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ABSTRACT: The in vitro and in vivo antimicrobial activity of primary
ammonium ethyl methacrylate homopolymers (AEMPs) was investigated.
AEMPs with different degrees of polymerization (DP = 7.7—12) were prepared
by reversible addition—fragmentation chain-transfer (RAFT) polymerization.
The AEMPs showed higher inhibitory effects against Gram-positive bacteria,
including methicillin-resistant Staphylococcus aureus (MRSA), than Gram-
negative bacteria. The AEMPs also showed potent anti-S. aureus activity in the
presence of fetal bovine serum, whereas the activity of the antibiotic mupirocin
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S. aureus nasal colonization

was reduced under the same conditions. The AEMPs showed very little or no

hemolytic activity. The cytotoxicity of AEMPs against mammalian cells HEp-2 and COS-7 was concentration-dependent, and the
cell viability significantly decreased at higher polymer concentrations. The AEMPs significantly reduced the number of viable S.
aureus cells in the nasal environment of cotton rats when compared to that of the control. This study demonstrates that AEMPs

have potential for use in treating topical S. aureus infections.

B INTRODUCTION

There is an urgent need for new antimicrobials due to the
increasing number of drug-resistant bacterial infections world-
wide."™* To that end, synthetic polymers have been widely
investigated as a new molecular platform to create antimicrobial
agents that are active against drug-resistant bacteria.’~® A
variety of synthetic polymers with different backbones have
been utilized to prepare antimicrobial polymers, and some
polymers with high efficacy have been reported.””'* We have
previously demonstrated the antimicrobial activity of cationic
amphiphilic methacrylate random copolymers, which act by
disrupting bacterial cell membranes, mimicking the mode of
action of naturally occurring host-defense peptides.'* These
polymers have shown potent activity against a broad spectrum
of bacteria and low propensity for resistance development in
bacteria.'”® The cationic groups of these amphiphilic meth-
acrylate copolymers preferentially bind to the higher net
negative charge of bacterial cell surfaces over human cells,
resulting in selective activity to bacterial over human cells.
These antimicrobial copolymers are potential candidates for
therapeutic treatment of antibiotic-resistant bacterial infections.
However, these copolymers exhibit a broad spectrum of
activity, which may negatively impact commensal bacterial
flora, especially when used for long-term treatment. It would be
ideal to develop antimicrobial polymers with cell selectivity or
specificity to bacterial strains that can avoid side effects to
commensal flora. Antimicrobial polymers with activity to
specific bacteria will complement the treatment of infections
by already developed broad-spectrum antimicrobial polymers.
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To that end, we have previously demonstrated that
conventional cationic polymers unmodified branched poly-
(ethylene imine)s (BPEIs) showed potent antimicrobial activity
against S. aureus, but they did not show any significant activity
against E. coli.'® Furthermore, the BPEIs are not hemolytic
against human red blood cells (RBCs). The BPEIs do not cause
membrane permeabilization, indicating that membrane dis-
ruption is not the primary mechanism of antimicrobial action.
In the literature, other cationic s?rnthetic oligomers and
polymers, such as polynorbornenes'”*® and oligo-lysines,"’
have also shown selective activity against S. aureus. Similar to
that of BPEISs, cationic natural polysaccharide chitosan showed
potent antimicrobial activity against S. aureus without inducing
significant membrane disruption.”® The chemical structures of
these polymers are diverse, but the cationic charge is common
among them. This may suggest that the cationic functionality is
a key determinant in their antimicrobial activity and selectivity
to S. aureus.

In this study, we investigate the in vitro and in vivo
antimicrobial activity of cationic synthetic polymers as a
potential cell-selective antimicrobial agent against S. aureus.
We are particularly interested in S. aureus as a target bacteria
because cationic polymers such as PEIs previously showed
selective activity to S. aureus, as described above, and because S.
aureus is one of the most common causes of nosocomial and
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community-acquired infections.””*” In order to probe into the

role of cationic functionality in the antimicrobial mechanism of
polymers, we have designed a series of ammonium ethyl
methacrylate homopolymers (AEMPs) with a varying number
of primary ammonium groups in the side chains rather than
random copolymers with both cationic and hydrophobic side
chains, which have been shown to exert their antimicrobial
effect by disrupting bacterial cell membranes. This series of
AEMPs serves as a simple model to investigate why the cationic
polymers display selective activity to S. aureus and to determine
if this is a previously uncharacterized mode of antimicrobial
action of polymers.

The purposes of this study are to evaluate the in vitro eficacy
of AEMPs as anti-S. qureus agents as well as to assess the
teasibility and effectiveness of these AEMPs for the treatment of
S. aureus nasal colonization. We particularly targeted the
treatment of S. aureus in nasal colonization because nasal
passages have proven to be a prime environment for S. aureus
colonization and play an important role in S. aureus
infection.”>** In this study, the spectrum of activity and
bactericidal kinetics of the AEMPs were examined. To assess
the activity of AEMPs under physiological conditions, their
antimicrobial activity in the presence of serum was also
determined. The propensity for resistance development in S.
aureus was evaluated by exposing bacteria to an AEMP at a
subinhibitory concentration. To evaluate the cytotoxicity of
AEMPs, cell viability of mammalian HEp-2 and COS-7 cells
was determined in the presence of AEMPs using an XTT assay.
Finally, the AEMPs were tested for their in vivo activity against
S. aureus nasal colonization in a cotton rat model.

B MATERIALS AND METHODS

Materials. 2,2'-Azobis(isobutyronitrile) (AIBN) was purchased
from Sigma-Aldrich, and ethanolamine and di-tert-butyldicarbonate
were purchased from Acros and used without further purification.
Methacryloyl chloride was purchased from Acros and was freshly
distilled prior to each use. Trifluoroacetic acid and reagent grade
solvents were purchased from Fisher, and the bee venom toxin melittin
(>85%) was purchased from Sigma. Poly(ethylene glycol) (PEG, MW
= 2000, cat. 81221, lot 1237799 14006162) was purchased from
Sigma-Aldrich, and branched PEI (BPEL, MW = 1800, cat. 06089, lot
559792) was purchased from Polysciences, Inc. (Warrington, PA,
USA). Human RBCs (leukocytes reduced adenine saline added) were
obtained from the American Red Cross Blood Services Southeastern
Michigan Region and used prior to the out date indicated on each unit.
Heat-inactivated fetal bovine serum (HI FBS), certified and of US
origin (cat 10082-147, lot 1382252) was purchased from Life
Technologies (Gibco). RAFT agent 2-cyanoprop-2-yl ethyl trithiocar-
bonate (CPETC) was synthesized as previously described.”® For
cytotoxicity testing, HEp-2 (ATCC CCL-23) and COS-7 (ATCC
CRL-1651) cell lines were used. Gel permeation chromatography
(GPC) was performed using a Waters 1515 HPLC instrument
equipped with Waters Styragel (7.8 X 300 mm) THF HR 0.5, THF
HR 1, and THF HR 4 type columns in sequence and analyzed with a
differential refractometer (RI) at 40 °C in THF. Samples were
dissolved in THF and passed through a 0.2 ym PTFE filter prior to
analysis. The number-averaged molecular weight (M,) and weight-
average molecular weight (M,,) were calculated using a calibration
curve based on 10 standard samples of poly(methyl methacrylate),
MW 500—50 000 (Agilent Technologies, M-L-10, no. PL2020-0100).
'"H NMR was performed using a Varian MR400 (400 MHz) and
analyzed using VNMR]J 3.2 and MestReNova.

