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Polymeric iron scavengers deprive MRSA organisms of essential iron
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Abstract: A series of linear poly (glycidyl methacrylate)GRIA) polymers were
synthesized via RAFT polymerization and conjugateith amine-containing
3-hydroxypyridin-4-ones (HPOs) to generate a paieHPO-containing materials
with controlled structures and specific iron-binglifunctions. The structures of the
resulting polymers were characterized Wd4-NMR, GPC and FT-IR and their
chelating capacity for iron was investigated usioy-Vis spectrophotometric
titration of the iron(lll) complexesln vitro antimicrobial studies of selected
ligand-containing homopolymers demonstrate thathtvaopolymers are capable of
inhibiting the growth of methicillin-resistarftaphylococcus aureus (MRSA). It is
proposed that the inhibition activity of MRSA isroked from the iron-chelating

capability of the iron-binding polymers.
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1. Introduction

In recent years, macromolecular iron chelators hrageived increasing attention
as human therapeutic agents.[1, 2] Polymeric ohedahave been used for water
treatment,[3] pollution control,[4] recovery of naés,[5, 6] active packaging[7, 8] and
analytical chemistry.[9, 10] Recently several iflmnding polymer applications in the
biomedical field have been reported.[11] As iroansessential element for all living
processes, in principle targeting iron is a usedpproach for the treatment of
microbial infectious diseases.[12, 13] Macromolacuilron chelators also have
potential in the treatment of acute iron overlfib4l. Although most of the
present-day iron-chelating therapeutic agents asiggded as small molecules, there
are a number of advantages associated with polgntleerapeutics that cannot be
readily achieved with low molecular weight druger lExample, when taken orally,
the high-molecular-weight characteristic of polymerender them largely
non-absorbed by the gastrointestinal tract, thugerpm@lly extending the drug
half-life.[1]

The design of iron chelating polymers is presebfiged on several strategies, one
involving the immobilization of natural chelatore.q., desferrioxamine B) onto
activated supports[15, 16], a second involving ¢bejugation of bidentate ligands
with activated polymers[1l7, 18] and a third, copogrization of
1-(-acrylamidoethyl)-3-hydroxy-2-methyl-4f)-pyridinone (AHMP) with other
cross-linking agents.[19] The former structures nesently limited to carbohydrate
matrices and, as a consequence, are expensiveparpr and high binding capacities
are difficult to achieve. Furthermore the synthehemistry for the second and third
approaches is difficult to control, generating pldperse polymers and crosslinked
materials with poor solubility. It is therefore siimble to develop a simple
preparative method for iron-binding polymers of kgidfined structure.

Poly(glycidyl methacrylate) (PGMA) is a well-knovgolymer for both industrial
and biomedical applications because it is reactivexpensive, hydrophilic,
biocompatible, and generally nontoxic. Furthermdrepermits fast and efficient
post-polymerization modifications.[20, 21] RAFT polerization was successfully
employed for the synthesis of well-defined PGMA ypoérs, exerting remarkable
control over their molecular weight and affordingolymers with low

polydispersities.[22, 23] Recently, both linear-dastar-shaped PGMAs were
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modified with different amines by a nucleophilicginpening reaction of the epoxy
group.[24, 25] 3-Hydroxypyridin-4-ones (HPOs) areeoof the main classes of
candidates for the development of clinically usefubn chelators, and

1,2-dimethyl-3-hydroxypyridin-4-one (deferipronagére 1) is currently available for
clinical use (Apotex Inc., Toronto, Canada as Ipeor).[26] We therefore sought to
utilize amine-containing HPOs, such that the anfimetionality can be subsequently
added onto a pre-formed PGMA, in a ring-openingcpss to obtain novel

macromolecular iron chelators.
1.1 Iron restriction and Staphyl ococcus activity

Staphylococcus aureus is a widespread and dangerous pathogen thatgemnsible
for many human infections worldwide.[27] Some cleggastics that help account for
the prevalence db aureus as a human pathogen include its genetic diveralifity
to acquire new exogenous genes, a remarkable mibydn acquire resistance to
multiple antimicrobial agents, high virulence andficeent quorum sensing
mechanisms.[28% aureus infections range from moderately severe infectiohthe
skin or the respiratory tract to life-threateningeéses such as necrotizing pneumonia,
necrotizing fasciitis, osteomyelitis, endocardiisd toxic shock syndrome.[29, 30]
These infections impose a high and increasing louotkehealthcare resources[31] and
are associated with high morbidity and mortality[23 well as a longer hospital
stay.[33, 34]

