“Same center” vs. “different center”. HDPs contain cationic
and hydrophobic groups that are present in different amino
acid residues along the chain. In contrast, BACs contain a cat-
ionic group directly attached to a hydrophobic tail, as in sur-
factants or lipids. The former design strategy is sometimes
called the “different center” amphiphilic approach, whereas
the latter is called the “same center” approach. The first study
to directly compare these two approaches was published in
2008 by the Sen group.®® These authors creatively designed
copolymers of alkyl quaternized vinyl pyridine and alkyl
methacrylates. By independently varying the lengths of alkyl
chains on the QAS and on the hydrophobic acrylic units, they
disentangled the role of spatial arrangement of the amphiphi-
lic groups. They concluded that a “different center” approach
enhances the membrane disruption ability relative to the
“same center” approach, but the latter is less prone to toxicity
against human cells.®

Tew’s group has employed a strategy that is distinct from
both the “same center” and “different center” motifs: in their
polynorbornene derivatives, the cationic group and the hydro-
phobic group reside within the same repeat unit but are not
directly attached to one another (Fig. 7). Rather, norbornenes
with a hydrophobic group on one side and a cationic group on
the other side are sometimes referred to as “facially amphiphi-
lic’ monomer units. The polymer chain composed of such
units possesses conformational freedom, but is expected to
adopt an overall facially amphiphilic conformation upon
binding to biomembranes. It is reasonable to speculate that
the monomer-level facial amphiphilicity may facilitate the for-
mation of facially amphiphilic conformations at biointerfaces.

“Facial” vs. “global” amphiphilicity. Like any amphiphile,
HDPs and their synthetic polymer mimics will tend to segre-
gate into hydrophobic and hydrophilic domains in the pres-
ence of water. At the interface between an aqueous phase and
the core of a phospholipid bilayer, these macromolecular
amphiphiles have a propensity to “bury” their hydrophobic
domains into the core of the membrane whereas the hydro-
philic (and cationic) domains will prefer to interact with the
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(anionic or zwitterionic) phosphate headgroups near the water
interface, unsurprisingly. It has long been realized that mem-
brane-active macromolecules ought to adopt “facially” amphi-
philic conformations. That is, the hydrophobic segments
should preferentially segregate to one side of the interface,
whereas the cationic groups should be projected towards the
other side (another way to express this idea is that the peptides
are essentially rigid-rod Janus cylinders). The classical HDP
Magainin-2 is a random coil in solution, but it adopts a facially
amphiphilic helix upon binding to bio-membranes.”” In
efforts to mimic the pronounced facial segregation of cationic/
hydrophobic residues, strategies have included designer
peptide sequences,”’”? rigid aryl-amide oligomers with stable
facial conformations,”* and homo-polymerization of mono-
mers that are themselves facially amphiphilic.>®

The Tew group presented a direct comparison of the
“facially amphiphilic” monomer approach versus the “different
center” approach, in polynorbornenes, and they showed a pro-
found difference in activity and membrane-disruption ability
in model membranes.””> The Gellman group has argued that
flexible random copolymers will naturally adopt “globally”
amphiphilic conformations upon binding to biomembranes,
without the need (or even the desire) for pre-programmed
facial amphiphilicity at the monomer level or in terms of
defined secondary structure.’® Kuroda recently advocated a
holistic view of antimicrobial polymer structures, emphasizing
that these polymers should be designed to mimic the globally
amphiphilic properties of the whole HDP molecule, instead of
focusing on side chain identity.”®

Considering the combined results from the “same center”,
“different center” and “facially amphiphilic” approaches
(Fig. 9), it is clear that each one requires independent optimiz-
ation to yield antibacterial potency and low toxicity to RBCs.
Overall, it is not clear whether any one strategy is fundamen-
tally “better” than either of the other two: all three have
yielded select examples with excellent activity profiles in terms
of MIC (low pM) and HCs, (>1000 pM) in vitro. More studies
that show a direct comparison between these approaches in
terms of cytotoxicity and in vivo activity would perhaps clarify
this issue further.

Molecular weight. HDPs typically contain ~10-50 a.a.,
whereas biocidal polymeric disinfectants are often high mole-
cular weight. Several groups have probed the role of chain
length in dictating the antibacterial and hemolytic activities of

(C) Facially Amphiphilic
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Fig. 9 The relative spatial arrangements of cationic and hydrophobic groups in an antibacterial polymer generally fall into three categories: (A)
"different-centered”, (B) “same-centered” and (C) “facially” amphiphilic structures. The approach in part (A) is evocative of the HDP primary structure,
whereas (C) more closely mimics the typical secondary structure of a membrane-bound HDP. The approach in (B) appears similar to that of poly
(BAC) disinfectants, but can exert activity similar to that of HDPs in some cases.
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synthetic polymers. An exhaustive study by Kuroda et al
showed that random copolymers of methacrylate derivatives
lost cell-type selectivity as the MW was increased.”® Lienkamp
et al. found that a thick peptidoglycan layer on model mem-
branes (to mimic Gram-positives) can exert a molecular sieving
effect: polynorbornene derivatives of MW ~ 3 kDa diffuse
through the barrier whereas higher MW analogues of ~50 kDa
were incapable of translocation across the peptidoglycan
barrier.”” Combined, these results reinforce the prudence of
choosing shorter chain polymers as selective antibacterial
compounds that mimic the short chain lengths that are typical
in most AMPs.

