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A nitroreductase (NTR) responsive fluorescent probe with long
wavelength fluorescence emission was used to determine the NTR
activity of a selection of bacterial species under a range of different
bacterial growth conditions ensuring applicability under multiple
complex clinical environments, where sensitivity, reaction time, and
the detection accuracy were suitable for planktonic cultures and
biofilms.

The flavin-containing nitroreductase (NTR) is overexpressed in
Enterobacter cloacae and hypoxic human tumours and catalyses
the reduction of nitroaromatic compounds to hydroxyl amines
or amines, with the assistance of a NADH (Nicotinamide
adenine dinucleotide) cofactor." The NTR enzyme has been
used for environmental engineering, in the bioremediation of
2,4,6-trinitrotoluene (TNT) and other nitroaromatic pollutants.*®
Moreover, important biological functions of NTR in a range of
organisms have recently been explored.”® NTR detection can thus
improve disease diagnosis, and facilitate the development of
selective therapeutics activated by NTR.”'® Numerous NTR sen-
sors have been developed with the majority focused on assessing
the hypoxic status of tumours." 3

The high-expression of NTR in bacteria, especially among
Escherichia coli (E. coli) provides us an important marker
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suitable for pathogen-oriented detection. To date, fluorescence-
based systems remain underexplored for sensing NTR, where
electrochemical sensors are more commonly used.'*™*® While
exhibiting acceptable sensitivity, electrochemical methods are
restricted in biomedical applications since they require enzyme
fixation and are not suitable for imaging and in situ analysis due
to complex operational procedures and may cause tissue damage.
Fluorescence-based detection has thus gained attention due to the
high sensitivity, selectivity, imaging feasibility and biocompatibility,
which ensures minimal damage of cells and tissues.'”>°

Taking our inspiration from recent fluorescence-based NTR
sensors, functionalization of a hydroxyl with p-nitroanisole
results in an effective NTR responsive unit.>’ 1,8-naphthal-
imide and dicyanomethylene 4H-pyran (DCM) have been used
as the cores of NTR-responsive systems by Zhang et al. and
Yang et al.,”>** demonstrating the effective sensing of NTR in
solution and in Hep-G2 cells. Although NTR expression among
E. coli has been verified, bacterial-based sensing of NTR
remains unknown. Herein, we developed a new long-wavelength
(560 nm) red-emitting NTR sensor based on 2-dicyanomethylene-3-
cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF) modified using an
NTR-responsive nitro locking group (Scheme 1). The selection of
red-emitting long-wavelength fluorophore provides significant
advantages for sensor performance, including minimal biological
damage ensuring biocompatibility, effective penetration through
tissues, excellent stability of signals, minimal interference from
background fluorescence compared with other fluorescence sys-
tems, thus allowing the possibility of biomedical-oriented chemo-
sensors for clinical applications.
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Scheme 1 NTR reduces the nitro group of TCF-Nitro (left) to an amine
triggering fluorescence “turn-on” due to release of TCF-OH and
4-methylenecyclohexa-2,5-dien-1-imine (right).
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Here, we show that TCF-Nitro can be used to sensitively and
selectively detect NTR and monitor NTR levels in E. coli. as well
as a range of other bacterial species and strains. The TCF-OH
fluorophore was modified with a p-nitroanisole NTR-responsive
unit (see ESIT for synthesis), as confirmed by both NMR and MS
spectroscopy (Fig. Sla, ESIf), which could then be cleaved
to produce TCF-OH upon NTR treatment, as confirmed by
MS (M + H' = 304.1083, M + Na® = 326.0901) (Fig. S1b, ESI}).
The as-constructed probe TCF-Nitro was evaluated in aqueous
solution, exhibiting a sensitive fluorescence “turn-on” in the
presence of the co-factor NADH (response observed for 5 pug mL ™"
enzyme) (Fig. S2, ESIt).”>*

Significantly, the response could be quenched using di-
coumarin as an NTR inhibitor (Fig. S3, ESIt), which is non
fluorescent so does not interfere with the detection (Fig. S4,
ESIY). Moreover, TCF-Nitro can generate not only a fluorescence
but also a UV-Vis colormetric response upon activation, result-
ing in a colour change from orange to rose red (Fig. S5, ESIt), a
result of the production of TCF-OH (TCF-O~).>* Furthermore,
the sensing selectivity and sensitivity were confirmed. Selectivity
was demonstrated over a range of interfering agents including
y-glutathione (GSH), vitamin C (VC), H,0,, and a variety of amino
acids (Fig. S6, ESIt). A linear response was observed for low NTR
concentrations between 0.3-1.5 pg mL™' (Fig. S7, ESIf). For
enzyme-activatable probes, enzymatic kinetics is an important
characteristic; significantly, probe TCF-Nitro reacts with NTR
completely in 15 min (Fig. S8, ESIY).

