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Abstract: Deferasirox, ExJade, an FDA-approved treatment for iron overload disorders has
been shown to inhibit the growth of both gram-positive and -negative bacteria through iron
(Fe(lm) chelation. Modification of the ExJade framework led to the identification of a new
fluorescent platform ExPh and ExBT. Functionalization of the phenol moieties on ExBT with
phosphate units afforded a ratiometric fluorescent pro-chelator (ExPhos), which was
effective in the inhibition of two clinically relevant antibiotic-resistant bacteria, (MRSA (ATCC
43300) and VRE (ATCC 51299)), and allowed the fluorescent imaging of MRSA. Remarkably,
this pro-chelation strategy proved selective towards bacteria with no cytotoxicity observed
for ExPhos treated A549 cells (72 h incubation). This work represents a new pro-chelator
antibiotic strategy that can be modified with a chosen reactive chemical trigger to provide a
diagnostic signal in conjunction with a therapeutic response with a potential of minimal off-
target toxicities.

Results and Discussion

Bacterial evolution, coupled with the global misuse of antibiotic treatments, has led to the
emergence of antibiotic resistant bacteria (so-called “superbugs”) towards which numerous
antibiotics are inactive.' This is spawning serious public health concerns, including fears of a
potential return to the pre-antibiotic era.* Cost effective strategies for overcoming antibiotic
resistance and new agents that operate via novel mechanisms of action may help alleviate
some of these concerns. Recently, researchers have begun to exploit siderophore-mediated
iron uptake pathways using natural or synthetic Fe(lll) chelators in an attempt to interfere
with bacterial Fe(lll) acquisition and augment host “nutritional immunity” antibacterial
mechanisms.>® Here we report an iron chelation-based approach based on the Deferasirox
(ExJade) skeleton that inhibits the growth of both gram-positive and -negative bacteria
through Fe(lll) chelation. The unique inherent fluorescent nature of the ExJade scaffold also



allows for the fluorescence-based optical imaging of Methicillin-resistant Staphylococcus
aureus MRSA.

Recent efforts with the FDA-approved iron chelator ExJade have demonstrated its ability to
act as a chemotherapeutic, insecticide, and antifungal agent; however, minimal efforts
apparently have been devoted to exploring its potential as an antimicrobial agent.%* We
were thus keen to explore whether ExJade and its derivatives might provide a platform for
the development of new antimicrobial agents. Specifically, we sought to test whether ExJade
alone or after suitable functionalization would display attractive antimicrobial properties.
With this goal in mind, ExJade and its derivatives were prepared (Fig. 1; cf. Sl for synthesis).
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Figure 1 - (a) Structure of the ExJade-based derivatives developed in this study. (b) Schematic illustration of the antimicrobial
effect of ExBT for Methicillin-resistant Staphylococcus aureus (MRSA), a clinically prevalent superbug, through the Fe(lll)-
chelating mechanism.

With the above goal in mind, several new ExJade derivatives, designed to control solubility
and modulate the intrinsic electronic features, namely ExPh, ExXPh-OMe, ExH, ExBT, ExBT-
OMe and ExPhos (Fig. 1), were prepared (cf. ESI for synthesis). Unexpectedly, two of these
derivatives, ExPh and ExBT, were found to display aggregation induced emission (AIE)-like
properties in aqueous media (Figure 2).1>% Specifically, insoluble aggregates (as confirmed
by DLS; cf. Sl —Fig. S1) formed in water, leading to a strong fluorescence emission with a large
Stokes shift (> 150 nm). Single crystal X-ray diffraction (XRD) analysis for ExXPh and ExBT
revealed strong intramolecular and intermolecular hydrogen bonding interactions, which is
indicative of an excited state proton transfer based system (Figure 2a and 2b).1”182> Further
analysis of the crystal packing diagram revealed that both ExPh and ExBT exists in a slip-
stacking orientation, which is known to augment rigidity in AlEgens since it serves to restrict
intramolecular rotation (RIR) and enhance the fluorescence-based emission intensity (See ESI



— Fig. $2-5).2%27 In marked contrast to what is seen in aqueous environments, solutions of
ExPh and ExBT in most common organic solvents (See Sl Fig. S6-9 — for solvents tested) display
no appreciable emission.
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Figure 2 - (a) Ball and stick crystal structure of ExPh. (b) Ball and stick crystal structure of EXBT. (c) Fluorescence spectra of
ExPh (10 pM) in THF and PBS (pH = 7.40); Aex = 300 nm. (d) Fluorescence spectra of ExBT (10 uM) in THF and PBS (pH = 7.40);
Aex = 350 nm. CCDC 1967984 (ExPh); CCDC 1967981 (EXBT).