Monomer Synthesis. The monomer was prepared using the same
procedure reported previously.'* To a solution of ethanolamine (116
mmol, 7 mL) in a biphasic mixture of THF (150 mL) and NaOH(aq)
(5M, 30 mL) in an ice bath was added di-tert-butyldicarbonate (118
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mmol, 25.67 g), and the mixture was stirred at room temperature
overnight. The solution was concentrated under reduced pressure, and
the resulting N-Boc ethanol amine was washed with ethyl acetate, 10%
citric acid, saturated NaHCO5(aq), and brine. The organic layer was
dried over magnesium sulfate and filtered. Ethyl acetate was removed
under reduced pressure. 'H NMR (400 MHz, CDCly): § 1.367 (s, 9
H), 3.182 (t, 2H), 3.587 (t, 2H), 5.287 (bs, 1H).

Freshly distilled methacryloyl chloride (51.2 mmol, 5.0 mL) in
dichloromethane (20 mL) was added dropwise to a solution of the N-
Boc-ethanolamine (44.8 mmol, 7.22 g) and triethylamine (89.7 mmol,
12.5 mL) in dichloromethane (50 mL) at 0 °C, and the mixture was
allowed to stir overnight at room temperature. The solution was then
filtered, and the filtrate was concentrated under reduced pressure and
washed with water, 10% citric acid, 10% K,CO;, saturated
NaHCOj5(aq), and brine. The organic layer was dried over magnesium
sulfate and filtered. The monomer 2-(tert-butoxycarbonylamino)ethyl
methacrylate, was recrystallized from hexanes at —20 °C to give a
white solid in 70.3% yield. "H NMR (400 MHz, CDCl,): & 1.44 (s, 9
H), 1.94 (s, 3 H), 3.43 (d, 2 H), 4.20 (t, 2 H), 4.77 (bs, 1H), 5.58 (s, 1
H), 6.12 (s, 1 H).

Polymer Synthesis. Reversible addition—fragmentation chain
transfer (RAFT) polymerization of N-(tert-butoxycarbonyl)aminoethyl
methacrylate (Boc-AEMA) was carried out using the RAFT agent 2-
cyanoprop-2-yl ethyl trithiocarbonate (CPETC). Boc-AEMA (1.1947
g 5211 mmol) and AIBN (8.6 mg, 0.05211 mmol) were placed in a
20 mL flask. After evacuating and refilling the flask with nitrogen three
times, dry toluene (total toluene volume 7.526 mL, including CPETC
solution) and dry acetonitrile (5.211 mmol, 0.272 mL) were added to
maintain a monomer concentration of 0.67 M. The mixture was stirred
at room temperature until contents were dissolved. Finally, CPETC
(0.5 M in toluene) was added at 22, 10, or 3 mol % relative monomer
(2.3, 1.05, 0.3 mL, respectively). The reaction flask was then placed in
oil bath at 80 °C for 48 h with stirring. After 48 h, the polymerization
was quenched by cooling the reaction mixtures in a dry ice/ethanol
bath. The percent conversion of monomer was determined by 'H
NMR by monitoring the disappearance of the hydrogen at 6 6.1 and
5.6 ppm in CDCl;. The polymerization was concentrated under
reduced pressure, and the polymer was then precipitated twice in
hexane. The precipitates were collected by centrifugation and dried
under high vacuum overnight to give Boc-protected AEMPs (1 g, yield
83%). Boc-protected polymers were characterized by '"H NMR and
GPC. 'H NMR (400 MHz, DMSO-dg) for Boc-Py,: 6 0.85 (d), 1.16
(s), 1.19 (s), 1.31 (bs), 1.62 (bs), 1.80 (m), 3.17 (bs), 3.85 (bs), 6.81
(bs). See the Supporting Information, or Figure 3, for peak
assignments.

The Boc-protected polymers (1 g) were dissolved in methanol (0.5
mL). TFA (3 mL) was added to the polymer solution, and the reaction
mixture was stirred at room temperature for 10 min. TFA and
methanol was reduced by N, flushing, and the polymers were twice
precipitated from methanol into diethyl ether. The precipitates were
collected by centrifugation and dried under high vacuum. The
resultant polymers were further dissolved in water (~10 mL) and
frozen in a freezer (0 °C) for at least 3 h and a —80 °C freezer
overnight. These polymers were then lyophilized under high vacuum
using Labconco’s FreeZone 1 liter benchtop freeze-dry system (model
7740021) overnight, affording a powder of homopolymers bearing
primary ammonium groups in the form of trifluoroacetate salts (0.750,
yield 59%). The polymers were characterized by '"H NMR. 'H NMR
(400 MHz, DMSO-d,) for P,;: 5 0.85 (d), 1.16 (s), 1.25 (s), 1.63
(bs), 1.91 (m), 3.12 (bs), 4.07 (bs), 8.27 (bs). See the Supporting
Information for NMR spectra and peak assignments.

Antimicrobial Assay. The minimum inhibitory concentration
(MIC) of polymers was determined by a turbidity-based microdilution
assay according to a procedure reported previously."* Assays were
performed in Miiller—Hinton (MH) broth for all bacteria. Escherichia
coli (ATCC 25922), Staphylococcus aureus (ATCC 25923), Enter-
ococcus faecalis (ATCC 29212), Pseudomonas aeruginosa (ATCC
27853), Staphylococcus saprohyticus strain 710826, Bacillus subtilis
(ATCC 6633), Acinetobacter baumannii (ATCC 17978), S. aureus
strain LAC (MRSA USA300-0114),26 and S. aureus strain BB2146%’
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were used. Each polymer was dissolved in DMSO, and this DMSO
solution was diluted by 0.01% acetic acid to give 2-fold serial dilutions.
An overnight bacterial culture was prepared by taking 2 to 3 bacterial
colonies from a Petri dish and placing them into 7 mL of MHB with
shaking at 37 °C. After overnight growth, the bacterial culture was
diluted by MH broth (ODg, = 0.1) and incubated at 37 °C until the
bacteria reached the mid log growth phase, ODgy = 0.5—0.6 (1.5—4.5
h, depending on the bacterial strain). The bacteria cultures in the mid
log growth phase were diluted to a final concentration of ODgyy =
0.001, which contains approximately 5 X 10° cfu/mL. This stock (90
uL) was mixed with a polymer solution (10 uL) in a 96-well
polypropylene microplate (Corning no. 3359). After incubating for 18
h at 37 °C, the plate was examined visually to determine bacterial
growth as the formation of bacterial palettes or increases in solution
turbidity. The MIC was defined as the lowest polymer concentration
at which no turbidity increase was observed for at least 2 out of 3 wells
relative to the negative control (broth). As an additional negative
control, 2-fold serial dilutions of DMSO, without polymer, were tested
under the same conditions and showed no inhibitory effects, even at
the highest DMSO concentration (10%). All assays were performed in
triplicate for at least three independent experiments. The polymers in
MH broth without bacteria did not show any precipitation, as their
solubility was determined to be >1000 pg/mL.