The global spread of methicillin-resisteataureus (MRSA) has become one of
the most serious contemporary challenges to thatnient of hospital-acquired
infections (HAIS).[35] MRSA bear themecA gene that encodes a 78-kDa
penicillin-binding protein 2a (PBP2a) which has laffinity for methicillin and all
B-lactam antibiotics.[29] MRSA is the principal causf nosocomial infections
caused by a single bacterial pathogen in the UrStates and many other parts of the
world.[36-39] An estimated 44% of all HAIs can bériauted to MRSA.[40]
Furthermore, the emergence and dramatic increaMR&A infections in otherwise
healthy individuals with no risk factors has becorar issue of increasing
concern.[41]

MRSA has acquired resistance to multiple antibiotasses and this has limited
the therapeutic options available for its treatnjétt 42] Vancomycin is considered
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the workhorse of parenteral anti-infective agemsMRSA, yet, some strains &
aureus exhibit reduced susceptibility to vancomycin.[438-4Many of the new
antimicrobial agents available for the treatmentMiRSA infections (e.g. linezolid,
quinupristin-dalfopristin, daptomycin, tigecyclimad telavancin) are associated with
dose-limiting adverse events, emerging resistassaes, and high cost.[46] This
emphasizes the need for further research to igeméé antimicrobial drug targets in
MRSA as well as to develop new antimicrobial agemith novel mechanisms of
action against MRSA.

All  microorganisms require iron for both growth aneplication. Most
microorganisms have developed efficient methods ldoroing iron from the
environment and many microorganisms secrete sitlerep in order to scavenge iron.
The role of these compounds is to scavenge iram tiee environment and render it
available to the microbial cell. Hence, limitingetmount of available iron should, in
principle, inhibit microbial growth. It has beentadished that both bidentate and
hexadentate iron chelators can control the growth ao wide variety of
microorganisms.[47, 48] In this work we have invgatied the possible application of
polymeric bound chelators on the growth ofaBreus. Thus, the synthesis of a panel
of HPO bidentate ligands with different amine-sithshts and PGMA of two
molecular weights, as well as the post-polymermatnodification by nucleophilic
ring-opening reaction of the epoxy group is rephrt€or the first time, RAFT
polymerization[49, 50] has been employed to geeenatll-defined polymeric
HPO-based macromolecular chelators. The physicodaénproperties of the
monomer bidentate ligands and the iron-chelatingpgrties of the resultant
PGMA-HPO chimera have been investigated. Prelinyinar vitro antimicrobial

activity against MRSA is reported.
2. Materialsand methods
2.1 Materials

All chemicals were purchased from Aldrich or MerCkemical Company and
used without any further purification. Column chréoggiaphy purifications were
performed on Merck silica gel 60 (0.04-0.063 mM).NMR and**C NMR spectra
were recorded using a Bruker Avance 400 (400 MH#)RNspectrometer. Chemical

shifts @) are reported in ppm downfield from the intern@nslard tetramethylsilane
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(TMS). J values are in hertz (Hz), and splittindgtgrans are designated as follows: s
(singlet), bs (broad singlet), d (doublet), t (i), and m (multiplet). The ESI-MS
analyses were performed using a Waters/Micromass iEA&ss spectrometer
(Manchester, UK). HRMS were carried out by the M&gsectrometry Facility,
School of Biomedical and Health Science, King's I€g¢ London. Purity was

determined via HPLC analysis.
2.2 Polymerization of glycidyl methacrylate (GMA)

The following conditions were used for the synteesif PGMA using
[GMA]/[CPBD] ratios of 65:1 and 100:1, in anhydrotduene, at 62C. A solution
of GMA (4.9 g, 3.4% 10%mol, 65 equiv.), CPBD (11%107°g, 5.28x10“* mol,
1.0 equiv.), and AIBN (2.8102g, 1.76x10“* mol, 0.33 equiv.) or a solution of
GMA (5.0 g, 3.5 10 ?mol, 100 equiv.), CPBD (78102g, 3.52x 10 mol, 1.0
equiv.), and AIBN (1.% 102 g, 1.17x 10*mol, 0.33 equiv.) were prepared to obtain
the [GMA]/[CPBD] ratios of 65:1 or 100:1, respeaiy. The solutions were degassed
using three freeze-pump-thaw cycles to remove $sratexygen. The Schlenk tubes
were placed in an oil bath preheated at@2nd the polymerizations were carried out
for 5hrs and 2hrs, respectively. After completitime polymerization mixture was
precipitated into ethyl ether to remove the unreéaehonomer followed by filtration
and drying under vacuum. Monomer to polymer corivesswas determined by
NMR spectroscopy of the samples taken from therpehzation mixture at different
time intervals. The products were characterized @GC and’H NMR. DMF
(N,N-Dimethylformamide) GPC analysis coupled to a rfve-index detector (vs.
PS standards) indicatedvi of 12,800 g mof* and arM,/M,, of 1.07 for7, and arM,,
of 9,300 g mal* and anM.,/M,, of 1.07 for8.

