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The reliable differentiation between bacterial infections and other pathologies is crucial for both diagnostics
and therapeutic approaches. To accommodate such needs, we herein report the development of an
activatable near-infrared fluorescent probe 1 that could be applied in the ultrafast, ultrasensitive and
specific detection of nitroreductase (NTR) activity in bacterial pathogens both in vitro and in vivo. Upon
reaction with NTR, the nitro-group of the para-nitro phenyl sulfonic moiety present in probe 1 was
reduced to an amino-group, resulting in a near-infrared fluorescence turn-on of the latent cyanine 7
fluorophore. Probe 1 was capable of rapid and real-time quantitative detection of 0-150 ng mL~* NTR
with a limit of detection as low as 0.67 ng mL™! in vitro. In addition, probe 1 exhibited an outstanding
performance of ultrafast measurements and suitable selectivity toward NTR to accurately sense
intracellular basal NTR in ESKAPE bacterial pathogens. Most remarkably, probe 1 was capable of
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Introduction

The reliable differentiation between bacterial infections and
other pathological manifestations such as sterile inflammation
and cancer remains an important clinical goal.»* There is often
significant overlap in the diagnostic features among bacterial
infection, inflammation, and cancer both clinically and using
conventional imaging techniques, which has resulted in
increased urgency to develop novel tools for accurate and swift
diagnosis of bacterial infections.*”® Owing to the development
of computed tomography (CT), magnetic resonance imaging
(MRI), positron emission tomography (PET), single-photon
emission computed tomography (SPECT) and optical imaging
techniques,*” molecular imaging with bacteria-specific agents
may significantly improve patient outcomes by rapidly identi-
fying an infection and monitoring the treatment response. In
this regard, using molecular probes for selective sensing and
detection of enzyme activity produced by a pathogen represents
an attractive approach for identifying bacteria.®* Among such

State Key Laboratory of Bioactive Substances and Function of Natural Medicine,
Beijing Key Laboratory of Active Substances Discovery and Drugability Evaluation,
Institute of Materia Medica, Chinese Academy of Medical Sciences, Peking Union
Medical College, Beijing, 100050, China. E-mail: haiyu. hu@imm.ac.cn

T Electronic supplementary information (ESI) available: Experimental methods,
synthetic procedures, compound characterization, Schemes S1 and S2, Table S1
and Fig. S1-S15 (PDF); Movie S1: Combination of 3D fluorescent light imaging
tomography with integrated microCT (FLIT-microCT) (AVI). See DOL:
10.1039/d0sc00508h

This journal is © The Royal Society of Chemistry 2020

tumour sites in the same animal within 30 min.

techniques, various activatable near-infrared (NIR) fluorescent
tracers have been developed that may allow for the fast, specific
and non-invasive localization of bacterial infections in vivo.’
We were in particular interested in investigating activatable
molecular probes for the detection of nitroreductases (NTRs) in
bacteria.'"® NTRs represent a family of flavin-containing
enzymes that are able to effectively metabolize nitro-
substituted groups into hydroxylamines or amines in the pres-
ence of reduced nicotinamide adenine dinucleotide (NADH) or
nicotinamide adenine dinucleotide phosphate (NADPH).*®
NTRs are widely expressed in most Gram-positive and Gram-
negative bacterial strains, but also in hypoxic tumour cells
and tumorous tissues of eukaryotes. This makes this enzyme
family an attractive diagnostic target to detect the hypoxic status
of cancer cells and potential bacterial infections.'”*® Even
though the detection of NTR activity within hypoxic tumours in
vitro and in vivo using fluorogenic methods has already been
well described, chemical tools for the exploitation of NTRs as
diagnostic markers for localizing bacterial infections are still
scarce." Moreover, NTR-activated fluorogenic probes that can
specifically image live bacteria in vivo and do not accumulate at
tumour sites have not been investigated thus far.
Antibiotic-modified fluorophores exhibit an enormous
potential for imaging infection sites due to their high selectivity
for bacterial cell structures compared with mammalian cells.*
Neomycin, an aminoglycoside antibiotic drug, exhibits prefer-
ential activity against broad spectrum pathogenic bacteria.
Neomycin specifically binds to the A-site on the 16S ribosomal
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Scheme1l Proposed mechanism for ultrafast detection of NTR activity
using the photoactivatable probe 1. NTR = nitroreductase.

