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ABSTRACT: This work describes synthesis of antimicrobial
methacrylate copolymers by reversible addition-fragmentation
chain transfer (RAFT) polymerization and examines the versatil-
ity of this approach for improving chemical optimization to cre-
ate potent, non-toxic antimicrobial polymers. Specifically, this
study focuses on the radical-mediated transformation of end
group of antimicrobial peptide-mimetic polymer. RAFT poly-
merization using 2-cyano-2-yl-dithiobenzoate provided a statis-
tical methacrylate copolymer consisting of aminobutyl and
ethyl groups in the side chains. The following radical-mediated
modification using free radical initiators successfully trans-
formed the w-end group of parent copolymer from dithioben-
zoate to a cyanoisobutyl or aminoethyl cyanopentanoate group
without any significant changes to the polymer molecular
weight. In general, the parent polymer and variants showed a

INTRODUCTION The therapeutic potential of membrane-
active antimicrobial polymers has been explored in the
development of new antimicrobials owing to their potency
against antibiotic-resistant bacteria. To that end, we have
previously demonstrated that methacrylate random copoly-
mers with cationic amphiphilicity are a promising platform
to mimic the biological functions of antimicrobial peptides
(AMPs) found in the innate immune system.'™ In the poly-
mer design, the cationic functionality of such polymers facili-
tates selective binding to anionic bacterial membranes. On
the other hand, the hydrophobic groups of polymers are
inserted into the cell membranes and cause membrane dis-
ruption, ultimately resulting in bacterial cell death. However,
excess hydrophobicity of polymers drives the polymers to
non-specifically bind to human cell membranes, causing
undesired toxicity to human cells. Therefore, the design prin-
ciple of antimicrobial random copolymers is to obtain the
adequate balance between hydrophobicity and cationic

"These two authors contributed equally to this work.

broad spectrum of activity against a panel of bacteria, but low
hemolytic activity against human red blood cells. The parent
copolymer with the dithiobenzoate end-group showed highest
antimicrobial and hemolytic activities as compared with other
copolymers. The copolymers caused membrane depolarization
in Staphylococcus aureus, while the ability of copolymers for
membrane disruption is not dependent on the end-group struc-
tures. The synthetic route reported in this study will be useful
for further study of the role of polymer end-groups in the anti-
microbial activity of copolymers. © 2016 Wiley Periodicals, Inc.
J. Polym. Sci., Part A: Polym. Chem. 2017, 55, 304-312
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functionality to maximize the antimicrobial activity and mini-
mize the toxicity to human cells. Toward the further develop-
ment of polymer-based antimicrobials for therapeutic use,
viable and robust chemical optimization methods are neces-
sary to fill the translational gap between the material devel-
opment and biomedical applications of antimicrobial
polymers.

Our laboratory previously developed a “snorkel” design
strategy to improve the antimicrobial activity of amphiphilic
methacrylate copolymers (Fig. 1: Snorkel vs. end-group).* In
the previous work, the chain length of cationic side chains of
copolymers was increased such that the cationic groups can
bind to anionic phosphate lipid-head groups while the poly-
mer chains are inserted into the hydrophobic domains of cell
membranes. The elongated cationic side chains allow the
polymer chains inserted more deeply into the membranes as
compared with counter copolymers with shorter side chains,

Additional Supporting Information may be found in the online version of this article.

© 2016 Wiley Periodicals, Inc.
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(A) Previous “snorkel” design approach
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FIGURE 1 Design approaches for antimicrobial polymers. (A)
Snorkel design. We have previously design cationic amphiphil-
ic copolymers with elongated cationic side chains to enhance
the insertion of polymer chains into bacterial membranes.* (B)
End-group approach. In this work, we propose to modulate the
polymer end groups to tune their antimicrobial activity. [Color
figure can be viewed at wileyonlinelibrary.com]

— Elongated side chains

and therefore, this snorkel effect leads to higher antimicrobial
activity. In our continuous endeavor to develop efficacious
antimicrobial polymers, our primary interest in this study pre-
sented here is to identify a chemical method which can derive
the end-group functionality of polymers to modulate antimi-
crobial efficacy and bacterial selectivity. The hydrophobicity of
end-groups has been reported to impact the antimicrobial
activity and selectivity.°~7 A class of lipopeptides have acyl
groups at the N-terminus, which are involved in the antimi-
crobial mechanism associated with bacterial membranes.® The
end-group functionality of copolymers would serve as one of
the structural determinants in their interactions with bacterial
membranes for antimicrobial activity (Fig. 1).