2.3 Synthesis of iron-binding polymers

For the preparation of an iron-binding polymer gsid or 3 as the
amine-containing HPO ligands, 0.2 g of PGMAQr 8) and 1 mL of triethylamine
were dissolved in 8 mL of DMF. The reaction mixtwas stirred at 55 °C for 36 h to
producer.1, 8.1, 7.3 and8.3. The final reaction mixture was precipitated watkcess

diethyl ether and the resulting polymer-drug coafegwas purified via dialysis for
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three days against excess distilled water with ueeq water changes. For the
preparation of iron-binding polymers using HP2)4l, 5 or 5b, 0.2 g of PGMA 7 or
8) was dissolved in 8 mL of DMR2, 4, 5 or 5b and 1 mL of triethylamine were then
added. The reaction mixtures were stirred at 800t h to produce polymers2,
8.2, 74, 84, 7.5, 85 and 7.5b. The final reaction mixtures were precipitatedhwit
excess diethyl ether and the resulting polymer-dcagjugates were purified via
dialysis for three days as described abd\4.and8.4 were found to be insoluble in
all solvents investigated.5b, 7.5, 8.5, 7.3 and8.3 were soluble in DMSO: D (1:1,
vlv). TheM, of the conjugated products was calculated as e@rirom the estimated
M, (NMR) of the corresponding PGMA and assuming 1008fjugation of the
epoxide ring-opening reactions, as judged MR and FT-IR data.

2.4 pKa determination

Equilibrium constants of protonated ligands wergedrined using an automated
computerized system, consisting of a UV/vis spgttabometer (Perkin-Elmer
Lambda 5), an autoburette (Metrohm Dosimat 66%}laneter (Corning Delta 225),
and a peristaltic pump (Watson-Marlow 101U/R M323)iderfaced to a computer. A
blank titration of 0.1 M KCI (20 mL) was carriedtaio determine the electrode zero
and slope using GLEE.[49] The solution (0.1 M K&0, mL), contained in a jacketed
titration cell, was acidified by the addition of 8.inL of 0.2 M HCI. Titration was
carried out against 0.3 mL of 0.2 M KOH using 0l increments dispensed from
the dosimat. All solutions were maintained at 28.5 °C under an argon atmosphere.
The above titration was repeated in the presencéiddéntate ligands. The data

obtained from titration were analyzed using the IpKaftware.[52]
2.5 Determination of stability constant of the iron(I11) complex with bidentate ligands

In a typical experiment, iron(lll) (35.9 uM) anddentate ligand (180 uM) in 0.1
M KCI (20 mL) were alkalimetrically titrated fromHp 1.6 to 7.6 at 25C. Each pH
observation was taken after standing for 30 minttesachieve equilibrium. The
titration data were analyzed using pHab softwaP}.[Bhe affinity constants were
used to provide pPévalues for the following conditions: [E&ow = 1 UM, [ligand]



total = 10 UM, pH =7.4. A typical spectral series formmmund1 is presented in
Figures S1 and S2 (SI).

2.6 Chelating capacity of iron(l11)-binding homopolymers

Dry chelating homopolymer7(1, 4.25 mg, or 6.15 md@.5) was added to 0.4 mL
DMSO to prepare a stock solution. 5 pL aliquotdhs#f above stock solution were
added to 1.4 mL water to yield the final solutionbe assayed (the concentrations of
homopolymers7.1 and8.5 were 0.75 and 6.15 uM, respectively). Iron(llhuaqus
solution (0.8953 mM, Fe@) was placed in a stoppered vessel ready forittrat
Batch spectrophotometric determinations were peréoron a UV spectrophotometer
scanning from 250 to 600 nm. Automatic titratiordaspectral scans adopted the
following strategy: 5 pL iron solution was added fsach point, until absorbance

remained unchanged for 30 min.
2.7 Preparation of polymers for antimicrobial activity determination

Stock solutions of polymers used in this study werepared by dissolving in
different solvents as appropriate e.g. 20% DMS@ater for7.1 and 50% DMSO in
water for7.5 and7.5b.

