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A novel dual-channel fluorescent probe (NCR) based on differences
in reactivity among H,S, Cys/Hcy, and GSH was rationally designed
for simultaneously distinguishing and sequentially sensing H,S,
Cys/Hcy, and GSH using two emission channels, which also demon-
strated that NCR can be used for targeting mitochondria in
mammalian cells.

Thiol-containing amino acids and biomolecules, including
cysteine (Cys), homocysteine (Hcy) and glutathione (GSH), play
vital roles in physiological and pathological processes." Hydrogen
sulfide (H,S) is recognized as an important gasotransmitter
and plays an important role in human physiology.> H,S levels
are tightly associated with the levels of Cys, Hcy, and GSH in
living systems, as endogenous H,S can be produced from Cys
and Hcy by cystathionine B-synthase and cystathionine y-lyase.’
Abnormal cellular H,S levels are implicated in many diseases
such as Alzheimer’s disease, Down’s syndrome,”> and liver
cirrhosis® among others. Cys is an essential amino acid for
the synthesis of proteins with its normal intracellular concen-
tration in the range of 30-200 pM.” Abnormal levels of Cys are
related to retarded growth, hair depigmentation, edema,
lethargy, liver damage, and cardiovascular diseases.® The role
of Hcy in diseases is a controversial topic and the normal
concentration of Hcy in serum is approximately 5-15 puM.’
Elevated levels of Hey in plasma are a risk factor for Alzheimer’s
and cardiovascular diseases.'"” GSH is the most abundant
intracellular thiol with intracellular concentrations in the range
of 1-10 mM,'" and is well-known to be associated with a
number of disorders including cancer, Alzheimer’s disease
and other ailments.'* Furthermore, the disulfide form of GSH
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(GSSG) is involved in protein modification and consequently
signal transduction."® Therefore, assessment of the levels of
these biothiols in biological systems in an integrated fashion is
important for understanding their respective biological roles as
well as their interplays in human physiology and pathology.
Owing to the similar chemical structures and properties of
these biothiols, it is challenging to simultaneously detect and
discriminate Cys/Hcy, GSH, and H,S from each other using a
single agent.

High-performance liquid chromatography (HPLC), capillary
electrophoresis, spectrophotometry, mass spectrometry (MS),
capillary electrophoresis and HPLC-MS/MS have been used
previously for the detection and determination of specific
biothiols.* However, such methods do not address the issue
of intracellular concentration, and yet the ability to detect and
discriminate various biothiol species intracellularly is critical to
the understanding of detailed sulfur biology. Fluorescence
imaging techniques have attracted much attention owing to
their simplicity, high sensitivity, non-invasiveness, and real-time
detection in living systems.'”> A number of fluorescent probes
have been developed in recent years to detect and distinguish
Cys/Hcey, GSH and H,S."° Lin and co-workers designed a fluor-
escent probe that could simultaneously distinguish Cys/Hcy,
GSH, and H,S, and sense them using a multi-channel fluores-
cence mode.'” A chlorinated coumarin-hemicyanine probe was
developed with three potential reaction sites for simultaneous
detection of Cys, Hcy and GSH using different emission
channels.'® To the best of our knowledge, a single molecule
fluorescent probe that can simultaneously detect and distin-
guish H,S and various biothiols in solution and in live cells is
quite rare (Table S1, ESIY).

In this work, we describe a novel fluorescent probe (NCR)
with two potential reaction sites for simultaneously distin-
guishing and sequentially sensing H,S, Cys/Hcy, and GSH from
two emission channels. The design of the probe is based on
different reaction mechanisms between the probe and H,S,
Cys/Hcy or GSH (Scheme 1). The probe NCR consists of two
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Scheme 1 The design strategy of the probe NCR and the proposed
fluorescence signal changes in response to H,S and biothiols or sequen-
tially distinguishing Cys/Hcy and GSH due to the FRET effect between NBD
and coumarin.

