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ABSTRACT: Despite their high potency, the widespread
implementation of natural antimicrobial peptides is still
challenging due to their low scalability and high hemolytic
activities. Herein, we address these issues by employing a
modular approach to mimic the key amino acid residues present
in antimicrobial peptides, such as lysine, leucine, and serine, but
on the highly biocompatible poly(ethylene glycol) (PEG)
backbone. A series of these PEG-based peptides (PEGtides)
were developed using functional epoxide monomers, corre-
sponding to each key amino acid, with several possessing highly

Antimicrobial PEGtides

- Modular approach from functional epoxide monomers
- High solubility, stability, and scalability

- High bactericidal activity with hemocompatibility

- Highly controllable selectivity (random vs block)
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potent bactericidal activities and controlled selectivities, with respect to their hemolytic behavior. The critical role of the
composition and the structure of the PEGtides in their selectivities was further supported by coarse-grained molecular
dynamic simulations. This modular approach is anticipated to provide the design principles necessary for the future

development of antimicrobial polymers.
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INTRODUCTION

The increasing threat of multi-drug-resistant bacteria is a
public health concern worldwide." Thus, there is a long-
standing interest in the development of antibiotics. Antimicro-
bial peptides (AMPs), a natural part of the autoimmune system
of most organisms, have been recognized as a promising
solution to address the emergence of this global challenge.”
AMPs are amphiphilic oligopeptides generally composed of
30—50 amino acids,”~* majorly cationic amino acids, which
promote their interaction with the negatively charged bacterial
membrane.” Subsequently, the hydrophobic amino acids
present in the AMPs allow them to slide into the phospholipid
bilayer and destabilize the membrane.” In addition, the rigid
polypeptide backbone of the AMP provides a regular
arrangement of functional groups, increasing its bactericidal
effect. Despite their potent antimicrobial activities, widespread
use of natural AMPs is still challenging due to low scalability,
which contributes to their high cost of production,” their
inactivation by proteases,”” and their high hemolytic
activities.”

To address these issues, various synthetic antimicrobial
polymers possessing diverse functional moieties have been
suggested,'*~** including polymers constructed with different
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backbones, such as polyoxazoline, polyacrylate, poly(2-
hydroxyethyl methacrylate), and polyacrylamide.'***~*° How-
ever, polymers with an all-carbon backbone are structurally
rigid but suffer from poor aqueous solubilities. Alternatively, an
antimicrobial polymer platform that has not been explored in
the literature is PEG, which can offer several benefits, including
flexibility, solubility, high biocompatibility, and nonimmuno-
genicit)7.27’28

Therefore, we suggest here a peptidomimetic approach that
combines the advantages of a PEG backbone with the amino
acid residues commonly found in natural AMPs, i.e., lysine,
leucine, and serine, leading to PEG-based peptides (PEGtides).
It is of note that the term “PEGtide” is more relevant to
functionalized linear polyglycerols; however, to highlight the
structural features of the polyether backbone developed in this
study, we have opted to use this term.” Specifically, we
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Scheme 1. Design and synthesis of antimicrobial PEGtides. (Left) Structure of antimicrobial peptides (AMPs) and their key
constitutional amino acid composition and (right) antimicrobial PEG-based peptides (PEGtides) with corresponding

functional epoxide monomers.
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Figure 1. Design and synthesis of antimicrobial PEGtides. (a) Synthetic scheme of antimicrobial PEGtides. (b—f) Representative '"H NMR
spectra of the (b) ABGE monomer, (c) IBGE monomer, (d) EEGE monomer, (e) P(ABGE,,-co-IBGE,(-co-EEGE,) copolymer (i.e., pre-
PEGtide), and (f) PEGtide[10.10.10]. All samples were measured in CDCl; except (f) in D,O.

successfully developed a library of well-defined, functional
epoxide monomers that mimic these three amino acid residues,
i.e., azidobutyl glycidyl ether (ABGE), isobutyl glycidyl ether
(IBGE), and ethoxyethyl glycidyl ether (EEGE), which were
used to synthesize the pre-PEGtide polymers via anionic ring-
opening polymerization (Scheme 1). Subsequent deprotection
and reduction of the polymers yielded a series of functional
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PEGtides with controlled side chain functionalities arranged on
a highly flexible polyether backbone.

An additional benefit of this platform was the fine control it
provided over the functional monomers used to construct the
PEGtide, permitting the synthesis of homo, random, and block
copolymers for each through stoichiometry and the sequence
of monomer addition. Within this study, therefore, the
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Table 1. Characterization of PEGtides Prepared in This Study”

NMR GPC NMR zeta potential
PEGtides[x.y.z]" composition (NMR) M, (g/mol)“ p? M, (g/mol)® mV
[30.0.07 PABGE,, 5240 5600 122 4420 +46.4
[0.30.0] PIBGE 3370 3230 1.07 3370
[0.0.30] PEEGE, 3900 3010 1.07 2030
[25.5.0] P(ABGE,,-co-IBGE;) 4500 4830 111 3850 +29.3
[20.10.0] P(ABGE,-co-IBGE, ) 4830 4560 117 4310 +40.2
[15.15.0] P(ABGE, -co-1BGE, ) 4330 5480 111 3970 +57.3
[15.0.15] P(ABGE, ;-co-EEGE,,) 4300 4300 107 2970 +45.8
[10.20.0] P(ABGE,-co-IBGE,;) 4140 4260 125 3910 +38.0
[10.10.10] P(ABGE -co-IBGE, -co-EEGE, ) 4640 4770 1.08 3560 +47.1
[5.25.0] P(ABGE,-co-IBGE,) 4490 4390 1.06 3440 +5.92
[0.15.15] P(IBGE,,-co-EEGE,;) 3270 3230 1.06 2420
[25-5-0]¢ P(ABGE,;-b-IBGE) 5170 4750 123 4520 +542
[20-10-0] P(ABGE,-b-IBGE, ;) 4830 4480 120 4310 +45.7