In this study, we extend our synthetic approach to examine
the effect of end-groups on the antimicrobial activity of cat-
ionic amphiphilic copolymers by taking advantage of con-
trolled radical polymerization. Antimicrobial methacrylate
copolymers have been recently prepared by controlled radi-
cal polymerization methods including atom transfer radical
polymerization ~ (ATRP)°'? and reversible addition-
fragmentation chain transfer (RAFT)."*!* Controlled radical
polymerizations are robust and scalable synthetic methods
to produce precisely controlled mono-disperse polymers
with different amphiphilic structures, architectures and func-
tionalities,'® which facilitates identifying leads for the devel-
opment of antimicrobial polymers for therapeutic and
biomedical applications. Given the potential benefits of con-
trolled radical polymerizations, we exploit the advantages of
RAFT polymerization to synthesize methacrylate copolymers.
RAFT polymerization was selected because it has been wide-
ly used to prepare biomedical materials, and many functional
monomers are compatible with this polymerization as com-
pared with other polymerization methods. The RAFT poly-
merization also provides several synthetic routes to alter the
polymer end-groups.'®

The specific purposes of this study are to (1) examine the
monomer distribution of polymers prepared by RAFT
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polymerization, (2) validate a radical-medicated method to
transform the end group of copolymer to other groups, and
(3) examine the effect of end-groups on their antimicrobial
and hemolytic activities. This study first examines if the
monomer composition of polymers is statistically distributed
or drifted during the polymerization because the amphiphilic
sequence presented by monomer distribution is a critical fac-
tor in antimicrobial activity and selectivity,'”"*® but is only
explicitly considered in several reports.*® Then, two copoly-
mer variants were derived from a previously developed
methacrylate copolymer, but with different end-groups. The
RAFT agent at the polymer terminal groups (dithiobenzoate)
was replaced by the radical-mediated method to give a cya-
noisobutyl or aminoethyl cyanopentanoate group. The anti-
microbial activity of these copolymers was examined using
selected bacteria, and the hemolytic activity was measured
using human red blood cells (RBCs) as a toxicity measure.
The ability of copolymers to disrupt bacterial membranes
was also examined by a membrane depolarization assay. Cat-
ionic amphiphilic methacrylate random copolymers have
been previously prepared by RAFT polymerization using
chain transfer agents with various lengths of alkyl chains,
and the effect of end-group hydrophobicity on their antimi-
crobial and hemolytic activities has been examined.” We
intend in this study to examine a new synthetic route to pre-
pare methacrylate copolymers with different end-groups
rather than the systematic investigation of effect of end-
groups on their activities.

EXPERIMENTAL

Materials

4-Amino-1-butanol, di-tert-butyl dicarbonate, N,N’-dicyclohex-
ylcarbodiimide (DCC), dimethylaminopyridine (DMAP), trie-
thylamine, and methyl 3-mercaptopropionate (MMP) were
purchased from Acros Organics. 2-Cyanoprop-2-yl-
dithiobenzoate was purchased from Strem Chemicals, Inc.
4,4-azobis(4-cyanovaleric acid) was purchased from MP Bio-
medicals, LLC. 2,2’-azobis(2-methylpropionitrile) (AIBN) and
the bee venom toxin Melittin (purity >85%) were purchased
from Sigma-Aldrich Co. LLC. Trifluoroacetic acid (TFA) and
solvents were purchased from Thermo Fisher Scientific, Inc.
3,3'-dipropylthiadicarbocyanine iodide (DiSCs-(5)) was pur-
chased from AnaSpec, Inc. Most of the chemicals were used
without further purification, except for methacryloyl chloride
and ethyl methacrylate (EMA), which was purchased from
Acros Organics and was freshly distilled before use. 'H NMR
was performed using a Varian MR400 (400 MHz) and ana-
lyzed using VNMR] 3.2 and MestReNova. Gel permeation
chromatography (GPC) analysis was performed using a
Waters 1515 HPLC instrument equipped with Waters Styra-
gel (7.8 mm X 300 mm) HR 0.5, HR 1, and HR 4 columns in
sequence and detected by a differential refractometer (RI).
Bacillus  subtilis ATCC®6633™,  Enterococcus faecalis
ATCC®29212TM, Staphylococcus aureus ATCC®25923TM, Com-
munity acquired methicillin-resistant S. aureus (MRSA) strain
LAC BB1263, Acinetobacter baumannii ATCC®17978",
Escherichia coli ATCC®25922TM, Pseudomonas aeruginosa
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SCHEME 1 (a) Synthesis of amine-functionalized radical initiator; (b) Polymer synthesis involving RAFT polymerization and

radical-mediated end-group transformation.

(c) Polymers with primary ammonium groups. The boc-protected polymers were

treated by TFA to remove the boc groups, yielding the random polymers with cationic and hydrophobic ethyl side chains.