fluorophores, coumarin and resorufin, and a functional nitro-
benzoxadiazole (NBD) moiety for the sequential sensing of
biothiols (Cys/Hcy and GSH). The disulfide bond is used to
connect coumarin and resorufin as the recognition unit for the
selective response to H,S and biothiols. In previous works,
fluorescent probes with disulfide bonds as linkers or recogni-
tion groups were mainly used in prodrug preparation,’ thio-
redoxin reductase-based activation,® H,0, responsive prodrug,>
and preparation of precursors of H,S>* or biothiols.”* A disulfide
bond as a cleavable linker is particularly attractive, because of its
stability in most blood pools and yet strong propensity to react
with H,S or other biothiols, leading to disulfide cleavage."® When
a disulfide bond is linked to fluorophores, changes in emission
intensity or shifts in the emission maxima often occur upon its
cleavage, as a result of perturbation to the internal charge transfer
(ICT) process. Moreover, probe NCR has additional desirable
features, such as high water-solubility, large separation of the
emission wavelengths (121 nm), and the ability to image biothiols
in the mitochondria.

Herein, the NCR probe is inherently non-fluorescent due to
the internal charge transfer (ICT) process and the quenching of
the fluorescence of the coumarin moiety due to the FRET effect
of NBD.>* In the NBD chromophore, the carbon-nitrogen bond
at the 4-position is easily cleaved by H,S, due to the 7-position
nitro group.”® The product 4-thiol-7-nitro-benzofurazan (NBD-SH)
is non-fluorescent, but the coumarin can emit fluorescence as a
result of FRET removal. Thus, many NBD amine derivatives have
been reported for the selective detection of H,S.”" Additionally,
the disulfide bond between coumarin and resorufin can be inter-
rupted by nucleophilic reagents (e.g. biothiols). In the presence of
H,S, the NBD moiety is quickly released in the form of NBD-SH (N)
and the disulfide bond is cleaved by the nucleophilic attack of H,S.
The cleavage of the disulfide linkage triggers the release of the
free resorufin (R) through a quinone methide intermediate, and
the subsequent lactonization of the persulfide species releases
piperazine-coumarin (D). As a result, both blue and red emissions
occur. However, reaction of the probe NCR with Cys/Hcy or GSH is
expected to only produce R, and dark NC or NC-GSH. It is expected
that the NBD would not be cleaved. As a result, only red emission
from R is expected. If the reaction only stops at this stage, it
appears to be difficult to discriminate between Cys/Hcy and GSH,
because products NC and NC-GSH are expected to exhibit similar
photophysical properties. However, when the dark products NC
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and NC-GSH are subsequently treated with H,S, NBD would be
cleaved to yield D and dark D-GSH from NC-GSH. On the other
hand, the addition of H,S to NC is expected to result in blue
emission as shown in Schemes S2 and S3 (ESIT). Taken together,
the probe NCR is capable of not only simultaneously distinguishing
H,S and biothiols, but also sequentially sensing Cys/Hcy and GSH
through two well-defined emission bands. As shown in Scheme S1
(ESIT), NCR was synthesized through several steps in desirable
yield. All new compounds were fully characterized by 'H NMR,
3C NMR and HRMS (Fig. S20-S34, ESIY).

