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ABSTRACT: Antimicrobial polymers have emerged as a potential
solution to the growing problem of antimicrobial resistance. Although
several studies have examined the effects of various parameters on the
antimicrobial and hemolytic activity of statistical copolymers, there are
still numerous parameters to be explored. Therefore, in this study, we
developed a library of 36 statistical amphiphilic ternary copolymers
prepared via photoinduced electron transfer-reversible addition−fragmen-
tation chain transfer polymerization to systematically evaluate the
influence of hydrophobic groups [number of carbons (5, 7, and 9)] and
chain type of the hydrophobic monomer (cyclic, aromatic, linear, or
branched), monomer ratio, and degree of polymerization (DPn) on
antimicrobial and hemolytic activity. To guide our synthetic strategy, we
developed a pre-experimental screening approach using C log P values of
oligomer models, which correspond to the logarithm of the partition coefficient of compounds between n-octanol and water. This
method enabled correlation of polymer hydrophobicity with antimicrobial and hemolytic activity. In addition, this study revealed
that minimizing hydrophobicity and hydrophobic content were key factors in controlling hemolysis, whereas optimizing
antimicrobial activity was more complex. High antimicrobial activity required hydrophobicity (i.e., C log P, hydrophobicity index)
that was neither too high nor too low, an appropriate cationic/hydrophobic balance, and structural compatibility between the chosen
monomers. Furthermore, these findings could guide the design of future antimicrobial ternary copolymers and suggest that C log P
values between 0 and 2 have the best balance of high antimicrobial activity and low hemolytic activity.

■ INTRODUCTION

Since the discovery of the first antibiotic, penicillin, in 1928,
the mortality from bacterial infections has been significantly
reduced. However, antibiotic misuse and overuse in farming
and medicine has resulted in the emergence of antibiotic
resistance, which is recognized as one of the most pressing
health issues worldwide.1−3 According to the World Health
Organization, antimicrobial resistance accounts for an
estimated 700,000 deaths each year.4 More precisely, the
“ESKAPE” pathogens, Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, and Enterobacter species, have developed
strains that are antibiotic-resistant against a broad range of
antibiotics.5 In addition, despite considerable effort, no new
classes of antibiotics have been approved for Gram-negative
pathogens in over 50 years.
There is an urgent need, therefore, to develop alternative

antimicrobial agents.6−13 A potential alternative to current
antibiotic agents is the use of antimicrobial peptides,14,15 which
are part of the innate immune system of many organisms.
These host defence peptides are locally produced by various

cells to help protect against continuous exposure to micro-
organisms. Encouragingly, these peptides have been recognized
as promising antimicrobial compounds capable of efficiently
combatting antibiotic resistance owing to their mode of
action.6,16−21 These peptides comprise a small number of
amino acid residues (usually, between 10 and 50 residues),
containing hydrophobic, cationic, and hydrophilic groups.
Their amphiphilic nature allows them to interact with bacterial
cell membranes, resulting in the disruption of bacterial cells.
The presence of cationic charges allows them to interact with
negatively charged bacterial cell walls, while the hydrophobic
groups facilitate insertion and disruption of the phospholipid
membranes. Despite their promise, there are limitations with
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the use of these natural peptides as they are expensive to
develop and produce in large quantities and are also subject to
proteolysis, which reduces their long-term stability in biological
environments.
Inspired by the structure of these peptides and thanks to

advancements in polymer chemistry, particularly controlled/
living polymerization, antimicrobial polymers have been
proposed as potential alternatives.6−13,20,22−26 Unlike their
peptide counterparts, these antimicrobial polymers can be
produced on a large scale and are less susceptible to
proteolysis. These advantages have led to a number of
statistical amphiphilic antimicrobial polymers being prepared
from a variety of monomers, such as (meth)acrylate,20,27−31

acrylamide,32,33 3-aminopropanoic acid,34,35 norbornene,36,37

phenyleneethynylene,38 maleimide,39 quaternary vinylpyri-
dine,40 urea,41 and oxetane.42 Although these polymers exhibit
high antimicrobial activity, they are often not specific to
bacterial cells and, therefore, kill mammalian and bacterial cells
without discrimination, resulting in high toxicity for the host
and reducing their potential applications. To overcome this
major limitation, researchers have tried to identify key factors
that allow reduction in their toxicity against mammalian cells
without affecting their antimicrobial performance.43,44 For
instance, the molecular weight of these polymers influences
their biocompatibility. An increase in molecular weight often
results in an increase in hemolytic activity but their
antimicrobial activity is not significantly impacted. More
importantly, the composition of these copolymers, such as
their amphiphilic balance,45,46 has a more significant impact on
their biocompatibility and antimicrobial activity.47−50 To
control the amphiphilic balance, these polymers are prepared
by copolymerization of hydrophobic and cationic monomers
and, in some instances, the inclusion of some hydrophilic
monomers. The number and type of cationic groups, as well as
the type of hydrophobic monomers, employed for their
syntheses exhibit a significant impact on their selectivity
toward bacterial cells.51 As the cationic groups are the ones
that facilitate the adsorption of polymers on the anionic
bacterial membrane via electrostatic interaction, different
cationic groups have been investigated to gain insight into
the structural effect of these components on overall
bioactivity.16,18,20 One of the most common choices for
antimicrobial cationic monomers is monomers functionalized
with an amino group, including primary, secondary, tertiary,
and quaternary groups. Judzewitsch33 and Palermo31 demon-
strated that amphiphilic copolymers containing primary amines
display high antimicrobial activity against Gram-negative
bacteria, whereas those containing quaternary ammonium
groups are more efficient against mycobacteria (Mycobacterium
smegmatis).33 Ragogna, Gillies, and co-workers proposed the
introduction of phosphonium groups as alternatives to amino
groups.7,8 As the hydrophobic groups disrupt bacterial and
mammalian membranes, a large range of hydrophobic
monomers have been tested to improve selectivity.52 For
instance, Kuroda and co-workers systematically investigated
the impact of hydrophobic groups of binary copolymers on
hemolysis and found that hemolytic activity increased as the
hydrophobicity increased. To rationalize this effect, Kur-
oda30,47 estimated partition coefficients (i.e., log P) by
counting the number of carbon atoms in the side chains and
found that high hemolytic activity was associated with a high
log P value. Effectively, log P characterizes the hydrophobicity
of a molecule using two immiscible layers, n-octanol and