ATCC®27853TM, and Salmonella enterica subsp. enterica sero-
var Typhimurium ATCC®14028™ were used for model bacte-
ria to evaluate antimicrobial activity of polymers. Human
RBCs (leukocytes reduced adenine saline added) were
obtained from the American Red Cross Blood Services South-
eastern Michigan Region and used prior to the out date indi-
cated on each unit.

Polymer Synthesis

Synthesis of Bis(2-((Tert-Butoxycarbonyl) Amino)Ethyl)
(4,4-Azobis(4-Cyanovalerate)) (Boc-Amine AZO)

Tert-butyl (2-hydroxyethyl) carbamate (25 mmol, 4.08 g),
DCC (25 mmol, 5.16 g) and DMAP (2.5 mmol, 306 mg) was
dissolve in anhydrous acetonitrile (50 mL) at 0°C [Scheme 1
(a)], followed by the addition of 4,4-azobis(4-cyanovaleric
acid) (10 mmol, 2.8 g). The mixture was allowed to warm to
room temperature and stirred in the dark at room tempera-
ture. After 24 h, the suspension was filtered and the white
solid was washed with cold acetonitrile (10 mL). The com-
bined filtrate and washings was evaporated and the residue
was dissolved in dichloromethane (50 mL). The resulting
solution was washed with water (3 times), saturated
NaHCO;3; (3 times), and brine (3 times), then dried with
MgSO,. The residue was loaded to silica gel column (6:4 hex-
anes-ethyl acetate solvent) to give purified white solid prod-
uct (540 g, % yield= 95%, R;=0.31 (6:4 hexanes:ethyl
acetate)), which is a mixture of dl and meso isomers. ‘H
NMR (CDCls, 400 MHz) & 4.94-4.83 (m, 2H, g), 4.20-4.16
(m, 4H, e), 3.30-3.40 (m, 4H, f), 2.37-2.60 (m, 8H, c +d),
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1.74 (s, 3H, b), 1.69 (s, 3H, b), 1.45 (s, 18H, a). *C NMR
(CDCls, 400 MHz) & 171.3, 171.2, 155.8, 117.5, 117.4, 79.6,
71.7, 64.3, 39.4, 33.1, 33.0, 29.0, 28.9, 28.3, 23.9, 23.7.

Synthesis of Boc-Protected Methacrylate Random
Copolymers

4-((tert-Butoxycarbonyl) amino)butyl methacrylate (Boc-
ABMA) was synthesized according to the previous report.*
The copolymers were prepared by mixing Boc-ABMA (7.0
mmol, 3.5 mL of 2 M solution in acetonitrile), ethyl methac-
rylate (EMA) (3.0 mmol, 1.5 mL of 2 M solution in acetoni-
trile), RAFT chain transfer agent 2-cyanoprop-2-yl-
dithiobenzoate (1.0 mmol, 221 mg, 10 mole% relative to
total amount of monomers), and radical initiator AIBN (0.1
mmol, 16 mg, 1 mole% relative to total amount of mono-
mers) in a flask [Scheme 1 (b)]. The mixture was flushed
with nitrogen gas for 5 min, then stirred at 70 °C. After 16 h,
the reaction was stopped by cooling the vial in a dry ice-ace-
tone bath. The copolymer was isolated by evaporating the
acetonitrile under reduced pressure, and then dissolving the
residue in dichloromethane, followed by precipitation in
excess hexanes twice to remove unreacted impurities. The
resulting Boc-protected copolymers were characterized by
'H NMR analysis to determine the mole percentage of EMA
(MPehy1), the degree of polymerization (DP), and consecutive
the number average molecular weight (M,). The MP.y,,1 was
determined by comparing integrated peaks of butylene
groups of Boc-ABMA and ethylene groups of EMA in the 'H
NMR spectra. The DP was calculated by comparing
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integrated peaks of phenyl group of chain transfer agent at
the polymer w-end and side chains in the 'H NMR spectra.
The copolymers were also characterized by GPC analysis to
measure the number average molecular weight (M,) and the
weight average molecular weight (M,,) calculated using a cal-
ibration curve based on 10 standard samples of poly(methyl
methacrylate), My 500-50,000 (Agilent Technologies, M-L-
10, no. PL2020-0100). The product was a pink solid copoly-
mer (2.02 g % yield= 85%). 'H NMR (CDCls;, 400 MHz),
DP= 15, MP = 30.3 mole%, M, (GPC) = 2800, PDI = 1.12:
0 7.90-7.26 (m), 5.25-4.75 (brs), 4.20-3.83 (m), 3.25-2.92
(m), 2.15-1.77 (m), 1.70-1.45 (m), 1.42 (brs), 1.32-1.17 (m),
1.16-0.80 (m).