Antimicrobial Assay in Fetal Bovine Serum. The MIC of the
AEMPs in the presence of fetal bovine serum (FBS) was determined
as described above with modifications. Bacteria were grown overnight
and diluted and regrown in MH broth at 37 °C until the bacteria
reached the mid log growth phase. The bacteria cultures in the mid log
growth phase were diluted to a final concentration of ODgy =
0.00225. This stock (40 uL) was mixed with a polymer solution
diluted in 0.01% acetic acid as for MIC (10 L) and FBS or PBS (50
uL, 50% of total volume) and bacteria in MHB (40 ul, ODyy
0.00225) in a 96-well polypropylene microplate. After incubating for
18 h at 37 °C, the plate was examined visually to determine bacterial
growth as the formation of bacterial palettes or increases in solution
turbidity. MIC was determined as described above.

Hemolytic Assay. Toxicity to human red blood cells (RBCs) was
assessed by a hemoglobin release assay. RBCs (1 mL) were diluted
into PBS (9 mL) and then centrifuged at 2000 rpm for S min. The
supernatant was carefully removed using a pipet. This procedure was
repeated two additional times. The resulting stock (10% v/v RBC) was
diluted 100X in PBS, and the number of red blood cells was counted
using a hemocytometer. The original stock (10% v/v) was then diluted
to 1.11 X 10° RBC/mL with PBS. This RBC suspension (90 L) was
then mixed with each of the polymer serial dilutions (10 yL) on a
sterile 96-well round-bottomed polypropylene microplate (RBC
concentration on plate is 1.0 X 10®° RBC/mL). PBS (10 uL) or
Triton X-100 (10 uL, 1% v/v) was added instead of polymer solution
as negative and positive hemolysis controls, respectively. The
microplate was incubated at 37 °C in an orbital shaker at 180 rpm
for 60 min. The plate was then centrifuged at 1000 rpm for S min. The
supernatant (6 L) was diluted into PBS (110 pL) in a 96-well flat-
bottomed polystyrene microplate (Corning no. 3370), and the
absorbance at 405 nm was recorded using a microplate reader
(PerkinElmer Lambda Reader). The fraction of hemolysis was defined
as H= (A — Ay)/(Arx — Ap), where A is the absorbance reading of the
sample well, A, is the negative hemolysis control (PBS buffer), and
Ary is the positive hemolysis control (Triton X-100). Hemolysis was
plotted as a function of polymer concentration, and the HCs, was
defined as the polymer concentration that causes 50% hemolysis
relative to that of the positive control. The data were obtained in at
least three experiments performed in triplicate.

Bacterial Kinetics. Bactericidal kinetics was determined by
inoculation of the polymers with bacteria in MH broth and colony
counting on agar plates. An overnight culture of S. aureus ATCC
25923 was regrown to the exponential growth phase (ODgq, of 0.5 to
0.6) and diluted to an ODg, 0.001 to give 8 mL of bacterial solution
in a 15 mL centrifugation tube. To this solution was added the
polymer solution to a final concentration of two times the MIC value
of each polymer. The tubes were incubated at 37 °C in an orbital
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shaker at 180 rpm, and aliquots of solution (100 yL) were drawn at
appropriate time intervals. After dilution by 10% 10% 10° 10% or 10-
fold into PBS buffer, the dilutions were streaked onto agar plates and
incubated at 37 °C overnight. The colonies were then counted to
determine the number of viable cells as colony-forming unit (cfu)/mL
in the polymer solution. The data and errors are the average and SD of
two experiments, each performed in duplicate (n = 4).

Bacterial Resistance.' The first MIC determination of AEMPs
and two antibiotics, norfloxacin and mupirocin, against S. aureus
ATCC 25923 was performed as described above. Bacteria samples
from triplicate wells (60 L) at the concentration of one-half the MIC
were removed, combined, and added to fresh MH broth (1.5 mL).
The bacterial culture was regrown at 37 °C to the mid log growth
phase (ODyy = 0.5—0.6). This culture was used to determine the MIC
values of polymers again as described above. This experiment was
repeated for 14 successive passages. This was repeated for a total of
two resistance experiments.

Cell Culture. Cytotoxicity experiments were carried out using the
HEp-2 and COS-7 cell lines. HEp-2 cells are human epithelial cells
isolated from larynx carcinoma. It should be noted that the HEp-2 cell
line is contaminated with HeLa cells derived from cervical cancer.
HEp-2 cells were grown in antibiotic-free minimum essential medium
(MEM) supplemented with 10% heat-inactivated fetal bovine serum
(HI FBS), pyruvate (1 mM), and nonessential amino acids (0.1 mM)
at 37 °C, 5% CO,, and 95% relative humidity. The doubling time of
the HEp-2 cells in this supplemented medium is about 22—24 h. COS-
7 cells are fibroblast-like cells derived from monkey kidney tissue.
COS-7 cells were grown in antibiotic-free Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% HI FBS, high glucose (25
mM), L-glutamine (4 mM), sodium pyruvate (1 mM) at 37 °C, 5%
CO,, and 95% relative humidity. The doubling time of the COS-7 cells
in this supplemented medium is about 35—48 h.