water,53,54 and can indicate a preference for lipid-like
membranes.
Inspired by Kuroda’s work on binary copolymers,30 this

study aimed to evaluate the effect of the hydrophobic group of
ternary copolymers and develop a predictive tool for screening
the bioactivity of ternary copolymers prior to polymer
preparation. To accomplish this goal, calculated log P values
(C log P) of oligomeric models were utilized as a measure of
the amphiphilic balance by accounting for the hydrophobic
contribution of the polymer backbone as well as features of the
side chains such as hybridization, branching, and number of
carbon atoms. Using a library of eight hydrophobic monomers,
we synthesized a library of 36 statistical amphiphilic ternary
copolymers via reversible addition−fragmentation chain trans-
fer (RAFT) polymerization55,56 to systematically evaluate the
copolymer composition, degree of polymerization (DPn),
hydrophobic monomer carbon length (5, 7, and 9 carbons),
and chain type (cyclic, aromatic, linear, or branched) of the
hydrophobic monomer on antimicrobial and hemolytic
activity. Combining the data from this study with previous
work,33,57,58 an optimal C log P window for the prediction of
antimicrobial activity and biocompatibility for ternary copoly-
mers was determined.

■ MATERIALS AND METHODS
Materials. Ethylenediamine (Sigma-Aldrich, ≥99%), amylamine

(Sigma-Aldrich), isopentylamine (Sigma-Aldrich, 99%), heptylamine
(Sigma-Aldrich, 99%), N-propylbutylamine (Sigma-Aldrich, 98%),
cycloheptylamine (Sigma-Aldrich, 99%), cyclohexanemethylamine
(Sigma-Aldrich, 98%), nonylamine (Sigma-Aldrich, 98%), di-tert-
butyl dicarbonate (Sigma-Aldrich, 99%), acryloyl chloride (Merck,
≥96%), N-hydroxyethyl acrylamide (HEAm) (Sigma-Aldrich, 97%),
triethylamine (TEA) (Scharlau, 99%), trifluoroacetic acid (TFA)
(Sigma-Aldrich, 99%), RAFT agent (2-(n-butyltrithiocarbonate)-
propionic acid (BTPA), chloroform (Merck), dichloromethane
(DCM) (Merck), tetrahydrofuran (THF) (Merck), diethyl ether,
(Merck), hexane (Merck), dimethyl sulfoxide (DMSO) (Merck),
N,N′-dimethylacetamide (DMAc) (Sigma-Aldrich), and 5,10,15,20-
tetraphenyl-21H,23H-porphine zinc (ZnTPP) (Sigma-Aldrich) were
used as received. Deionized (DI) water was produced by a Milli-Q
water purification system and had a resistivity of 17.9 mΩ/cm.

Synthesis of Monomers. Synthesis of Cationic Monomer: tert-
Butyl (2-Acrylamidoethyl) Carbamate. tert -Butyl (2-
acrylamidoethyl)carbamate (Boc-AEAm) was prepared according to
a previously reported procedure.58 Ethylenediamine (0.33 mol) was
dissolved in chloroform (400 mL). 0.03 mol of di-tert-butyl
dicarbonate dissolved in 100 mL of chloroform was added dropwise
to this solution over 4 h at 0 °C while stirring and then the reaction
was continued overnight at room temperature. After filtering the
white precipitate, the organic phase was washed with 200 mL of DI
water six times and then dried using MgSO4. Solids were separated by
filtration, and the chloroform was evaporated resulting in a pale-
yellow oil product, which was used in the next step.

THF (100 mL) was added to dissolve the obtained oil. TEA (1.2
equiv) and acryloyl chloride (1.1 equiv) were added dropwise to the
solution at 0 °C with N2 bubbling. The reaction mixture was then
stirred at room temperature for 2 h. THF was then removed by rotary
evaporation. The crude product was then dissolved in chloroform
(150 mL) and washed against 0.1 M HCl solution (1 × 75 mL),
saturated NaHCO3 (1 × 75 mL), brine (1 × 75 mL), and DI water (1
× 75 mL). The organic phase was dried using MgSO4 and filtered,
and the remaining solvent was removed by rotary evaporation. The
product was further purified by repeated precipitation steps in hexane
to yield the Boc-protected monomer as a fine white powder, which
was dried in vacuo. The yield for the monomer was 38 mol %.

Synthesis of Hydrophobic Monomers. A standard procedure was
employed for the synthesis of eight hydrophobic monomers (N-
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isopentylacrylamide, N-pentylacrylamide, N-heptylacrylamide, N-
propy lbuty lacry lamide , N -(cyc lohepty l)acry lamide , N -
(cyclohexylmethyl)acrylamide, N-benzylacrylamide, and N-nonylacry-
lamide) from their corresponding amines.
Briefly, the specified amount of amine (either amylamine,

isopentylamine, heptylamine, N-propylbutylamine, cycloheptylamine,
N-cyclohexanemethylamine, N-benzylamine or N-nonylamine; 1
equivalent) was dissolved in THF with a ratio of 6 mL of THF per
1 mmol amine. TEA (1.2 equiv) and acryloyl chloride (1.2 equiv)
were then added to this solution in a dropwise manner at 0 °C with
N2 bubbling. The mixture was stirred overnight at room temperature.
The byproducts were filtered, and the solvent was removed by rotary
evaporation. The crude product was dissolved in chloroform (1.5
times of THF volume) and then washed sequentially with 0.1 M HCl,
saturated NaHCO3, brine, and DI water using half of the chloroform
volume for each wash. The organic phase was dried with MgSO4 and
basic Al2O3 and filtered to remove solids. Finally, the solvent was
removed by rotary evaporation to yield the monomer. The yields for
the monomers were between 55 and 76%.
Synthesis of Polymers. The statistical copolymers were synthesized