In an attempt to elucidate in greater detail the origins of the fluorescence displayed by ExPh
and ExBT under conditions favoring aggregation, the derivatives, EXPh-OMe, ExBT-OMe and
non-N phenyl functionalized ExH, were studied.???3 In both, aqueous and organic media, ExH
was found to display strong fluorescence. This led us to believe the free rotation of the Ph unit
effectively quenches the excited state fluorescence of ExPh and ExBT, a phenomenon known
as the free rotor effect (see SI — Figs. $10-11).2% Upon blocking each phenol unit present on
ExPh and ExBT with a methyl group (to give EXPh-OMe and ExBT-OMe), a significant blue-shift
in the emission maximum was seen (cf. SI- Fig. $12-15). Such changes in the emission features
are consistent with the contention that the free form of the phenol is required for efficient
ESIPT.Y

No significant fluorescence quenching was seen upon changing the solvents in which ExPh-
OMe and ExBT-OMe were analyzed — DMSO, PhMe, THF, DCM, acetone, MeCN, MeOH and
PBS. On this basis we suggest that the ESIPT process is heavily affected by the free rotor
effect.?82° In addition, significant solvatochromism was observed for both ExPh-OMe and
ExBT-OMe, which leads us to suggest that a type of intramolecular charge transfer (ICT)
process®® is additionally involved in mediating the fluorescence features of these ExJade
derivatives. This putative ICT phenomenon has been observed in structurally similar N-
phenylpyrrole analogues.3!3? Further support for the proposed aqueous induced aggregation
mechanism invoked in the case of ExPh and ExBT-OMe came from studies of the parent
system, ExJade. In the solid-state ExJade fluoresces;3? however, it does not do so in aqueous
solution, presumably as the result of its good solubility at neutral pH (See SI - Figure S16-17).



In the event, ExPh and ExBT proved to be highly emissive in agueous media, making these
species of interest in terms of the potential optical imaging of bacteria and other organisms.

Metal chelators, including ExJade, have begun to raise safety concerns owing to their off-
target metal chelation, which can result in unwanted toxicities.343° This has led to explorations
of protected versions of chelators, often referred to as “pro-chelators”.364% These molecules
are designed so in the presence of a disease-related stimulus, the metal binding site will be
unmasked and that metal chelation will occur at the desired location. To the extent it is
achieved, this high level of therapeutic precision serves to minimalize systemic toxicity. Nearly
without exception, metal chelators and pro-chelators that have been studied in the context of
biological applications are inherently non-fluorescent. As a result, the addition or conjugation
of a fluorophore is necessary to visualize their cellular location. A related approach involves
attaching a fluorophore to a pro-chelator that serves to report on the unmasking process.

We thus envisaged the inherent fluorescence of ExJade derivatives provides a unique
multifunctional “molecular platform” that can be used to develop a fluorescence responsive
pro-chelator active against antibiotic resistant bacteria. This system permits both detection
and treatment with little synthetic investment. As a result, this strategy was explored using
ExBT, which displayed optical characteristics deemed suitable for fluorescence imaging (Aex >
350 nm). Phosphate is an essential nutrient for bacterial growth and phosphatases are
expressed in a range of bacteria.***3 ExPhos was thus developed to act as a phosphatase-
responsive pro-chelator active against antibiotic resistant bacteria with minimal off-target
toxicities. The pro-chelator function was not expected to manifest in the case of the control
system, ExBT-OMe.

As expected and previously seen for ExJade,** the addition of increasing concentrations of
Fe(lll) (as the FeCls salt) to both ExBT (15 uM) and ExJade (15 uM) led to a gradual increase in
their respective UV-Vis absorption intensities, along with a color change from clear to purple
(Fig. S18) Fluorescence experiments revealed a concentration-dependent quenching of the
ExBT fluorescence (Fig. 3a), a common observation for Fe(lll) chelation.* No change in the
UV-Vis absorption or fluorescence was seen for either ExXBT-OMe or ExPhos (Fig. 3b-c) (Fig.
S18). This is consistent with the design expectation that a free phenol is need to chelate Fe(lll)
well .44

In the presence of alkaline phosphatase (ALP), a dose dependent change in fluorescence
emission was observed (0 - 64 U), with a final fluorescence emission profile analogous to that
of ExBT (Fig. 3d). This ratiometric change in fluorescence emission was ascribed to the gradual
and stepwise dephosphorylation of ExPhos, which was confirmed by LC-MS analysis (See ESI
— Figs. S19-529). ExPhos solutions exposed to ALP (64 U ALP) were subsequently treated with
increasing concentrations of Fe(lll) (as the FeCls salt). As expected for a system capable of
chelating Fe(lll), a quenching of the fluorescence intensity was observed (Fig. 3f). Based on
these findings, we considered it likely that ExPhos could serve as an ALP-responsive Fe(lll) pro-
chelator.
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Figure 3 - Fluorescence spectra of (a) ExBT (15 uM), (b) ExBT-OMe, and (c) ExPhos (15 uM) recorded upon exposure to
increasing Fe(lll) concentrations (0-15 uM as the FeCls salt). (d) Fluorescence changes of ExPhos (15 uM) with increasing
alkaline phosphatase (ALP, 0-64 U). (e) Time-dependent change in the fluorescence-emission intensity at 505 nm observed
when solutions containing ExPhos (15 uM) and ALP (two concentrations) were excited at 320 nm. (f) Fluorescence spectra
of ExPhos (15 uM) preincubated with 64 U of ALP recorded as a function of increasing Fe(lll) (0-15 uM). All measurements
were carried out in deionized water.