XTT Cell Viability Assay. HEp-2 or COS-7 cells were seeded into
the 96-well cell culture plates (Falcon no. 3072) at a density of 1 X 10*
cells per well. After 20 h incubation for HEp-2 cells, 24 h for COS-7
cells, the cell confluence was about 50—60%, and the cell culture
medium was replaced with serial dilutions of polymer stock solutions
in a fresh growth medium. The viability of cells exposed to the
polymers was assessed using a commercial kit (Cell Proliferation Kit II,
Roche). After a 24 h exposure to polymers, the cells were washed once
with PBS, and then PBS (100 uL) was added to each well. A solution
of sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-me-
thoxy-6-nitro) benzenesulfonic acid hydrate (XTT) and an electron-
coupling reagent N-methyl dibenzopyrazine methyl sulfate (PMS)
were added to each well to give the final concentration of 0.2 mg/mL
and 1.5 pg/mlL, respectively. To assess the effect of polymers on the
conversion of substrate, control wells containing only PBS and XTT
with PMS were included. After a 4 h incubation for HEp-2 cells or 6 h
incubation for COS-7 cells at 37 °C in the presence of 5% CO,, the
formation of orange-colored formazan derivative produced by the
metabolic cellular activity was determined by the absorbance at 450
nm (test wavelength) and 650 nm (background wavelength). The
spectrophotometer was calibrated to zero absorbance using PBS
without cells. The cell viability was determined relative to that of a
control containing intact cells, which were exposed only to solvent.
The data are means and standard errors of three independent
experiments performed in triplicate (n = 9).

In Vivo Animal Testing. The cotton rat nasal colonization model
described by Kokai-Kun was utilized to determine the ability of
polymers to decolonize S. aureus from the nasal environment.””*®
Nontransgenic cotton rats (strain Hsd) were purchased from Harlen
Laboratories. The protocol was approved by the Committee on Use
and Care of Animals (UCUCA) of the University of Michigan (permit
no. 10394). S. aureus (strain BB2146)*>” was grown overnight in TSB,
harvested by centrifugation, washed, and resuspended in phosphate
buffered saline (PBS). Cotton rats (3—5 for each condition) were
anesthetized, and a 10 L aliquot containing 1 X 10% colony forming
units (CFUs) was intranasally instilled dropwise equally between the
two nostrils. After 3 days, the animals were intranasally treated with an
AEMP (P, or Pg) at 125 pug/mL or mupirocin at 400 ug/mL (MIC

dx.doi.org/10.1021/bm500557d | Biomacromolecules 2014, 15, 2933—2943



Biomacromolecules

=

S _S - S__S
o CN /n T CN n T ~
CPETC, ABN oo TFA S
oo
NH Toluene, MeCN Methanol H
o :(o 80°C, 48 hrs O._NH £t 30 min NH;
( >ro Boc-P, cF 30(@)2 P,

Figure 1. Synthesis of ammonium ethyl methacrylate homopolymers (AEMPs).

= 0.2 ug/mL). Three days later the animals were sacrificed, the noses
were surgically removed, and S. aureus CFUs were determined. As a
negative control, animals were exposed to PBS without polymer.
Mupirocin was used as a benchmark for effective decolonization. The
experiments for P, and P, were performed independently along with
mupirocin and PBS controls, and the data for these controls were
combined and used for statistical analysis.

Statistical Analyses. Statistics were performed using Student’s ¢
test. Results are expressed as mean + SD, unless otherwise indicated.

B RESULTS AND DISCUSSION

Polymer Synthesis and Characterization. Boc-protected
amino ethyl methacrylate homopolymers (Boc-P series) were
prepared by RAFT polymerization of Boc-protected aminoethyl
methacrylate (AEMA) using 2-cyanoprop-2-yl ethyl trithiocar-
bonate (CPETC) as a chain transfer agent (Figure 1). The
protection of amine groups facilitates the polymer synthesis in
organic solvents as well as avoids undesired aminolysis of the
RAFT agent and intermolecular amide formation with the ester
groups in the monomer. The polymerization proceeded at 80
°C and was quenched by cooling in a dry ice/ethanol bath after
48 h. '"H NMR spectra of the crude polymerization mixture
indicated at least a 96% conversion of monomer for each
polymerization. The resulting Boc-protected polymers were
purified by precipitation into hexane.

GPC analysis of these Boc-protected AEMPs indicated that
the polydispersity index (M,,/M,) is ~1.3 (Figure 2 and Table

RI Signal (arbitrary units)
W N - o O

L I

(=]

15 17 19

21

Retention time (min)

Figure 2. GPC Trace (Waters GPC, RI Detector, THF eluent) of Boc-
protected polymers.

1). The degree of polymerization (DP) was determined by
comparing the integrated intensities of the '"H NMR resonances
from the terminal RAFT agent group relative to that of the
monomer side chain (Figure 3). AEMPs were synthesized with
different DPs by varying the ratio of RAFT agent to monomers.
The Boc groups of the polymers were removed by treating the
polymers with trifluoroacetic acid (TFA) to give AEMPs with
primary ammonium groups, indicated as the disappearance of
the peak at 1.5 ppm in the NMR spectrum (Supporting
Information). The DP values of deprotected polymers (P
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series) were in the range of 7.7—12, which represents the
average number of ammonium groups in a polymer. The
integrated intensities of the methyl groups at the a-end slightly
decreased from 3.8 to 2.6 for P, for example, relative to the six
protons of methyl groups at the w-end after the deprotection
procedure (Supporting Information). This could be attributed
to partial decomposition of the trithioester end groups because
of low stability of the RAFT agent CPETC under the acidic
conditions (see the Supporting Information for decomposition
of CPETC in TFA). Because of the decomposition of the
RAFT agent, the DPs are calculated on the basis of the signals
from the a-terminal group. Accordingly, the AEMPs will be
identified as P, where x is the DP of polymers.

Antimicrobial Activity. The AEMPs were tested for their
antimicrobial activity against a panel of clinically relevant
bacterial pathogens. The antimicrobial activity of the AEMPs
was quantified as the MIC at which bacterial growth is
completely inhibited after an 18 h incubation (Table 2 and
Figure 4). The MIC was determined using a turbidity-based
microdilution method.* In general, the MIC values of AEMPs
against Gram-positive bacteria tested in this study are smaller
than those against Gram-negative bacteria. This indicates that
the AEMPs were more effective at inhibiting the growth of
Gram-positive bacteria when compared to the Gram-negative
bacteria tested. The AEMPs are also active against community-
acquired methicillin-resistant S. aureus (CA-MRSA), with
similar MIC values of AEMPs against the susceptible S. aureus
strain.

The number of ammonium groups in a polymer chain, or DP
of AEMPs, did not appear to have a large influence on an
AEMP’s activity against any of the Gram-positive bacterial
strains tested, as the MICs for all AEMPs tested for a particular
bacterium are within a 2-fold dilution. On the other hand, the
MIC values of AEMPs against E. coli and P. aeruginosa
decreased as the DP of AEMPs increased, indicating the
AEMPs with higher DPs are more active against these bacteria.
However, the MIC values of AEMPs against A. baumannii do
not appear to depend on the DP of AEMPs. The general trend
of AEMPs for lower activity toward Gram-negative bacteria
may be, at least in part, due to the inability of AEMPs to
penetrate the outer membrane of Gram-negative bacteria,
preventing AEMP access to the cell wall and cytoplasmic
membranes, although the antimicrobial target of AEMPs in
bacteria is not clear at this point.