RNA of the 30S ribosome in bacterial cells.”* Recently, we devel-
oped various optical/MRI probes by conjugating neomycin with
fluorescent/MRI reporters. These probes could be used to selec-
tively recognize and label pathogenic bacteria over macrophage-
like cells.* In the present study, we show that NIR optical
imaging with a bacteria-specific neomycin-based NTR-activated
fluorogenic probe (Scheme 1) could be achieved. The probe
used throughout these studies proved to be (i) water-soluble and
stable, (ii) having an outstanding performance of ultrafast
measurements and excellent selectivity toward NTR to accurately
sense intracellular basal NTR activity in live bacteria both in vitro
and in vivo, (iii) capable of noninvasively identifying bacterial
infection sites without showing a significantly increased signal in
the same animal suffering from cancer.

Results and discussion

The overall rationale for the design of NTR-activated fluorogenic
probes that can specifically image live bacteria in vivo was to
conjugate a hydrophobic NTR-responsive NIR fluorogenic probe
with neomycin. Previously, Li et al reported a para-nitro
aromatic group decorated cyanine 7 (Cy 7) probe linked via
a carboxylic ester bond that displayed a fast response, high
sensitivity, and excellent selectivity to NTR.*® Inspired by this
structural scaffold, we initially designed and synthesized
compound 3 with a carboxylic acid tag for conjugation with 5”-
NH, neomycin (Fig. 1). However, compound 3 proved to be
unstable and the carboxylic ester link proved to be easily
hydrolysed in buffered aqueous media (detailed information on
the stability of compound 3 can be found in the ESI section,
Fig. S2t). Therefore, a more stable linker, sulfonate ester, was
selected to link Cy 7 with the para-nitro phenyl group. In doing
so, compound 4 was synthesized. We first studied the photo-
chemistry of compound 4 before and after conversion of the
nitro group in Tris-buffered saline (TBS, 50 mM Tris/HCI, con-
taining 1.5% DMSO as a co-solvent, pH 7.4). For this purpose,
the amino-substituted species 5 was synthesized. Both
compounds 4 and 5 showed extended absorption spectra from
the visible to NIR regions, with both absorption maxima at
approximately 780 nm (Fig. S1t). The emission of compound 5
at 801 nm exhibited an 11-fold increase compared with that of
compound 4, indicating that the presence of a sulfonate ester
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Fig.1 Design and synthesis of probe 1.

linked electron-withdrawing nitro group could efficiently
induce fluorescence quenching via photoinduced electron
transfer (PET). Compound 4 featured a near-zero fluorescence
background signal (Fig. 2a), which made it a promising NTR-
activated fluorogen for subsequent conjugation with
neomycin to form a caged fluorescent probe with bacteria-
specific in vivo targeting characteristics. Detailed synthetic
procedures, full characterization data and the 16S rRNA binding
property of probe 1 can be found in the ESIf section.
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Fig. 2 (a) Fluorescence intensities of probes 1-5 in Tris-buffered