Reaction Kinetics

4-((tert-Butoxycarbonyl) amino)butyl methacrylate (Boc-
ABMA) (2.5 mmol, 1.25 mL of 2 M solution in acetonitrile),
ethyl methacrylate (EMA) (2.5 mmol, 1.25 mL of 2 M solu-
tion in acetonitrile), RAFT chain transfer agent (0.5 mmol, 10
mole% relative to total amount of monomers), radical initia-
tor AIBN (0.05 mmol, 8.2 mg, 1 mole% relative to total
amount of monomers) was mixed in a 10 mL Schlenck flask
and flushed with nitrogen gas for 5 min. The mixture was
stirred at 70 °C and aliquots were drawn at time intervals up
to 24 h. After 24 h, the reaction was stopped by cooling the
flask in a dry ice-acetone bath. The drawn aliquots were
separated into two portions: one was directly analyzed by
H NMR to obtain charts of total materials, and the other
was mixed with chloroform and the solution was evaporated
under reduced pressure to remove volatile EMA monomer.
This cycle was repeated thrice before "H NMR analysis and
remaining non-volatile materials including Boc-ABMA mono-
mer were analyzed by "H NMR. The conversion and ratio of
remaining Boc-ABMA monomer were calculated by compar-
ing integrated peaks of phenyl group of chain transfer agent
and the vinylic protons of monomers in the *"H NMR spectra
and plotted versus time.

End-Group Reaction of Copolymers

The Boc-protected copolymers and AIBN or Boc-amine AZO
(20 eq) was dissolved in acetonitrile [Scheme 1 (b)]. The
solution was bubbled with nitrogen gas for 1 h and stirred
at 70°C for 16 h. The reaction mixture was cooled to room
temperature and acetonitrile was evaporated under reduced
pressure. The copolymers were purified either by precipita-
tion in hexanes or loaded to a Sephadex LH-20 column (GE
Healthcare Life Sciences, Ltd) with methanol as solvent.
Products after purification step were colorless to cream
substances.

Boc-P1a: Boc-P1 (150 mg), AIBN (0.87 mmol, 142 mg), and
acetonitrile (90 mL) were used. After the reaction and evap-
oration of solvent, the residue was dissolved in dichlorome-
thane and precipitated in excess hexanes giving a cream
colored copolymer (143 mg % yield= 98%). 'H NMR
(CDCl3, 400 MHz), MP.yi= 29.8 mole%, M, (GPC)=3100,
PDI = 1.13: § 5.22-4.60 (brs), 4.08-3.80 (m), 3.21-2.92 (m),
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2.15-1.73 (m), 1.72-148 (m), 1.41 (brs), 1.35-1.17 (m),
1.10-0.80 (m).

Boc-P1b: Boc-P1 (150 mg), Boc-amine AZO (0.87 mmol,
492 mg), and acetonitrile (90 mL) were used. After the reac-
tion and evaporation of solvent, the residue was loaded to a
Sephadex LH-20 column to give a cream colored copolymer
(155 mg, % yield= 99%). 'H NMR (CDCl;, 400 MHz),
MP.whyi= 28.1mole%, M, (GPC)= 2800, PDI=1.16: § 5.25-
4.80 (brs), 4.09-3.85 (m), 3.41-3.25 (brs), 3.21-3.01 (m),
2.70-2.40 (m), 2.15-1.76 (m), 1.75-1.50 (m), 1.44 (brs),
1.35-1.16 (m), 1.14-0.80 (m).

Deprotection of Copolymers

Boc-protected copolymers (Boc-P1, Boc-P1a, and Boc-P1b)
were mixed with methyl 3-mercaptopropionate (MMP), fol-
lowed by the addition of trifluoroacetic acid (TFA). After stir-
ring for 30 min, the TFA was removed by blowing with
nitrogen gas. The residue left was dissolved in methanol and
the deprotected copolymers were obtained by precipitating
in excess diethyl ether. Subsequently, the copolymer precipi-
tates were dissolved in distilled water and lyophilized to
yield light, fluffy fibrous copolymers (P1, Pla, and P1b)
[Scheme 1 (c)].

P1: Boc-P1 (1.00 g), MMP (500 pL), TFA (5 mL) was used.
After lyophilization, a light pink fluffy product was obtained
(0. 94 g, % yield= 90%). '"H NMR (methanol-d,, 400 MHz),
DP =16, MPewy=30.6: ¢ 8.18-7.35 (m), 4.25-3.83 (m),
3.09-2.84 (m), 2.16-1.82 (m), 1.80-1.65 (m), 1.46-1.17 (m),
1.13-0.80 (m).