using a slight modification of the general one-pot protocol reported
previously.33 Briefly, stock solutions of a monomer were prepared
with a concentration of 33 wt % in DMSO. ZnTPP was dissolved in
DMSO at a concentration of 1 mg mL−1. RAFT agent BTPA was
added to a 4 mL glass vial in an amount corresponding to the targeted
degree of polymerization (100, 40, and 20 DPn) and dissolved in
DMSO. Monomer stock solutions were added into the vial to a final
monomer concentration of 25 wt % in DMSO. The ZnTPP
photocatalyst was added at 100 ppm to the monomer. The vial was
sealed with a rubber septum and the headspace was degassed with N2
for 10 min in an ice-water bath. The vial was then placed under a
green LED light (λ = 530 nm) for 20 h to produce the Boc-protected
copolymers. Finally, the copolymers were analyzed with SEC and
NMR to examine the monomer conversion and other characteristics.
Then, the polymer was purified by precipitating in a diethyl ether/
hexane mixture (4:1) or (3:7), followed by centrifugation (9000 rpm
for 3 min). The precipitate was dissolved in acetone and
reprecipitated twice more. The polymer was then dried in vacuo
prior to Boc group removal.
Deprotection. TFA was used to remove Boc-protecting groups

based on our group’s previously reported protocol.59 Briefly, a
polymer was dissolved in DCM (∼7 wt % polymer), followed by the
addition of TFA (20 mol equivalent with respect to Boc groups). The
mixture was stirred at room temperature for 3 h and precipitated into
diethyl ether. The precipitate was isolated by centrifugation, dissolved
in acetone, and reprecipitated twice more. The polymer was then
dried in vacuo and NMR analysis was used to determine the removal
of Boc-protective groups.
Characterization. Characterization of Polymers in Aqueous

Media. Dynamic light scattering (DLS) and zeta-potential measure-
ments were measured using a Malvern Zetasizer Nano ZS apparatus
equipped with a He−Ne laser operated at λ = 633 nm and at a
scattering angle of 173°. All polymers were measured at a
concentration of 1 mg/mL in DI water and the bacteria culture
media (Mueller−Hinton broth, MHB).
For absorbance measurements, 200 μL of MHB solutions without

or with polymers (1 mg/mL) was added to a 96-well microplate. The
absorbance of the polymers in MHB at 595 nm was then measured
using a microtiter plate reader (FLUOstar Omega, BMG Labtech).

1H NMR Spectroscopy. NMR spectroscopy was used to analyze
polymer composition and conversion. All experiments were
performed on a Bruker Avance III 300 MHz NMR spectrometer.
All experiments were run with a gas flow across the probes at 535 L/h

with sample spinning and at a temperature of 25 °C. Samples were
dissolved in deuterated NMR solvents supplied by Cambridge
Isotopes (DMSO-d6) at concentrations of 10−20 mg mL−1. Spectra
were referenced to residual protons in the NMR solvent (DMSO-d6: δ
2.50 ppm).

Size Exclusion Chromatography. SEC analysis was performed in
DMAc [with 0.03% w/v LiBr and 0.05% 2,6-di-butyl-4-methylphenol
(BHT)] at 50 °C and a flow rate of 1 mL/min) with a Shimadzu
modular system comprising an SIL-10AD automatic injector, a
Polymer Laboratories 5.0 μL bead-size guard column (50 × 7.8 mm)
followed by four linear PL (Styragel) columns (105, 104, 103, and 500
c5) and an RID-10A differential refractive-index detector. The system
was calibrated using poly(methyl methacrylate) standards with
molecular weights from 200 to 106 g mol−1. Polymer solutions of 3
mg/mL were prepared in the eluent and filtered through 0.45 μm
filters prior to injection.

C log P of Polymer Calculation and the Length of the Pendant
Group. Log P is the partition constant of a compound between n-
octanol (hydrophobic phase) and water (hydrophilic phase). The
calculated log P (C log P) is the log P value obtained by calculation
using a medicinal or chemical program as opposed to by experiment.
In this study, the C log P of copolymers was carefully determined by
ChemDraw (version 18.1) and Chem3D (version 18.1) using two
methods for accuracy. First, C log P was calculated by the following
equation

= + +C P Aa Bb Cclog ( )/100 (1)

where A, B, and C are C log P of the cationic homopolymer,
hydrophilic homopolymer, and hydrophobic homopolymer, respec-
tively; a, b, c is the target ratio of the cationic monomer, hydrophilic
monomer, and hydrophobic monomer, respectively.

As confirmation, the structures of copolymers replicating the target
chemical ratio were drawn and their C log Ps were computed by
ChemDraw and Chem3D software (Supporting Information, Scheme
S1). The C log Ps obtained by both methods were identical.

It is important to note that these C log P values were calculated
with a DPn of 10, and this may slightly vary for different DPn values
(Table 1).

Minimum Inhibitory Concentration. The minimum inhibitory
concentration (MIC) of the prepared polymers was determined via
the broth microdilution method in accordance with the Clinical and
Laboratory Standards Institute (CLSI) guidelines. The bacterial
strains tested included P. aeruginosa (PA) PAO1 and ATCC 27853,
Escherichia coli (EC) K12, and S. aureus ATCC 29213. Bacterial
culture was grown overnight from a single colony in 10 mL of MHB
at 37 °C with shaking at 180 rpm. A subculture was prepared from the
overnight culture by diluting 100 μL in 10 mL of MHB and growing
to mid-log phase (approximately 2.5 h) and then diluted to ca. 1 ×
106 cells mL−1. A twofold dilution series of 100 μL of polymers in
MHB solution were added to a 96-well microplate, followed by the
addition of 100 μL of the subculture suspension. The final
concentration of bacteria in each well was ca. 5 × 105 cells mL−1.
Positive controls without polymer and negative controls without
bacteria or polymer were also included. The plates were then
incubated at 37 °C for 20 h to ensure sufficient growth of inhibited
bacteria, and the absorbance at 595 nm was measured with a
microtiter plate reader (FLUOstar Omega, BMG Labtech). Bacterial
growth inhibition was calculated using the following equation

= [ − − − ] ×A A A A% inhibition 1 ( )/( ) 100S CN CP CN (2)

where ACP is the absorbance of the positive control (no polymer),
ACN is the absorbance of the negative control (MHB only), and AS is
the absorbance of the tested sample. MIC values were defined as the

