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ABSTRACT: We show that simply converting the hydro-
phobic moiety of an antimicrobial peptide (AMP) or synthetic
mimic of AMPs (SMAMP) into a hydrophilic one could be a
different pathway toward membrane-active antimicrobials
preferentially acting against bacteria over host cells. Our
biostatistical analysis on natural AMPs indicated that shorter
AMPs tend to be more hydrophobic, and the hydrophilic-and-
cationic mutants of a long AMP experimentally demonstrated
certain membrane activity against bacteria. To isolate the effects of antimicrobials’ hydrophobicity and systematically examine
whether hydrophilic-and-cationic mutants could inherit the membrane activity of their parent AMPs/SMAMPs, we constructed a
minimal prototypical system based on methacrylate-based polymer SMAMPs and compared the antibacterial membrane activity
and hemolytic toxicity of analogues with and without the hydrophobic moiety. Antibacterial assays showed that the hydrophobic
moiety of polymer SMAMPs consistently promoted the antibacterial activity but diminished in effectiveness for long polymers,
and the resultant long hydrophilic-and-cationic polymers were also membrane active against bacteria. What distinguished these
long mutants from their parent SMAMPs were their drastically reduced hemolytic toxicities and, as a result, strikingly enhanced
selectivity. Similar toxicity reduction was observed with the hydrophilic-and-cationic mutants of long AMPs. Taken together, our
results suggest that long hydrophilic-and-cationic polymers could offer preferential membrane activity against bacteria over host
cells, which may have implications in future antimicrobial development.

■ INTRODUCTION

Antibiotic-resistant bacteria and their accelerating spread pose
an alarming threat to global health.1−3 Natural antimicrobial
peptidespart of the innate immunity of multicellular
organisms4−9mainly target the barrier function of bacterial
cytoplasmic membranes,4−13 a generic activity mode which
appears to be more difficult for bacteria to circumvent than the
specific metabolic targeting modes of antibiotics.4−12 Two
structural characteristics conserved in most AMPs are
presumably vital to their membrane activity: They are cationic
(i.e., an AMP has net cationic charges) and amphipathic (i.e.,
the hydrophobic and cationic amino acids of an AMP spatially
segregate into discrete patches of the molecule and in doing so
confer the peptide cationic and hydrophobic faces). The
cationic moiety of an AMP facilitates its association with the
anionic bacterial membrane surface via electrostatic inter-
actions, while the hydrophobic moiety of an AMP facilitates the
subsequent membrane permeabilization processes, leading to
cell death.4,6,10,12−14 Designed to be simultaneously cationic
and hydrophobic, synthetic mimics of AMPs (SMAMPs)
inc luding non-natura l pept ides , 1 5−24 pepto ids , 2 5

oligomers,26−32 and polymers33−45 have demonstrated similar

in vitro antimicrobial activities as do AMPs. Unlike AMPs,
SMAMPs are resistant to proteolysis and relatively cheap to
produce, two extra advantages which may overcome the two
obstacles hindering the pharmaceutical developments of
AMPs.8 Up to now, several AMPs and SMAMPs have entered
clinical trials as antimicrobial or immunomodulatory agents,
and among them, some even demonstrated efficacy in phase III
clinical trials.6,8 Clearly, both AMPs and SMAMPs meet
minimal structural requirements for membrane-permeabilizing
activity against bacteria.
However, how to achieve preferential activitya critical

therapeutic indexfor AMPs/SAMPs remains an ongoing
challenge. Prior studies indicate that increasing the hydro-
phobicity (or amphiphilicity) of AMPs and SMAMPs generally
results in enhanced antibacterial potency, whereas too high
hydrophobicity (or amphiphilicity) may lead to loss of
antibacterial activity, indicative of an optimum hydrophobicity
(or amphiphilicity) window.16,23,27,39,45−49 On the other hand,
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higher hydrophobicity (or amphiphilicity) in AMPs and
SMAMPs is generally correlated with stronger hemolytic
toxicity16,27,30,32,36,37,39,40,45−53a widely used toxicity index.
Obviously, a trade-off between antimicrobial activity and
toxicity exists when increasing the hydrophobicity of AMPs
and SMAMPs. Extensive research efforts have therefore been
focused on fine-tuning the tacit hydrophobic-to-cationic
balance of AMPs and SMAMPs.
In contradiction to AMPs and SMAMPs, certain hydrophilic

polycations including poly(aminopropyl methacrylamide),35

poly(aminoethyl methacrylate),45 poly(L-lysine),54 ε-poly-L-
lysine,55 and polyguanidinium oxanorbornene56 have demon-
strated antibacterial activity of varying potency. Inspired by
these contradictions, we hypothesized that simply converting
the hydrophobic moiety of an AMP or a SMAMP into a
hydrophilic one may be a different pathway toward membrane
active antimicrobials with the desired differential activity.
In this work, we systematically examined whether the