End groups. For high molecular weight polymers, the influ-
ence of end groups on the amphiphilic balance is presumably
negligible. HDP-mimetic antibacterial polymers are typically
short oligomers, and thus the end group identity could play a
pivotal role in dictating the properties. Controlled/“living”
polymerization methods (RAFT and ATRP) were used to afford
excellent control over end group fidelity in order to clarify the
role of end groups in determining antibacterial and hemolytic
activity. The earliest example from the Gellman group found
that end groups on nylon-3 copolymers play a significant role,
with more hydrophobic end groups causing greater hemolytic
toxicity.*> Locock studied polymethacrylates derived from a
variety of RAFT agents with different R- and Z-groups (Fig. 10).
The effect of R-group identity was rather pronounced: the
neutral and hydrophobic isobutyronitrile group resulted in
20-fold greater hemolytic toxicity as compared to the cyanova-
leric acid R-group. The antibacterial activity of a copolymer
with a dodecylsulfanyl Z-group is substantially more potent
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Fig. 10 End group affects the antibacterial and hemolytic activity in
polymethacrylates prepared by RAFT and polyacrylates prepared by
ATRP.
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than one containing the less hydrophobic ethylsulfanyl
Z-group.”® Recently, the Whittaker group reported their studies
on antibacterial poly(acrylate)s.”®8° Compared to the poly
(methacrylate) platform, these acrylate-based polymers are
likely more flexible chains and thus are expected to display
somewhat different activity profiles. Using ATRP, these authors
varied the identity of cationic groups (primary, QAS, guani-
dine) as well as the end group derived from the initiator
species. It was found that for very short oligomers of acrylate,
the presence of a dodecyl end group dramatically enhanced
antibacterial potency, in accord with Locock’s results. These
compounds could be thought of as very short diblock copoly-
mers or as cationic surfactants that blur the distinction
between small molecules and macromolecules. In a related
study, Hedrick and Yang et al. showed that the incorporation
of a cholesterol moiety to the end group of antibacterial poly-
carbonates enhanced the activity and also led to the formation
of interesting disc-shaped nanoparticles in solution.®’ In
summary, the role of end group identity should not be ignored
in the synthesis of low MW oligomers as antibacterials.

2.2. Emerging SAR trends

The missing ingredient: neutral, hydrophilic groups. The
first examples of HDP-mimetic antimicrobial polymers, and
the vast majority of examples since, were optimized by adjust-
ing the ratio, identity, and spatial arrangement of just two key
components: a hydrophobic group and a cationic group.
Indeed, these binary (co)polymer structures did capture some
of the essential physiochemical features, as well as the conco-
mitant antimicrobial activity, of HDPs. A very interesting study
by G. C. L. Wong and co-workers revealed that the optimization
of binary copolymers in fact gives structures with a larger
number of cationic groups and greater overall hydrophobicity
than the average HDP.** Thus, there seems to be a “missing
ingredient” because it is impossible to further optimize a
binary system if both of the two components are already too
abundant. Of course, HDPs are not binary copolymers of
hydrophobic and cationic residues; rather, they contain a
diversity of amino acids that span a wide spectrum of physio-
chemical properties. In particular, the presence of a non-negli-
gible fraction of neutral, hydrophilic residues in HDP sequences
(Fig. 11) suggests that at least three components ought to be
employed for molecular-level biomimicry. For this very reason,
several groups have explored ternary copolymer variants of
HDP-mimetic polymers containing neutral, hydrophilic groups
such as hydroxyl, sugar, and grafted PEG chains. In certain
cases, the third component indeed conferred a key advantage
by lowering hemolytic toxicity while retaining (and in some
cases even enhancing) antibacterial potency.

One of the earliest examples of a ternary antimicrobial
polymer with neutral, hydrophilic groups, in addition to cat-
ionic amphiphilicity, was reported by Youngblood and co-
workers in 2007 (Fig. 12).*® They copolymerized 4-vinyl pyri-
dine (4VP) with PEG methacrylate and then quaternized the
pyridine groups with alkyl halides. It was previously known
that quaternized poly(4VP) is inherently antibacterial but also

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Averaged composition of all 2903 AMPs in the database,
percent incidence of each a.a. and their hydropathy indices. A substan-
tial fraction (28%, or 40% including Gly) of the residues are neutral and
hydrophilic. This portion of the AMP composition, previously neglected
in binary systems, is mimicked effectively in ternary (co)polymer
systems.

highly hemolytic. Incorporating the PEGylated comonomer
reduced the hemolytic toxicity and did not abrogate the antibac-
terial properties. Thus, by including a third component in the
design, these authors effectively demonstrated that a nominally
biocidal polymer can be modified to confer cell-type selectivity.
Numerous other examples (Fig. 12) have since shown that
the same design principle can be applied to polymers of
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norbornenes,® methacrylates,® and nylon-3 type materials.®®
PEG has frequently been employed for such purposes, but
hydroxyl substituents (which mimic Ser residues),?*®
sugars,®>°® and zwitterionic moieties®® also give comparable
results. In our opinion, these ternary systems are likely promis-
ing candidates for continued study.

Chain architecture. The Boyer and Wong groups have ele-
gantly studied the role of polymer chain architecture,
sequence, and chain length on the antibacterial and hemolytic
activities of functional poly(acrylate)s, poly(acrylamide)s, and
their copolymers, prepared by RAFT methods.” They syn-
thesized polymer single chain nanoparticles (SCNPs) that dis-
played excellent activity. Random coil conformations in
polymer SCNPs clearly lack the structural precision of a folded
protein or peptide, but they nevertheless represent a crude
version of polymer folding that clearly has a large impact on
biological activity. Very recently, the same groups utilized
ternary copolymer formulations (cationic, hydrophobic, and
neutral/hydrophilic) to directly compare linear random versus
block copolymers as well as hyper-branched analogues.”” It
was found that the hyper-branched polymers outperformed
the linear copolymers in terms of cell-type selectivity.