“The number indicates the respective monomers as PEGtide [ABGE.IBGE.EEGE]. YPEGtide [cationic.hydrophobic.hydrophilic]. “Protected
P(ABGE-co-IBGE-co-EEGE) polymers. “Determined by GPC in CHCl;, PMMA calibration. “Deprotected PEGtides.”Random copolymers. £Block

copolymers.

activities of different PEGtides against several different
pathogenic bacterial strains were evaluated. In parallel, their
hemolytic activities were also determined to select those that
have the greatest selectivity. The critical role of the
microstructure of PEGtides (random wvs block) in the
selectivity was further analyzed using coarse-grained molecular
dynamic (CG-MD) simulations to understand the preferential
interactions occurring between these PEGtides and the
bacterial membranes/lipids.

RESULTS AND DISCUSSION

Polymer Design and Synthesis. A well-defined, func-
tional epoxide monomer library, mimicking key amino acid
residues, i.e., lysine, leucine, and serine, commonly found in
natural AMPs was constructed. This glycidyl ether-based
ternary monomer system included three compounds—ABGE,
IBGE, and EEGE (Figure la)—which were selected on the
basis of previous studies.””*" All monomers were synthesized
by a simple substitution reaction (typical isolated yields of 41—
76%) and purified by a fractional distillation to high purity
(>99%; Figure la—d and Figures S1—S7 in the Supporting
Information).

Copolymerization proceeded via organic superbase t-BuP,-
catalyzed anionic ring-opening polymerization of the mono-
mers using benzyl alcohol as an initiator in toluene at room
temperature (Figure le). The highly basic t-BuP, was chosen,
as it allowed controlled polymerization of the respective
monomers at room temperature. A series of copolymers with
tunable ratios between each functional moiety (i.e., cationic,
hydrophobic, and hydrophilic) were achieved by controlling
the monomer feed ratio and the sequence of the monomer
addition during the preparation of each PEGtide, while
random copolymerization was carried out by increasing the
proportion of the hydrophobic segment (i.e, IBGE) in the
reaction from 11% to 86%. It is important to note that the
degree of polymerization in each case was fixed as 30, which
was selected since it is similar to the number of amino acids
present in many natural AMPs.”>> The prepared copolymers
were thoroughly characterized by "H and '*C NMR and GPC
(Figures S8—S12).

As shown in Figure le, the '"H NMR spectra for the
P(ABGE-co-IBGE-co-EEGE) copolymer clearly possesses the
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characteristic peaks found in the respective monomers
incorporated within (Figure 1b—d). Furthermore, the GPC
results of the copolymers exhibited a monomodal distribution
and narrow dispersity (P = 1.06—1.25) (Table 1 and Figures
S13, S14). When polymerization was carried out by mixing
monomers, an experiment was conducted to measure the
reactivity ratio to confirm whether random copolymers were
formed as expected. The reactivity ratio between the pair of
monomers was examined using in situ '*C NMR spectroscopy
with inverse-gated decoupling. The plot of total conversion
against monomer conversion was presented to determine
reactivity ratios for the pair of monomers, resulting in rypgg =
0.649 + 0.01 and riggp = 1.586 + 0.07 (Figure S15). These
results suggest the random statistical copolymerization of
ABGE and IBGE without any gradient in the microstructure of
the polymers. Subsequently, these copolymers were treated
with PPh; and H,O in THEF, followed by 1.0 M HC], to yield
the desired PEGtide with its free amines and hydroxyl groups
after Staudinger reduction and hydrolysis of the respective
monomers, as revealed in the 'H NMR spectra (Figure 1f). In
parallel, other PEGtides were likewise synthesized, including
block copolymers PEGtide[25-5-0] and PEGtide[20-10-0],
and characterized by '"H NMR and GPC (Figure S16—S21).
Successful liberation of the free amine groups in the
PEGtides was confirmed by their highly positive zeta-potential
values (Table 1). This is an important feature of the PEGtides,
and AMPs in general, as these cationic groups increase
interactions with negatively charged lipids present in bacterial
cellular membranes, which impacts their bactericidal activities
(Figure 2a). In contrast, the hydroxyl moiety (from EEGE)
itself does not impart a noticeable antimicrobial activity
(Figure 2a and Table S1), and, thus, focus was given to
evaluating random copolymers composed of the cationic and
hydrophobic blocks, i.e., ABGE and IBGE, respectively.
Antibacterial Assays. The bactericidal effects of each
PEGtide were then evaluated based on the ratio of the
monomers and their microstructure using three Gram-negative
strains (E. coli, A. baumannii, and P. aeruginosa) and two Gram-
positive strains (S. aureus and E. faecium). Many of the
PEGtides were highly bactericidal, with minimum inhibitory
concentrations (MICs) that were micromolar (Figure 2a and
Table S1). For example, one of the more active constructs
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Figure 2. Antimicrobial and hemocompatibility assays of PEGtides. (a) Ternary contour maps of minimum inhibitory concentration (MIC)
of all PEGtides synthesized toward (left) Gram-negative E. coli MG1655 and (right) Gram-positive S. aureus ATCC 25923. Note that the
open circle in the map indicates the respective PEGtides tested. Each vertex of the ternary contour map represents a homopolymer. (b)
Hemocompatibility and selectivity assays with various PEGtides in homo, random, and block structures. Representative selectivity was
determined using the MIC values of E. coli (n = 3). (c) Representative SEM images of E. coli after treatment with PEGtide[25.5.0] in varying
concentration. Inset scale bar is 1 gm. (d) Antimicrobial activity of PEGtide[25.5.0] toward several LPS mutants with E. coli BW25113/
pDRec3 measured based upon the loss in bioluminescence at 2 h. Each test was performed independently in triplicate, and the standard

deviations for each are plotted as the error bars.