hydrophilic-and-cationic mutants of AMPs and SMAMPs,
obtained by simply converting their hydrophobic moiety into
a hydrophilic one, could still be membrane active against
bacteria and, if that is the case, whether they could offer
reduced toxicity and thus enhanced selectivity compared to
their parent antimicrobials. Our biostatistical analysis on 397
lysine-rich AMPs revealed a strong increasing trend in peptide
hydrophobicity as peptide sequence length decreased, and
additional experiments showed that the hydrophilic-and-
cationic mutants of a 23-residue AMP successfully captured
its membrane activity against bacteria. Using polymethacrylate
derivatives as prototypical SMAMPs, we constructed a minimal
system and compared the antibacterial membrane activity and
hemolytic toxicity of analogues with and without the hydro-
phobic moiety. Antibacterial assays showed that the hydro-
phobic moiety of polymer SMAMPs consistently promoted the
antibacterial activity but diminished in effectiveness for long
polymers and, like the parent SMAMPs, these long hydrophilic-
and-cationic polymers were also membrane active against
bacteria. Nevertheless, these long mutants demonstrated
drastically reduced toxicity and, in doing so, strikingly enhanced
selectivity compared to their parent polymer SMAMPs. Similar
toxicity reduction was observed with the hydrophilic-and-
cationic mutants of AMPs. Taken together, our results
demonstrated a different pathway toward membrane-active
antimicrobials preferentially acting against bacteria over
mammalian cells, which may have implications in future
antimicrobial development.

■ MATERIALS AND METHODS
Materials. Methacryloyl chloride, methyl 3-mercaptopropionate

(MMP), and 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
were purchased from Sigma-Aldrich (Shanghai, China). Butyl
methacrylate (BMA, > 97%), pyrene were purchased from Sinopharm
Chemical Reagent Company (Shanghai, China). 2-Hydroxyethyl
methacrylate was purchased from Alfa Aesar (Tianjin, China). Di-
tert-butyl dicarbonate ((Boc)2O), ethanolamine, trifluoroacetic acid
(TFA, 99%), 2-phenyl-1-propene, and 2,2-azobis(isobutyronitrile)
(AIBN) were purchased from Aladdin-Reagent (Shanghai, China).
Peptides used in this work were purchased from ChinaPeptides, Inc.
(Shanghai, China). Dehydrated Mueller-Hinton (MH) medium
formulation and Tryptic Soy Broth medium formulation were
purchased from Qingdao Hope Bio-Technology (Qingdao, China)
and used as supplied to prepare cation-adjusted Mueller-Hinton
(caMH) broth and Tryptic Soy broth. Live/Dead BacLight bacterial
viability kit was purchased from Molecular Probes (Shanghai, China).

Bacterial strains used in this work were purchased from American
Type Culture Collection (ATCC) (Virginia, USA). E. coli (ATCC
25922) and P. aeruginosa (ATCC 29853) were used as representatives
for Gram-negative bacteria while S. aureus (ATCC 25923) and B.
subtilis (ATCC 6051) were used as representatives for Gram-positive
bacteria. All other reagents were purchased from Sinopharm Chemical
Reagent Company (Shanghai, China) unless specified otherwise.
AIBN was recrystallized from ethanol before use. All other reagents
were used as supplied unless specified otherwise.

Biostatistics Analysis on Lysine-Rich Linear AMPs. Prior
studies have quantified the peptide hydrophobicity of AMPs using
established hydrophobicity scales of amino acids and related the
peptide hydrophobicity to AMP activity.11,52,57 It should be noted that
the average peptide hydrophobicity, <hydrophobicity>, is given as an
average hydrophobicity scale of each amino acid residue in a peptide
sequence and, as a result, the <hydrophobicity> values do not reflect
the peptide sequences and conformations.

AMP sequences were obtained from the antimicrobial peptide
database.58 Considering the fact that polymer SMAMPs are linear
chains and taking into account the finding that arginine facilitates
membrane activity via interactions other than simple electrostatic
interactions,11,59,60 linear AMP sequences which exclusively contain
the cationic amino acid lysine were used. This yielded 397 lysine-rich
linear AMPs. The average hydrophobicity for the jth AMP was
calculated via

∑< > ≡
=n

whydrophobicity
1

j
i

n

i
1

where n = number of amino acids in the peptide sequence, and wi =
the hydrophobicity of the ith amino acid in the peptide, and its value is
set by the particular hydrophobicity scale used. A scattergram of
peptide <hydrophobicity> versus number of amino acids (i.e., n) was
constructed, using the three widely used residue hydrophobicity scales
(Kyte−Doolittle,61 Eisenberg consensus,62 and Wimley−White63).

Preparations of Polymethacrylate Derivatives. The copoly-
mers were prepared via AIBN-initiated free radical copolymerizations
or reversible addition−fragmentation chain transfer (RAFT) copoly-
merizations of N-(tert-butoxycarbonyl)aminoethyl methacrylate and
either butyl methacrylate or 2-hydroxyethyl methacrylate to give the
Boc-protected precursor copolymers which, after subsequent TFA-
deprotection, yielded the desired copolymer products (Scheme S1 in
the Supporting Information [SI]). The homopolymer of aminoethyl
methcrylate was prepared via a similar procedure. Methyl 3-
mercaptopropionate (MMP) or cumyl dithiobenzoate (CDB) was
used as chain transfer agent (CTA) to control the copolymer
molecular weight. 1H NMR characterizations were performed using
both the final TFA-deprotected polymers and the corresponding Boc-
protected precursor polymers. Gel permeation chromatography
(GPC) analysis was performed with Agilent 1260 Infinity LC, using
tetrahydrofuran (THF) as mobile phase and polystyrene (PS) as the
standard for calibration. More experimental and characterization
details are described in the SI.