G. G. Qiao and co-workers used PAMAM dendrimers to
initiate the ring-opening polymerization of N-carboxy-
anhydrides to yield particles decorated with random copoly-
mers of Lys and Val (Fig. 13).>> These nanoparticles exhibited
potent activity against Gram-negative bacteria, were non-toxic
to human cells, and did not induce drug resistance. It is criti-
cally important for in vivo applications that serum proteins do
not abrogate the activity of the polymers, although some inter-
action between a polycation and a protein in the media is
likely unavoidable. The dendrimer-based nanoparticles were
remarkably active even in the presence of simulated body fluid
and blood serum, which mimic the in vivo environment.
Interestingly, the presence of added divalent salt slowed the
kinetics of E. coli outer membrane permeabilization, which
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Fig. 12 Ternary amphiphilic polymers containing hydrophobic, cationic, and neutral/hydrophilic groups (hydroxyl, sugar, PEG, and zwitterionic).
The inclusion of the third component reduces the hemolytic toxicity without sacrificing antibacterial potency.
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Fig. 13 Antibacterial nanoparticles by ring-opening polymerization
initiated by a PAMAM dendrimer core. This unique chain architecture
influences the mechanism of activity relative to linear chains.
Reproduced with permission from ref. 93, copyright 2016, Springer
Nature.

suggests that ion exchange may play an important role in their
mechanism of action.

Antibacterial nanostructures composed of spherical and
rod-shaped graft copolymers that display quaternized poly(vinyl
pyridine)s showed a strong dependence of activity on chain
architecture.’ Interestingly, the smaller spherical-shaped nano-
structures exhibited stronger antibacterial activity as compared
to rod-like graft copolymers and linear polymer chains.

Combined, the results from these studies strongly support
the notion that polymer chain microstructure, chain architec-
ture, and nanostructures are important determinants of bio-
logical activity. Efforts to examine the role of sequence, tacti-
city, regioregularity, and chain architecture appear worthwhile
and ought to be the focus of more attention in the future.

Cationic spacer length. Inspired by the so-called “snorkel”
effect in trans-membrane peptide helices,”°® Palermo and
Kuroda®” hypothesized that tuning the length of the side
chain spacer group that connects the side chain primary
ammonium cation to the polymer backbone would enable the
control of the depth of penetration of the non-polar backbone
into the hydrophobic membrane core, thus tuning the antibac-
terial activity (Fig. 14).°” Indeed, the MIC and HCs, values
were sensitively dependent on spacer length. The elongation of
the C, spacer (amino-ethylmethacrylate) to a C, spacer (amino-
butylmethacrylate) enhances the antibacterial activity without
substantially increasing the hemolytic toxicity. Further elonga-
tion to a C4 spacer dramatically aggravated the hemolysis. MD
simulations shed light on the conformations of these polymers
in the membrane-bound state as a function of spacer arm
length. Indeed, the polymer with a C, spacer group adopted a
pronounced facially amphiphilic conformation upon mem-
brane binding. N.-L. Yang and co-workers have employed a
related “spacer arm” strategy to optimize the antibacterial
activity of closely related poly(acrylate)s. In one particularly
illustrative comparison, they showed that a polymer with Cg
spacers exerts dramatically different activity when directly
compared to the isomeric polymer containing a C, spacer and
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Fig. 14 The length of the spacer arm that connects a cation to the
polymer backbone is a key design parameter.

a C, same-centered tether.”’ These studies strongly support
the notion that the spacer arm plays a pivotal role in modulat-
ing the polymer-membrane interactions and concomitant
activity.

Self-immolative antimicrobial polymers. The majority of the
synthetic antimicrobial polymers are non-biodegradable,
which could limit their application due to possible long-term
toxicity in vivo, even if they appear to be non-toxic by short-
term in vitro assays.”®® Biodegradable antimicrobial polymers
based on polyesters,””'° polyurethanes,'®"'°> polycarbo-
nates®”® and networks cross-linked with acetal functional-
ity"®® have been reported to fill this gap. These polymers are
hydrolytically or enzymatically cleaved at random sites along
the backbone, thus giving a degradation profile that is con-
trolled by the chemical structure of the linkages and the
solvent accessibility of the microenvironment.'®* Polymers that
can degrade in a specifically t¢riggered manner may confer
some advantages relative to passive degradation.'” A novel
and interesting class of materials that undergo triggered de-
polymerization are the so-called “self-immolative” polymers
(SIMPs), designed to unzip into a monomer upon the cleavage
of their w-end-groups.'®*> SIMPs have been utilized in drug
delivery,"*®"*® biosensors,""® microfluidics'** and dynamic
plastics'*! but did not find use in the context of antimicrobials
until very recently.

Ergene and Palermo developed the first generation of self-
immolative antibacterial polymers'*> (Fig. 15). They syn-
thesized poly(benzyl ether)s with pendant allyl side chains and
silyl ether end-caps (responsive to fluoride ions),"** following
the route reported by Phillips and co-workers. They further
modified side chains with cysteamine HCI via photo-initiated
thiol-ene chemistry. Cationic poly(benzyl ether)s bearing
primary ammonium groups exerted potent, rapid and broad-
spectrum antibacterial activity, but were also highly hemolytic.

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 Self-immolative antibacterial polymers spontaneously unzip
into small molecules in response to a specific chemical stimulus.

These antibacterial polycations displayed the ability to unzip
into their small molecules when activated by a specific external
stimulus. Upon triggered depolymerization, bactericidal
activity was mostly maintained, while the hemolytic activity
was remarkably decreased.

2.3. Remaining questions

How perfect is good enough?. Nature produces macro-
molecules with exquisite control of chain length, stereo-
chemistry, and comonomer sequence. For synthetic polymer
chemistry to approach such a level of sophistication has been
rightly referred to as the “Holy Grail” of our discipline."** At
the same time, the physiochemical characteristics of HDPs
appear to be more important determinants of activity than the
specific sequence, exact chain length, or stereochemistry. In
this light, one may consider the structural perfection of HDPs
an extraneous feature of which synthetic mimicry is not
required or even desirable. On the other hand, microstructural
features of the polymer chain (tacticity, dispersity, sequence)
do impact physiochemical properties and thus will likely
impact antibacterial and hemolytic activities.