Within biological systems (including in vivo systems, mam-
malian cells, or pathogens including bacteria), the activity of
NTR is determined not simply by the amount of NTR present,
but by the ability to reduce nitro groups (requiring the coopera-
tion of both endogenous NTR and NADH).>>** Diagnostic
systems that can effectively measure endogenous NTR levels
in a range of bacterial species are particularly attractive as they
could act as tools to evaluate enzymatic mechanisms amongst
different kinds of pathogens, enabling evaluation of their
biological and pathological functions, facilitating appropriate
clinical treatments resulting in improved prognosis. Therefore,
we screened for NTR activity within 15 biologically representa-
tive strains which belong to several common and indicative
categories of bacteria. To obtain the most useful results, we
created a balanced selection, containing common clinically
relevant strains including Gram-negative Pseudomonas species,
Gram-negative Escherichia species, Gram-positive Staphylococcus
species, Gram-positive Streptococcus species, and Gram-positive
Enterococcus species. To access the inherent NTR activity pre-
sented by microorganisms themselves, probe TCF-Nitro was
incubated with the species, to record and compare the signals
detected (Fig. S9, ESIt). From the screening results, the NTR
activities are not related with the Gram (+/—) types but more
with the species themselves. Pseudomonas aeruginosa (Gram —)
and Enterococcus faecalis (Gram +) generally do not display NTR
activity, while modest levels are found among Streptococcus
dysgalactiae NCTC 10238. Especially, the Staphylococcus species
Staphylococcus epidermidis (S. epidermidis) RP62A results in a
significant NTR response (up to 20-fold), indicating the highest
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activity. Interestingly, many reports have confirmed the produc-
tion of NTR by E. coli,>>>® however, amongst the six E. coli
strains, we only observed acceptable NTR activity for DH5a
(Fig. S9, ESIt). Consequently, we selected the top three strains
belonging to different bacterial categories that produced signi-
ficant signals (DH5a, NCTC 10238, and RP62A) as representa-
tives to conduct subsequent growth-related studies, utilizing
TCF-Nitro as an NTR-monitoring tool under a range of conditions.
The response of TCF-Nitro was evaluated for fast response (1 h) and
standard response (1 d). A fast response enables accurate evalua-
tion within 1 h and is suitable for urgent clinical conditions such as
point of care testing (i.e. where a patient’s life is in danger).

We then evaluated the growth of bacteria under a range of
biological environments to elaborate in vivo and clinical applic-
ability, and evaluate the relationship between the growth con-
ditions (e.g. the nutrients absorbed for growth) and the NTR
activity level. We used four kinds of commonly used bacterial-
culture broths Luria-Bertani (LB), Muller-Hinton (MH), Trypti-
case Soy Broth (TSB), and Brain-Heart Infusion (BHI) to mimic
the different growth conditions, and used a limit of detection
method to determine the response level and sensitivity. The
DH5a results using TSB broth indicated that TCF-Nitro reacted
within 1 h and that further reaction for 1 d did not significantly
enhance the response (Fig. 1). In addition, DH5x with MH, LB,
and BHI broth cultures indicated that the probe responded to
E. coli rapidly, the 1 h results are saturated compared with the
results obtained after extended reaction (1 d). Within these
results, the detection in LB broth seems to be the most
significant (Fig. $10-S15, ESIT). When it comes to the second
strain NCTC 10238, the detection performances are rapid (1 h)
and significant in the TSB broth (Fig. 2). However, a disappoint-
ing result was seen for MH broth where nothing was detected
within 1 h. In addition, the probe struggled to achieve completion
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Fig. 1 TCF-Nitro based fluorescence detection (a), (c) and corresponding
change in fluorescence (b), (d) with 1-100 times diluted TSB-cultured
E. coli DH50. (approx. 10° CFU mL™Y) to determine NTR activity and probe
detection limits, under 1 h and 1 d detection periods respectively. Black:
10° CFU ml~* group. Red: 108 CFU ml~* group. Blue: 107 CFU m(~* group.
**P < 0.01, ***P < 0.001. ey = 560 NM, Zem = 606 Nm.
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Fig. 2 TCF-Nitro based fluorescence detection (a), (c) and corresponding
change in fluorescence (b), (d) with 1-100 times diluted TSB-cultured
S. dysgalactiae NCTC 10238 (approx. 10° cfu mL™?Y) to determine NTR
activity and probe detection limits, over 1 h and 1 d detection period. Black:
10° cfu ml™* group. Red: 108 cfu ml™! group. Blue: 107 cfu ml™ group.
**P < 0.01, ***P < 0.001. Jex = 560 NM, Zem = 606 Nm.