(PEGtide[25.5.0]) had an MIC toward E. coli of 1.01 uM, a
concentration that is comparable to that of other highly active
antimicrobial polymers.'® Interestingly, no bactericidal effects
were observed for two of the homopolymers, ie, PEG-
tide[0.30.0] and PEGtide[0.0.30], both of which lack any
cationic moieties, reinforcing the idea that the cationic moiety
plays a critical role in the bactericidal efficacy of AMPs. We
thus focused on modulating the relative ratio between the
cationic and hydrophobic moieties.

Although many of the PEGtide formulations were active
against the different pathogenic strains tested (Table S1), for

9146

their potential downstream application, such as in wound
dressings or as oral antibiotics, several other factors need be
evaluated, including their hemocompatibility and stability. In
general, as shown in Figure 2b, the hemolytic activity of the
PEGtides (calculated as the concentration leading to 50% lysis
of the red blood cells (RBCs), i.e, HCs) increased as the
hydrophobic fraction in the copolymer increased, implying
these side chains enhance interactions between the PEGtide
and the membranes of the RBCs. This translated into lower
selectivities for these PEGtides, defined as the ratios between
HCs, and MIC (HCy,/MIC), a result that is similar to that of
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other studies.”'”'® With a value of 64, however, PEG- The second criterion is stability. While PEGtide[25.5.0] was
tide[25.5.0] was the most selective antimicrobial copolymer stable during its preparation, where high temperature (70 °C, 6
of those tested and is even significantly better than MSI-78, a h) and acidic conditions (1 M HCI) were used, one of the
derivative of magainin, which has a moderate selectivity of main advantages of synthetic antimicrobial polymers over
9.6.* The next best c opolymer (with a selectivity value of 8) conventional proteinaceous AMPs is their superior stability

was PEGtide[30.0.0], but, as listed in Table S1, its MICs were against proteolysis. This was also true of PEGtide[25.5.0], as
treatment with either trypsin or proteinase K for 30 min did

not diminish its antibacterial activities, showing this copolymer
is both stable and robust (Figure S22).

Subsequent experiments of PEGtide[25.5.0] with E. coli
were performed to understand the underlying antimicrobial

significantly higher, leading to its rejection. Likewise, many of
the other PEGtides had selectivity values less than 1, indicating
that, although they may be highly active against bacterial
pathogens, such as PEGtide[15.15.0] (Table S1), they were

more active toward the RBCs. Consequently, only PEG- mechanisms. As shown in Figure 2c, E. coli cells exposed to
tide[25.5.0] was selected for further characterization. either 2 or 8 uM PEGtide[25.5.0] displayed structural defects,
9147 https://doi.org/10.1021/acsnano.1c02644
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i.e., filamentous cells and membrane rupturing, suggesting this
copolymer was attacking the cellular membranes. This was
validated using an assay to quantify the amount of cellular ATP
that leaked after treatment, as in a previous study.”* Marked
increases in the extracellular ATP concentrations were
observed when the bacteria were treated with 0.5 uM (0.5x
MIC) PEGtide[25.5.0] (Figure S23), while this plateaued at
above 95% when 1X MIC or higher concentrations were used.
These results clearly prove PEGtide[25.5.0] attacks the cellular
membrane, causing significant perturbations that lead to a
leakage of the cytoplasmic contents.

Expanding on this idea, the first structure PEGtide[25.5.0]
would encounter when interacting with Gram-negative
bacterial strains is their lipopolysaccharide (LPS), the
dominant glycolipid in the external leaflet of the outer
membrane, where it functions both in membrane stabilization
and as a barrier against antibiotics.” Since adaptive changes in
bacterial physiology are a conserved theme in infections,
including the modulation of LPS synthesis and structure to aid
pathogens in evading the immune response, establishing a
persistent inflammation, and in developing increased resistance
to antimicrobials,*® we evaluated the potential role the LPS
plays in E. coli’s responses to PEGtide[25.5.0]. Figure S24
shows a strong correlation between the bioluminescence from
the E. coli strain®” and its surviving population, implying the
bioluminescence can be used as a proxy to evaluate viability.
Subsequently, the efficacy of PEGtide[25.5.0] was evaluated
against a number of E. coli strains that produce LPS of varying
lengths (Figure 2d).”**” When compared against the wild-type
cells, those strains producing the shortest LPS, i.e., the ArfaC,
ArfaD, ArfaE, ArfaF, and ArfaG mutants, were all more
susceptible to PEGtide[25.5.0]. These results show that
PEGtide[25.5.0] remained as effective against these mutants
as the wild-type strain. Moreover, the bioluminescence data in
Figure 2d was from a two-hour exposure. Based on the
correlation shown in Figure S24, this would mean that the vast
majority of the E. coli present were killed by 1 uM
PEGtide[25.5.0] within this period, suggesting rapid killing
kinetics. This was evaluated further where the optical density
of the E. coli cultures was monitored (Figure S25). Clear
differences were seen in less than 30 min, confirming
PEGtide[25.5.0] rapidly attacks the membranes of this
microbe, leading to a rupturing of cells, as shown in Figure
2¢, and a concomitant loss in optical density.