Antimicrobial Mechanism. We have previously demon-
strated that conventional cationic polymers of unmodified
BPEIs showed potent antimicrobial activity against S. aureus
without causing significant membrane permeabilization, in-
dicating that membrane disruption is not likely the primary
mechanism of antimicrobial action.'® To elucidate the
antimicrobial mechanism and bacterial targets of AEMPs, we
attempted to determine membrane permeabilization by the
AEMPs using a membrane-potential sensitive fluorophore
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Table 1. Synthesis and Characterization of AEMPs

Boc-protected polymer

deprotected polymer

Boc-P CPETC® (%)  conv.! (%) M, GPC°  M,, GPC*
Boc-Pgy 22 97 3300 4300
Boc-P,, 10 9% 5100 6700
Boc-Pyy 3 97 9800 13000

“Mole percentage of CPETC relative to the total amount of monomer in polymerization.

p DP¢ M,, NMR/ P DP¢ M,, NMR/&
132 9.9 2500 P, 7.7 1200 (2100)
131 11 2800 Py 10 1600 (2700)
1.35 19 4600 P, 12 1800 (3200)

b . . .
Monomer conversion was determined by comparing the

integrations of peaks from vinyl groups and monomer side chains in 'H NMR spectra. “The number- and weight-average molecular weight (M, and
M,,) were determined by GPC using THF. The molecular weight calibration was based on poly(methyl methacrylate) standards. Ypolydispersity
index is calculated as M,,/ M, using M,, and M, values determined by GPC. “The degree of polymerization (DP) was determined by comparing the
integrated intensity of the 'H NMR resonances from the a-terminal methyl groups (j) relative to that of the side chain (c)./The number-average
molecular weights (M,,) were calculated using DP and the molecular weights of monomer and CPETC based on the chemical structure of polymers.
#The number-average molecular weight (M,) of deprotected polymers without trifluoroacetate. M, of polymers including trifluoracetate are

presented in parentheses.

d d'
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N
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e
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Figure 3. 'H NMR spectrum (400 MHz, DMSO-d;) of Boc-Py,.
Table 2. Antimicrobial Spectrum of AEMPs and Antibiotics
MIC? (ug/mL) (or uM)
bacteria Gram P, P Py, norfloxacin mupirocin vancomycin
S. aureus ATCC 25923 + 94 (45) 73 (27) 63 (20) 1.0 (3.1) 0.25 (0.5) 1.3 (0.9)
S. aureus BB2146 + 63 (30) 63 (23) 42 (13) 11 (3.3) 0.2 (0.4) nd.
S. aureus LAC (CA-MRSA)® + 125 (60) 83 (31) 63 (20) >8 (>25) 0.25 (0.5) 1.3 (0.9)
S. saprohyticus + 16 (7.4) 16 (5.8) 16 (5) 0.83 (2.6) 0.13 (0.2) 1.3 (0.9)
B. subtilis + 83 (40) 63 (23) 63 (20) 1.0 (3.1) >8 (>16) 1.8 (1.3)
E. faecalis + 156 (74) 94 (34) 78 (24) 1.5 (47) nd. 1.8 (1.3)
E. coli >1000 (>476) 1000 (370) 313 (98) n.d. >40 (>80) >40 (>28)
A. baumannii - 417 (198) 670 (247) 250 (78) 1.3 (42) >8 (>16) >8 (>5.5)
P. aeruginosa - 1000 (476) 50 (185) 250 (78) 0.83 (2.6) >8 (>16) >8 (>5.5)

“The MIC in micromolar is presented in parentheses, using M, with trifluoroacetate. bCommunity-associated methicillin-resistant S. aureus

DISC3(5).16’19’30 This fluorophore binds to intact S. aureus
cytoplasmic membranes and undergoes self-quenching. When
the membrane is permeabilized through interaction with the
polymers, the self-quenching of DISC4(S) is alleviated, and the
fluorescence is recovered. Because the AEMPs did not cause
any significant fluorescence recovery, it appears that the AEMPs
do not permeabilize the S. aureus membranes. However, we
found that the AEMPs cause strong quenching of DISC,(S)
fluorescence in solution (see the Supporting Information for
the assay protocol, results, and fluorescence quenching). The
lack of fluorescence recovery could be due to the fluorescence
quenching rather than a lack of membrane depolarization.
Therefore, it is not possible to determine if the AEMPs cause
membrane permeabilization. It should be noted that PEI did
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not cause significant quenching of DISCs(S),16 and here we
provide a caution to the use of this assay for cationic polymers.
In addition to the fluorescence assay, we also performed a cell
leakage assay to determine membrane damage by an AEMP. S.
aureus cells were incubated with the P, for 2 h, and the cells
were removed by centrifugation. The absorbance of cell-free
supernatant at 260 nm was measured to determine if any UV-
absorbing compounds leaked from S. aureus cells due to any
damage to membrane integrity. We observed high absorbance
of supernatant. However, the absorbance of AEMP supernatant
is about 2-fold higher than a control of 100% cell lysis by
lysostaphin. Therefore, the membrane disruption could not be
quantitatively determined by this assay method. We speculate
that the absorbance was increased due to the interaction or

dx.doi.org/10.1021/bm500557d | Biomacromolecules 2014, 15, 2933—2943



Biomacromolecules

1000 +
3 oP7.7 SP10
=)
5
2 100 ¢
Q [
=
=
10 4
}(S’C
wﬁ
o
o
S

mP12

Figure 4. Minimum inhibitory concentration (MIC) of AEMPs for selected Gram-positive and -negative bacteria.

Table 3. Antimicrobial Activity of AEMPs in the Presence of Fetal Bovine Serum

MIC (ug/mL)

bacteria condition P, Py Py, CTAB mupirocin norfloxacin
E. coli MHB >1000 670 250 35 nd. nd.
50% PBS >1000 670 104 35 nd. nd.
50% FBS >1000 >1000 >1000 >63 nd. nd.
S. aureus ATCC 25923 MHB 130 63 63 0.98 0.5 13
50% PBS 63 31 16 0.98 0.5 1.0
50% FBS 20 59 6.8 >7.8 >4.0 2.0
S. aureus BB 2146 MHB 83 63 42 0.81 033 1.0
50% PBS 31 16 16 0.41 025 0.67
50% FBS 3.9 2.0 2.0 6.5 >4.0 1.0
1000 4 OMHB B50% PBS m50%FBS
130
100 63 63 63 83 63 N
A 31 31 42
E 0 16 16 16
S 8
E4U >0 >4 3.9 >4
o 2 2
= 0.25
1 059 03
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P7.7 P10 P12 Mupirocin P7.7 P10 P12 Mupirocin

S. aureus ATCC 25923

Figure S. Effect of FBS on the activity of AEMPs and mupirocin against S.