Polymer Hydrophobicity Calculations. We theoretically calcu-
lated the hydrophobicities of the copolymers using a method we
recently established.52 Briefly, we used published octanol−H2O
partition coefficients, log P’s, for the methacrylate monomers.64 The
free energy of transfer from octanol to water ΔGoct‑w = 2.3RT log P,65

where R is the gas constant and T is the temperature. Thus, the log P
values of BMA and HEMA monomers were converted into ΔGoct‑w
values, ΔGBMA and ΔGHEMA, respectively (Figure S18 in the SI). The
ΔGoct‑w for AEMA has not been measured but was determined to be
−1.364 as described previously.52 The average hydrophobicity,
<hydrophobicity>, values of polymers containing AEMA, HEMA,
and/or BMA were calculated using the same equation as that for
calculating peptide <hydrophobicity>.52 It should be noted that the
polymer <hydrophobicity> is given as an average free energy of
octanol-to-water transfer of each monomer residue and, as a result,
<hydrophobicity> values do not reflect the polymer sequences,
conformations, and chain lengths.
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Polymer Critical Micellation Concentration (CMC) Measure-
ments. We determined the critical micelle concentration (CMC) of
copolymers by monitoring the changes in fluorescence characteristics
of pyrene, a widely accepted fluorescence probe for CMC
determinations.66 Upon partition into the hydrophobic core of a
micelle, pyrene has its characteristic low-energy (0,0) band on
excitation spectra undergo a blue shift, which was employed to
determine the CMC value of dendritic−linear diblock copolymers in
water.66 For amphiphilic polymers used in this work, such a blue shift
occurred from 334 to 337 nm. Aliquots of pyrene stock solution (10
μL, 6.0 × 10−5 M) in alcohol were added into glass vials. After
removing the solvent via evaporation, the residual was subsequently
resuspended into polymer solutions in HEPES buffer (10 mM HEPES,
150 mM NaCl, pH 7.4) at expected polymer final concentrations
(sonication for 1 h was used to assist pyrene’s resuspension); pyrene’s
final global concentrations in the resultant solutions were kept
constant at 6.0 × 10−7 M. After standing still at room temperature for
2 h, the resultant solutions were subjected to fluorescence excitation
spectrum measurements (F-4600 spectrofluorometer, Hitachi) using
excitation wavelength range of 250−370 nm and emission wavelength
λem = 373 nm. The polymer CMC values were determined as the
concentrations where I337/I334 drastically increased, where I337 and I334
are intensities at 337 and 334 nm on the as-measured excitation
spectra, respectively.
Bacterial Growth Inhibition Assays. Cation-adjusted Mueller-

Hinton (caMH) broth was used as the medium for our bacterial
growth inhibition assays unless specified otherwise. The caMH broth
was prepared by dissolving dehydrated Mueller-Hinton (MH) medium
formulation (4.2 g) in 200 mL deionized water and sterilizing at 121
°C for 20 min, followed by addition of sterilized aqueous solutions of
MgCl2 (10 mg/mL, 0.2 mL) and CaCl2 (20 mg/mL, 0.2 mL). For
each bacterial strain, 3−5 individual colonies were inoculated into
fresh tryptic soy broth (TSB) and incubated at 37 °C for 18 h to
stationary phase. A 40 μL culture was diluted with fresh TSB by 100-
fold and regrown at 37 °C to mid log phase (OD600 = 0.5−0.7). The
regrown culture was subsequently adjusted with fresh caMH broth to
OD600 = 0.001 (approximately 5 × 105 cells/mL), which yielded the
final inoculum.
Serial dilutions of polymer stock solutions in Millipore water were

made with fresh caMH broth in Eppendorf centrifuge cups. Each
polymer dilution (20 μL) was added into each well of a 96-well
microplate (Costar, Corning). One hundred and thirty μL final
inoculums were inoculated into each well of a preset 96-well flat-
bottom microplate and then incubated at 37 °C for 18 h. Bacterial
growth was monitored by reading OD595 (iMark, Bio-Rad). Controls
include broth only to provide blank values for the assay readings, as
well as untreated bacterial suspension samples to indicate 100%
bacterial growth. Each bacterial inhibition trial was carried out in
triplicate, and the reported results are the averages of two independent
trials. The reported MIC values are defined as the minimum polymer
concentrations necessary to inhibit 90% bacterial growth.
Bacterial Plate Killing Assays. Bactericidal activity of a polymer