Coarse-Grained Molecular Dynamic Simulations. It
was reported previously that the block copolymers possessed a
higher selectivity than random copolymers, owing to charge
segregation.'*” In contrast to those reports, the block
PEGtide[25-5-0] developed here was markedly more hemo-
Iytic (ie., 16-fold lower HCg,) than the random PEG-
tide[25.5.0] (Figure 2a). We postulated that this difference is
mainly related to (1) the relative spacing between hydrophobic
units and (2) the hydrophilic and flexible polymer backbone of
the PEGtides, which may facilitate interactions between the
polymers and the cellular membranes. Accordingly, the
concentrated presence of cationic and hydrophobic portions
within defined regions of the block polymers may help them
associate in complexes that interact more easily through
multivalent interactions with the RBC membrane, leading to its
eventual disruption. In the random polymers, this would be
mitigated by the assorted placement of the monomers, which
would act to minimize their activities toward RBC membranes
while maintaining their attraction toward, and action against,
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those present in bacteria. We explored this further theoretically
via CG-MD simulations, specifically assessing the self-assembly
behaviors of random and block PEGtides toward the
constituent lipids present in E. coli and RBC membranes.

Based on the initial optimization simulations, the block
PEGtide[25-5-0] formed larger clusters composed of three
copolymers within the initial 2 us, whereas random
PEGtide[25.5.0] remained as a single polymer chain (Figure
$26 and Table S2). Consequently, all the following simulations
were conducted using these two configurations, with them
positioned close to either the E. coli or RBC membranes. For
the simulations with E. coli membranes, the constituent lipids
were palmitoyloleoylphosphatidylethanolamine (POPE) and
palmitoyloleoylphosphatidylglycerol (POPG). In both cases,
adsorption of the copolymers to the membrane surface
occurred within the first 200 ns, where they remained in a
surface-bound state until the end of the simulations (Figure
3a,b and Figures $27, S28).

The effects these surface-bound PEGtides had on the E. coli
membranes were quantified using the lipid bilayer structural
characteristics, including the area per lipid (Figure S29) and
the order parameters along the Sn-1 and Sn-2 acyl chains of
the lipid molecules (Figure 3a,b and Figure S30). Top views of
the POPE:POPG membrane interacting with the random
PEGtide and two-dimensional plots represented the area per
lipid for each POPE and POPG (Figure S31). An increase in
area per lipid was highly pronounced in the vicinity of surface-
bound polymers. Upon adsorption, the area per lipid molecule
around random PEGtides increased from 0.62 nm? to 0.75
nm® Additionally, adsorption of the random PEGtides
decreased the POPE and POPG lipid acyl chain order
parameters, leading to a more disordered membrane state,
which is consistent with the experimental results. Similar
results were obtained when the block PEGtides were used in
the simulations, implying the different microstructures present
in these two PEGtides do not have a significant impact on their
activity toward the POPE:POPG membrane found in E. coli.

We then switched the simulations to RBC membranes to
explore the observed differences in the random and block
PEGtides hemolytic activities (Figure 3c,d). Similar to the
simulations performed above, the equilibrated configurations
of both PEGtides were placed in close proximity to the RBC
membrane with its constituent lipids, including sphingomyelin
lipid with N-stearoyl-p-erythro tails (DPSM), phosphatidyl-
choline lipid with 1-palmitoyl-2-linoleoyl tails (PIPC),
phosphatidylcholine lipid with 1-palmitoyl-2-oleoyl tails
(POPC), and a large number of cholesterol molecules. The
snapshots of the initial and final configurations of both
simulations demonstrate that there are considerable differences
between the random and block PEGtides. Focusing on the
random PEGtide[25.5.0], 17 of the 30 polymers used in the
simulation bound the RBC membrane surface within 200 ns,
while 13 polymers remained as assembled structures in
aqueous solution until the end of the simulation (Figure
§32). In contrast, 27 of block PEGtide[25-5-0] polymers
bound the RBC membrane surface within 500 ns and, most
notably, induced significant disruption of membrane bilayer
structure with the formation of lipid protrusions. The size of
the lipid protrusions increased within the first 1 us and reached
a plateau thereafter (Figures S33 and S34).

To distinguish between the effects of random and block
PEGtides on RBCs more quantitatively, the average order
parameters of the lipid molecules in the upper leaflet of the

https://doi.org/10.1021/acsnano.1c02644
ACS Nano 2021, 15, 9143-9153


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02644/suppl_file/nn1c02644_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c02644?rel=cite-as&ref=PDF&jav=VoR

ACS Nano

www.acsnano.org

RBC membrane were calculated for each (Figure 3c,d). The
results indicate the order parameters for both Sn-1 and Sn-2
acyl chains are significantly lower for the RBC membrane lipid
molecules after adsorption of the block PEGtides compared to
those after adsorption of the random copolymers. The average
order parameter for the tails of DPSM, the main component
within the upper leaflet of the RBC membrane, was reduced by
0.189 when exposed to the block PEGtides, whereas it was
reduced by only 0.079 with the random PEGtides. Taken
together, these simulation results strongly affirm the
experimental results, namely, that the random PEGtide[25.5.0]
has a considerably higher selectivity for Gram-negative
bacterial membranes than those of RBCs when compared to
its block PEGtide counterpart.

To understand the mechanism of block PEGtide-induced
membrane disruption via lipid protrusion more in detail, we
investigated further interactions between the hydrophobic
IBGE segments of random or block PEGtides, known as a key
functionality inducing membrane disruption, and the mem-
brane components, particularly the cholesterol present in the
upper leaflet of the RBC membrane (Figure 3e). The results
revealed the hydrophobic IBGE monomer present in both the
random and block PEGtides preferentially interacts with the
cholesterol, the number of interactions increasing noticeably in
the case of block PEGtides: from 77 to 646 contacts within the
first 300 ns of simulation. The differences between the random
and block polymer activities can be explained in part by their
interactions with cholesterol in the mammalian cell phospho-
lipid bilayer. While the presence of cholesterol within the
membrane makes the membrane slightly neutral, which
reduces the number of interactions it has with the positively
charged antimicrobial polymers or peptides, once the polymers
enter the membrane, their interactions with cholesterol
reportedly increase resistance toward antimicrobial polymers
or peptides, as cholesterol would act to stabilize the
phospholipid bilayer.' However, the simulations show the
number of interactions between cholesterol and the block
polymer are much higher than those with the random polymer.
This may actually represent a case where the number of
interactions is overly excessive, as the cholesterol would be
sequestered and have reduced membrane-stabilizing activities,
leading to the formation of membrane protrusions as observed
in Figure 3d.