2.8 Bacterial culture

One strain of MRSA (a nasal isolate obtained from the Colches$tespital
University Foundation NHS Trust) was used in thigdg. MRSA was inoculated in
10 mL Luria-Bertani (LB) broth medium and culturedthout shaking at 37C in
aerobic conditions for 6 hours. Optical Density (Oias measured at wavelength
595 nm to give a colony forming unit (CFU)/mL afl0° (ODsgs 0.22 = 0P
CFU/mL). The reference strains MRSA NCTC 12493 Sralireus NCTC 6571 were

used in this study.
Antibiotic susceptibility testing

The susceptibility of the MRSA isolate used in #tisdy to a number of antibiotics
(as listed in Table 3 in result section) was deteech using the disk diffusion
(Kirby-Bauer) method. The OD of a 6 hr broth cuitwf the isolate was adjusted to

within the range of >0.1 - 0.3 at wavelength 500inm spectrophotometer. 40 ul of
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the standardized culture was then added to 5 millestistilled water following which
sterile swab sticks were dipped into the bactesigpension and swabbed on the
entire surface of nutrient agar plates. Plates wefeto dry for about 5 mins
following which antibiotics were placed on the swé of the nutrient agar plates. All
plates were then incubated at %7 for 18 hrs. The zones of inhibition around the
antibiotic discs were measured and the resultspgréted as resistance or susceptible
based on the interpretative standard of the Brit&bciety for Antimicrobial
Chemotherapy - BSAC (BSAC, 2015).

| dentification of the MRSA isolate

PCR was done in order to confirm the identity & MRSA isolate used in this
study. DNA was extracted using the QIAamp DNA Miiti (QIAGEN) according to
manufacturer’s instructions. To confirm that thelase wasS aureus, primers nucl
and nuc2 were used in PCR to amplify Bieaureus-specific thermonuclease (nuc)
gene. PCR amplification consisted of a 5 min ihitl@naturation step at 9%
followed by 37 cycles of denaturation at @ for 30 secs, annealing at %5 for 30
secs and extension at 7@ for 60 secs, with a final extension step at’C2for 10
mins. Furthermore, primers mecl and mec2 and s$pécifa 162 bp region of DNA
specific to themecA gene were used in PCR to confirm that the isolse indeed
MRSA. PCR amplification consisted of a 4 min idit@denaturation step at 94°C
followed by 35 cycles of denaturation at %2 for 30 secs, annealing at 53°C for 30

secs and extension at %2 for 1 min, with a final extension step at 72°€ 4amin.

Agarose gel electrophoresis

PCR products and extracted DNA were analysed inatf&rose gels to which
SafeView nucleic acid stain (nbs biologicals) haeerb added for fluorescent
visualisation of DNA bands. Gels were run in 1X TAEctrophoresis buffer at 150
V for 15 mins in a Mini-Sub cell GT electrophoresapparatus (Bio-Rad) were

visualised in a Syngene InGenigel documentation system.

2.9 Antimicrobial assay



The incubation medium was water and all assays penfermed in 96-well plates
with (10" CFU/mL of bacteria per well in the absence or presencelifférent
concentrations of the polymers. Plates were in@asbaat 37°C under aerobic
conditions for 24 hours after which the number @fble bacteria in each well was
determined by their growth on Cysteine Lactose tddde Deficient (CLED) agar.
The bactericidal rate was calculated as follows:

(R oo K] 100)

where R is the bactericidal rateg e number of bacteria without polymer (control),
and X the number of bacteria after the treatment witlymper. Minimum inhibitory
concentration (MIC) endpoints were determined &slthwest concentration of the
antimicrobials that inhibited the visible growth loécteria after 24 hours incubation
using the micro-dilution method recommended by tBetish Society for
Antimicrobial Chemotherapy (BSAC)[53]. Measuremenigere carried out in

triplicate.
3. Results and discussion
3.1 Chemistry

The 1-substituted-2-methyl-3-hydroxy-4{kpyridinones in this study 14,
Figure 1) were synthesized utilizing the methodglatgscribed by Dobbin and
co-workers[54, 55] (Schemes S1-S3 in the SI). Tmnroercially available
2-methyl-3-hydroxy-4(H)-pyranone, maltol, was benzylated in 90% aqueous
methanol to give 3-(benzyloxy)-2-methyH4oyran-4-one 1a).[56]
3-Methoxy-2-methyl-5-((methylamino)methyl)pyridir{H)-one 6a) was readily
prepared from commercially available maltol in arfstep reaction by following an
established procedure.[57] The resulting prote¢t®d was found to partition from
agueous solution (pH 7) into chloroform and wasalfin purified by column
chromatography2a was synthesized according to a reported proces8jreqnd
protected via the Mannich reaction. Removal of finetecting benzyl group was
achieved by catalytic hydrogenolysis invariablyyteld the corresponding bidentate
chelators as the free bases. The bidentate ligancs obtained after removal of

methyl groups by treatment b with boron trichloride. The final bidentate ligand
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(1-5, Schemes S1-3 in the S| and Figure 1) were oldaasea pale-yellow solid or a
brown oil, and characterized usintH, *C NMR, and high-resolution mass
spectroscopy. The purity of the compounds was ohetexd by analytical RP-HPLC

using a C18 columnThe protected intermediatéb was employed to prepare a

control polymer7.5b, thus not possessing iron-chelating ability.