was evaluated via plate bacterial killing assays. For each bacterial strain,
3−5 individual colonies were inoculated into fresh tryptic soy broth
(TSB) and incubated at 37 °C for 18 h to stationary phase. A 40 μL
culture was diluted with fresh TSB by 100-fold and regrown at 37 °C
to mid log phase (OD600 = 0.5−0.7). Bacterial cells were then
harvested and washed twice with sterile HEPES buffer (10 mM
HEPES, 150 mM NaCl, pH 7.4) via centrifugation (5150 rcf for S.
aureus, while 10,621 rcf was used for all other bacterial strains) for 5
min and, within 15 min, adjusted with sterile HEPES buffer to ∼1.5 ×
106 CFU/mL and inoculated into zero-dilution wells of a preset 96-
well microplate.
Serial 2-fold dilutions of antimicrobial stock solutions in Millipore

water were made with HEPES buffer. Each antimicrobial dilution (20
μL) was added into each zero-dilution well in a 96-well microplate.
Fifty μL adjusted bacteria suspension, was inoculated into each zero-
dilution well of a preset microplate, to achieve 5 × 105 CFU/mL in
each well (150 μL). The microplate was then incubated at 37 °C for 3
h. Serial 10-fold dilutions were subsequently made with sterile HEPES

buffer. Each dilution (20 μL) was plated onto MH agar plates, which
were then incubated at 37 °C overnight to give visible colonies.
Inoculum size was indicated by control samples containing untreated
bacteria. Each trial was performed in triplicate, and the reported results
are the averages of two independent trials.

Bacterial Dead/Live Viability Assays. To assess whether a
polymer or a peptide was capable of permeabilizing bacterial
membranes, we used BacLight Dead/Live bacterial viability kit
(Molecular Probes) and examined the staining effects under
fluorescence microscopy (IX81, Olympus). For each bacterial strain,
3−5 individual colonies were inoculated into 5 mL of fresh TSB and
then incubated at 37 °C for 20 h to stationary phase. The bacterial
cells were harvested and washed with sterile HEPES buffer (10 mM
HEPES, 150 mM NaCl, pH 7.4) via centrifugation at 657 rcf for 1 min.
The bacterial pellet was resuspended into PBS buffer supplemented
with 0.03% TSB (volume ratio) to achieve ∼109 CFU/mL. Ninety μL
bacterial solution and 10 μL drug (a polymer or a peptide) stock
solution were incubated at 37 °C for 4 h, followed by additions of
aqueous solutions of SYTO9 (5 μL) and propidium iodide (5 μL).
The resultant mixtures were incubated at 37 °C in the dark for 15 min,
and then centrifuged for 1 min to remove the supernatant. The
bacterial pellets were then washed with 100 μL HEPES and fixed with
100 μL 4% paraformaldehyde solution. Ten μL of the resultant
bacterial suspension was transferred onto a coverslip, air-dried,
immersed with 10 μL of mounting oil (Molecular Probes), and
imaged under fluorescence microscopy (IX81, Olympus) using a 100×
oil-immersion objective lens. FITC and TRITC filters were used for
SYTO-9 and propidium iodide, respectively. All bacterial cells were
stained green, while only cells with compromised cytoplasmic
membranes stained red.

Hemolysis Assays. Mouse red blood cells (mRBC) were used as
representative mammalian cells, and hemolysis assays were performed
to assess the preliminary toxicity. Polymer or peptide stock solutions
were prepared in sterilized Millipore water and stored in aliquots at
−20 °C. Serial 2-fold dilutions of a polymer or peptide stock solution
were made with sterile HEPES buffer, which yielded polymer or
peptide solutions for hemolysis assays. Fresh mouse blood (100 μL)
was washed with sterile HEPES buffer (12 mL) and centrifuged at 800
rcf, and the pellet was resuspended into ∼20 mL sterile HEPES buffer
to yield the mRBC stock suspension (∼2.5 × 104 cells/μL) for
hemolysis assays. Into each centrifuge cup, we added mRBC stock
suspension (160 μL) and diluted polymer or peptide solution (40 μL).
After incubation at 37 °C for 60 min with shaking at 200 rpm, the
centrifuge cups were centrifuged at 800 rcf for 5 min, and the
supernatant (50 μL) of each cup was subsequently transferred into a
well of a 96-well microplate and diluted with HEPES buffer (140 μL).
Absorbance at 414 nm was measured using a microplate reader
(Varioskan Flash). Controls included mRBC suspension (160 μL)
with HEPES buffer (40 μL) and mRBC suspension (160 μL) treated
with triton X-100 (50%, 40 μL) to provide reference for 0% and 100%
hemolysis, respectively. Each hemolysis assay trial was carried out in
triplicate, and the reported results are the averages of two independent
trials.