saline, Aex = 700 NM, Aem = 801 nm. (b) Kinetic fluorescence spectral
scan of probe 1 (10 pM) reacted with or without NTR (0.05, 0.1, 0.20 pg
mL™Y). (c) Lineweaver—Burk plot for the enzyme-catalysed reaction:
conditions: 0.125 ng mL~* NTR, 500 uM NADH, 3-8 uM of probe 1 at
37 °C. (d) Fluorescence responses of probe 1 (10 puM) to various
species: NTR (0.25 pg mL™%), NaCl (50 mM), MgCl, (50 mM), KCL (50
mM), CaCl, (50 mM), H,O, (1 mM), NaClO (1 mM), Arg (1 mM), Cys (1
mM), Hey (1 mM), DTT (1 mM), GSH (1 mM), Glu (10 mM) and Vc (1 mM).
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The response function of probe 1 to purified NTR from E. coli
was investigated afterwards (Fig. S31). Fig. 2 showed the fluo-
rescence emission responses of probe 1 in the presence of
NADH in Tris-buffered saline. In the absence of NTR, weak
fluorescence could be observed, but upon addition of 0.25 ng
mL ™! NTR, the fluorescence intensity at 801 nm exhibited an 8-
fold signal increase. Moreover, in the presence of dicoumarin,
a known NTR inhibitor, a concentration dependent gradual
emission reduction could be observed (Fig. S41). A linear
correlation could be determined between the emission intensity
at 801 nm and the concentration of NTR in a range of 0-150 ng
mL ™. The detection limit (3¢/k) was calculated to be as low as
0.67 ng mL ' (Fig. S7f). Additionally, probe 1 reached
a maximum fluorescence intensity within 1 min at the NTR
concentration of 0.20 pug mL™", and within 3 min even at the
NTR concentration of 0.05 pug mL~". The kinetic parameters of
probe 1 activated by NTR were investigated by plotting recip-
rocal initial reaction rates (1/v) against the increasing probe
concentration according to the Lineweaver-Burk plot. The
calculated values of the apparent Michaelis-Menten constant
K., and the maximum of the initial reaction rate V,,,, were 11.88
uM and 0.178 puM s, respectively (Fig. 3c and S$8%). More
importantly, probe 1 at a concentration of 10 uM displayed an
excellent selectivity towards NTR over other biologically relevant
molecules and other potentially interfering species (Fig. 2d and
S5t1). Mass spectrometric analysis further substantiated the
underlying activation mechanism of probe 1 by NTR as shown
in Scheme 1 (Fig. S6T). These experimental data demonstrated
that probe 1 could detect NTR activity in vitro in an ultrafast,
ultrasensitive and highly specific fashion.
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Fig. 3 Quantification analysis of the fluorescence intensity of probe 1
(10 uM) after incubation with (a) S. aureus and (b) E. cloacae at 37 °C for
1 h in the presence (black bars) or absence (red bars) of the NTR
inhibitor dicoumarin (1 mM), respectively (Aex = 750 nm, A¢m = 809
nm); optical density (OD) value of bacteria was measured at 600 nm
wavelength. Merged confocal fluorescence microscopy images of (c)
S. aureus, (d) PBMC and (e) HepG2 incubated with probe 1 (10 puM).
Grey: bright-field; blue signals: Hoechst 33342 stain (Aexy =405 nm, Aem
= 460 + 30 nm); red signals: probe 1 (Aex = 670 Nnm, Ay = 770 £+ 30
nm), scale bar = 8 um (c), 25 um (d and e).
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After establishing both excellent selectivity and responsive-
ness characteristics to NTR in vitro, we sought to evaluate the
performance of probe 1 in living cells before carrying out
subsequent in vivo studies. The clinically relevant Gram-positive
bacterial strain Staphylococcus aureus (S. aureus, ATCC 29213) as
well as the Gram-negative bacterial strain Enterobacter cloacae
(E. cloacae, ATCC 13047) were selected (Fig. 3a, b and S971). The
cells were incubated at 37 °C in the presence of 10 uM probe 1
with or without the NTR inhibitor (dicoumarin, 1 mM) for 1 h.
The emission signal was recorded at 809 nm. As shown in
Fig. 3a and b, a bacterial cell concentration-dependent fluo-
rescence intensity increase could be observed, whereas co-
incubation with the NTR-inhibitor significantly reduced probe
activation. The latter shows that probe 1 proves to be a prom-
ising optical imaging candidate for detecting the activity of
NTRs in bacterial infections.

Confocal fluorescence imaging was used to study the cellular
uptake selectivity and NTR detection properties of probe 1. S.
aureus was used as model cells for bacterial infection. The
human peripheral blood mononuclear cell line (PBMC) and the
human hepatoma cell line (HepG2) were selected to mimic
inflammatory tissue and the hypoxic cancer environment,
respectively. The in vitro cytotoxicity of probe 1 and 2 to bacterial
cells and tumour cells was first investigated using a Minimal
Inhibitory Concentration (MIC) or MTS cell-viability assay,
respectively (Table S1 and Fig. S107). The cell viability of
bacterial cells and tumour cells remained over 100% at tested
concentrations, even up to 50 uM, within 24 h. This result
indicated that probes 1 and 2 possessed low cytotoxicity.
Subsequently, the response of probe 1 to NTR in living S. aureus,
PBMC and HepG2 cells was assessed by confocal fluorescence
imaging (Fig. 3c-e and S11f). As shown in Fig. 3c, probe 1 was
readily taken up and activated by bacterial cells. However, no
NIRF (near-infrared fluorescence) signal could be observed in
macrophage cells (Fig. 3d) or hypoxic cancer cells (Fig. 3e).
These findings were due to the notion that the neomycin-
conjugated probe could not penetrate the cell membrane of
mammalian cells. The results further indicate that probe 1 may
represent a promising fluorescent bio-probe for -cellular
imaging with a high fluorescence contrast for NTR visualization
in bacterial pathogens.