These results are further supported by free energy variations
during the adsorption of a single block or random copolymer
on the RBC membrane. As shown in Figure 3f, the binding free
energy in the surface-bound state of the block PEGtide[25-S-
0] showed a greater increase (approximately 100 kJ mol™")
than that of the random PEGtide[25.5.0], indicating stronger
interactions exist between block PEGtide[25-5-0] and the
RBC membrane. When considered alongside the cholesterol
results above, this result indicates stronger interactions exist
between the hydrophobic monomers present in the block
copolymer and the RBC membrane, leading to membrane
disruption via lipid protrusion, which is consistent with higher
hemolytic activities of block PEGtides.

These simulation results led us to hypothesize that if the
number of hydrophobic monomers is identical, as their
number in the local vicinity of the membrane increases, the
number of interactions with cholesterols should also increase.
To verify this postulation, we chose random PEGtide[20.10.0],
as its selectivity (0.5) was markedly lower compared to that of
random PEGtide[25.5.0] (64), whereas the bactericidal
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activities were similar for both PEGtides (Table S1). To
quantitatively analyze the simulation results, we calculated the
binding energy between the RBC membrane and each of the
PEGtides. In the simulation with the random PEG-
tide[20.10.0] (Figure S35), the distance between the hydro-
phobic IBGE monomers was adjusted so that either (1) all
IBGE monomers were separated by at least one monomer
spacing (i.e., separated) or (2) four IBGE monomers were
clustered while the remaining monomers were randomly
arranged (i.e., clustered). As shown in Figure 3f, the binding
free energy of PEGtide[20.10.0] is higher than that of both
random PEGtide[25.5.0] and block PEGtide[25-5-0]. Most
interestingly, the binding energy of PEGtide[20.10.0] justered S
higher than that of PEGtide[20.10.0]ppueq Suggesting a
critical role of the hydrophobic monomers in modulating the
multivalent interactions with cholesterols and, thereby, the
selectivity of the PEGtides.

CONCLUSION

In summary, we present here PEGtides, copolymers composed
of three functional epoxide monomers (cationic, hydrophobic,
and hydrophilic) that mimic the key amino acid residues found
in natural antimicrobial peptides. Several of the PEGtides
displayed highly potent bactericidal effects against different
bacterial strains, including several pathogens. Based on its MIC
values and hemolytic activities, PEGtide[25.5.0] was clearly the
best, with good selectivity. Finally, the critical role of the
PEGtide microstructure in governing its interactions with RBC
membranes was revealed by coarse-grained molecular dynamic
simulations, explaining the very different results obtained with
the random PEGtide[25.5.0] and its block counterpart,
PEGtide[25-5-0]. We anticipate that the modular approach
described here will provide design principles to develop more
effective antimicrobial polymers to combat bacterial pathogens
and infections.

EXPERIMENTAL METHODS

Reagents and Methods. All solvents and reagents were
purchased from commercial sources (Sigma-Aldrich, TCI, and Alfa
Aesar). Toluene (99.9%) was distilled under nitrogen and stored with
a molecular sieve (4 A). 'H and *C NMR spectra were recorded
using an Agilent 400 MHz spectrometer equipped with an
autosampler at ambient probe temperature in CDCIl;. All spectra
were recorded in ppm units with tetramethylsilane (TMS), except the
samples with D,0. Gel permeation chromatography (GPC) measure-
ments (Agilent 1200 series) were performed with chloroform as an
eluent at 35 °C with a flow rate of 1.0 mL min™" using a refractive
index (RI) detector. Standard poly(methyl methacrylate) (PMMA)
samples were used for calibration to determine number- and weight-
averaged molecular weights (M, and M,,). {-Potential was measured
using a Zetasizer (Malvern Instruments Ltd.) with aqueous PEGtide
solutions (1 mg mL™").

Synthesis of Azidobutyl Glycidyl Ether.?" First, azidobutanol
was prepared by mixing vacuum-distilled 4-chlorobutanol (10.7 g,
98.55 mmol) with a solution of sodium azide (9.61 g, 147.83 mmol)
in 20 mL of water, and the solution was refluxed for 24 h. The crude
product was dissolved in 200 mL of ethyl acetate and rinsed with
water (30 mL) three times and brine (90 mL) one time. The organic
layer was dried with Na,SO, and evaporated using a rotary evaporator
to obtain a pale yellow liquid (8.2 g, yield 70%).

Epichlorohydrin (5.78 g, 94.40 mmol) was slowly added to an
aqueous solution of 50% NaOH (13.2 mL, 10.0 g, 250 mmol) at 0 °C.
After stirring 15 min, azidobutanol (1.80 g, 15.63 mmol) was added
dropwise over 10 min, and the solution was stirred at room
temperature for 4 h. The crude product was dissolved in 200 mL of
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ethyl acetate and rinsed with water (30 mL) three times and brine (90
mL) one time. The organic layer was dried with Na,SO, and
evaporated using a rotary evaporator, and the mixture was purified
using silica gel column chromatography with an ethyl acetate/hexane
(1:10 v/v) eluent to obtain the ABGE monomer. The ABGE
monomer was further purified by vacuum distillation to obtain pure
ABGE monomer as a transparent liquid (1.1 g, yield 41%) and stored
with activated molecular sieves (10 wt %). 'H NMR (400 MHz,
CDCly): § 3.73 (dd, J = 11.5, 2.9 Hz, 1H), 3.60—3.44 (m, 2H), 3.37
(dd, J = 11.5, 5.9 Hz, 1H), 3.31 (t, ] = 6.3 Hz, 2H), 3.17-3.11 (m,
1H), 2.80 (t, J = 4.6 Hz, 1H), 2.60 (dd, J = 5.0, 2.7 Hz, 1H), 1.78—
1.60 (m, 3H).