Dispersity. Whereas HDPs possess unimolecular chain
length, controlled/“living” polymerization theoretically yields a
Poisson distribution, and uncontrolled polymerization gives
the Flory-Shultz distribution (Fig. 16). For illustration, we
compare Magainin-2, which contains exactly 23 amino acids
(b = 1), to the Poisson (P = 1.04) and Flory-Shultz (D = 1.98)
distributions with a number average chain length of 23 repeat
units. In the case of F-S, 35 wt% of the chains are longer than
50 repeat units, whereas for Poisson, only 0.0001 wt% exceed
50 repeat units. If the longer chains are more toxic to human
cells than the shorter chains (as is generally the case), then
one would expect the narrower distributions to give better cell-
type selectivity even if the average chain length is the same in
both cases.

There is also dispersity in terms of copolymer composition,
which is difficult to quantify, whenever a “different center”

This journal is © The Royal Society of Chemistry 2018
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Fig. 16 Comparison of theoretical chain length distributions for con-
trolled and uncontrolled polymerizations.

approach is employed (compositional dispersity is not an issue
for the “same center” approach). For example, a population
with an average of 50% hydrophobic repeat units in a random
copolymer chain likely contains a non-negligible fraction of
individual chains with ~25% and ~75% hydrophobes. If the
former subpopulation is inactive and the latter subpopulation
is highly hemolytic, such compositional dispersity may funda-
mentally limit efforts to improve on cell-type selectivity. To our
knowledge, no study has quantified this effect, perhaps because
it is challenging (though not impossible with well-resolved
MALDI data) to quantify the compositional distribution.
Mowery et al. discussed the possibility that sub-populations
within heterogeneous mixtures of their nylon-3 copolymers may
exert different mechanisms of antibacterial activity as early as
2009.%° But to date, the extent to which a truly unimolecular
compound confers any advantage relative to a narrow distri-
bution (we would hypothesize that it does not) remains to be
demonstrated in a clear side-by-side comparison.

Sequence control. Among the HDP-mimetic synthetic pep-
tides, those with randomly scrambled sequence surprisingly
showed activity that was as good or better than those with pre-
cisely designed sequences.'* In this light, it is tempting to
assume that sequence control in synthetic copolymers is not
needed or even desirable. However, the nature of the sequence
distribution does impact the physical properties of polymer
chains, and hence alters the biological activity. Oda et al.
found that random and block copolymers of vinyl ether-based
monomers display the same MIC values but dramatically
different HCs, values: block copolymers are completely non-
hemolytic whereas the random copolymers are highly
hemolytic.'*®

Alternating copolymers are particularly interesting as antimi-
crobials because they display very high degrees of sequence
fidelity and very low (or nil) compositional dispersity. Perhaps
due to the limited monomer scope of comonomer pairs with
high propensity for alternation in chain growth polymeriz-

Polym. Chem., 2018, 9, 2407-2427 | 2417
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ation, only a few reports on alternating antibacterial copoly-
mers exist in the literature. It is straightforward to prepare
alternating copolymers by step-growth, but these materials will
necessarily have quite broad chain length dispersity. An out-
standing example by the Sampson group'?” showed that the
ROMP of 1-substituted cyclobutenes and cyclohexenes affords
alternating copolymers with precise spacing between func-
tional groups (Fig. 17). They found that alternating sequences
of cationic and hydrophobic groups outperformed random
copolymer analogues in terms of potent antibacterial activity
and minimal hemolytic toxicity, with better than 100-fold
selectivity for the best examples. Interestingly, increasing the
hydrophobicity of the groups between the cations did not dra-
matically aggravate the hemolytic toxicity, as typically seen
with other copolymer mimics of HDPs. Related advances have
been made by the Haldar group using alternating copolymers
of maleimide and isobutylene.*® These findings suggest that
alternating sequence is a prudent and perhaps under-appreci-
ated design strategy.

Very recently, Perrier and co-workers undertook a detailed
study of sequence control in antimicrobial poly(acrylamide)s
bearing hydrophobic isopropyl and cationic aminoethyl side
chains.'*® They prepared statistical, diblock, and multiblock
linear copolymers. The antibacterial and hemolytic activities
are significantly impacted by the sequence distribution; the
MIC against P. aeruginosa decreased from 1000 pg mL™" for
the statistical copolymer to 32 pg mL™" for the diblock and
8 pg mL~" for the heptablock whereas all three samples were
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Fig. 17 Alternating copolymers as platforms for antibacterial polymers.
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non-hemolytic. Thus, one may conclude that the clustering of
hydrophobic side chains into small domains along the chain,
as in a multiblock architecture, is a prudent strategy to
enhance the antibacterial activity without affecting the toxicity
to human cells.

Tacticity. The classical example used to illustrate the impor-
tance of stereoregularity is the glass transition temperature Ty
of PMMA, which depends sensitively on tacticity (Ty = 124 °C
for syndiotactic versus 42 °C for isotactic). The extent to which
tacticity matters in the context of antibacterial polymers
remains unexplored, but one might reasonably speculate that
the chain conformational flexibility/rigidity in aqueous solu-
tion would play a role in modulating the interaction of
polymer chains with biointerfaces. Even though precise
control of stereochemistry is not required for activity, the
physicochemical properties of the polymer chains likely do
depend on tacticity. To our knowledge, no study has ever quan-
tified the role of tacticity in determining the antibacterial and
hemolytic activities of a polymer.

2.4. The real deal: activity in vivo

The field of antibacterial polymers initially focused on the
optimization of structures to minimize MIC and maximize
HCs, values in vitro. Having identified many promising
examples from a large pool of candidates, the next logical step
is to quantify the activity in vivo using various animal models.
This is a non-trivial advance because polymers that perform
well in vitro may be inactivated in vivo by serum proteins, plate-
let adhesion, or other non-specific interactions. Nevertheless,
a growing number of recent studies have shown encouraging
results, which collectively represent a tremendous vertical
advance of the field.