Table 1. C log P of Homopolymers with a Total DPn of 10

hydrophobic polymer

cationic polymer hydrophilic polymer I P H Pb Cx Cp B N

−6.18 −6.92 16.21 17.51 28.09 27.29 22.85 22.25 14.97 38.67
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lowest concentration of the sample that showed no visible growth and
inhibited cell growth by more than 90%. All assays included three
replicates and were repeated in at least three independent experi-
ments.
Membrane Potential Measurements. The membrane potential of

the bacteria PA01 treated or untreated with polymers was measured
based on the red-to-green fluorescence ratio of fluorophore DiOC2(3)
in accordance with the method previously described by our group.58 A
subculture of PAO1 was prepared from an overnight culture in fresh
MHB and allowed to grow to the mid log phase. Cells were then
collected by centrifugation, resuspended, and adjusted to ca. 1 × 106

CFU mL−1 in M9 complete medium. A twofold dilution series of 50
μL of polymers in M9 complete medium were added into 96-well
microplates (black with clear bottom), followed by the addition of 50
μL of DiOC2 solution (30 μM in DI water) and 100 μL of the viable
cells solution. The final concentration of bacteria in each well was ca.
5 × 105 cells mL−1. The plates were incubated at 25 °C for 24 h.
Membrane potential was determined using a microtiter plate reader
(FLUOstar Omega, BMG Labtech) with 485 nm excitation and
detection through 520 and 620 nm band-pass (ca. 10 nm bandwidth)
filters. All assays included two replicates and were repeated in at least
two independent experiments.
Hemolysis Studies. The hemolytic activity of polymers was

determined using fresh sheep red blood cells (RBCs) in accordance
with our group’s previously reported protocol.59 Briefly, RBCs were
diluted 1:20 in PBS (pH 7.4), pelleted by centrifugation (1000g, 10
min), and washed three times in PBS. The RBCs were then
resuspended to achieve 5% (v/v) in PBS. Different concentrations of
polymers (150 μL) were prepared in sterilized tubes, followed by
addition of the 5% RBC suspension (150 μL). Polymer concen-
trations tested were 2000, 1000, 500, 250, 125, 62.5, and 31.25 μg/
mL. PBS buffer was used as a negative control, and Triton-X 100 (1%
v/v in PBS) was used as a positive hemolysis control. Tubes were
incubated at 37 °C for 2 h with 150 rpm shaking. Samples were then
centrifuged (1000g, 8 min), 100 μL aliquots of supernatants were
transferred into a 96-well microplate, and absorbance values were read

at 485 nm using a microtiter plate reader (FLUOstar Omega, BMG
Labtech). Hemolysis percentage was calculated using the following
equation

= − −

×

A A A A% haemolysis ( )/( )

100%

polymer negative positive negative

(3)

where Apolymer is the absorbance of the polymer-treated supernatant,
Anegative is the absorbance of the negative control, and Apositive is the
absorbance of the positive control.

■ RESULTS AND DISCUSSION
In this study, a polymer library containing 36 ternary
amphiphilic copolymers was prepared via photoinduced
electron transfer-RAFT (PET-RAFT) polymerization by
statistical copolymerization of eight different hydrophobic
monomers with hydrophilic and cationic monomers (Figure
1). PET-RAFT was selected owing to its oxygen tolerance,
which removes the need for stringent deoxygenation
procedures. The hydrophilic and cationic monomers were
fixed as HEAm and Boc-AEAm, respectively. Boc-AEAm was
subsequently deprotected to reveal a primary amine. Hydro-
phobic monomers were prepared by amidation of acryloyl
chloride in the presence of hydrophobic amine compounds
(Supporting Information, Figures S1−S9). Based on the
number of carbons (5, 7, or 9) used for the preparation of
the hydrophobic monomer, the polymers were classified into
three groups, namely, C5, C7, and C9, respectively. These
groups were subdivided into eight families according to the
type of hydrophobic monomer (Figure 1), namely, C5 group
with N-isopentylacrylamide (I) and N-pentylacrylamide (P);
C7 group with N-heptylacrylamide (H), N-butyl-N-propyla-
crylamide (Pb), N-cycloheptylacrylamide (Cp), N-

Figure 1. (A) Key reagents used in this study. Eight hydrophobic monomers: N-isopentylacrylamide (Im), N-pentylacrylamide (Pm), N-
heptylacrylamide (Hm), N-butyl-N-propylacrylamide (Pbm), N-cycloheptylacrylamide (Cpm), N-(cyclohexylmethyl)acrylamide (Cxm), N-
benzylacrylamide (Bm), and N-nonylacrylamide (Nm). Cationic monomer: Boc-AEAm. Hydrophilic monomer: hydroxyethyl acrylamide (HEAm).
RAFT agent: BTPA. (B) Reaction scheme for the synthesis of antimicrobial polymers by PET-RAFT.
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(cyclohexylmethyl)acrylamide (Cx), and N-benzylacrylamide
(B); and C9 group with N-nonylacrylamide (N). Polymers
were named as FD-RlRb where the F value corresponds to the
family (I, P, H, Pb, Cp, Cx, B, or N); D to the targeted DPn
(i.e., 20, 40, or 100); Rl and Rb to the targeted molar
composition of the hydrophilic monomer (HEAm) and
hydrophobic monomer, respectively. The targeted composition
of the cationic monomer was fixed at 50% for all polymers and,
therefore, this description was not included in the
nomenclature.
Characterization. All the copolymers prepared by PET-

RAFT polymerizations were analyzed by SEC and proton
nuclear magnetic resonance spectroscopy (1H NMR) analysis
to determine the molecular weight, dispersity, copolymer
composition, and monomer conversion. The molecular weight
distribution of all Boc-protected polymers was narrow as
demonstrated by dispersity (D̵) values in the range of 1.06−
1.17, which indicated good control of the polymerizations
(Table 3). The number molecular weight (Mn) was estimated
by SEC and 1H NMR with good agreement between
theoretical Mn and experimental values. 1H NMR analysis of
polymer mixtures prior to purification showed the near

complete disappearance of vinyl proton signals at 5.5 and 6.3
ppm, indicating that monomer conversions were over 99% for
all prepared polymers (Supporting Information, Figure S12).
More importantly, 1H NMR analysis of purified polymers
exhibited good agreement between the monomer molar feed
ratio and the purified copolymer composition (Supporting
Information, Figures S12−S47). In the final step of copolymer
preparation, the Boc groups were deprotected with TFA at
room temperature overnight. The absence of the signal at 6.8
ppm (attributed to urethane group protons) and 1.4 ppm
(attributed to tert-butyl group protons) in the 1H NMR spectra
of the polymers confirmed the successful removal of the Boc-
protection group.
Representative polymers from each family were also

characterized in aqueous media. All the characterized polymers
had positive zeta potential (ζ) (10−35 mV) owing to the
cationic charge of amino groups (Table 3). The presence of
cationic amino and hydrophobic groups in antimicrobial
polymers may induce the formation of so-called polymer−
protein complexes (PPCs)58 in biological media including the
bacteria cell culture media MHB. To get an indication on the
extent of PPC formation, DLS analysis, absorbance measure-