Synthesis of Isobutyl Glycidyl Ether. Epichlorohydrin (5.78 g,
94.40 mmol) was slowly added to an aqueous solution of 50% NaOH
(13.2mL, 10.0 g, 250 mmol) at 0 °C. After stirring 15 min, isobutanol
(1.15 g, 15.63 mmol) was added dropwise over 10 min, and the
solution was stirred at room temperature for 4 h. The crude product
was dissolved in 200 mL of ethyl acetate and rinsed with water (30
mL) three times and brine (90 mL) one time. The organic layer was
dried with Na,SO, and evaporated using a rotary evaporator, and the
mixture was purified using silica gel column chromatography with an
ethyl acetate/hexane (1:10 v/v) eluent to obtain the IBGE monomer.
The IBGE monomer was further purified by vacuum distillation to
obtain pure IBGE monomer as a transparent liquid (1.3 g, yield
66.7%) and stored with activated molecular sieves (10 wt %). 'H
NMR (400 MHz, CDCl,): § 4.80—4.72 (m, 1H), 3.81 (dd, J = 1L.5,
3.3 Hz, 1H), 3.70 (dd, J = 11.5, 3.3 Hz, 1H), 3.67—3.62 (m, 1H), 3.56
(dd, J = 11.6, 5.5 Hz, 1H), 3.50 (ddd, ] = 9.4, 7.1, 1.1 Hz, 1H), 3.43
(dd, J = 11.5, 6.0 Hz, 1H), 3.19-3.11 (m, 1H), 2.82—2.77 (m, 1H),
2.63 (ddd, J = 14.6, 5.1, 2.7 Hz, 1H), 1.32 (dd, ] = 6.2, 5.4 Hz, 1H),
120 (td, J = 7.1, 1.2 Hz, 1H).

Synthesis of Ethoxyethyl Glycidyl Ether. EEGE was prepared
as described by Taton et al.*’

Representative Synthetic Procedure of P(ABGE-co-IBGE-co-
EEGE). All glassware was washed and flame-dried prior to use. A
0.125 mL solution of t-BuP, (0.80 M, 0.10 mmol) in n-hexane was
added to a 1.2 mL solution of benzyl alcohol (10.67 L, 0.1 mmol) in
toluene under a N, atmosphere. A premixed solution of ABGE (170
mg, 1 mmol), IBGE (130 mg, 1 mmol), and EEGE (146 mg, 1 mmol)
was added to the solution. The reaction was monitored by 'H NMR
to determine residual epoxide signals. When polymerization was
determined to be complete, the reaction mixture was quenched with
an excess amount of benzoic acid. The mixture was passed through a
basic alumina pad using THEF to remove residual t-BuP,. The polymer
solution was concentrated in vacuo to obtain P(ABGE-co-IBGE-co-
EEGE) (450 mg, yield 88%); this was confirmed by 'H NMR and
GPC. '"H NMR (400 MHz, CDCl;): § 7.37—7.30 (m, SH), 4.72—4.67
(m, 11H), 4.54 (s, 2H), 3.78—3.40 (m, 216H), 3.33—3.26 (m, 19H),
3.19 (s, 20H), 1.91-1.77 (m, 10H), 1.65 (d, ] = 2.7 Hz, 39H), 1.30
(t, ] = 6.9 Hz, 32H), 1.22—1.15 (m, 33H), 0.89 (d, J = 6.6 Hz, 61H).
M,nmr = 4640 g mol™'. GPC (CHCl;, PMMA standard) M, gpc =
4770 g mol™" and D = 1.08.

General Synthesis Procedure of Block P(ABGE-b-IBGE). All
glassware was washed and flame-dried before polymerization. A 0.125
mL solution of +-BuP, (0.80 M, 0.10 mmol) in n-hexane was added to
a 1.2 mL solution of benzyl alcohol (10.67 L, 0.10 mmol) in toluene
under a N, atmosphere. Then, ABGE (342 mg, 2.0 mmol) was added
to this solution. The reaction was monitored using 'H NMR
spectroscopy to determine residual epoxide signals. After reaction
completion, a small aliquot of the crude P(ABGE) polymer was taken
for GPC analysis. Additional IBGE (130 mg, 1 mmol) was added to
the solution, and the reaction was monitored by 'H NMR to
determine the residual epoxide signals. When the reaction was
determined to be complete, an excess amount of benzoic acid was
added to terminate polymerization. The mixture was passed through a
basic alumina pad using THF to remove residual t-BuP,. The polymer
solution was concentrated in vacuo to obtain P(ABGE-b-IBGE) (420
mg); this was confirmed by "H NMR and GPC. '"H NMR (400 MHz,
CDCL,): 8 6.98 (s, SH), 4.54 (s, 2H), 3.53 (m, 204H), 329 (d, ] = 6.5
Hz, 40H), 3.23—3.13 (m, 20H), 1.91—1.78 (m, 10H), 1.65 (d, ] = 3.3

9150

Hz, 83H), 0.89 (d, ] = 6.7 Hz, 64H). M,y = 4830 g mol™" and
DPyy: ABGE/IBGE = 20/10. GPC (CHCl, PMMA standard)
M, cpc = 4480 g mol ™! and D = 1.20.