Thoma et al. showed that a topical formulation based on
cationic homopolymers of aminoethyl methacrylate eradicated
S. aureus infection in a mouse nasal infection model
(Fig. 18)."*° These low MW polymers (3-10 kDa) are bacteri-
cidal to S. aureus at low micromolar concentrations even in the
presence of serum in vitro and are non-toxic to mammalian
cells (hRBCs, HEp-2 and COS-7 cell lines). They also demon-
strated eradication efficacy in vivo that was significantly better
than the small molecule antibiotic drug mupirocin. Further, it

565

Fig. 18 Cationic polymethacrylates eradicated S. aureus in a mouse
nasal infection model. Reproduced from ref. 130, ACS AuthorChoice
(Open Access).

S. aureus nasal colonization
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was confirmed that the polymers do not induce resistance
after 15 sub-inhibitory exposures. These results all strongly
suggest that such polymers are good candidates for topical
applications to cure S. aureus infections.

Haldar and co-workers have reported the in vivo efficacy of
various HDP-mimetic copolymers™*" and small molecules.'*?
Alternating copolymers of maleimide and isobutylene bearing
a same-centered QAS amphiphile in the side chains were
effective against A. baumannii in a burn infection mouse
model via topical application.”*" The concentration of viable
bacterial cells in the burn was reduced from ~10'° to 10’
CFU mL™" upon treatment with 50 mg kg™ of polymer, which
is comparable to the efficacy of the antibiotic minocycline at
the same dosage. When both the polymer and minocycline
were used in combination, the A. baumannii concentration was
further reduced to ~10* CFU mL™". The same group showed
that cationic and amphiphilic small molecules composed of a
single fatty acid chain conjugated to two equivalents of lysine
(+4 charge at pH 7.4), which could be viewed as a minimalist
design to mimic the HDP structure, successfully eradicated
MRSA biofilms from infected mouse skin."**

P. X. Ma and co-workers reported the in vivo activity of anti-
microbial bottle-brush polymethacrylates grafted to PDMS in a
subcutaneous rat infection model.">*> Random copolymers of
lysine and phenylalanine prepared by ROP were conjugated to
heterobifunctional PEG methacrylate and then subjected to
surface-initiated/UV-triggered polymerization to yield the
bottle-brush grafted surface. These coated PDMS samples,
alongside bare PDMS, were inoculated with 10’ CFU of E. coli
and then implanted into rats subcutaneously. After 5 days, the
excised implants coated with the polymer contained only
0-10 CFU (a 6- or 7-log reduction) whereas the bare PDMS
surface was still host to ~10> CFU. Visually, the bare PDMS
surface side of the wound showed extensive bacterial infection
whereas the coated side appeared to be normal tissue with no
sign of infection. Thus, these polymethacrylate-graft-(PEG-poly
(Lys-block-Phe)) materials substantially reduced the implant-
associated infection under rat skin, representing a major
advance for implant materials.

The G. G. Qiao group reported in vivo efficacy of their anti-
microbial polymer nanoparticles in a mouse peritonitis model.
They found that the concentration of A. baumannii in the per-
itoneal wash was dramatically reduced (a 5-log reduction)
upon dosing with antibacterial dendrimers, which was similar
to the efficacy of the antibiotic drug imipenem.”

The cationic and amphiphilic polycarbonates of Hedrick
and Yang showed high in vivo efficacy against MRSA by sys-
temic application in immunosuppressed mice (Fig. 19).** The
mice were injected with 4 x 10® CFU mL ™" of MRSA, which was
determined to be a lethal dose. Amazingly, the polymer out-
performed the antibiotic vancomycin in terms of reduction in
MRSA concentration (to 10> CFU mL™") over a time period of 4
and 8 hours post-injection. The effective dose of the polymer
was ~2 mg L™' against MRSA whereas the lethal dose against
the mice was ~20 mg L™", suggesting a 10-fold selectivity. After
7 days post-infection, 14 out of 15 mice that received the
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Fig. 19 Rapid reduction in the concentration of MRSA cells in the
bloodstream of a mouse was achieved with antibacterial poly(carbonate)s
compared to the antibiotic drug vancomycin. Reproduced with
permission from ref. 134, copyright 2015, Wiley-VCH.

polymer treatment survived whereas none of the control mice
(injected with MRSA in PBS buffer) survived. Hence, this
breakthrough study provides very strong evidence that cationic,
amphiphilic polymers can cure infection in mice when admi-
nistered systemically.

Overall, these early-stage in vivo studies collectively demon-
strate that HDP-mimetic polymers possess great promise as
therapeutic agents to combat drug-resistant bacterial infec-
tions. Still, the relative paucity of survival studies at this early
stage indicates a continued need for further progress.

3. Mechanism of action

3.1. HDP mechanism

Since the 1980s, strongly cationic peptides have been known to
disrupt the integrity of bacterial membranes."®"** At the sim-
plest level, the peptide-membrane interaction is understood in
terms of electrostatic attraction between the anionic bacterial
cell envelope and cationic residues in the peptide, as well as
partitioning of hydrophobic residues into the nonpolar mem-
brane core. The putative mechanism of HDP action is often
described in molecular detail by the Shai-Matsuzaki-Huang
(SMH) model.”"**"*” As a classical example, Magainin-2
adopts a facially amphiphilic a-helix at the membrane inter-
face upon binding, and then cooperatively forms transient
pentameric pores across the bilayer.'*® An abundance of evi-
dence supports some aspects of the SMH model for a wide
variety of HDPs.""??7'*> Nonetheless, HDPs may exert mecha-
nisms other than (or in addition to) membrane disruption,
including immunomodulatory effects, metabolic inhibition,
and programmed cell death.>'**'** Here, we review mechanis-
tic studies that probe HDP-mimetic polymers, with a sole
focus on the membrane disruption aspects. Because the poly-
mers possess the critical features of HDPs, and show similar
antibacterial activity, it is widely hypothesized that they act by
related mechanisms of action, despite their molecular hetero-
geneity and lack of defined secondary structure.
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3.2. Liposomes as model membranes

Liposomes are frequently employed as simplified model mem-
brane systems to probe the interaction of polymers with phos-
pholipid bilayers using a wide range of physicochemical
methods such as spectroscopy, microscopy and thermal
analysis.