after 1 d, which is not suitable for practical applications (Fig. S16
and S17, ESIY). The situation improves with LB and TSB broths,
where 1 h is enough time for the determination of NTR activity
(Fig. S18-S21, ESIt). Finally, we examined the last strain RP62A,
which exhibited significant NTR activity within 1 h for TSB, MH,
and BHI broths (Fig. 3 and Fig. S22, S23, S26, and S27). The
situation in LB broths improves after 1 d, where 1 h reaction
confirms the existence of NTR (Fig. S24 and 25, ESIf). In sum-
mary, the most obvious and significant NTR activity is observed
for RP62A, which is in accordance with the screening results in
Fig. S9 (ESIt). To our delight, among the three selected strains
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Fig. 3 TCF-Nitro based fluorescence detection (a), (c) and corresponding
change in fluorescence (b), (d) with 1-100 times diluted TSB-cultured
S. epidemidis RP62A (approx. 10° cfu mL™?) to determine NTR activity and
probe detection limits, under 1 h and 1 d detection period. Black:
10° cfu ml™* group. Red: 108 cfu ml™* group. Blue: 107 cfu ml™t group.
*P < 0.1, **P < 0.01, ***P < 0.001. Zex = 560 NnmM, Aeyy = 606 Nm.
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TCF-Nitro could provide an acceptable detection performance
within 1 h.

Using dicoumarin (NTR inhibitor) in an inhibition
assay,>** we confirmed that the signals under all conditions
were due to active NTR. We conducted two separate inhibition
assays, in one the dicoumarin inhibitor is constantly present in
the system during probe incubation and detection, and for the
second dicoumarin is removed from the cells before incubation
with the probe. What is interesting is that except for two groups
(NCTC 10238 in MH broth and in BHI broth), the inhibitor
performs well when not removed from the extracellular environ-
ment. However, if the inhibitor was washed out the surviving
bacteria generate some NTR after 1 d (thus not providing constant
Oinhibition during evaluation), as such the signals rebound
(Fig. S28 and S29, ESIt). It appears that S. epidemidis RP62A
generally does not produce NTR after inhibition while others
produce some NTR.

Since the TCF core is commonly used for microscopy, we
monitored TCF-Nitro using Confocal Laser-Scanning Micro-
scopy (CLSM) to determine the presence of intracellular NTR.
Apart from DH5a where fluorescence was clearly seen, both
NCTC 10238 and RP62A indicate that NTR tends to be released
outside of the cell membrane, which might be an important
clue for future mechanism-based pharmacological studies
(Fig. S30-S33, ESIt). Biofilms are significant challenges for
clinical bacterial treatment and in particular the disinfection/
sterilization industry. Biofilms are bacterial communities
composed of an extracellular matrix that adheres tightly to
the surface of medical devices or other clinically-relevant
surfaces and are extremely difficult to eradicate.?®

To further mimic clinical biofilm formation, a colony bio-
film model was used which provides a more accurate represen-
tation of a biofilm in a clinical setting. Colony biofilms were
grown on a permeable polycarbonate membrane on broth-
saturated agar plate — used to mimic the surface of an infection
site (Fig. S34, ESIt). Good results were observed for both E. coli
DH5a and S. epidermidis RP62A biofilms after TCF-Nitro treat-
ment, even within a short reaction time (1 h). For NCTC 10238
biofilms, nothing was seen within 1 h but the signal was
slightly activated after 1 d, indicating weaker NTR activity
(Fig. 4 and Fig. S35, S36, ESIT). Significantly, the activation
seems to be enough to cause a colour change with DH50 and
RP62A, a slight but detectable rose colour was observed within
the positive wells. Hence, a colour change in this assay can be
used to indicate activation.

In summary, we have developed an NTR-responsive probe
TCF-Nitro based on the red-emitting fluorescent TCF core,
which exhibits good sensitivity, selectivity, biocompatibility,
and minimal interference from background fluorescence. After
screening a range of bacterial species to evaluate their NTR
activities using TCF-Nitro, we selected three main strains that
exhibit the most significant NTR activity to examine the effect
of growth conditions and bacterial concentrations on the levels
of NTR, which confirmed that TCF-Nitro could be used to
detect NTR under a range of biological conditions (mimicking
clinical use). As such our study could offer insight into the

24,27
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Fig. 4 (a) Images taken of controls (membrane and Artificial Wound Fluid
(AWF) only) (Blank) and biofilms of E. coli DH5q« after incubation with 10 pM
TCF-Nitro in phosphate buffer saline (PBS) buffer pH = 8.0 at 37 °C without (—)
or with (+) inhibitor dicoumarin, for 1 h and 1 d respectively. (b) and (c) Fluores-
cence and corresponding fluorescence change for the wells containing the
colony biofilms. *P < 0.1, ***P < 0.001. Aex = 560 NmM, A = 606 Nm.

|
+Inh

- Inhibitor  + Inhibitor

development of small-molecule probes for sensing bacterial
enzymes based on a variety of other fluorescent dyes.***°
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