Pla: Boc-P1la (100 mg), MMP (50 pL), TFA (1 mL) was
used. After lyophilization, a light white fluffy product was
obtained (101 mg, % yield= 97%). '"H NMR (methanol-d,,
400 MHz), MPey,y =29.6: 6 4.23-3.80 (m), 3.08-2.82 (m),
2.18-1.82 (m), 1.81-1.67 (m), 1.54-1.17 (m), 1.14-0.77 (m).

P1b: Boc-P1b (100 mg), MMP (50 pL), TFA (1 mL) was
used. After lyophilization, a light white fluffy product was
obtained (94 mg, % yield= 89%). '"H NMR (methanol-d,,
400 MHz), MPyy,, = 28.3: § 4.22-3.78 (m), 3.25-3.16 (m),
3.07-2.85 (m), 2.73-2.54 (m), 2.18-1.82 (m), 1.81-1.58 (m),
1.57-1.18 (m), 1.16-0.77 (m).

Antimicrobial and Hemolytic Assays and Membrane
Depolarization Study

The antimicrobial activity of polymers was evaluated against
B. subtilis, E. faecalis, S. aureus, CA-MRSA, A. baumannii, E.
coli, P. aeruginosa, and S. enterica using a turbidity-based
micro-dilution assay reported previously.'®?° The minimum
inhibitory concentration of polymers (MIC) was determined
as the polymer concentration to completely inhibit bacterial
growth. The polymer-induced lysis of human RBCs (hemoly-
sis) was evaluated by monitoring release of hemoglobin
upon lysis of cells according to our previous report.**! The
polymer concentration necessary for 50% hemolysis (HCsg)
was measured from dose-response curves. Each MIC and
hemolysis assay was independently repeated at least three

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 304-312

307



308

ARTICLE
100 120
<& O 100
= 80 g)
2 60 g
2 960 ¢
m o
s 40 >
b -
R >
20 56
0 1 1 1 1 1 0
0 4 8 12 16 20 24
Time (hour)

FIGURE 2 Conversion-time plots for the copolymerization of
Boc-ABMA with EMA. The monomer ratio of Boc-ABMA to
EMA is 1:1. Left axis: mole percent of Boc-ABMA monomer rel-
ative to total monomers in copolymerization. Right axis: con-
version of copolymerization.

times using different polymer stock solutions in triplicate on
different days. The MIC and HCsq values were reported as an
average of three or more independent assays. To determine
the membrane-lytic activity of polymers, polymer-induced
membrane disruption was evaluated against S. aureus using
the membrane potential-sensitive dye DiSC3-(5). See the Sup-
porting Information for the experimental details.

RESULTS AND DISCUSSION

We first characterized the RAFT polymerization of random
methacrylate copolymer prior to end-group functionalization
to determine the monomer distribution in a polymer chain.
A protected amine monomer Boc-ABMA and hydrophobic
monomer ethyl methacrylate (EMA) were chosen for model
polymers, which have been used in our previous study.* To
examine the monomer distributions of copolymers, the rela-
tive reactivities of these monomers in the RAFT polymeriza-
tion were measured by monitoring the monomer conversion
of monomers or compositional drift during the polymeriza-
tion. To facilitate the analysis, these monomers were copoly-
merized with a 1-to-1 ratio using conventional azo-based
radical initiator AIBN in the presence of commercially avail-
able 2-cyanoprop-2-yl-dithiobenzoate [Scheme 1 (b): RAFT
polymerization]. The conversions of monomers reached to
>95% after 10 h (Fig. 2). The percentages of Boc-ABMA
found in a copolymer chain were ~50% for all time during
the polymerization, indicating that these monomers have the
same reactivity at this composition, and therefore, the mono-
mers are statically distributed in a polymer chains, giving a
statistical copolymer.

We next examined a synthetic method to prepare copolymers
with different functionalities at the w-end of copolymers
[Scheme 1 (b)]. Given the purpose of improvement of antimi-
crobial activity and toxicity profiles of polymers, we used a
copolymer with 30% EMA for end-group modulation because
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this polymer formulation showed most potent antimicrobial
activity, with minimal hemolytic activity against human RBCs
in our previous studies.* RAFT polymerization of Boc-ABMA
and EMA yielded the boc-protected polymer Boc-P1. These
copolymers have narrow molecular weight distribution (dis-
persity D= 1.12) (Table 1). The DP values of resultant poly-
mers are larger than the target DP of 10 (the mole ratio of
monomers to CTA). This is likely because of selective precipi-
tation of longer polymer chains during the precipitation.