Table 2. Length of the Pendant Group

aThe measurement was based on Chem3D software. bThe length was measured from the carbonyl group carbon to the end group.
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ments at 595 nm, and visual inspections were performed in
both DI water and MHB (Table 3 and Supporting Information
Figure. S48). In DI water, no turbidity was observed for any
polymer (1 mg/mL) and all polymers were poorly detected by
DLS, showing that the polymer was completely soluble at the
given concentration without colloid formation. However, in
MHB, some polymers formed PPCs58 as evidenced by the
detection of particles by DLS and absorbance measurements
and the turbidity of the solutions observed visually. PPC
formation occurs from the interaction of cationic groups with
proteins and can lead to reduced antimicrobial activity as the
cationic groups are prevented from complexing with the
anionic bacterial membranes.58,60 Group C5 (I/P families)
generally did not form PPCs except for those polymers with a
very low hydrophilic/hydrophobic ratio (I/P40-1040), where-
as groups C7 and C9 did. The C7/9-polymers interacted
rapidly with protein in MHB to form uniform PPCs, as
indicated by the turbidity of polymers in MHB and detection
of large particles by DLS. Notably, the C9 group polymer,
N40-2030, formed the largest PPCs with an average hydro-
dynamic diameter (Dh) value of 494 nm. The Dh of PPC was
reduced to 267 nm with a decrease in hydrophobic monomer
ratio (N40-3515). This observation suggests that both overall
hydrophobicity (C log P) and the chain length of the polymer
have an impact on PPC formation. This is consistent with
previous research from our group, which showed that
increasing hydrophilic balance reduced PPC formation and
improved antimicrobial activity.58

Bioactivity. Antimicrobial Activity. The antimicrobial
activity of the polymers was evaluated by determining the
MIC, which is the lowest concentration of the polymer that
inhibits visible growth, of four bacterial strains: three Gram-
negative strains, P. aeruginosa (PA) PAO1 and ATCC 27853, E.
coli (EC) K12; and a Gram-positive bacteria, S. aureus ATCC
29213.
As previously mentioned, antimicrobial polymers kill

bacteria via membrane disruption.16−20 These ternary
amphiphilic polymers contain cationic, hydrophobic, and
hydrophilic groups and each of these components performs a
specific function. The cationic groups interact with the anionic
bacterial membrane via electrostatic interaction, which not
only enables the adsorption of polymers onto the anionic
bacterial membrane but also affects the integrity of the cell
membrane, interfering with the transport of compounds
through the membrane.16,18,20 Owing to its pivotal function,
the cationic monomer usually comprises 50% of the molar
composition of antimicrobial polymers. The interaction
between the cationic groups and the cell membrane induces
the polymer to adopt a globally amphiphilic conformation,61

allowing the hydrophobic groups to insert into the membrane,
leading to its disruption and cell death.43 Finally, the
hydrophilic groups reduce undesired protein complexation
and hemolysis, thereby maintaining the antimicrobial activity
of the polymers and conferring biocompatibility.45,58,59 We
first considered the MIC of our polymers against the different
bacterial strains. Consistent with the findings of our group’s
previous research,33,58,59 the polymers showed much higher
antimicrobial activity against Gram-negative than against
Gram-positive bacteria (Tables 4 and 5). The majority of
polymers did not reach MICs against Gram-positive bacteria
(SA) at any of the concentrations tested (MIC ≥ 256 μg/mL),
whereas MICs varied from 16 to 256 μg/mL against Gram-
negative bacteria depending on the polymer family, the DPn,

and the copolymer composition. The difference in activity of
the polymers against Gram-negative and Gram-positive
bacteria can be attributed to the difference in structure of
their cell walls. Both Gram-positive and Gram-negative cell
walls contain peptidoglycan, a polymer comprising amino acid
and sugar groups. Gram-positive cell walls contain multiple
layers of peptidoglycan in a rigid cross-linked structure, which
prevents penetration of large hydrophobic molecules.62−65 In
contrast, the cell walls of Gram-negative bacteria have a thin
layer of loosely cross-linked peptidoglycan as well as an outer
membrane with lipopolysaccharide molecules attached, provid-
ing potential anchoring sites for the cationic groups of the
polymer.33,62,66 The lack of an outer lipopolysaccharide layer
and the thick highly cross-linked peptidoglycan layer restrict
penetration of antimicrobial polymers into Gram-positive
bacteria, thereby reducing their activity. Interestingly, some
B-family polymers (the polymers prepared using N-benzyla-
crylamide as the hydrophobic monomer) were able to achieve
MICs at DPn = 20 and 40, suggesting that this family of
polymers may be more suited for Gram-positive bacteria than
others. The response to polymers was also slightly different
within the Gram-negative group of bacteria (Table 4). EC K12
appeared to be slightly more sensitive to most tested polymers
than PAO1 and PA 27853. A possible explanation for this may
be the difference in the lipopolysaccharide structure in their
outer membranes.66−68 Therefore, the type of bacterial strain is
an important factor that should be considered in designing
antimicrobial polymers.
Next, we focused on the intrinsic elements of the