? w \NHZ o
5 N

2 3
H, 0
O OH
| |
N
i i
5b

Deferiprone

Figure 1. Structure of bidentate ligands.

Glycerol monomethacrylate (GMA) was polymerized anhydrous toluene at
62 °C using an azo initiator (AIBN) and a dithiokeate-based RAFT agent (CPBD)
to produce well-defined RAFT PGMA with epoxy furatalized groups that enabled
further post-polymerization modifications. GPC wased to determin&l, and PDI
values for PGMA 7 and 8. As expected by the RAFT technology, nearly
monodisperse materials were obtained. As a consequé was assumed that the
subsequent conjugation with amine-HPOs would yeddl-defined macromolecular
iron chelators. The bidentate ligandss were used as nucleophilic reagents to
perform ring-opening reactions of PGMA to yield fireal RAFT-based iron-binding
polymers (Scheme 1). According to the HPO usedwese able to produce a panel of
polymers with various properties (Table 1). Conjugaof PGMA with primary and
secondary amine-containing HPOs (& @nd4) resulted in materials with either poor
water solubility 7.3 and 8.3) or with general insolubility propertieg.4 and 8.4);
clearly, removal of hydrogen bonding capability wheansforming a primary amine
(3) to a secondary amine})( markedly decreased the solubility of the restltan
macromolecular chelators. Usibgas slightly more hydrophilic HPO-ligand, yielded
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polymers7.5 and 8.5 with improved solubility in agueous DMSO solutionghis
prompted the design of compourd (Figure 1) in order to produce the more
hydrophilic polymers.1 and8.1 which possessed good water solubility propertres.
order to prepare a control polymer with similar neaeolecular structure to that of
7.5, we employed the protected intermediéte to produce polymei7.5b, which
lacked iron-chelating ability due to methylationtbé 3-hydroxyl group on the HPO
ring. For the polymefi~series, the number of chelating units per polyohain is 106;
the corresponding number for the polyn8eseries is 28.

Table 1. Physical properties of iron-binding polymers

Polymer PGMA Ligand Solubility M, ?

750 7 5b H,O/DMSO (1:1, viv) 34,700
7.1 7 1 H,O 50,100
7.2 7 2 H,O/DMSO (1:1, v/iv) 38,900
7.3 7 3 H,O/DMSO (1:1, v/iv) 33,100
74 7 4 None 36,100
75 7 5 H,O/DMSO (1:1, v/iv) 33,100
8.1 8 1 H,O 13,400
8.2 8 2 H,O/DMSO (1:1, v/iv) 10,400
8.3 8 3 H,O/DMSO (1:1, v/iv) 8,900
8.4 8 4 None 9,700
8.5 8 5 H,O/DMSO (1:1, v/v) 8,900

! For the polymer7 series, the number of chelating units per polymeain has been
calculated to be 106; the corresponding figuretieB series is 28.

2The M, of iron-binding polymers was derived from the cédted PGMAM, and assuming
a quantitative conjugation of the HPO ligand to B@&MA epoxide units.

To demonstrate the versatility of this synthetipraach, we designed compound
2 as a nucleophilic ligand to prepare fluorescenymer-chelator chimera7(2 and

8.2) where drug and fluorophore were embedded in #messtructural unit. This
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strategy was preferred to the conventional appréadhe preparation of fluorescent
RAFT polymers.[59, 60] Such methods usually make af post-polymerization
chemistries to transform the RAFT agent into a ridygpdore. Our approach was
therefore faster, producing multifluorescent meetper polymer chain. Fluorescent
spectra confirmed the fluorescent properties ohbmmpound2 and the resultant
polymers7.2 and8.2 (SI, Figures S9-S11). These polymers will be usefestablish

their cellular localization in future microbial sties.

S
K a S borc S
S \\N R
D R NS
FZ n or = n
N R,NHMe N

O O (6] O
OH
7or8 %O 5/
HN
R,

Scheme 1. Synthesis of PGMA and iron-binding polyntefs
(a) AIBN and GMA; 62°C, toluene; (b) 55C, DMF, 36h; (c) 80C, DMF, 2h.
! Polymer nomenclaturé$.Y, whereX is the parent PGMA an¥ is the conjugated HPO

2For7.3and8.3, R, = 3; for 7.1 and8.1, R, = 1; for 7.5 and8.5, R, = 5; for 7.2 and8.2, R, =
2; for 7.4 and8.4, R, = 4; and for7.5b, R, = 5b.