■ RESULTS AND DISCUSSIONS

In this work, we examined whether simply converting the
hydrophobic moiety of an AMP or a SMAMP into a
hydrophilic one could lead to membrane-active antimicrobials
preferentially acting against bacteria over host cells. As a
preliminary test, a biostatistical analysis on 397 lysine-rich linear
natural AMPs was performed, to examine how the peptide
hydrophobicity of AMPs distributes. Prior studies have
quantified the peptide hydrophobicity of AMPs using
established hydrophobicity scales of amino acids and related
the peptide average hydrophobicity, <hydrophobicity>, to AMP
activity.11,52,57 It should be noted that the average peptide
hydrophobicity, <hydrophobicity>, is given as an average
hydrophobicity scale of each amino acid residue in a peptide
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sequence and, as a result, the <hydrophobicity> values do not
reflect the peptide sequences and conformations. Figure 1
shows a scattergram of the average peptide hydrophobicity,
<hydrophobicity>, versus the number of amino acids in peptide
sequence, using three established scales of amino acids
(Eisenberg consensus,67 Kyte−Doolittle,61 Wimley−White63).
As peptide sequence length decreased, a strong increasing trend
in peptide <hydrophobicity> was discerned, indicating that
shorter AMPs tend to be more hydrophobic, whereas longer
ones may have more options in peptide <hydrophobicity>.
Indeed, certain membrane activity against bacteria was

experimentally observed qualitatively with the hydrophilic-
and-cationic mutants of long AMPs, using magaininIIa 23-
residue natural AMP with well-characterized membrane-
permabilizing activity68−72as a prototypical parent AMP
(Figure 2 and Figure S1−3 in the SI). Upon binding a
membrane surface, magaininII adopts an α-helical conforma-
tion in which cationic and hydrophobic residues are spatially

segregated into opposite faces of the helix (Figure 2a).
Replacing all residues in its hydrophobic face with hydrophilic
ones should lead to hydrophilic-and-cationic mutants, as
exemplified by magaininII-Q (Figure 2b and Figure S1 in the
SI) and magaininII-K (Figure S2 in the SI). To qualitatively
assess whether the as-obtained mutants of magaininII are also
membrane active against bacteria, we performed bacterial
Dead/Live viability assays, by briefly incubating the peptide-
treated bacteria with SYTO-9 and propidium iodide (PI)24 and
examining the staining effects under fluorescence microscopy.
SYTO-9 and PI are both nucleic acid stains but differ in both
their fluorescence characteristics and capability to permeate
bacterial cellular membranes; SYTO-9 is a cell-permeant green-
fluorescent stain that labels all bacterial cells, whereas PI is a
cell-impermeant red-fluorescent stain that only labels cells with
compromised membranes. After brief incubation with SYTO-9
and PI, all peptide-treated bacterial strains stained intensely red
(Figure 2c and Figure S3 in the SI), indicative of compromised

Figure 1. Demonstration of peptide average hydrophobicity, <hydrophobicity>, versus the number of amino acid residues in the peptide sequence
based upon 397 lysine-rich cationic AMPs in the antimicrobial peptide database, using three established scales (a) Eisenberg consensus, (b) Kyte−
Doolittle, and (c) Wimley−White. Blue dashed lines indicate the boundaries.

Figure 2. Helical wheel projections of (a) magaininII and (b) magaininII-Q. (c) Fluorescence microscopy images of bacterial strains treated with and
without a peptide and subsequently stained briefly (15 min) with SYTO-9 (green) and PI (red). The treatment was carried out with 0.4 mM of
magaininII or magaininII-Q for 4 h in 10 mM HEPES buffer (pH 7.4). Controls are those assayed in similar ways but without addition of peptide.
Scale bar = 20 μm.
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cellular membranes; peptide doses were kept the same at 0.4
mM, approximately 10−20 × MIC of magaininII.73 In contrast,
strains treated similarly but without peptide addition (i.e.,
control) were dark in the red channel, indicative of intact
membranes (Figure 2c and Figure S3 in the SI). Thus, the
hydrophilic-and-cationic mutants of magaininII, which have the
hydrophobic face deprived, still demonstrated certain mem-
brane-permeabilizing activity against bacteria, as did the parent
AMP.
Encouraged by these positive initial results, we then

constructed a minimal prototypical system and systematically
compared the antibacterial membrane activity and toxicity of
analogues with and without the hydrophobic moiety.
Intuitively, AMPs appear to be the first choice. Nevertheless,
they often adopt well-defined secondary structures upon
binding a membrane surface, and whether such secondary
structure is directly coupled with their antibacterial activity is
still under debate.6,7,49,74 With these concerns in mind, we have
turned to random-copolymer-based SMAMPs which, unlike
AMPs, are intrinsically heterogeneous and lack well-defined
secondary structures. The prototypical parent SMAMPs we
used were methacrylate-based polymer SMAMPs, which have
well-characterized activity profiles34,45 and, despite their abiotic
and heterogeneous nature, have demonstrated membrane-
destabilization mechanisms similar to those by natural AMPs.52