S. aureus BB2146

aureus.

aggregation of AEMPs with cellular components including
proteins and lipids (see the Supporting Information for the
assay protocol and results). Therefore, it is not clear at this
point if the AEMPs are membrane-active or if they have a
different mode of action from other antimicrobial polymers.

Antimicrobial Activity in the Presence of Serum. To
evaluate the activity of AEMPs under physiological conditions,
the MIC values of AEMPs were determined in the presence of
FBS. It has been reported that the activity of antimicrobial
peptides is reduced in the presence of serum because the serum
salts curtail the electrostatic binding of cationic peptides to
anionic bacterial surfaces and that serum proteins such as
albumin nonspecifically bind to peptides.>"** Therefore, the
activity of AEMPs could also be mitigated in the presence of
serum.

AEMP activity was determined in 50% (v/v) FBS in MH
broth (MHB). MHB components could nonspecifically bind to
the polymers, reducing the polymer activity. The reduction of
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these antagonizing factors in MHB by dilution with PBS buffer
would increase their antimicrobial activity (decrease MIC
values). To take this dilution effect into account, we used 50%
PBS buffer in MHB as a control.

Against E. coli, all of the polymers did not show any activity
in the presence of FBS (MIC > 1000 pg/mL), whereas the high
MW polymers P, and P, are active toward E. coli in the
absence of FBS (Table 3). The MIC of cationic surfactant
CTAB also increased in 50% FBS, indicating that serum
components reduce the activity of cationic polymers AEMPs
and surfactant.

Interestingly, the MICs of AEMPs for S. aureus are decreased
significantly in the presence of FBS when compared to those in
MHB. For example, P,,, which is used for the in vivo testing
described below, had an MIC of 125 pug/mL in MHB and a
MIC of 19.5 ug/mL in FBS, giving a 6-fold reduction in MIC
(Figure S). The MIC of P, showed a 2-fold reduction in PBS/
MHB, indicating that the MIC reduction of P, in FBS is not
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due only to the effect of dilution of MHB described above. The
MIC of AEMPs with higher molecular weights also decreased
in the presence of serum to give MICs of 5.9 and 6.8 ug/mL for
Py, and P,, respectively, which is about a 10-fold reduction in
their MIC values compared to those in MH broth (Table 3).
The MIC values of AEMPs in 50% FBS are 6—20 pug/mL
(Table 3), which are comparable to those of potent
antimicrobial polymers reported in the literature,” " although
the literature values were generally determined in the absence
of serum. In addition, caution must be taken when comparing
MIC values between research groups, as many groups use
different assay protocols, and the MIC values depend on
multiple assay conditions including bacterial strain, assay plate,
and broth media. The MICs of AEMPs for S. aureus strain
BB2146, which is the strain used for the in vivo assay described
below, are 2—4 pg/mlL, indicating that the polymers are highly
active against this strain of S. aureus. The MIC values of the
surfactant CTAB and the antibiotic mupirocin, which is an
RNA duplication inhibitor®® widely used in the topical
treatment of skin/wound infections, significantly increased in
50% FBS, indicating that FBS does not generally increase S.
aureus susceptibility to antimicrobials. However, the mechanism
of potent activity of AEMPs in FBS is not clear at this point. It
should be noted that the decrease in MIC of AEMPs for S.
aureus was observed for different batches of AEMPs with
different lots of FBS, suggesting that the results presented in
this report are not batch/lot specific. In summary, the AEMPs
showed potent activity against S. aureus in the presence of FBS,
which contrasts with the activity reduction for CTAB and
antibiotics. These results demonstrate that these AEMPs have
potential for potent activity against S. aureus infections under
physiological conditions.

Bactericidal Kinetics. We examined the bactericidal
activity exerted by the AEMPs against S. aureus ATCC 25923
and their time dependence to assess the rate of killing.
Accordingly, we monitored the number of viable S. aureus cells
in a colony-forming unit (cfu) as a function of exposure time to
the AEMPs at concentrations of twice their respective MICs.
We used the conventional antibiotics mupirocin and nor-
floxacin (DNA gyrase and topoisomerase IV inhibitor,
respectively)**** for comparison.

At two times the MIC, the antibiotic mupirocin caused less
than 1 log reduction in the number of viable S. aureus (Figure
6), indicating that mupirocin is rather bacteriostatic under this
condition, which is in agreement with the literature.>®
Norfloxacin did not cause any change in the number of viable
S. aureus cells when the bacteria were in the lag phase of growth
(0—40 min), but after 40 min, the number of viable cells started
to decrease, with a 2 log reduction after 190 min. After 18 h, the
bacteria treated with norfloxacin grew slightly, which is in
agreement with the literature.>’

In contrast to the antibiotics tested, the AEMPs showed
killing of S. aureus with relatively higher killing rates. All three
polymers are bactericidal at 2 times their MICs and caused 4-
log reductions in the number of viable bacteria (99.99% killing)
within 360 min. The highest MW polymer, Py,, caused a 3-log
reduction in the number of viable cell population (99.9%
killing) after 60 min, whereas P}, and P;, needed at least twice
as much time, 130 and 210 min, respectively for the same 3-log
reduction. This demonstrates that for AEMPs the rate of killing
increased as the molecular weight of the polymers increased.

After 18 h, the bacteria incubated with the lower MW
polymers P, and Py, grew back to give a 2-fold (99%) or 3-
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Figure 6. Bactericidal kinetics of AEMPs and antibiotics mupirocin

and norfloxacin at 2 times MIC. The detection limit is 10 cfu/mL due
to the dilution factor in this assay.

fold (99.9%) reduction in the number of initial bacteria. This
indicates that some population of bacteria may be resistant to
the antimicrobial action of the AEMPs and are still viable. The
development of S. aureus resistance to the polymer will be
discussed in detail below.

Resistance Development. To assess the potential
emergence of antibacterial resistance to AEMPs, S. aureus was
exposed to subinhibitory concentrations ('/, MIC) of
antimicrobial agents during successive subcultures. We used
P, as a model compound and two conventional antibiotics
norfloxacin and mupirocin as positive controls, as the antibiotic
resistance in S. aureus to these antibiotics has been previously
reported.*®*

The MIC values of P, and the antibiotics against S. aureus
were determined for each passage over 14 successive
subcultures (Figure 7). The MIC values of norfloxacin started
to increase on the first passage and continuously increased up
to 64 times the starting MIC at the 11th passage. The MIC of
mupirocin began increasing at the second passage and
continued increasing up to 6 times the original MIC at the
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Figure 7. Propensity of AEMP P, for resistance development in S.
aureus. (A) Fold increase in MIC against S. aureus as a function of
passage. One-sided error bars are presented for clarity. (B) Relative
increase in MIC after 14 passages.
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11th passage. On the other hand, the MIC of P, started to
increase at the fourth passage and increased up to 6 times the
original MIC after 12 passages, which is at the same level of
resistance as that against mupirocin.