A classical experiment to evaluate membrane permeabiliza-
tion induced by polymers is to monitor the release of a fluo-
rescent dye entrapped within a liposome upon mixing with a
dilute polymer solution (Fig. 20). A water-soluble fluorescent
dye, such as carboxyfluorescein, calcein or sulforhodamine-B,
is entrapped in large unilamellar vesicles (LUVs) above the
self-quenching concentration (typically 50 mM). Upon the dis-
ruption of the bilayer barrier function, the dye is released into
the dilute solution and fluorescence intensity is markedly
recovered.**”*'*> Phospholipid composition is chosen to
mimic various cell types. For instance, the mixture of anionic
phosphatidylglycerol (PG) and zwitterionic phosphatidyletha-
nolamine (PE) is evocative of E. coli membranes whereas phos-
phatidylcholine (PC) and cholesterol are used as a proxy for
mammalian cell membranes."*® Despite its simplicity, dye
leakage provides a useful demonstration of the inherent mem-
brane-disputing ability of a polymer, which may contribute to
the mechanism of antibacterial and hemolytic action (at least
in part)."*”'*® This technique has been employed for polynor-
bornenes,”® polymethacrylates,*® and nylon-3 copolymers.™*’
The fundamental basis for cell-type selectivity can be observed
by comparing dye leakage from liposomes that mimic anionic
bacterial membranes (e.g. POPE/POPG) and those that mimic
zwitterionic mammalian cell membranes (POPC/chol).
Membrane permeabilization by HDPs depends on the lipid

NP eeq 5222
EvanE = Den
o= 0o e’ &=z LUV

Fig. 20 Schematic of the liposome dye leakage induced by a cationic
amphiphilic polymer.
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charge as well as intrinsic curvature."*® Gellman et al. showed
that their HDP-mimetic nylon-3 polymer selectively disrupts
lipid membranes depending on the lipid composition; the
polymer efficiently disrupts liposomes of DOPG/DOPG
(mimicking E. coli membranes), but not those of POPC
(mimicking mammalian cell membranes)."*” These data
suggest that optimized formulations of HDP-mimetic polymers
are inherently more active against membranes that possess
anionic charge and negative curvature. Fluorescence lifetime
assays can distinguish between all-or-none leakage (a fraction
of the vesicles released all of their contents) versus graded
leakage (all vesicles released a portion of their contents). The
type of mechanism depends on polymer hydrophobicity: a
nylon-3 derivative consisting solely of cationic units induces
all-or-none leakage, whereas a cationic/hydrophobic copolymer
exhibits graded leakage."*’

Dye-labeled polymer. The binding affinity of the anti-
microbial polymers to lipid bilayers can be estimated based on
dye labeling with dansyl, which is sensitive to the polarity of
its microenvironment.’>® Dansyl-labeled antimicrobial poly-
methacrylates exhibit a fluorescence intensity increase, and a
blue shift, upon the transfer from aqueous solution to a non-
polar membrane environment.”® This characteristic enables
fluorescence titration to obtain a binding isotherm for the
quantification of the polymer affinity to membranes. Kuroda
et al. have used such polymers to study the role of hydrophobi-
city and lipid composition in the polymer-membrane binding
event. The dansyl-modified polymer also clarified the effect of
the cationic group structure on the membrane binding; the
polymer with primary ammonium side chains displayed
higher binding affinity to POPC liposomes relative to tertiary
and quaternary analogues, which correlated with the differ-
ences in their hemolytic activities.'>"

Giant vesicles. Micron scale “giant” unilamellar vesicles
(GUVs) are approximately cell-sized and thus enable the
optical visualization of membrane dynamics. Microscopic
observation of calcein-entrapped GUVs upon the addition of
Magainin-2 showed an induction time, followed by quantitat-
ive leakage of the entrapped dye without any morphological
changes in the membrane, suggesting stochastic pore for-
mation."* GUV studies have been carried out for a wide range
of other HDPs'”*™* as well as synthetic polymers.'>® The
addition of phenylene ethynylene antimicrobial oligomers to a
giant vesicle composed of E. coli extract lipid induced the
leakage of a small (1 kDa) marker molecule whereas a large
(19 kDa) marker molecule was retained in the vesicle,
suggesting a size exclusion effect of defined pore size.'

SAXS. G. C. L. Wong and coworkers have extensively studied
the impact of HDPs and their synthetic mimics against lipid
membranes using small-angle X-ray scattering (SAXS), a power-
ful method to probe topological changes in lipid membranes
induced by antimicrobials (Fig. 21). They demonstrated that
the cationic phenylene ethynylenes induced the transition of
small unilamellar vesicles into a non-lamellar inverted hexag-
onal phase with water channels ~3.4 nm in diameter.">®
Cationic polymethacrylate derivatives were found to induce the

This journal is © The Royal Society of Chemistry 2018
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Fig. 21 SAXS data (a,b) for a lipid bilayer containing antimicrobial poly-
methacrylates and corresponding real space model (c). Reproduced with
permission from ref. 157, copyright 2013, American Chemical Society.

transformation of the membrane to a bicontinuous cubic
phase with a negative Gaussian curvature.'”” Additionally, the
presence of phosphatidylethanolamine, which has an intrinsi-
cally negative curvature, enhances the formation of the non-
lamellar structure with a negative Gaussian curvature upon the
addition of antimicrobials.

DSC. Epand et al. have utilized differential scanning calori-
metry (DSC) to show that the phase transition behavior of lipid
membranes is sensitively influenced by the incorporation of
antimicrobial peptides,"®"'*® synthetic oligo-acyl-lysine’® and
polymers.'®* These compounds induce lateral phase separ-
ation in the membranes by the clustering of the anionic lipids,
which results in phase-boundary defects wherein the barrier
function is severely curtailed. By this mechanism, antimicro-
bials may permeabilize the membrane without the formation
of well-defined pores. Further support for this unique mecha-
nism comes from MD simulations (vide infra).