Specifically, we used random copolymers of aminoethyl
methacrylate (AEMA) and butyl methacrylate (BMA) with
monomer molar ratio AEMA/BMA = 0.65:0.35 (pABs, Figure
3a, top). Rather than substituting the hydrophobic monomer
with the cationic comonomer as normally done for such binary-
random-copolymer-based SMAMPsa practice which in-

creases the hydrophobicity but also inevitably decreases the
cationic charges at the same timewe prepared the
corresponding hydrophilic-and-cationic mutants, pAHs (Figure
3a, bottom), by keeping AEMA and its molar percentage
unchanged but replacing BMA with 2-hydroxyethyl methacry-
late (HEMA)an uncharged but hydrophilic methacrylate
monomer75to dissect the effects of hydrophobicity from
those of cationicity.
The expected methacrylate-based copolymers were success-

fully prepared via AIBN-initiated reversible addition−fragmen-
tation chain transfer polymerization or AIBN-initiated free
radical polymerization (Scheme S1 in the SI), as confirmed by
their 1H NMR spectroscopy and GPC characterizations (Table
1 and Table S1 in the SI). Theoretical calculations on their

average hydrophobicity, <hydrophobicity>, showed that pABs
and pAHs had positive and negative <hydrophobicity>,
respectively (Figure 3b), indicating that the former is
hydrophobic whereas the latter is hydrophilic. Whether a
polymer is amphiphilic can also be deduced by measuring its
CMC. Our CMC measurements (Figure S19 in the SI) showed
that all pABs exhibited CMC values ranging 14−151 μg/mL
whereas even pAH30k, the longest pAH homologue, failed to do
so up to 1000 μg/mL (Figure 3c). It is known that, for
amphiphilic homologues, longer ones exhibit lower CMC.
Therefore, all pAH polymers should not exhibit CMC within
1000 μg/mL, the highest tested polymer concentration. Taken
together, both our <hydrophobicity> calculations and CMC
measurements consistently indicate that, in our experimental
concentration range, all pABs were hydrophobic-and-cationic,
whereas all pAHs were hydrophilic-and-cationic.
To assess the antibacterial activity of the as-prepared

copolymers, we performed both bacterial growth inhibition
assays and plate killing assays. Bacterial growth inhibition assays
showed that pAHs exhibited inhibitory activity ranging from
inactive (0−10% inhibition) over partially active (∼10−90%
inhibition) to potently active (≥90% inhibition), depending on
both bacterial strain and polymer molecular weight (Figure 4).
In stark contrast, all pABs exhibited MIC90minimum
concentration to inhibit 90% bacterial growthof <64 μg/
mL against all bacterial strains tested (Figure 4), consistent with
prior studies.45,76 Notably, though a pAH was generally less
inhibitive than its parent pAB against a specific bacterial strain,
the gap between their inhibitory activities shrank significantly as

Figure 3. (a) Chemical structures of pABs (top) and pAHs (bottom),
which were the prototypical polymer SMAMPs and corresponding
hydrophilic-and-cationic mutants, respectively. (b) Theoretically
calculated average hydrophobicity, <hydrophobicity>, of pABs
(solid) and pAHs (open). (d) Measured critical micelle concentrations
(CMC) of pABs (solid) and pAH30k (open), the pAH homologue
with the largest polymer molecular weight.

Table 1. Monomer Compositions ( f) and Molecular Weights
(Mw) of Our Copolymers

copolymer f protected
a fdeprotected

a Mwb

pAB2k 0.65:0.35 0.66:0.34 3216
pAH2k 0.66:0.34 0.64:0.36 3103
pAB5k 0.66:0.34 0.65:0.35 7208
pAH5k 0.65:0.35 0.66:0.34 7490
pAB10k 0.66:0.34 0.66:0.34 9545
pAH10k 0.65:0.35 0.67:0.33 11,233
pAB20k 0.66:0.34 0.64:0.36 16,441
pAH20k 0.65:0.35 0.66:0.34 18,948
pAB30k 0.67:0.33 0.65:0.35 38,453
pAH30k 0.65:0.35 0.64:0.36 37,836

af protected and fdeprotected calculated on the basis of 1H NMR spectra of
the Boc-protected precursor copolymers and those of the TFA-
deprotected final products, respectively. bMw obtained on the basis of
GPC of the Boc-protected precursor polymers.
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polymer molecular weight increased. Clearly, the hydrophobic
moiety of polymer SMAMPs consistently promoted bacterial
growth inhibitory activity, as previously expected,4,6,10,12,13 but
its effectiveness diminished as polymer chain length increased.
It should be noted that our pAHs contain 65% (molar ratio)
cationic monomers. Whether there exists a minimum threshold
ratio of cationic monomers for such hydrophilic-and-cationic
polymers to exert antibacterial activity is currently unknown.
Similar effects were observed with the bactericidal activity of

the copolymers, according to plate killing assays performed
using the short copolymer pair (pAH5k versus pAB5k) and the
longest copolymer pair (pAH30k versus pAB30k) as two
representative extreme cases. For the short pair, pAB5k

exhibited MBC100minimum concentration to kill 100%
inoculated cellsof 4−8 μg/mL against all tested bacterial
strains, whereas pAH5k exhibited varying bactericidal potency

depending on bacterial strain tested (see Figure 5a−d);
obviously, pAB5k was significantly more active than pAH5k. In
striking contrast, the longest copolymerspAH30k and
pAB30kexhibited close or even overlapping MBC100 against
all four test bacterial strains (Figure 5e−h). Taken together,
both types of antibacterial assays consistently showed that the
hydrophobic moiety of polymer SMAMPs facilitated the
antibacterial activity, but its effectiveness diminished as polymer
chain length increased.
Of note, pAB5k and pAB30k, despite their approximately 6-

fold difference in polymer molecular weight and CMC,
demonstrated almost overlapping MBC100 values (Figure 5),
and their observed MBC100 values were also well below their
respective CMC values (Figure 3c). Similarly, pAH5k and
pAH30k, though incapable of forming micelles within tested
concentration range, still exhibited bactericidal activity against