copolymers. We first investigated the effect of molecular
weight by varying the degree of polymerization (DPn = 20, 40,
and 100) on antimicrobial activity. For the Gram-positive
bacteria, SA, we noted that shorter polymers with a DPn of 20
had higher activity with copolymers, I20-2030, P20-2030, H20-
2030, Cp20-2030, and Cx20-2030, exhibiting MICs of 256 μg/
mL, whereas their higher molecular weight (Mn) counterparts
did not reach an MIC (Table 4). This is attributed to the
greater mobility of short polymers, which can more readily
penetrate the thick peptidoglycan cell wall to reach and disrupt
the inner membrane of Gram-positive bacteria.64 Against
Gram-negative bacteria, however, there was no obvious trend
of antimicrobial activity linked to the DPn (in our tested
range). For instance, in the I and P-families, polymers with
different DPn had similar MICs against EC K12, whereas
polymers with a DPn of 40 exhibited the highest antimicrobial
activity against PA01. In the Cp-family, Cp20 was the best
performing polymer against EC K12 (MIC of 16−32 μg/mL)
and PA01 (MIC of 32 μg/mL), but there was no significant
difference within polymers in the group against PA 27853. In
the B-family, B100 showed the highest antimicrobial activity
against PA 27853 and EC K12, but this was not the case for
PA01. This is consistent with the findings of Lienkamp, Tew,
and co-workers who used dye-leakage data to determine that
synthetic mimics of antimicrobial peptides damaged bacterial
membranes regardless of their molecular weight.64

The amphiphilic balance of polymers is a critical factor in
initiating bacterial membrane disruption.16,18,20 The hydro-
phobicity of a compound can be measured by the logarithm of
the partition coefficient of n-octanol/water (log P).53,54

Positive log P values correspond to a preference for the lipid
phase, while negative values indicate water solubility. However,
log P (and hydrophobicity) increases with increasing molecular
weight and, as discussed above, molecular weight does not
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correlate with antimicrobial activity for Gram-negative bacteria.
We, therefore, hypothesized that a more relevant metric would
be to calculate the log P for a representative oligomer model of
each polymer. As the typical size of oligomeric models ranges
from 5 to 20 units,69 we employed 10 units.
Two of the most common computational strategies for

calculating log P are atom-based (i.e., A log P) and fragment-
based (i.e., C log P) methods.53 In the atom-based approach,
each atom contributes to the overall hydrophobicity depending
on the type of atom, hybridization, and connection to other
atoms. In contrast, fragment-based methods break a molecule
into atoms and functional groups with a variety of correction
factors to account for hydrogen bonding, unsaturation, and
other features.70 As most recent reports focus on A log P,71 we
hypothesize that C log P has underutilized potential. In this
work, C log P values for a theoretical DPn equal to 10 were
verified by two methods [using ChemDraw (version 18.1 and
19.0) and Chem3D (version 18.1)] for accuracy.
As hydrophilic and cationic monomers were not varied in

this work, the hydrophobicity of copolymers was solely
influenced by the hydrophobic monomers and the monomer
ratio in the copolymers. Therefore, we examined the feed ratio
of the copolymer components and found that the antimicrobial
activity was strongly dependent on the hydrophobic monomer
content of the polymer. The general trend was that increasing
the ratio of the hydrophobic monomer led to an increase in the
antimicrobial activity (Table 5). However, we found an
interesting exception with the polymers in the N-family. This
is the family that has the longest carbon chain-length pendant
group (9 carbons). Unlike other tested families, which have
shorter chain-length hydrophobic groups, N-family polymers
exhibited an increase in antimicrobial activity as the ratio of the
hydrophobic monomer decreased. This difference in activity is

potentially explained by the behavior of the N-family in MHB
media. As discussed above, the N-family formed PPCs in
MHB, which could have hindered the electrostatic interaction
between the cationic groups and the bacteria membrane. The
greater PPC formation was in the copolymer with the highest
hydrophobic content (N40-2030) and lowest antimicrobial
activity, whereas the less hydrophobic N40-3515 had lower
PPC formation and a better antibacterial effect.
We also investigated polymers with the same composition

but different hydrophobic monomers and found that for
polymers with saturated chains and a similar DPn and target
molar ratio of components (P40-2030, I40-2030, H40-2030,
Pb40-2030, Cp40-2030, Cx40-2030, and N40-2030), the
antimicrobial activity reduced as the number of carbons of the
hydrophobic pendant groups increased (i.e., group C9 had
higher MIC values than C7 and C5). For polymers in the same
group, the copolymers containing branched chain monomers
showed better antimicrobial activity than those with linear
chains. It is important to note that for the same number of
carbons, a branched chain is shorter than a linear chain (Table
2). In the C5 group, the length of the Im (6.2 Å) is slightly
shorter than that of the Pm (7.4 Å), and the MIC values of
I40-1535 against Gram-negative bacteria were also slightly
lower than the MIC values of P40-1535. In the C7 group,
where the difference in chain length between the branched
(Pbm, 5 Å) and the linear (Hm, 9.9 Å) monomers was larger,
the difference in antimicrobial activity was also larger. For
example, the MICs against PAO1, PA 27853, and EC K12 for
Pb40-2030 were 32, 32−64, and 16−32 μg/mL, respectively,
whereas those for H40-2030 were 64, 128, and 64 μg/mL,
respectively (Table 5).
As detailed above, structural compatibility of the chosen

monomers is a critical factor for optimizing antimicrobial

Table 4. Antimicrobial Activity (MIC) of Polymers with Similar Molar Ratios of Monomer Types but Varying DPn against P.
aeruginosa ATCC 27853 and PAO1, E. coli K12, and S. aureus ATCC 29213

aC log P of the representative oligomer was calculated using a theoretical DPn of 10 [ChemDraw (version 18.1 and 19.0) software]. bMIC values
were determined using triplicate experiments.
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activity. Achieving a compatible length between components
plays a pivotal role in modulating the polymer−membrane
interactions and concomitant activity. Furthermore, the
cationic group should not be hindered by complexation with
proteins to maximize its availability toward the anionic
membrane of bacteria. Amongst the hydrophobic monomers
tested, the I-monomer was the most compatible with the
chosen cationic and hydrophilic monomers because of the lack
of protein complexation in aqueous media, as indicated by
polymers I40-1535 and I40-1040, which showed the highest
antimicrobial activity in the library tested.
To further elucidate the relationship between polymer