With the photophysical properties identified, the bacterial inhibitory effect of the present
ExJade derivatives were then evaluated. Initial tests were focused on two Gram-negative,
ESKAPE bacteria,*® Pseudomonas aeruginosa (ATCC 27853) and Klebsiella pneumoniae (ATCC
13883). Arbekacin, an FDA-approved aminoglycoside-based antibiotic, was used as positive
control. ExJade, ExPh, ExBT, and ExPhos were found capable of inhibiting the growth of these
two bacterial strains in a statistically significant manner (See ESI — Figs. S30-31).

More importantly, two clinically relevant gram-positive, drug-resistant bacteria, methicillin-
resistant Staphylococcus aureus (MRSA, ATCC 43300) and vancomycin-resistant Enterococcus
faecalis (VRE, ATCC 51299) with high ALP activity (Fig. S32) were then used to evaluate further
the therapeutic potential of these ExJade derivatives. Again, arbekacin was used as a positive
control. To our delight, strong inhibitory activities were observed for the suppression of these
“superbugs” with a potency comparable to that of arbekacin (Fig. 4). The observed inhibition
of VRE is of particular significance since there are few clinically available treatments for this
multidrug-resistant bacterium.

The pre-incubation with increasing concentrations of Fe(lll) led to a corresponding decrease
in the inhibitory activity (Figs. S33, S34) including no appreciable inhibitory activity seen for
either MRSA or Pseudomonas aeruginosa in the case of the control system ExBT-OMe. This
observation confirms the Fe(lll) chelation dependent inhibitory activity. Due to the Fe(lll)



chelation dependent nature of the ExJade derivatives and to illustrate their potential “real
life” utility, the inhibitory activity of EXBT and ExPhos against MRSA were evaluated in a blood
containing medium consisting of agar and defibrillated amniotic blood.*” Remarkably, no
adverse effect was seen, with the inhibitory activity of EXBT and ExPhos remaining strong (Fig.
S35). In addition, no significant cytotoxicity was observed for ExPhos towards A549 cells,
providing an initial indication that the ExJade-based pro-chelation approach reported here
may prove selective towards bacteria (See ESI — Fig. S36).
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Figure 4 - (a) MRSA (ATCC 43300) colonies on Luria-Bertani (LB) tryptone agar plates and VRE (ATCC 51299) colonies on Brain-
Heart Infusion (BHI) tryptone agar plates before and after treatment with ExBT, ExJade, ExPhos, and arbekacin (15 uM). Cell
viability of (b) MRSA (ATCC 43300) and (c) VRE (ATCC 51299) before and after treatment with ExBT, ExJade, ExPhos, and
arbekacin (15 uM).

Lastly, to determine whether the present ExJade derivatives might have a role to play as
fluorescence imaging agents and theranostic agents, MRSA was incubated separately with
ExBT and ExPhos; both compounds produced bright fluorescence in bacteria (Fig. 5a)
Interestingly, the pre-treatment of MRSA with Phosphatase Inhibitor cocktail A (sodium
fluoride, sodium pyrophosphate, B-glycerophosphate and sodium orthovanadate) led to an
inhibitor concentration dependent decrease in the fluorescence emission intensity (Fig. 5a
and Fig. 5b). This finding further confirms our contention that ExPhos is a pro-chelator that is
activated under conditions of use via a phosphatase-mediated pathway.
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Figure 5 - (a) Confocal Laser-Scanning Microscope (CLSM) images (left: fluorescence images; right: bright-field images) of
MRSA (ATCC 43300) treated with ExBT (40 uM), ExPhos (40 uM), or ExPhos pretreated with different concentrations of a
phosphatase inhibitor cocktail A (+ 50 uM sodium fluoride, 10 uM sodium pyrophosphate, 10 UM B-glycerophosphate, and
10 uM sodium orthovanadate; ++: 100 uM sodium fluoride, 20 uM sodium pyrophosphate, 20 uM B-glycerophosphate and
20 uM sodium orthovanadate). (b) Normalized fluorescence intensities of the fluorescent imaged systems. ***P<0.001.

In summary, ExJade, an FDA-approved treatment for iron overload disorders has been
identified to inhibit the growth of both gram-positive and -negative bacteria through iron
(Fe(lm) chelation. The modification of ExJade revealed a new fluorescent framework that was
shown effective in the inhibition of two clinically relevant antibiotic-resistant bacteria (MRSA
(ATCC 43300) and VRE (ATCC 51299)), while also displaying an ability to image MRSA. This
work highlights a pro-chelator strategy that exploits the unique inherent fluorescence nature
of the ExJade scaffold while showing how this core can be modified with a chosen reactive
chemical trigger to provide a diagnostic signal in conjunction with a therapeutic response.
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