The favourable biological characteristics of probe 1 provided
an incentive to the transition from cell assays to animal models.
Since NTR represents one of the common biomarkers of both
hypoxia and bacterial infection, one critical experiment was to
investigate whether probe 1 could exhibit a sufficient imaging
specificity between two potentially overlapping diagnostic
disease states: bacterial infection and cancer. To test whether
the specificity of probe 1 for a bacterial infection was appro-
priate enough, we designed an experiment to implant both
bacterial pathogens and tumour cells into different hind legs of
amouse. CT26 colon cancer cells were injected into the left hind
limb (Fig. 4a, blue circle) of each mouse 7 days before in vivo
imaging allowing tumours to grow to a size of 100-150 mm?® and
live S. aureus (1 x 10° CFU) was injected into the right hind limb
(Fig. 4a, red circle) of each mouse 10 min before in vivo imaging.
Whole body fluorescence images were obtained using

Chem. Sci., 2020, 1, 3141-3145 | 3143
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Fig. 4 (a) Whole-mouse time-dependent 2D optical images of CT26
tumor-bearing (blue circle) and S. aureus infected (red circle) mice
before and post i.v. injection of probe 1 (n = 5). (b) Quantification
analysis of fluorescence intensity of the bacterial infection region (red)
0-6 h post injection (mean + s.d.). (c) Merged 3D fluorescent and
micro-CT images showing the bacterial infection region as the single
source of luminescence.

a fluorescence imager (IVIS Spectrum imaging system) after
intravenous injection of probe 1 into the tail vein. As shown in
Fig. 4, no significant NIRF signal in the CT26 tumour region
could be detected compared to the background, whereas
a substantial fluorescence signal could be detected through the
skin corresponding to a bacterial infection 30 min post-
systemic injection (Fig. 4a and S137). This signal gradually
decreased thereafter (Fig. 4b). Afterwards, the images from 3D
fluorescence light imaging tomography were combined with
images obtained from integrated microCT (FLIT-microCT) to
accurately localize the subcutaneous bacterial injection foci in
vivo (Fig. 4c, S14 and ESI Movie S1t). 30 min post-injection, the
infected tissues exhibited a target-to-background ratio of 2.5
times, background signal-corrected, over the tumour tissue in
the contralateral leg. These results revealed that the probe could
rapidly and selectively respond to NTRs in the infected region.
To the best of our knowledge, this is the first time that a fluo-
rescent probe could be used to selectively image the activity of
NTRs in bacterial pathogens both in vitro and in vivo. Addi-
tionally, we observed that probe 1 did not accumulate in the
metabolically inactive bacteria (neomycin-treated) (Fig. S15t),
demonstrating that probe 1 was not binding to the bacteria
through non-specific interactions.

Conclusions

It is of concern that there is often a significant and unwanted
overlap in the diagnostic features among bacterial infection,
inflammation, and cancer. However, the selective recognition of
bacterial cells from white blood cells and cancer cells remains
an interesting but far less investigated topic. In the study re-
ported herein, we developed a bacteria-specific NIR fluorogenic
probe that could be selectively activated in bacteria-infected
tissue by enzymatic reduction of an electron-withdrawing
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nitro-quencher. The probe displayed high sensitivity, excellent
selectivity and an ultrafast NTR response. Moreover, it could
specifically image live bacterial cells and was not activated or
accumulated by either macrophage cells or cancer cells. Most
remarkably, the probe was also able to distinguish cancer and
bacterial infections in a mouse model, with excellent temporal
and spatial resolution. The obtained results may further
enhance our understanding of bacterial infections related to
molecular events.
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