The boc-protected copolymer Boc-P1 was used as a parent
polymer to prepare copolymer variants with chemical muta-
tions in the w-end groups. To modulate the w-end groups,
we used the radical-medicated modification method, which
involves re-initiation of polymerization by free radical to
generate active radical at the polymer end upon removal of
dithioester RAFT agent, which follows radical coupling with
radical initiators [Scheme 1 (b)].!®??*72* To minimize the
potential side reaction of polymer chain radical homo-
coupling, highly diluted conditions were used, a potential
drawback of this approach. However, this method requires
less reaction steps as compared with the thiol-mediated
modification method in which a thiol group is produced by
aminolysis of CTA thio-ester groups and conjugated with oth-
er functional molecules via thiol-ene coupling reaction. In
addition, using CTAs prepared with desired end-groups for
polymerization would be also an attractive option,” while
this method may require extensive synthesis effort for CTAs.
The Boc-P1 parent polymer was reacted with the excess
amount (20 eq) of azo-based radical initiators (AIBN and
Boc-amine AZO) in the high dilution condition (100 mg
polymer in 60 mL acetonitrile).?*> AIBN was chosen as a con-
ventional radical initiator, which has been used to remove
the RAFT agent from the polymer end to avoid potential
cytotoxicity.> Boc-amine AZO contains a chemical structure
with a primary amine groups to examine the effect of cation-
ic groups at the w-end of polymers in the antimicrobial
activity and prove the potential use of chemically functional
initiators in this method. The *H NMR spectra of copolymers
did not show any signals from the phenyl group of CTA at
the w-end of parent copolymers after the reaction (Support-
ing Information Fig. S1: "H NMR spectra of parent and var-
iants). The GPC elution curves of copolymers showed no
significant difference between parent and variant copolymer
(Supporting Information Fig. S2: GPC elution curves of par-
ent and variants), and the molecular weights are found simi-
lar (Table 1). These results suggest that this radical-
medicated modification method proceeded quantitatively
without any significant polymer—polymer coupling reactions.
The boc groups of copolymers were subsequently removed
by TFA to give cationic amphiphilic random copolymers [P1
and variants, Scheme 1 (c)], in the presence of methyl 2-
mercaptopropanoate as a scavenger for tert-butyl cations.
The resultant copolymers showed no significance changes in
DP and MPey from the boc-protected copolymers (Table 1).
These results suggest that this chemical approach successful-
ly derives methacrylate copolymer variants with different
end-group functionalities.
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TABLE 1 Characterization of Boc-Protected and Deprotected Copolymers
End-Group Boc-Protected Deprotected
o ) MPegthyi® M., NMR® M, GPC* M, GPC* MPgnyi? M,, NMR®
(mol. %) DP* (gmol™") (gmol™") (gmol™") BH° (mol. %) DP* (g mol™")
P1 r;‘ S 30.3 15 3400 2800 3100 1.12  30.6 16 3800
](CN ;“SJKO
P1a 29.8 nd. n.d. 3100 3500 1.13  29.6 nd. n.d.
fon “Fon
28.1 nd. n.d. 2800 3200 1.16  28.3 nd. n.d.

P1b 0
;’;](CN WOA’NH?

@ Mole percentage of ethyl group (MPgy) in a polymer chain deter-
mimed by "H NMR.

® The number average degree of polymerization (DP) determimed by 'H
NMR. The DP and MP.y,,, of the boc-protected copolymer Boc-P1 and
deprotected copolymer P1 were determined by comparing integrated
peaks of phenyl group of CTAs at the omega-end and the polymer side
chains in the "H NMR spectra.

The antibacterial activity of copolymers was evaluated
against a panel of bacteria by determining the minimum
inhibitory concentration (MIC) that is necessary for complete
inhibition of bacterial growth, using a turbidity-based micro-
dilution assay.'®?° The toxicity of polymers was also evaluat-
ed by determining lytic activity of polymers against human
RBCs. It should be noted that all copolymers are soluble to
an assay medium and did not cause any precipitation under
the assay condition (Supporting Information Fig. S3). In gen-
eral, all copolymers showed potent antimicrobial activity
(MIC = 2.0-31.3 pg mL™!) against a broad spectrum of bac-
teria (Table 2). Some copolymers showed larger MIC values

¢ The number average molecular weight (M,) calculated based on the
molecular weight of monomers, MP,,; and DP.

9 The number average molecular weight (M,), the weight average
molecular weight (M,,) determimed by GPC. The molecular weight cali-
bration was based on poly(methyl methacrylate) standards.

¢ Dispersity (D) was calculated as M,/M, using M, and M, values
determined by GPC.

n.d., Not determined.