Synthesis of the PEGtides. A typical procedure for the
Staudinger reduction and hydrolysis of ABGE- and EEGE-containing
polymers is as follows: P(ABGE-co-IBGE-co-EEGE) (100 mg, 0.22
mmol of azide) was dissolved in 1.0 mL of THF in an ice bath, and
the solution was degassed via N, bubbling for 20 min. When PPh,
(144 mg, 0.55 mmol) was completely dissolved in the solution, water
(0.01 mL, 0.55 mmol) was added to the mixture and stirred for 12 h
at room temperature. THF was removed under reduced pressure, and
a solution of 1.0 M HCl in MeOH (1:1, v/v) was added to acidify and
dissolve the polymer. The acidic aqueous phase was stirred at 60 °C
for 2 h. The reaction mixture was washed three times with diethyl
ether to remove residual triphenylphosphine and triphenylphosphine
oxide. The resulting aqueous solution was condensed and dried under
high vacuum to give 72 mg of a pale yellow powder of
PEGtides[10.10.10] as shown in Table 1. 'H NMR (400 MHz,
D,0): 67.33 (m, SH), 4.48 (m, 2H) 3.52 (m, 217H), 3.17 (m, 20H),
2.90 (m, 21H), 1.74 (m, 11H), 1.57 (m, 41H), 0.79 (m, 31H).

Copolymerization Kinetics. A mixture of benzyl alcohol (1.0
equiv) and ABGE and IBGE (15 equiv each) in toluene-dg (2.5 M to
the total amount of monomers) was transferred by a syringe to a
conventional NMR tube sealed with a rubber septum. To the NMR
tube was added t-BuP, (1.0 equiv), and it was shaken to homogenize
the mixture before placing it in the NMR spectrometer. The sample
temperature was set to 27 °C, and the first spectrum was recorded 11
min after -BuP, was added and continuously recorded every 16 min
with 256 scans for 6 h by an inverse-gated '*C mode. The integrals of
the methine carbon of each monomer (§ = 28.44 ppm for IBGE and
77.85 ppm for ABGE) were monitored to calculate monomer
conversion in reference to the residual signal of toluene (20.40 ppm).

Bactericidal Assays. To determine the minimum inhibitory
concentration for each of the PEGtides, we employed Clinical &
Laboratory Standards Institute (CLSI) protocols as described
previously.*' Briefly, the different bacterial strains used (Escherichia
coli MG1655, Pseudomonas aeruginosa PAO1, Staphylococcus aureus
ATCC 25923, and clinical isolates of Enterococcus faecium and
Acinetobacter baumannii) were grown on Mueller—Hinton agar plates
overnight at 37 °C, and a single colony was used to inoculate 5 mL of
Mueller—Hinton broth (MHB). After overnight incubation with
shaking at 37 °C and 250 rpm, the bacterial culture was diluted 100-
fold into fresh MHB and grown for 1 h to allow the culture to enter
the exponential phase. At this time, the cells were diluted into MHB
once more to obtain a cell density of 2 X 10* to 2 X 10° colony
forming units (CFU) mL™". The PEGtides were dissolved in fresh
MHB media and serially diluted in a sterile, covered 96-well plate
(SPL, Korea), with a final volume of 100 uL in each well. To the test
wells was added an equal volume of the bacterial cultures (1:1 v/v).
The plate was then covered with a lid and incubated without shaking
at 37 °C for 18 h in a humidified incubator to prevent evaporation of
the media. After overnight growth, the optical density (OD) of each
well was measured using a plate reader (TECAN, USA) set to
measure the absorbance at a wavelength of 600 nm (n = 3). The MIC
was defined as the minimum concentration of PEGtides where the
OD did not deviate significantly from that of the negative control (the
wells containing media but without addition of bacteria). This
protocol was used for each of the five bacterial strains and was
repeated at least six times independently.

Bactericidal Mechanism Study. To demonstrate antimicrobial
PEGtides disrupt the cellular membrane, ATP concentrations within
the supernatant were determined. Cultures of E. coli MG1655 were
grown as above to the midexponential phase in MHB media and
exposed to several different concentrations of the random
PEGtide[25.5.0] (0, 0.5x MIC, 1x MIC, and 4x MIC). After
incubating at 37 °C without shaking for 2 h, the culture was split, and
ATP concentration within the whole culture (supernatant and cells)
was determined. For this, ATP was extracted using a 2.5%
trichloroacetic acid solution for 1 h using the Enliten ATP assay kit
(Promega, Madison, WI), as described previously.* Simultaneously,
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the cells were removed by filtration through a 022 um PES
membrane (Millex, Millipore), and the ATP concentration in the
supernatant was also determined using the same kit.

To determine if treating the bacteria caused any cellular
morphology changes, scanning electron microscopy (SEM) was
used. First, E. coli MG1655 cultures were grown in MHB for 1 h as
described above until the culture entered the exponential phase, and
they were exposed to the random PEGtide[25.5.0] at several different
concentrations (0, 2X MIC, and 8x MIC). After incubating for 2 h at
37 °C without shaking, the cells were fixed using a 2.5%
glutaraldehyde solution and prepared for SEM.