It has been reported that S. aureus has become resistant to
cationic antimicrobial peptides by chemically modifying their
anionic biopolymer teichoic acids in the cell wall.** The alanyl
esterification of the teichoic acids reduces the net anionic
charge in the S. aureus cell wall,*** which decreases the
electrostatic binding of cationic polymers to the bacterial cell
surfaces. The same resistance mechanism would also reduce the
electrostatic binding of cationic polymers to S. aureus, resulting
in lower AEMP activity or an increase in MIC, although the
antimicrobial target of AEMPs in bacteria is not clear at this
point.

Hemolytic Activity. As an initial metric of biocompatibility,
the lysis of human red blood cells (hemolysis) by AEMPs was
measured. The AEMPs showed 1.6—7.6% hemolysis at 1000
ug/mL, the highest concentration tested (Figure 8), indicating

—O—P7.7
—P10

15 A

Percent Hemolysis

-5
Polymer Concentration (ug/mL)

Figure 8. Hemolytic activity of AEMPs against human red blood cells,
with hemolysis by Triton X set as 100%.

the AEMPs are not potent hemolysins. For comparison, under
the same assay conditions, bee venom toxin melittin causes
100% hemolysis at concentrations as low as 10 pug/mL (data
not shown). In corroboration with the antimicrobial activity of
AEMPs, the AEMPs are antimicrobial against Gram-positive
bacteria over Gram-negative bacteria, but they are not
hemolytic, indicating the AEMPs are cell-selective to Gram-
positive bacteria.

Cell Cytotoxicity. To assess the toxic profile of AEMPs, the
reduction of cell viability of mammalian cells exposed to
AEMPs or cytotoxicity was determined. We used human
epithelial HEp-2 cells because a potential application of AEMPs
is topical antimicrobials for skin and nasal infections. Monkey
kidney fibroblast COS-7 cells were also used to test for
cytotoxicity in order to examine the cell dependence of AEMP
cytotoxicity. The cell viability was determined using the XTT
colorimetric assay.*>** In addition to the AEMPs, commercially
available polymers including neutral nontoxic PEG (MW 2000)
as well as BPEI (MW 1800) were used for comparison.

For both cell lines tested, the cell viability decreased with
increasing AEMP and BPEI concentrations, eventually reaching
0% (complete cell death) (Figure 9). PEG did not show any
significant reduction in cell viability for either cell line. For the
AEMPs, cell viability decreased with increasing polymer
concentration, and the cytotoxicity of AEMPs was dependent
on the molecular weight of the AEMP. The polymer
concentration which caused a 50% reduction in cell viability
after 24 h incubation with AEMPs was defined as the IC;, value
(Table 4).
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Figure 9. Cytotoxicity of AEMPs. Cell viability of HEp-2 (A) and
COS-7 (B) cells was determined after 24 h incubation with AEMPs.

Table 4. Cytotoxicity of AEMPs to HEp-2 and COS-7 cells

ICs (ﬂg/mL)“

polymer HEp-2 COS-7
P,, 250 >1000
Py, 75 270
P, 20 55
PEG (MW 2000) >1000 >1000
BPEI (MW 1800) 85 175

“Concentration for a 50% reduction in cell viability.

For HEp-2 cells, the ICy, values decreased as the molecular
weight of the CMPs increased, indicating that high molecular
weight or more cationic groups of AEMPs cause higher
cytotoxicity (Figure 9A). It has been previously reported that
traditional cationic polymers such as PEIs and PAMAM
dendrimers cause cytotoxicity, possibly by increasing the
permeability of cell membrane of mammalian cells,*~* and
that membrane permeabilization was strongly dependent on the
number of cationic charges presented at the polymer and
dendrimer surfaces.***” The structure—function study on the
cytotoxicity of cationic amine-poly(vinyl alcohol) polymers
demonstrated that the cationic ammonium groups of polymers
may bind through multiple points to cell membranes, resulting
in membrane disruption or permeabilization.”® These results
indicated that cationic functionality in polymer structures may
have an intrinsic toxicity mechanism against host cells through
the interactions with cell membranes. Similarly, the polycationic
AEMPs might also cause cytotoxic effect by permeabilizing cell
membranes. The high MW AEMPs have higher cationic
densities, resulting in higher cooperative action of cationic
groups for membrane binding and permeability though
multiple-point interaction with lipids, resulting in higher
toxicity (a lower ICg, value) than its lower molecular weight
counterparts.
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Table S. Selectivity of AEMPs to S. aureus over Mammalian Cells

HEp-2* COs-7°
polymers E. coli S. aureus ATCC 25923 S. aureus BB 2146 E. coli S. aureus ATCC 25923 S. aureus BB 2146
P, >0.3 (<0.3) 2.0 (13) 4.0 (64) nd? 8.0 (>51) 16 (>256)
Py 0.1 (<0.1) 12 (13) 1.2 (39) 0.3 (<0.3) 4.3 (46) 4.3 (139)
P, 0.1 (<0.1) 0.3 (3.0) 0.5 (10) 0.2 (<0.1) 0.9 (8.1) 1.3 (28)

“Selectivity is calculated by ICs)/MIC (MHB). The selectivity index for MIC in 50% FBS in MH broth is presented in parentheses. Not

determined because ICy, and MIC (E.c.) are both > 1000 pg/mL.

For COS-7 cells, all AEMPs reduced cell viability when
compared to that of PEG, which showed 100% COS-7 viability
across all concentrations tested (7.8—1000 yg/mL, Figure 9B).
The higher MW AEMPs cause a larger reduction in cell
viability; P;, was the most cytotoxic (ICs, = S5 pg/mL)
followed by Py, (ICs, = 270 ug/mL) and P, (ICs, > 1000 pg/
mL), indicating that more cationic groups of AEMPs cause
toxicity to COS-7 cells, as shown for HEp-2 cells. As the ICy,
values of AEMPs for HEp-2 cells are lower than those for COS-
7 cells, it appears that HEp-2 cells are more susceptible to the
AEMPs than COS-7 (Table 4).

Selectivity to Bacteria over Mammalian Cells. To
examine the selective activity of AEMPs to bacterial cells over
mammalian cells, we determined the ICs,/MIC as a selectivity
measure (Table S). In general, because of the low activity of
AEMPs against E. coli (MICs > 1000 pg/mL), the selectivity
indices for E. coli are small (<0.3) for all polymers, indicating
that the AEMPs are not selective to E. coli over mammalian
cells. On the other hand, the low molecular weight AEMPs P,
and P, showed higher selectivity for S. aureus than did P,,.
These data demonstrate that P, and P, are more selective for
S. aureus over both HEp-2 and COS-7 cells. The AEMPs P,
and P, showed potent activity against S. aureus in the presence
of FBS (MIC = 2—4 pug/mL for S. aureus BB2146 and 13 pug/
mL for S. aureus ATCC 25923), indicating that these two
AEMPs would be good candidates for in vivo applications for
treatment of S. aureus infections, as demonstrated below.