GPC analysis under various conditions (water, DMRheir mixtures) was not
found to be practical for the HPO-PGMA conjugatdserefore the finalM, of
conjugates was estimated by assuming a 100% epaokideopening reaction, as
confirmed by FT-IR andH NMR data. Figure S3 (SI) shows thé¢ NMR spectra of
the PGMA, which reveals that the epoxy ring remdinetact during the
polymerization reaction. The peaksdat 7.44 — 8.14 ppm correspond to the aromatic
protons of the CPBD units, indicating that the Hesg RAFT polymers had
incorporated the chain-transfer agent. The peaks=a8.23 ppm, 2.63 and 2.83 ppm
can be assigned to the protons of the oxirane flihg.two protons were in different
chemical environments, resulting in two differeesonances. End-group analysis was
used to calculate the mean degree of polymerizgb#?) for this reaction, polymét
with a DP of 106 and1, = 15,200, and polyme8 with a DP of 28 andil, = 4,200.

The disappearance of peaks corresponding to theyegroup (C-O-C asymmetric
12



stretching 750-950 cm-1) in the IR spectrum (FigBB&) and the appearance of a
broad peak at 3400—3700 ¢rpertaining to the —OH stretching vibration (Fig@4

in the Sl) confirmed quantitative epoxide ring-opgnreaction. Furthermore, The
NMR spectrum o8.1 (Figure S6 in the Sl) clearly shows the protongyfdine ring

at 7.3, 6.3 ppm, the shift of the proton adjacerthe oxirane ring and the appearance
of the hydroxyl proton at 5.0 ppm. This suggestscesasful and quantitative
conjugation of the HPO-ligands to the PGMA. In suanym fine-tuning of the
structural features of the HPO ligands followed BAFT-mediated PGMA
preparation allowed the development of a smalblprof polymer-chelator materials

with definedM,, and physico-chemical properties.
3.2 Determination of pKa and logk Fe** values for hydroxypyridinones

The overall results for the five bidentate ligaradte presented in Table 2. The
pFe* values forl, 2, 4 and deferiprone are all similar, the slightly lowalue for3
results from the electron withdrawing influence tbe B-amino function on the

1-substituent, which is para to one of the coortiligeoxygens.

Table 2. Physico-chemical parameters of bidentate HPQxtlga

1 2 3 4 5 Deferiprone

pFe®  19.47  19.77 18.7 19.2 15.9 20.3
pKas  10.12  9.32 756  9.95 5.74

pKa 9.72 6.62 9.68 9.03 917  9.77
pKay 3.45 1.41 3.09 3.14 3.99  3.68

The spectrophotometric titration @fis presented in S| (Figure S1 and S2). The
pFe* of 5 is much lower than the other five HPOs and thigrisbably associated
with the ability of5 to exist in two tautomeric forms, one of whichcatechol-like
(Figure 2). Such tautomerism is not possible with other analogues. Significantly

the pFé&* value for catechol is 15, which is close to thiab.o
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Figure 2. Tautomeric forms of compouril

3.3 Characterization of bidentate-containing homopolymers

In order to evaluate the iron(lll) binding prope#giof polymers, compoundsl
and 8.5 were selected as model compounds due to theirreiff®l, and chelating
units. UV-vis spectra of a range of solutions cioritg various polymer-iron(lll)
ratios were determined scanning between 300 andn60@Figure 3 and Sl Figure
S13). Based on calculat®étl, and number of chelating units per polymer chaab{é
1), the effective concentrations of the polymer+behelator on the homopolymers
7.1 and8.5 were 81 and 172 uM. Bidentate iron chelators am@nk to form a 3:1
ligand:metal complexes with iron(l11)[26]. As a geguence, it was expected that the
metal complex saturation point f@rl and8.5 would be reached at 27 and 57 uM
Fe(lll), respectively. In each polymer investigatad intensity of absorbance at 460
nm increased until a plateau. Indeed, the plateath&é polymef7.1: iron(lll) curve is
reached at around 27 pM iron(lll) (Figure 3a), desimting that this polymer
possesses high affinity for iron, and that all thelating units appended to the PGMA

backbone are available for metal binding.
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Figure 3. Plots of absorbance versus equivalent ratiosoof i) to homopolymers
7.1 and8.5 at 460 nm. The concentrations of homopolynretsand8.5 were 0.75 and
6.15 UM, respectively. The solvent system was MO&ger.
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In contrast, the saturation point for polyn&% occurred at around 43 uM Fe(lll),
somewhat lower than the theoretical metal conceatra(Figure 3b). This was
attributed to the different metal chelator (namaynpoundb) attached to the PGMA
in 8.5. Such a chelator is conjugated much closer toRGBMA backbone, thus
generating steric hindrance that may not permiiciefit metal chelation[57].
Furthermore, the affinity for iron(lll) is lower i this chelating unit when compared
to 1. The iron chelating capacities @fL and8.5 were calculated to be 843 and 350
umolg, respectively. Thus the iron chelating capacit the homopolymers in this
study is greater than Chelex 100 (1idfo0lg).[57]

Antibiotic susceptibility profile of the MRSA isolate

The isolate was seen to be resistant to only qefli3 antibiotics used in this
study (Table 3). Resistance of the isolate to Q&fox10 pg), aB-lactam antibiotic,

tentatively confirmed that the isolate was MRSA.