Hemolytic Activity of the PEGtides. The hemolytic activities of
the AMPs were tested using fresh sheep RBCs as described
previously.”® Briefly, the RBCs were diluted 20-fold (v/v) in
phosphate-buffered saline (PBS, pH 7.4), pelleted, and washed
three times using PBS before resuspending in the original volume (at
5%). Equal volumes of the RBCs and PEGtide solution (150 L each)
were mixed in a sterile tube. For the negative and positive controls,
PBS buffer alone and 1% Triton X-100 in PBS were used, respectively.
The different samples were incubated under shaking at 37 °C and 150
rpm for 2 h. After centrifugation to pellet the cells (8000g, 10 min),
100 uL aliquots of the supernatant were transferred to the wells of a
clear 96-well plate (SPL, Korea), and the absorbance (A) at 485 nm
was measured using a TECAN plate reader (n = 3). The percent
hemolysis was calculated using the following equation: Hemolysis (%)
= (APEGtide - Anegative)/(Apositive - Anegative) X 100. The SeleCtiVity of
the PEGtides was then calculated using the ratio of the concentration
leading to 50% hemolysis (HCs,) against the MIC for the
microbes.*>**

Coarse-Grained Molecular Dynamics Simulation of Self-
Assembly of PEGtides. To simulate the self-assembly process for
both random and block PEGtides, two models for antimicrobial
PEGtides were represented by 89 coarse-grained (CG) beads. The
differences in chemical structures between random PEGtides and
block PEGtides were captured by CG models with different
distributions of cationic beads and hydrophobic beads. For the
random PEGtides model, the positions of hydrophobic beads were
randomly selected. For the block PEGtides model, the positions of
hydrophobic beads were selected based on experimental results. Bead
types and nonbonded interactions of side chains of PEGtides that
mimic amino acids were parametrized based on a previously reported
force field by Marrink et al.** The backbone of the polymers was
parametrized based on the Martini force field using the results from
all-atom simulations (Figure S36). The bead types of the backbone of
the polymers were determined by calculating the partitioning free
energies of the building blocks from water to octanol. The Bennett
acceptance ratio method was used to calculate the free energy of
system in water and in octanol. The bonded parameters for the CG
model were fitted based on the results from all-atom models (Tables
S3 and S4). The self-assembly simulation of random and block
PEGtides began with 30 copolymers randomly distributed in 130 000
CG water beads, representing 520000 water molecules. Periodic
boundary conditions were applied in the «, y, and z directions with an
initial cell size of 25 X 25 X 25 nm®. After 100 ns equilibrium steps,
the self-assembly simulations were performed for 2 us at 298 K.

CG-MD Simulation for PEGtides on the Lipid Membrane. To
elucidate the effects of random and block copolymers on the lipid
membrane, four separate systems were built, using either random or
block PEGtides on a POPE:POPG membrane representing the
bacterial membrane of E. coli and an RBC membrane model reported
previously.*> Both lipid bilayers were generated with the CHARMM-
GUI membrane builder.*® All lipid membrane systems were solvated
with at least 25 water beads per lipid and ionized with 150 mM of
both Na* and CI~ ions. Starting structures of both random and block
PEGtides were generated from the self-assembly simulation. Four
main starting models were built using random and block PEGtides: 30
random PEGtides were inserted close to both the POPE:POPG
membrane and RBC membrane; 10 assembled structures of three
block PEGtides were inserted close to both the POPE:POPG
membrane and RBC membranes. After 100 ns equilibration steps,
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production runs were conducted for 1 and 2.5 pus for the
POPE:POPG systems and RBC systems, respectively.

To calculate the binding energy of the random and block PEGtides
with the POPE:POPG membrane and RBC membrane, the potential
of mean force (PMF) for the adsorption of random and block
copolymer on the membrane was calculated by umbrella sampling.
For the simulation, we built a membrane system (10 X 10 X 10 nm?)
with one polymer. Initially, a single random PEGtide or a block
PEGtide was inserted close to the membrane systems, i.e., either the
POPE:POPG membrane or the RBC membrane. The four systems
were initially equilibrated for 500 ns to obtain initial configurations for
umbrella sampling. To generate the z directional reaction coordinate,
the pull code with pulling distance calculated relative to the center of
the membrane was used. For the POPE:POPG systems with random
and block PEGtides, 34 windows with a spacing of 0.1 nm each were
created to cover the range from 2.2 to 5.5 nm using a force constant of
1000 kJ mol™ nm™. For the RBC systems with random and block
copolymers, 39 windows with a spacing of 0.1 nm each were created
to cover the range from 2.2 to 6.0 nm using a force constant of 1000
kJ mol™' nm™ Each window was equilibrated for 50 ns prior to
carrying out 100 ns production runs. PMF was measured using the
WHAM tools in the GROMACS package. The binding energy was
calculated based on the differences between the highest and lowest
energy state forms within the PMF curve.

System Parameters for CG-MD Simulation. The simulation of
PEGtides was conducted with Gromacs 5.1.4*7 using the MARTINI
force field*® A V-rescale thermostat™ was used to control the
temperature. The pressure of the system was maintained at 1 bar
using the Berendsen® and Parrinello—Raman barostats®' for the
equilibrium and production run, respectively. All simulations were
conducted using a leapfrog integrator with a time-step of 20 fs. A
Verlet cutoff scheme with a buffer tolerance of 0.005 kJ mol™' was
used, and neighbor lists were updated every 20 steps. Coulomb
interactions were calculated by the reaction-field method with a cutoff
range of 1.1 nm and a dielectric constant of 15. van der Waals
interactions were also calculated using the cutoff range of 1.1 nm. The
linear constraint solver (LINCS) algorithm was used to constrain the
bond lengths.>*

Analysis Details for CG-MD Simulation. To quantify the
interaction between the hydrophobic moiety and lipid molecules, the
numbers of contacts was calculated. We define the hydrophobic
monomer contacting lipids as those lipid molecules that have at least
one CG bead within 0.6 nm from hydrophobic monomers of random
or block copolymers. The same procedure was used to define lipids
interacting with copolymers. For the analysis of membrane order, the

2
3cos”0—1 .
— }.915

the angle between the vectors of two consecutive beads and the z axis.

lipid order parameter is calculated according to § = {
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