In Vivo Antimicrobial Activity of AEMPs. As a
preliminary assessment of the in vivo topical treatment of S.
aureus infections using AEMPs, we chose a cotton rat nasal S.
aureus colonization model because of the clinic issues associated
with nasal S. aureus colonization, as described below. The nasal
cavity is the primary reservoir for S. aureus, with approximately
30% of the human population being asymptomatically
colonized.¥~>! Patients who are asymptomatically colonized
are at significantly higher risk for several infections including
bacteremia, postoperative infections, and diabetic foot ulcer
infections. Furthermore, most nosocomial S. aureus infections
are caused by the patient’s own S. aureus cells.”’~>* The nasal
environment also serves as a hotbed for drug-resistance
development of S. aureus””*~>' Treatment with the topical
the antibiotic mupirocin has proven to be effective at reducing
both nasal colonization and the risk of postoperative
infection.>>>* However, the appearance of mupirocin resistance
threatens this nasal eradication strategy.

S. aureus strain BB2146”” colonies were allowed to establish
in the nasal passage for 3 days. After 3 days, the rats were given
a nasal spray treatment consisting of either PBS buffer
(control), mupirocin (antibiotic control), P,, or Py,
Mupirocin was added at a treatment concentration of 400
ug/mL, which is 2000x MIC (MHB) (800 xM), as this
treatment concentration of mupirocin has been demonstrated
to eliminate most S. aureus strains from the nose.’® P, was
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added at a treatment concentration of 125 pg/mL. This
concentration was used for treatment because it is higher than
the MIC of P, against S. aureus BB2146 (MIC (MHB) = 63
ug/mL, MIC (50% FBS) = 3.9 ug/mL) and because HEp-2
and COS-7 are tolerant to the polymer (cell viabilities of
>90%), giving the maximum polymer concentration for the
selective activity to S. aureus over mammalian cells. After 3 days,
the animals were sacrificed, and the number of S. aureus cells in
each nasal passage were determined (Figure 10). Trial 1
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Figure 10. In vivo assessment in a cotton rat nasal S. aureus
colonization model. *, p < 0.001; **, p < 0.0001.

involved S animals for P,, 3 animals for mupirocin, and 3
animals for PBS buffer (control). Trial 2 involved S animals for
Py, S animals for mupirocin, and S animals for PBS buffer. The
experiments for P,, and P,, were performed independently,
and the combined data for these controls (PBS control and
mupirocin) are presented below (Figure 10). All data from
these two trials are provided in the Supporting Information.
Because mupirocin has widespread use in S. aureus nasal
decolonization,®”*® mupirocin provides a benchmark for the
efficacy of antimicrobials.

Mupirocin and P, reduced the number of viable S. aureus
cells when compared to that in the PBS control, but the
difference in reduction between these two treatments is not
statistically significant. Therefore, under these test conditions,
P, is as effective at reducing the number of viable S. aureus
cells as mupirocin is. It should be noted that the treatment
concentration of P, is about two times the MIC, whereas
mupirocin used a treatment concentration of 2000 times the
MIC, although lower concentrations of mupirocin may be
effective.

AEMP P,, was also tested as a treatment for S. aureus nasal
colonization (MIC for S. aureus BB2146 = 63 ug/mL in MHB
and 2.0 yg/mL in 50% FBS) at the same polymer treatment
concentration (125 pg/mL) as that for the testing of P,
although at this concentration the polymer indicated significant
cytotoxicity to HEp-2 cells (Figure 9A). Py, also showed a
significant reduction in the number of viable S. aureus cells
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when compared to that in the PBS treatment control. These in
vivo tests demonstrate that AEMPs result in encouraging
treatment outcomes for S. aureus in a nasal infection model.

B CONCLUSIONS

In summary, we investigated the in vitro and in vivo
antimicrobial activity of cationic ammonium ethyl methacrylate
polymers (AEMPs) with primary ammonium groups in the side
chains and with varying molecular weights. The AEMPs were
active against Gram-positive bacteria when compared to Gram-
negative bacteria, although the polymers did not show a strong
preference to any specific Gram-positive bacteria. The AEMPs
also inhibited methicillin-resistant S. aureus with similar MIC
values against the susceptible strain. The AEMPs also showed
potent activity against S. aureus in the presence of FBS, whereas
their activity against E. coli was reduced, suggesting that the
AEMPs may be active against S. aureus infections under
physiological conditions. However, the antimicrobial mecha-
nism of AEMPs and their targets in bacteria are not clear at this
point. The AEMPs showed bactericidal activity against S.
aureus, with higher rates compared to that of other antibiotics.
AEMP P,, showed similar resistance development as that
toward mupirocin (6 times original MIC after 14 passages). In a
cotton rat nasal infection model, the AEMP P, significantly
reduced the number of viable S. aureus cells. This AEMP was as
effective at reducing the number of viable S. aureus cells as
mupirocin when compared to the control, without polymer,
treatment. These in vivo tests demonstrate the potential of
cationic methacrylate homopolymers, particularly with primary
ammonium groups, for use in the treatment of S. aureus
infections. However, more work is needed to better understand
the antimicrobial mechanism of these polymers to aid in the
design of more potent antimicrobials.

The development of antimicrobial polymers has been
focused on the design of polymers with both cationic and
hydrophobic groups in the side chains for efficient disruption of
bacteria cell membranes, which mimic the function of natural
host-defense antimicrobial peptides. However, our study
indicates that cationic homopolymer AEMPs without strong
hydrophobic moieties can exert antimicrobial activity and that
they, interestingly, show potent anti-S. aureus activity in the
presence of serum. Recent studies indicate that naturally
occurring antimicrobial peptides exert their antimicrobial effects
by binding to the multiple targets of cell walls, in addition to
membrane disruption, which may be one of the components in
the antimicrobial mechanism of peptides.” The AEMPs will
serve as a simple model for the antimicrobial mechanism of
cationic polymers and also may capture the modes of action
associated with cationic functionality in the bacterial cell wall.
Although it was not investigated in this study, the antimicrobial
activity of AEMPs is likely pH-dependent due to the
protonation of primary amine groups. We have previously
demonstrated that chemical structures of ammonium groups
(primary, tertiary, and quaternary) determine the binding of
polymers to bacterial cell membranes and antimicrobial activity
against E. coli®”*® The tuning of cationic functionality of
polymers would be of interest in the design of pH-responsive
antimicrobial polymers, as has been previously demonstrated
using acidic groups.”” Our findings may provide a new design
strategy for antimicrobial polymers that are effective under
physiological conditions and provide new insight into the mode
of action of antimicrobial polymers with cell-selective activity.
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