structure and antimicrobial activity, we conducted membrane
potential measurements on bacteria treated with representative
polymers of each group to determine the degree of membrane
disruption.58 In a series of seminal papers, Tew and Wong72−76

demonstrated that synthetic mimics of antimicrobial peptides
exhibited their antimicrobial efficacy by inducing curvature
(pore formation) in bacterial membranes containing negative
intrinsic curvature (NIC) lipids, such as phosphatidylethanol-
amine (PE). If our polymers acted by a similar mechanism, we
would expect to see the greatest loss of membrane potentials
recorded for polymers with the lowest MICs. Membrane

potentials were detected in PA01 cells with a carbocyanine dye,
3,3′-diethyloxacarbocyanine iodide, which exhibits green
fluorescence (520 nm) in cell media but shifts toward red
emission (620 nm) as the dye accumulates in bacteria cytosol
(viable bacteria). The lower the ratio of red-to-green
fluorescence, the greater the loss of membrane potential and,
therefore, the greater the extent of membrane disruption.
Figure 2 shows the ratio of red-to-green fluorescence for PAO1
cells treated with different concentrations of polymers.
Untreated cells (without any polymer) displayed a red-to-
green fluorescence ratio (∼0.94), which is considered normal
for bacterial cells. Consistent with our antimicrobial tests,
among the eight representatives from each family, I40-2030
and P40-2030, which showed the lowest MICs, exhibited the
lowest red-to-green ratios, whereas N40-2030, which was
inactive against PA01 at all concentrations tested, exhibited the
highest red-to-green ratio. This is consistent with the findings
of Tew and Wong and suggests that the hydrophobic
monomers in the I and P polymers have greater affinity for
NIC lipids, such as PE, than the more hydrophobic monomers
found in other polymer families.
Finally, we analyzed the correlation between the C log P of

representative oligomers of each family and their antimicrobial

Table 5. Antimicrobial Activity (MIC) of 40-DPn Polymers with Varying Hydrophobic Monomers and Monomer Feed Ratios
against P. aeruginosa ATCC 27853 and PAO1, E. coli K12, and S. aureus ATCC 29213

aRatio of cationic/hydrophilic/hydrophobic monomer. bC log P of representative oligomer was calculated using a theoretical DPn = 10. cMIC
values were determined using triplicate experiments.
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activity. To reduce confounding factors, we compared the
antimicrobial activity of representatives from all families with
consistent DPn of 40. To clarify the influence of the C log P on
antimicrobial activity, we also varied the ratio of hydrophilic
and hydrophobic monomers in the formulations. As a result,
we found that the C log P should be in the range 0−6 for
optimal bactericidal activity (Table 5). To confirm this range,
we calculated C log P values for statistical antimicrobial
polymers from our group’s previous work33,57,58 and plotted
them against the reported MIC values for PAO1 along with the
results from the present study (Figure 3, Supporting
Information, Table S2). Consistent with our findings, the
antimicrobial activity of these copolymers (MIC values)
correlated with the C log P values. Whereas there was some

variation in activity versus C log P, all polymers showing poor
antimicrobial activity (MIC > 128 μg/mL) had C log P values
outside the range 0−6. These trends can be used as a simple
tool to pre-estimate the antimicrobial activity against Gram-
negative bacteria (PAO1) in designing new antimicrobial
polymers. However, to improve the accuracy, in addition to the
C log P value, other parameters should be considered. For
instance, to maximize antimicrobial activity, the molar ratio of
a hydrophobic monomer should be above 20% and, as
discussed above, the structural compatibility and cationic/
hydrophobic balance are critical.

Hemolytic Activity. The hemolytic activity against fresh
sheep blood cells (erythrocytes) was used to assess the
mammalian cell compatibility of our membrane-active
antimicrobial polymers. Numerous studies have reported that
hydrophobicity plays a key role in inducing hemolysis,30,77,78

reducing biocompatibility of antimicrobial polymers. In this
study, our aim was to gain a more detailed understanding of
this concept and determine how hemolysis is affected by the
overall hydrophobicity as well as the influence of various
factors, including the nature of hydrophobic monomers, the
monomer ratio within copolymers, and the overall molecular
weight.
To assess the effect of the monomer ratio, we compared the

hemolytic activity of polymers within each family. As can be
seen from Table 6, the hydrophobic monomer content of the
copolymer was directly proportional to both the calculated C
log P of the representative oligomer and the hemolysis
induced. For the C5 group, which includes the I- and P-
families, substantial hemolysis was observed when the
proportion of hydrophobic monomer reached 40%, whereas
for the C7 group (except for the B-family) and the C9 group,
hemolysis occurred when the proportion was only 30% (Table
6). For the more highly hydrophobic monomers in the C7 and
C9 groups, a lower proportion of the hydrophobic monomer
was required to achieve a high C log P for the representative
oligomer and subsequently higher hemolytic activity. In
contrast to bacterial cells where the interaction between
cationic groups and anionic membranes is critical,16,18,20,79

Figure 2. Cytoplasmic membrane potential measurements indicating
the red-to-green fluorescence ratio of cells treated with representative
antimicrobial polymers. (A) Large range of the tested concentration
and (B) small range of the tested concentration.

Figure 3. Correlation between C log P of polymers and their MIC against PA01. MIC > 128 μg/mL was plotted as 256 μg/mL for ease of viewing.
Note: brown ● polymers from ref 33; green ▼ polymers from refs 57 and 58; blue ⧫ polymers in the present study. C log P was calculated using a
theoretical DPn of 10 (ChemDraw (version 18.1 and 19.0) software.
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binding of antimicrobial polymers to the more neutral
mammalian cell membranes16,79 is believed to be primarily
owing to the partitioning of the hydrophobic groups from the
aqueous phase to the hydrophobic regions of the lipid
layers.30,79,80

To investigate the effect of molecular weight of copolymers
on hemolytic activity, we synthesized polymers from I, P, H,
Cx, Cp, and B monomer families with DPn values of 20, 40,
and 100 and examined their hemolytic activity. The results
revealed no clear trends in the hemolytic activity of polymers
with different DPn within each tested family (Table 6). As
mentioned above, the hydrophobicity of polymers is known to
increase with DPn, so, as with antimicrobial activity, the
relationship between hemolytic activity and hydrophobicity is
nuanced.