(MIC = 62.5-125 pg mL ™) for S. aureus, methicillin-resistant
S. aureus (MRSA), and S. enterica. In addition, the MIC values
of copolymers were increased in the order of
P1 <Pla < P1b. This indicates that the antimicrobial activity
of copolymers was decreased as the end-groups were trans-
formed from the phenyl thio-ester (P1) to cyanoisobutyl
(P1a) and primary ammonium (P1b) groups. However, the
difference in the MIC values of copolymers studied here
varies by only 2- to 4-fold, as compared with orders of mag-
nitude changes reported by Mowery et al.> which used lon-
ger alkyl groups for the end groups of nylon-3 copolymers.
In this study, we used only copolymers with three different

TABLE 2 Antimicrobial Activity Spectra and Hemolytic Activity of Copolymers

P1 P1a P1b Magainin-2 Melittin
MIC (pg mL")?
Gram (+)
Bacillus subtilis 2.0 2.0 2.0 63¢ 2d
Enterococcus faecalis 3.9 7.8 15.6 >500¢ 6
Staphylococcus aureus 15.6 31.3 62.5 >500¢ 6
CA-MRSAP 15.6 31.3 62.5 >500¢ 3
Gram (—)
Acinetobacter baumannii 3.9 3.9 7.8 n.d. n.d.
Escherichia coli 7.8 15.6 15.6 1254 139
Pseudomonas aeruginosa 7.8 15.6 15.6 5009 100¢
Salmonella enterica 15.6 31.3 31.3 5009 509
HCso (ng mL™")°
Human RBCs >1000 (26.9 + 9.6%) >1000 (12.4 + 4.8%) >1000 (9.8 + 4.3%) >250 (9%)° 3.8+1.3

@ Minimum inhibitory concentration against bacteria in Mueller-Hinton
Broth.

b Community acquired methicillin-resistant S. aureus (CA-MRSA) strain
LAC BB1263.

MA%‘&} WWW.MATERIALSVIEWS.COM
|

¢ HCso at which concentration causing 50% hemolysis or lysis of RBCs
(hemolysis%) at highest concentration used in the assay relative to
Trinton-X (positive control, 100%) and PBS (negative control, 0%).

9 MIC and HCs values were previously reported.*?'

n.d., Not determined.
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FIGURE 3 Hemolysis dose-response curves of copolymers.
[Color figure can be viewed at wileyonlinelibrary.com]

end groups, which appear not to provide the range of hydro-
phobicity to induce such large variations in their antimicro-
bial activity. On the other hand, the polymers caused
relatively low percent hemolysis at the polymer concentra-
tion of 1000 pg mL™?%, the highest concentration tested in
this study, indicating that the polymers are selective to bac-
teria over human cells. For comparison, lytic peptide melittin
caused 100% hemolysis above 20 pg mL~! (Supporting
Information). Similar to the antimicrobial activity, the
polymer-induced hemolysis was decreased for P1a and P1b
(Fig. 3 and Supporting Information Fig. S4). These variants
with different end-groups are derived from the same precur-
sor polymer Boc-P1 and thus the inherent antimicrobial
activity of parent polymer chains would presumably remain
same after the end-group modulation. Therefore, the depen-
dence of MIC values on the end-groups is likely to be
resulted from the properties of end-groups. The end-group
dependence on the antimicrobial and hemolytic activities
appears to reflect the hydrophobicity of end-groups. It has
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been previously reported that the hydrophobic groups in the
side chains enhance the ability of polymers to disrupt mem-
branes, resulting in higher antimicrobial activity and hemo-
lytic activity."**?* Similarly, the hydrophobicity of end-
groups would also drive the disruption of cell membranes in
bacteria and RBCs. In addition, as described above, the cat-
ionic and hydrophobic monomer units are likely to be statis-
tically distributed in these polymers. Therefore, because the
end-groups would change only the hydrophobicity of poly-
mer end locally, the changes of antimicrobial activity are like-
ly to reflect the functional role of hydrophobicity or cationic
functionality specific to the polymer end. Alternatively, if the
monomer composition were drifted during polymerization,
the polymer would have gradation in the density of cationic
and hydrophobic monomers, or the monomer distribution
would be block copolymer-like. The impact of end-group
hydrophobicity or functionality to the amphiphilic properties
of such a block-like copolymer would be different from that
to a statistical/random copolymer, and thus the effect of
end-groups on the antimicrobial activity would be different.
As Gellman and coworkers previously pointed out,'® the
data to examine the role of end-groups of polymers in bio-
logical activities should be interpreted based on not only
monomer composition, but also monomer distribution in a
polymer chain.