Figure 4. Bacterial growth inhibition assays using pAB (solid) and pAH (open) homologues of varying polymer molecular weights. Red dashed lines
indicate 10% bacterial growth. Data points are reported as mean ± standard deviation.
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all four bacterial strains tested. These observations suggest that
polymer micellation is not a prerequisite for polymethacrylate
derivatives to exert bactericidal activity and their MBC100 values
correlate with their free polymer concentrations. Consistent
with plate killing assays, bacterial growth inhibition assays
showed that, against the same bacterial strain, pAB2k and pAB5k

demonstrated very close MIC90 values (Figure 4) and their
observed MIC90 values were also well below their respective
CMC values (Figure 3c). Nevertheless, pAB20k and pAB30k were
less active and their MIC90 values were above their respective
CMC (Figure 4). These results indicate that polymer
micellation is not a prerequisite for polymethacrylate derivatives
to exert bacterial growth inhibitory activity; instead, its
occurrence resulted in decreased effective free polymer
concentrations, likely rendering longer pABs less active in
bacterial growth inhibition assays.
Intriguingly, the observed MIC90 of a polymethacrylate

derivative is significantly higher than its MBC100, as observed
previously with amphiphilic poly(vinyl ether) derivatives.41

This may arise because of the following two reasons. One is the
difference between these two antibacterial assays. A plate killing
assay is normally performed in buffer or saline which lack

nutrients necessary to support bacterial growth, whereas a
growth inhibition assay is normally performed in nutrient
broth. Therefore, during a growth inhibition assay, there exist
not only competition between polymers’ bactericidal activity
and bacterial growth but also polymer aggregations due to their
interactions with broth components (e.g., nutrient proteins),
leading to the observation that MIC90 is higher than MBC.41

Another possible explanation is the Mg2+ and Ca2+ ions present
in caMH broth, the medium used in our growth inhibition
assays, considering the finding that 0.75 mM Mg2+ or 0.5 mM
Ca2+ ions inhibited the antibacterial activity of magaininII77 and
taking into account that both magaininII and methacrylate-
based polymer SMAMPs act by permeabilizing bacterial
membranes.52,69,71,72

Antibacterial activity is not necessarily correlated with
membrane-permeabilizing activity against bacteria.78 Although
pABs have well-characterized membrane activity,52 whether or
not pAHs are also membrane active remains uncharacterized.
To clarify this, we performed bacterial Dead/Live viability
assays and qualitatively compared the membrane-permeabiliz-
ing activity of pAHs and pABs. The short copolymer pair
(pAH5k versus pAB5k) and the longest copolymer pair (pAH30k

Figure 5. Plate killing assays using (a−d) the short copolymer pair, pAH5k (open) and pAB5k (solid), and (e−h) the longest copolymer pair, pAH30k
(open) and pAB30k (solid), as two representative extreme cases. * indicates bacterial survival percentage of 0%. Red dashed lines indicate 1% bacterial
survival. Data points are reported as mean ± standard deviation.

Figure 6. Fluorescence microscopy images of bacterial strains treated with and without a copolymer and subsequently stained briefly (15 min) with
SYTO-9 (green) and PI (red). The treatment was carried out with 48 μg/mL of either pAB5k or pAH5k for 4 h in HEPES buffer (10 mM HEPES,
150 mM NaCl, pH 7.4). Controls are those assayed in comparable ways but without addition of copolymer. Scale bar = 20 μm.
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versus pAB30k) were used as two representative extreme cases.
After brief incubation with SYTO-9 and PI, all pAH5k-treated
strains stained intensely red as did the pAB5k-treated ones,
indicative of compromised cellular membranes (Figure 6);
copolymer doses were kept the same at 48 μg/mL. In contrast,
strains treated without a copolymer were dark in the red
channel, indicative of intact membranes (Figure 6). Thus,
pAH5k significantly permeabilized bacterial membranes as did
pAB5k. Similar results were observed with pAH30k and pAB30k
(Figure S22 in the SI). Taken together, these results showed
that the long hydrophilic-and-cationic polymers, with average
molecular weight ≥5 kDa, successfully captured the anti-
bacterial membrane activity of their hydrophobic-and-cationic
counterparts.
HEMA residue comprises 34−35% of monomers in a pAH

homologue, and long HEMA homopolymers are amphiphilic.
May the as-observed antibacterial membrane activity of a long
pAH homologue originate in potential residual hydrophobicity
conferred by its HEMA monomers? To exclude this possibility,
we also executed the experiments using AEMA homopolymers
(pAs, Table S2 in the SI), an extremely hydrophilic-and-
cationic mutants of pABs which contains no HEMA, and
observed same results (Figures S23−24 in the SI). Therefore,
the as-observed antibacterial membrane-permeabilizing activity
of long pAHs must originate in their hydrophilic-and-cationic
nature, rather than their HEMA monomers, suggesting that
long hydrophilic-and-cationic polymers may be membrane-
active antibacterial agents, as are their hydrophobic-and-cationic
counterparts.79