SFG. The Chen group has employed sum frequency gene-
ration (SFG) in combination with a supported lipid bilayer to
examine membrane-bound antimicrobial molecules."®**** For
example, they examined the interaction of antimicrobial poly-
methacrylates with a deuterated lipid bilayer. Strongly hydro-
phobic copolymers markedly attenuate the C-D stretching SFG

This journal is © The Royal Society of Chemistry 2018
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signal from the outer and inner leaflets of the bilayer, which
implies disruption of bilayer ordering. Additionally, the C-H
stretching signal that originates from the polymer revealed the
orientation of hydrophobic sidechains aligned with the lipid
bilayer.

NMR. The Ramamoorthy group has used solid-state *'P
NMR to study membrane deformation induced by HDPs and
their synthetic mimics. The *'P signal of the phospholipid
head group is highly sensitive to orientation, phase, and com-
plexation with cations.'®>'®® Thus, the spectrum of a POPC
bilayer is markedly altered by the incorporation of anti-
microbial polymers.’>® While the majority of lipids maintain
their lamellar order with a characteristic peak, the appearance
of a new peak corresponding to the lipid head group oriented
perpendicular to the membrane suggests that pore formation
is indeed induced by the polymer.

3.3. Molecular dynamics simulation

All-atom molecular dynamics simulations are rapidly emerging
as a very powerful tool to probe polymer-lipid interactions in
precise detail at the molecular level (Fig. 22). The MD simu-
lation of an antimicrobial polymethacrylate binding to a phos-
pholipid bilayer revealed that primary amines in the side
chains associate with phosphate head groups in the lipids,
whereas the insertion of the polymer into the membrane is
mediated predominately by the hydrophobic effect, as
expected.'®” Most interestingly, it was found that the comono-
mer sequence plays a pivotal role in dictating the overall shape
of the chain molecule, which implies that sequence control
may indeed be an important molecular design consideration
that remains underexplored to date.

Also in the context of antimicrobial polymethacrylates, MD
was employed to clarify the role of the cationic spacer group
(i.e., the length of the carbon chain connecting the cationic
ammonium group to the backbone). Interestingly, the elonga-
tion of the spacer group promotes the deeper insertion of the

T=300 ns ®

Fig. 22 Snapshots from an MD simulation of a polymethacrylate on a
lipid bilayer. Reproduced with permission from ref. 170, copyright 2017,
RSC Publishing.
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polymer backbone into the membrane core, in analogy to the
“snorkel effect” in transmembrane peptides.”>"°*'%° The poly-
mers with intermediate spacer length (C,) adopt a facially-
amphiphilic structure upon binding to the membrane, in
which cationic and hydrophobic sidechains are segregated to
opposite faces.”””'” This is a remarkable observation reminis-
cent of the secondary structure in membrane-bound
Magainin-2, despite the complete lack of structural perfection
in random copolymethacrylates. Related MD simulations also
showed the clustering of negatively-charged lipids into distinct
domains upon polymer binding, which resulted in lipid coar-
sening and bimodal membrane thickness.'”* Such “charge
clustering” in the membrane is known to produce a packing
defect, wherein the permeability barrier is compromised, in
corroboration with the experimental DSC data from Epand.**®

3.4. Seeing is believing

Direct observation of bacterial cell membranes in the presence
of an antimicrobial polymer provides the most convincing evi-
dence that their mechanism of action involves the membrane
as a target, albeit with less quantitative molecular-level under-
standing. Such visualization has been done extensively by
TEM, which can reveal detailed morphological changes in the
membrane structure upon exposure to antimicrobial polymers
(Fig. 23). For example, Yang and Hedrick reported bio-
degradable nanostructures by the self-assembly of cationic and
hydrophobic triblock copolycarbonates.’** Comparative TEM
images of methicillin-resistant S. aureus (MRSA) in the pres-
ence of a polymer (slightly above the MIC) showed significant
damage to the cell membrane accompanied by the leakage of
cell contents, whereas the control images show smooth,
healthy cell surfaces.’® It is apparent from the images that cell
lysis occurs by an all-or-none mechanism. The authors hypo-
thesize that micelles of these triblock copolymers, which are
attracted to the anionic cell surface by electrostatic inter-

Control

Polymer 3

=

Fig. 23 TEM images of intact MRSA cells (left) and damaged cells upon
exposure to an inhibitory dose of antibacterial polycarbonate (right), at
two magnifications. Reproduced with permission from ref. 98, copyright
2011, Springer Nature.
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actions, may inhibit cell wall synthesis due to their steric bulk,
leading to membrane disruption. Alternatively, the micelles
might permeabilize the cytoplasmic membrane as a result of
electroporation or the sinking raft model, which could also
lead to cell death.

In TEM images, the shape of the bacterial cells can be visu-
alized, but the polymers themselves are essentially invisible. In
order to directly track the fate of the polymers in vitro,
Reynolds and Qiao prepared dendrimers of an antimicrobial
polymer tagged with AlexaFlour-488 (green) and employed
super-resolution fluorescence 3D structured illumination
microscopy (3D-SIM) for visualization (Fig. 24).* E. coli cells
labeled with an optically orthogonal membrane dye (red) were
mixed with an AF488-tagged polymer, above and below the
lethal dose, to investigate the polymer particle localization in
relation to the bacterial membrane.