Table 3. Antibiotic susceptibility profile of the MRSA isdia used in this study

Antibiotics Susceptibility
profile
Cefoxitin (10 pug) R

Linezolid (10 ug)
Fusidic acid (10 pg)
Tetracycline (10 ug)
Clindamycin (2 ug)
Ciprofloxacin (1 pg)
Neomycin (10 pg)
Erythromycin (5 pug)
Fosfomycin/Trometamol (200 pg)

Tigecycline (15 pg)
Quinupristin/Dalfopristin (15 pg)
Rifampicin (2 pg)
Gentamicin (10 pg)

nm A OO,

R = ResistantS = Susceptible

Identity of theisolate
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The MRSA isolate used in this study was confirmedbé S. aureus as PCR
amplification with primers nucl and nuc?2 yielded~&Y0 bp band of DNA (Figure 4)
which corresponds to the nuc genesodureus.

M MRSA-C SA-C blank-C 2  Nasal Abdo  Shin

1000 bp
a00 bp

250 bp 270 bp nuc gene

Figure 4. Gel showing products from PCR amplification of ##/70 bpS. aureus-specific
nuc gene in four clinical MRSA isolatdsane M: 1 kb Generulert.ane MRSA-C = MRSA
NCTC 12493 reference straibane SA-C = S aureus NCTC 6571 reference straibane
blank C = Blank control (PCR with no DNA}.anes 2, Nasal, Abdo and Shin: Products
obtained from the amplification of the nuc gensiiUK clinical MRSA isolates. *Nasal is
the MRSA isolate used in this study

PCR amplification of a 162 bmpecA specific DNA using primers mec 1 and mec 2
in the MRSA isolate used in this study (as seeRigure 5) conclusively confirmed

that the isolate is indeed methicillin resistant.

M +ve b -vel  blankC Nasal Abdo

1000 bp

200 bp

250 bp
162 bp mech
specific DNA

Figure5. Gel showing products from PCR amplification of & 1 region of thenecA gene
in two clinical S aureusisolatesiane M: 1 kb Generulerfve C = Positive control (MRSA
NCTC 12493):ve C = Negative control% aureus NCTC 6571)blank C = Blank control
(PCR with no DNA);L anes Nasal and Abdo: Products obtained from the amplification of
the mecA specific DNA in both clinical MRSA isolates. *Nalsis the MRSA isolate used in
this study
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3.4 Antimicrobial effect of selected polymers on MRSA

In this work, we selected a range of polymers fiotdgical evaluation, based on
their physical properties such &%, and acceptable solubility in water or aqueous
DMSO systems, namely.1l, 7.5 8.1 and 8.5.(Table 1). In addition,7.5b was
evaluated as a non-chelating control to assessntpertance of the iron-chelating
activity of polymers with respect to their biologigroperties. The concentrations of
the polymers used in this study are presented ileT4. The inhibitory effects on
MRSA are given in Figures 6 and 7 and their baciai effects are listed in Table 5.
The number of viable cells was determined followingubation of bacteria for 24
hours in the presence and absence of various ctratiens of the polymers. The
greatest MRSA inhibitory effect was observed witli, which showed greater
potency tharv.5. Both polymers totally inhibited the growth of MR&t 24 pM.7.1
(12 uM) was found to exhibit a bactericidal rate1®0%.7.1 is a more effective
inhibitor of MRSA than7.5 (MIC_7.1 = <12uM; MIC 7.5 = <24 uM) (Figure 6).
This is in line with both their iron binding propess (Table 2) and their
hydrophilicities, 7.1 being more hydrophilic thar.5 (Table 1). The lowem,
counterparts of7.1 and 7.5, namely 8.1 and 8.5, showed reduced bactericidal
influence (Figure 7 and Table 5). Indeed, inhihjteffects for such polymers were
only observed at concentrations above 48 pM. Thggests that the density of the
chelating units on the macromolecular scaffold whetees the potency of the
compounds against MRSA. To further demonstrateNMt&RA inhibition was derived
by an iron-chelating mechanism, the control polymhBb was investigated and found
to be much less effective at inhibiting MSRA growtian7.5 (Figure 7 and Table 5).
Polymer 7.5b lacks iron-chelating ability due to methylation pfienolic moieties
present on the HPO units. It is clear that the atived properties of the active
polymers are of sufficient strength to be able mwmpete with the growing

microorganism for iron.
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MICs of 7.1, 7.5 and 7.5b on MRSA after 24 hour incubation under
aerobic conditions

£ 10 -

E 9 - ——17.1

S 8- ~8-7.5

8 7 - 7.5b

()

g ¢

o] % 5 4

[}

— o i -

334

2 3 |

o2

3 1

S

2 0 T T . —————————
MRSA | 6 8 12 16 24 32 48 64 96 126 )
without
polymer Concentrations of polymers (uM)

Figure 6. Antimicrobial effect of various concentrations of, 7.5 and7.5b on
MRSA after 24 hour incubation. Results are repriegemes of several independent

experiments performed in duplicate. Error barses@nt standard error.