It is known that decreasing hydrophobicity of AMPs and
SMAMPs generally reduces toxicity. Now our hydrophilic-and-
cationic mutants completely lack the hydrophobic moiety. How
would that affect the toxicity? To address this, we performed
hemolysis assays, using both the short copolymer pair (pAB5k
versus pAH5k) and the longest copolymer pair (pAB30k versus
pAH30k) as representative extreme cases. Against mouse red
blood cells (mRBC), pAB5k demonstrated an HC50minimum
concentration to lyse 50% of treated red blood cellsof 2−4
μg/mL, consistent with prior studies,34,45,76 whereas pAH5k
demonstrated HC50 of 128−256 (Figure S25a in the SI),
indicative of ≥64-fold reduction in hemolytic toxicity (Table
2). Even enlarged toxicity reduction was observed with the
longest copolymer pair, pAH30k versus pAB30k (Figure S25b in
the SI); pAB30k exhibited HC50 of 2−4 μg/mL, whereas pAH30k
exhibited HC50 of 256−512 μg/mL (Table 2), indicative of
∼100-fold reduction in hemolytic toxicity. Notably, the
observed HC50 values of all four tested polymers are well
below their respective CMC values (for pAHs, CMC >1000
μg/mL if there is), indicating that polymer micellation is
neither a prerequisite for polymethacrylate derivatives to exert
hemolytic activity and their observed HC50 values correlate
with their free polymer concentrations. Similar degree of
reduction in hemolytic toxicity was observed with the

hydrophilic-and-cationic mutants of natural AMPs, using
melittin80a 26-residue bee venom toxinas a prototypical
AMP (Figure S26−27 in the SI).
Combined with plate killing assays, hemolysis assays showed

that, compared to pAB5k, pAH5k achieved ∼10-fold enhance-
ment in selectivity, HC50/MBC100, against P. aeruginosa and S.
aureus (Table 2). Increase in polymer molecular weight further
enlarged such enhancement; compared to pAB30k, pAH30k

demonstrated 32−128-fold enhancement in selectivity against
all four bacterial strains tested (Table 2). Taken together, these
results suggest that long hydrophilic-and-cationic polymers
(synthetic and peptidic), obtained by simply converting the
hydrophobic moiety of a long polymer SMAMP or AMP into a
hydrophilic one, may be a new pathway toward preferential
activity against bacteria over mammalian cells.

■ CONCLUSIONS

In summary, we have studied whether simply converting the
hydrophibic moiety of an AMP or a SMAMP into a hydrophilic
one is a new pathway toward membrane-active antimicrobials
with preferential activity against bacteria over host cells. Our
biostatistical analysis on natural AMPs revealed that short
AMPs are more hydrophobic, and the hydrophilic-and-cationic
mutants of a 23-residue membrane-active AMP was exper-
imentally confirmed to be also membrane active against
bacteria. Using polymethacrylate derivatives as prototypical
SMAMPs, we constructed a minimal prototypical system with
isolated effects of antimicrobials’ hydrophobicity and system-
atically compared the activity and toxicity of analogues with and
without the hydrophobic moiety. Antibacterial assays showed
that the hydrophobic moiety of polymer SMAMPs facilitated
the antibacterial activity but diminished in effectiveness for long
ones, and those long hydrophilic-and-cationic mutants were
also membrane active against bacteria. Compared to the
hydrophobic-and-cationic parent SMAMPs, those long hydro-
philic-and-cationic mutants demonstrated strikingly reduced
toxicity and, in doing so, drastically enhanced selectivity. Similar
toxicity reduction was observed with the hydrophilic-and-
cationic mutants of natural AMPs. Taken together, our results
suggest that long hydrophilic-and-cationic polymers could be a
different pathway toward the desired preferentially membrane-
active antimicrobials, which may have implications in future
antimicrobial development.

■ ASSOCIATED CONTENT
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Details on polymer preparations and characterizations, as well
as additional results and discussions. This material is available
free of charge via the Internet at http://pubs.acs.org.

Table 2. Biological Activity Data of Representative Copolymer Pairs

MBC100 (μg/mL) selectivity (HC50/MBC100)

polymer E. c.a P. a.a S. a.a B. s.a HC50 (μg/mL) E. c.a P. a.a S. a.a B. s.a

pAB5k 4 4 8 8 2−4 0.5−1 0.5−1 0.25−0.5 0.25−0.5
pAH5k − 32 32 − 128−256 − 4−8 4−8 −
pAB30k 3 8 8 8 2−4 0.67−1.33 0.25−0.5 0.25−0.5 0.25−0.5
pAH30k 4 16 8 8 256−512 64−128 16−32 32−64 32−64

aE.c., E. coli; P.a., P. aeruginosa; S. a., S. aureus; B.s., B. subtilis.
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