Next, we investigated the hydrophobic monomer structure
by comparing representatives from eight families, namely, I40-
2030, P40-2030, H40-2030, Pb40-2030, Cx40-2030, Cp40-
2030, B40-2030, and N40-2030, with the same DPn (40) and
polymer composition (molar ratio of cationic/hydrophilic/
hydrophobic equal to 50:20:30). We found that the structure
of the hydrophobic monomer had a significant impact on the
hemolytic activity. In general, increasing the carbon length of
the pendant hydrophobic group correlated with an increase in
the C log P of the hydrophobic monomer, thereby increasing
the C log P of the copolymers, which led to a rise in hemolysis
(Table 6, Supporting Information, Figure S49).
Comparing the activity of the polymers in the C7 group,

which include linear, cyclic, and aromatic hydrophobic
monomers, allowed us to also investigate the effects of the
structure on hemolytic activity. The aromatic B-family had the

Table 6. Hemolytic Activity of Polymers

aRatio of cationic/hydrophilic/hydrophobic monomer. bC log P of representative oligomer was calculated based on a theoretical DPn of 10.
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lowest hydrophobicity (C log P of Bm = 1.19) owing to the
polarizability of the pi electrons in the benzene ring and, in line
with the general trend noted above, had the lowest hemolytic
activity (Table 5, Supporting Information, Figure S49). In
contrast, polymers in cyclic families (Cp and Cx), despite
having lower C log P values than the acyclic polymers (Pb and
H), had higher hemolytic activity (Table 6, Supporting
Information, Figure S49). We speculate that the reason may
be related to the interaction of the cyclic groups of the
polymers with the tetracyclic ring system of cholesterol, which
comprises approximately 25% of eukaryotic cell mem-
branes.81−83 The rigid ring structure of cholesterol stabilizes
and strengthens the membrane bilayer and reduces its
permeability84 and, therefore, the presence of cholesterol in
eukaryote membranes, but not in bacterial membranes, has
been proposed as one of the reasons for the selective toxicity of
AMPs.85,86 However, further research is required to confirm if
the cyclic groups are more likely to interact with cholesterol
than other hydrophobic groups.
Finally, we compared the effect of the C log of the

representative oligomers of the cationic amphiphilic statistical
copolymers on hemolytic activity and antimicrobial activity.
The general trend is summarized in Figure 4. Unlike

antimicrobial activity, which is maximized when C log P is
neither too low nor too high (see green two-directional arrow),
favorable hemolytic activity occurs when C log P is at lower
values (see the red one-directional arrow) (Figure 4). Notably,
almost no hemolysis was detected with polymers with a
negative C log P value. By contrast, in our tested range,
substantial hemolytic activity was observed for polymers with
C log P of > 2, which tended to occur with a hydrophobic

proportion of ≥30%. Consequently, the optimum range of C
log P where polymers were active against bacteria without
inducing hemolysis was between 0 and 2.
Finally, to validate our conclusion, we compared our

predictive model with the experimental values obtained from
three additional polymers, including two polymers with good
activity against PA01 and a third polymer with a poor
antimicrobial activity (Table 7). Encouragingly, the exper-
imental and predicted MIC and hemolysis values are in good
agreement, which confirms that our approach can be utilized to
guide the design of new antimicrobial polymers.

■ CONCLUSIONS
A library of 36 statistical amphiphilic polymers was successfully
synthesized using a living/controlled radical polymerization
technique and screened against four bacterial strains and sheep
erythrocytes to examine antimicrobial activity and hemocom-
patibility, respectively. We systematically evaluated the
monomer ratio, degree of polymerization (DPn), hydrophobic
monomer carbon length (5, 7, and 9 carbons), and chain type
(cyclic, aromatic, linear, or branched) of the hydrophobic
monomer on bacteriostatic activity and biocompatibility. The
study revealed that minimizing hydrophobicity and hydro-
phobic content were key factors in controlling hemolysis,
whereas optimizing antimicrobial activity was more complex.
High antimicrobial activity required hydrophobicity that was
neither too high nor too low, an appropriate cationic/
hydrophobic balance, and structural compatibility between
the chosen monomers. Furthermore, we developed a pre-
experimental screening mechanism for future antimicrobial
ternary copolymer design, finding that polymers with a C log P
(hydrophobicity index) between 0 and 2 were most likely to
have the best balance of high antimicrobial activity and low
hemolytic activity and therefore had the best potential for
experimental study. However, it should be noted that this value
is only useful for initial screening and should be combined with
other parameters, such as structural compatibility and cationic/
hydrophobic balance, to optimize antimicrobial polymer
design.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01320.

Characterization of monomers (1H NMR spectra of
monomers: Boc-AEAm monomer, N-pentyl acrylamide,
N-isopentyl acrylamide, N-heptyl acrylamide, N-(cyclo-

Figure 4. Correlation between C log P and bioactivity of the
polymers. Note: C log P is of a representative oligomer calculated
using a theoretical DPn of 10 (ChemDraw (version 18.1 and 19.0)
software.

Table 7. Comparison of Predicted and Experimental Antimicrobial and Hemolytic Activity of Polymers

aMolar ratio of cationic monomer (AEAm: 2-aminoethylacrylamide), hydrophilic monomer (HEAM: 2-hydroxyethylacrylamide), and hydrophobic
monomer (PEAm: phenylethyl acrylamide), respectively.32 bC log P of the representative oligomer was calculated using a theoretical DPn of 10.
The polymer was predicted to have antimicrobial effect (MIC ≤ 128 μg/mL) if its C log P was 0−6. The polymer was predicted to induce no
hemolysis, favorable hemolysis, or substantial hemolysis if its C log P was ≤0, 0−2, or ≥2, respectively.
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heptyl) acrylamide, N-propyl butylacrylamide, N-(cyclo-
hexylmethyl) acrylamide, N-benzyl acrylamide, N-nonyl
acrylamide); kinetics studies of copolymerization of
representative monomers; characterization of antimicro-
bial polymers, including 1H NMR spectra, molecular
weight distributions determined by GPC and calcu-
lations for polymer compositions; C log P calculation;
characterization of polymers in aqueous medium;
antimicrobial activity and C log P; and hemolytic
activity versus polymer concentration (PDF)
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