MICs of 8.5 and 8.1 on MRSA after 24 hour incubation under aerobic
10 - conditions
©
5 9 n
Q 8 - 8.5
89
o2 /1 8.1
= O
o3 6 -
8~
2E °
o3 4
20 3 -
E 2.
Z 1 4
O T T T T T T T T T S
MRSA | 48 64 96 126 192 256 300 350 400
without Y
polymer Concentrations of polymers (LM)

Figure 7. Antimicrobial effect of various concentrations&% and8.1 on MRSA
after 24 hour incubation. Results are represemsinf several independent

experiments, error bars represent standard error.
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Table 4. Concentrations of the polymers used in the couf$ieeostudy.

7.1 7.5 8.5 7.0 8.1
(M,=50,100) (M,=33,100) (M, =8900) (M,=34,600) (M,=13,400)
pM mg/mL pM  mg/mL pM  mg/mL pM  mg/mL pM  mg/mL

6 0.301 6 0.199 48 0.427 48 1.661 48 0.643
8 0.401 8 0.265 64 0.570 64 2.214 64 0.858
12 0.601 12 0.397 96 0.854 96 3.322 96 1.287
16 0.802 16 0.530 126 1.121 126  4.360 126  1.688

24 1.202 24 0.794 192 1.709 192 6.643 192 2.573

32 1.603 32 1.059 256 2.278 256 8.858 256  3.430
48 2405 48 1.589 300 2.670 300 10.380 300 4.020
64 3.207 64 2119 350 3.115 350 12.110 350 4.690
96 4.811 96 3.179 400 3.560 400 13.840 400 5.360

! MICs are highlighted in yellow

Table5. Bacterial inhibition rate of various concentratimigpolymers on MRSA

after 24 hour incubation in anp,@cubator.

Bacterial Bacterial Bacterial Bacterial
inhibition Bacterial inhibition inhibition inhibition
rate after 24 inhibition rate rate after 24 rate after 24 rate after
7.1 hour 75 after 24 hour 85 hour 7.5b hour 8.1 24 hour
(M)  incubation (uUM) incubationin (uM) incubation  (uUM) incubationin (uM) incubation
inan Q an Q inan Q an Q inan Q
incubator incubator (%) incubator incubator incubator
(%) (%) (%) (%)
48 100 48 100 48 99.59942 48 91.12392 48 99.85187
32 100 32 100 64 99.85965 64 99.89625 64 99.97349
24 100 24 100 96 99.93199 96 99.99356 96 99.99144
16 100 16 99.99774 126 99.98988 126 100 126 994995
12 100 12 99.89395 192 99.99648 192 100 192 100
8 99.99735 8 99.31988 256 99.99927 256 100 256 100
6 99.93545 6 96.77233 300 99.99967 300 100 300 100
- - - 350 99.99979 350 100 350 100
- - - 400 100 400 100 400 100

4. Conclusions

RAFT polymerization of GMA in the presence of CPBB the chain-transfer
agent was adopted for the synthesis of PGMA withi-defined properties and low
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polydispersities (PDI < 1.1). HPO-functionalizedrirchelating homopolymers were
synthesized by ring-opening reaction of RAFT-bas8@MA using HPOs with
various amine-substituents. The synthetic methaglngple with high yield and low
cost, and thus the approach could be applied teyhtheses of other related types of
functional materials. The resulting materials pessédifferent chelating capacity
depending upon the type and amount of incorporkife®. Water soluble, insoluble
and/or fluorescent polymer-drug chimera are easdgessible using the described
technology. The homopolymers showed high affinity fon(lll) and some were
identified as new antimicrobial agents against MRBAlymer molecular weight and
HPO ligand-type are important features in the deiteation of the potency of t

macromoleculs for MRSA inhibition.
Supporting Infor mation

Details of the synthesis and characterization ef HPO-ligands and iron-binding

polymers are provided in the Supporting Information
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Highlights
-HPO-functionalized iron chelating polymers were synthesized from RAFT-based PGMA.
-The synthetic method of the resulting materialsis smple with high yield and low cost.

-Homopolymers were identified as new antimicrobial agents against MRSA.

-This versatile synthetic procedure can be adopted to prepare a wide range of polymeric chelators.