According to the results on the antimicrobial and hemolytic
activities, we hypothesize that the hydrophobicity of end-
groups would enhance the disruption of bacterial cell mem-
branes, resulting in higher antimicrobial activity. To test this
hypothesis, it was first examined if the copolymers are capa-
ble of permeabilizing S. aureus membrane or not. To that
end, we used the membrane potential-sensitive fluorophore
DiSC3-(5), the fluorescence of which is quenched upon bind-
ing to intact bacterial cell membranes.?®~2° After addition of
copolymers at each MIC to S. aureus pre-incubated with
DiSC3-(5), the fluorescence was recovered (Fig. 4). It should

(B) e
—P1a
——P1b
—Melittin
~—acetic acid
0 100 200 300 400 500
Time (sec)

FIGURE 4 S. aureus membrane depolarization induced by copolymers. (A) Fluorescence intensity at 5 min after injection of
copolymers or melittin to the S. aureus suspension. The final concentrations are equal to their MICs determined in M-H Broth.
0.01% acetic acid was tested as solvent control. (B) Time course of S. aureus membrane depolarization induced by copolymers. A
DiSC5-(5) dye was added to S. aureus suspension at 20 s and stirred for 180 s. At 200 s, copolymers or melittin was injected to the
suspension to give final concentrations equal to their MICs as determined in M-H Broth (Table 2). 0.01% acetic acid was tested as
solvent control. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Effect of w-end groups on S. aureus membrane
depolarization. The fluorescence intensity was measured using
a microplate reader. [DiSC3-(5)] = 0.5 uM. Error bars represent
the standard deviation from three independent trials, each
done in triplicate. *p<0.05. [Color figure can be viewed at
wileyonlinelibrary.com]

be noted that the fluorescence of dye did not change after
incubation with the polymers in solution (Supporting Infor-
mation Fig. S5), indicating the potential interaction between
the dye and polymers do not quench or enhance the fluores-
cent property of dye. This result supports the notion that
these copolymers exert their antibacterial effects by disrupt-
ing the S. aureus membrane. The recovered fluorescence
intensities of all copolymers did not show any statistically
significant difference at each MIC, suggesting that the copoly-
mers disrupt the S. aureus membrane to the same extent to
inhibit S. aureus growth.

We further examined the effect of polymer concentration on
depolarization of S. aureus membrane. The copolymers did
not show any statistically significant differences in the recov-
ered fluorescence intensities for all polymer concentrations
except the data points for Pla and P1b at 1.6 pg/mL
(p < 0.05) (Fig. 5). The little or no difference in the membrane
depolarization caused by the copolymers may reflect the fact
that the MIC values varied by only 2- to 4-fold among the
copolymers as discussed above. This small range of changes
in the MIC values may not result in significant difference in
their ability to disrupt membrane as we expected. However, it
cannot be ruled out that the polymers may also exert other
antimicrobial mechanisms along with membrane disruption,
which contribute to the activity. Specifically, the RAFT end-
groups have been reported to cause cytotoxicity in host
cells.®® Therefore, the dithioester groups may cause cytotoxici-
ty to bacteria although the toxicity mechanism is not clear at
this point. It would be necessary to conduct a more systemat-
ic approach using a library of copolymers to elucidate the
effect of end-groups on their activity as well as their role in
the antimicrobial mechanisms.

Regarding the antimicrobial spectrum of polymers, the MIC
values against S. aureus and E. faecalis changed 4-fold when

M&%‘E},} WWW.MATERIALSVIEWS.COM
|
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the polymer end-groups were modified, while those against
other bacteria are not significant (within 2-fold). It is not
clear at this point why S. aureus and E. faecalis are more
sensitive to the chemical structures of end-groups of copoly-
mers than other bacteria. This appears to be specific to these
bacteria rather than Gram-specific activity because the
copolymers did not show significant differences in MICs
against Gram-positive B. subtilis. The end-group dependence
of MIC could be related to the cell wall properties specific to
bacteria and cell physiology of these bacteria, which might
control the diffusion of copolymers in the cell wall and their
impact to the cellular activities differently. These results also
in turn suggest the possibility that bacteria-specific antimi-
crobial polymers could be designed by tailoring the end-
groups to be active against only targeted bacteria without
harm to commensal bacteria.

CONCLUSIONS

In summary, the RAFT polymerization provided cationic
amphiphilic methacrylate copolymers with statistical distri-
butions of monomers used in this study. The radical-
medicated modification method transformed the w-end
groups from the conventional RAFT agent to different func-
tional groups, which modulate their antibacterial and hemo-
lytic activities. In this study, because the polymers with only
three different end-groups were tested, the results cannot be
extended to the generalization of the role of end-groups in
the antimicrobial and hemolytic activities. Polymers with sys-
tematic chemical variations at the polymer end should be
designed and tested for their biological activities to provide
a functional link between the end group modulation and
membrane activity of amphiphilic copolymers.
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