Whereas microscopy techniques
employed to study polymer-membrane interactions pre-
viously,"”>'”? this elegant study was the one of the first that
used super-resolution optics to unambiguously confirm the
co-localization of an antimicrobial particle on a bacterial cell
membrane at high resolution.”> Below the lethal dose (1/2
MBC), these particles sparsely populate the outer surface of
the E. coli cells, whereas the surface is nearly saturated with
particles at the MBC. At double the MBC, particles aggregate
on and penetrate into the cells, leading to a clustering of lipids
in the membrane and clear loss of membrane integrity. It is
clearly seen in the red channel that the membrane lipids are
clustered into dense domains, leaving behind patchy dark
regions (Fig. 24, panels e-h). Also, aggregates of red lipid can
be seen in the surrounding media, suggesting perhaps that
micelles or vesicles of lipid have been shed from the cell
surface. Based on these observations, the authors speculated
that the polymers initially adhere to the outer membrane (OM)
due to electrostatic attraction, which might destabilize the OM
and permit translocation to the cytoplasmic membrane (CM).
In support of this view, they demonstrated that the polymers
avidly bind LPS, a major component of the OM. The polymer
particles did not induce pore formation in model membranes,
but did cause unregulated ion movement and dissipation of
membrane potential. Finally, the polymers induced a pro-
grammed cell death (PCD)"* pathway that is triggered under
stressful conditions such as membrane perturbation, although
the polymer retains the antibacterial activity in the presence of
an inhibitor that blocks this PCD pathway. Hence, the authors
conclude that PCD is not a requisite mechanism for antibac-
terial activity but that it may occur as a supplemental, though
not required, alternative mechanism of bacterial lethality.”

It is important to note that nanoparticles composed of anti-
bacterial polymers may exert subtly different mechanism(s) of
action as compared to the corresponding individually solvated
polymer chains. These nanoparticles contain multiple chains
that are co-localized in space and are thus inherently more
locally concentrated upon membrane binding. By comparison,
individual chains must cooperatively bind membranes in
order to achieve local concentrations comparable to that of the

various have been
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Fig. 24 3D-SIM superresolution fluorescence images of an antibacterial polymer particle (PAMAM dendrimer with surface-initiated random copolymers
of Lys and Val) with E. coli cells. The particles are tagged with AF488 (green) and the E. coli cell membrane is dyed with FM4-64FX (red). Control E. coli
(a), polymer at half the MBC (b), at the MBC (c—e), and at twice the MBC (f—h). Reproduced with permission from ref. 93, copyright 2016, Springer Nature.

nanoparticles. In addition, non-specific binding to serum pro-
teins, kinetics of degradation, details of membrane permeabi-
lization and/or translocation and the intracellular fate of the
nanoparticles may all differ from those of their constituent
polymeric chains. While the bulk of prior mechanistic work
has been done on individual polymer chains, many of the
most cutting-edge materials currently being explored for
in vivo application are increasing focused on nanoparticles and
nano-assemblies of antibacterial polymers. Thus, mechanistic
studies on polymer nanoparticles, both in vitro and in vivo, are
still urgently needed at the forefront of this field. In summary,
the literature is replete with evidence, ranging from the mole-
cular level to the nano- and micro-scales, that HDP-mimetic
antibacterial polymers indeed act, at least in part, by a mecha-
nism involving the disruption of the bacterial cell membrane
barrier function.

4. Conclusions

The fascinating discovery of HDPs and the development of
polymeric disinfectants in the 1980s set the stage for mole-
cular level biomimicry using synthetic polymers. Since the
ground-breaking studies of DeGrado and others in the early
2000s, the field of peptide-mimetic antimicrobial polymers
has continuously expanded. By focusing on the key physio-
chemical structural determinants of activity in host defense
peptides, some well-established design rules are now in place:
(1) a finely tuned balance of hydrophobic and cationic moi-
eties, (2) protonated primary amine (or guanidine) groups as
the source of cationic charge, and (3) relatively low MW, which
tend to confer the desired bioactivity profiles. Further fine-
tuning of the activity profiles has been achieved by incorporat-

This journal is © The Royal Society of Chemistry 2018

ing neutral/hydrophilic components, and by exploring the
roles of chain sequence and architecture. PEGylation in par-
ticular is a proven method to alleviate hemolytic toxicity
without sacrificing antibacterial potency. Molecular platforms
for optimization over the past ten years have included the poly-
norbornene class of Tew and co-workers, the polymethacry-
lates of Kuroda’s and several other groups, and the nylon-3
class spearheaded by Gellman’s group.

Ever more diverse and creative variants continue to appear
in the literature. Hyperbranched polymers, dendrimers, and
single chain nanoparticles have shown excellent promise as
antibacterials with low toxicity. Other contributions have
included the demonstration of in vivo efficacy, optimization of
biodegradable platforms, the self-immolative examples, and
the use of renewable feedstocks, as just a few examples. These
recent efforts, and many others, continue to invigorate the
rapidly expanding multidisciplinary subject. Still, much work
remains to be done. Precise control structural features includ-
ing comonomer sequence, tacticity, chain length, and compo-
sitional dispersity have not been exhaustively correlated with
activity. While many excellent studies on the interaction
between polymers and model lipid bilayers provided a valuable
foundation of knowledge, a complete understanding of the
mechanism of action exerted in vivo by this increasingly
diverse class of biomacromolecules is still urgently needed.

In terms of practical applications, antimicrobial polymers
have found use in the solid state as coatings/surfaces on con-
products and medical devices, food-packaging
and textiles.'”* Numerous HDP-inspired anti-

sumer
materials,
microbial peptides have completed or are currently in clinical
trials,"”> but thus far no synthetic polymer HDP-mimic has
reached such a benchmark, to our knowledge. Potential pit-
falls abound in the development of any new drug and anti-
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microbial polymers are certainly no exception: pharmaco-
kinetics, long-term toxicity, biodistribution, possible septice-
mia caused by bacterial cell lysis (if that is the mechanism of
action), and potential immunogenicity arising from a poly-
mer’s degradation by-products (if it is degradable) are all chal-
lenges that will likely require sustained efforts to surmount.
Although synthetic polymers possess heterogeneity in chain
length, composition, and stereochemistry, we can see no fun-
damental reason why these features inherently prohibit syn-
thetic polymers from exploration in the clinical setting.
Moreover, continued advances in the precision control of
polymer synthesis may soon circumvent such concerns
altogether. In closing, we look forward to continued growth
and future developments in this exciting interdisciplinary field
of polymer science.
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