With the target probe NCR, we first investigated its sensing
behavior towards H,S, Cys/Hcy, and GSH in PBS at room
temperature. As expected, free NCR (10 uM) exhibited no fluores-
cence in the visible region. Upon addition of an increasing
amount of H,S (from 0 to 100 equiv.), the mixture exhibited two
new blue and red emission bands centered at 467 nm and
588 nm, respectively (Fig. 1A). The newly generated emission is
ascribed to the release of free R and D as designed. Responding to
Cys/Hcy and GSH (from 0 to 100 equiv.), only a gradual increase of
the red emission was observed without the blue emission
(Fig. 1B-D), indicating that the reaction of the probe with
biothiols generated red fluorescent R and dark NC or NC-GSH
because of the FRET effect between coumarin and NBD. With the
concentration-dependent fluorescence intensity reaching the
maximum values, H,S induced a 125- and 83-fold enhancement
of the fluorescence intensity at 467/588 nm, respectively. Cys, Hcy
and GSH induced a 65, 65 and 70-fold enhancement of intensity
at 588 nm, respectively (Fig. S1, ESIf). In addition, we also
measured the fluorescence spectra of NCR upon successive
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Fig. 1 The titration fluorescence spectra of NCR (10 uM) upon addition
of (A) H,S (0-100 equiv.), (B) Cys (0-100 equiv.), (C) Hcy (0-100 equiv.),
and (D) GSH (0-100 equiv.) in DMSO/PBS buffer (25 mM, pH 7.4, 1:99 v/v,).
Jex = 380 nm and Aem = 467 nm for the first column. 4ex = 560 nm and
JAem = 588 nm for the second column.
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addition of Cys/Hcy/GSH, and H,S in aqueous solution (Fig. S2,
ESIYT). Therefore, we can sequentially distinguish Cys/Hcy and
GSH in terms of the fluorescence spectra at 467 nm.

Furthermore, fluorescence titration experiments under the
same conditions were conducted. H,S and biothiols have good
linear relationships over a certain concentration range with the
maximum intensity values of newly generated red emission
bands. The detection limits were calculated to be 0.31 pM (H,S),
0.27 uM (Cys), 0.45 uM (Hey) and 0.46 uM (GSH) (Fig. S3, S4, ESTY).

To shed light on the response process, the absorption spectra
of NCR were also investigated in aqueous solution (Fig. S5, ESIT).
The extinction coefficient is as high as 29083 M~" cm ™" (Fig. S6,
ESIt). "H-NMR titration experiments to further characterise the
reaction were conducted (Fig. S7 and S8, ESIT). Furthermore, the
mass spectra of NCR in H,S and biothiols were measured in order
to confirm the proposed reaction processes (Fig. S9-15, ESIT).

Encouraged by these results, we further evaluated the selec-
tivity of probe NCR over other biologically related species
(Fig. S16A, ESIt). This suggests that probe NCR can selectively
detect H,S, Cys/Hcy and GSH, without interference from
relevant amino acids, representative anions, cations and ROS
through changes in two well-defined emission bands. The
effects of pH on the response of the probe NCR to H,S and
the respective biothiols were also assessed (Fig. S16B, ESIY),
and the probe shows good response and allows for discrimination
among H,S and biothiols under near neutral pH conditions.

According to the calculation in the optimized structures of
fluorescent probe (Fig. S17, ESIf), the response emission of
NCR to H,S and biothiols is regulated by the FRET and ICT
mechanisms together.

Prior to applying the probe for the biological imaging, we
assessed the cytotoxicity of NCR with HeLa cells by the MTT
method. The results illustrated that the probe has low cytotoxi-
city at concentrations up to 20 puM (cell viability >85%)
(Fig. S18, ESIt), which suggests that the probe is safe for
visualizing H,S and biothiols in live cells. To confirm the
capability of the probe in detecting H,S and biothiols, HeLa
cells were incubated with 5.0 UM probe NCR. As predicted, the
NCR loaded HeLa cells showed a bright emission in the red
channel (Fig. 2A), which indicated that NCR reacted with the
cellular biothiols and produced a strongly fluorescent resorufin
chromophore. In the control experiment, after being pretreated
with N-ethylmaleimide (NEM, a thiol scavenger, 0.5 mM), the
NCR loaded HeLa cells exhibited very dim fluorescence in
the two channels (Fig. 2B), which was in agreement with the
emission spectral performance of the free probe in an aqueous
system. For the experimental groups, the cells continued to be
incubated with the respective exogenous H,S and biothiols
after being pre-treated with NEM for 30 min. Upon continuous
treatment with H,S (500 pM), a significant enhancement of
fluorescence in both the blue and red channels was observed in
the cells loaded with NCR (Fig. 2C). However, for continuous
treatment of the cells with Cys/Hcy and GSH (500 uM), only
an enhancement of fluorescence in the red channel was repre-
sented in the cells loaded with NCR (Fig. 2D-F). Therefore, NCR
can discriminate cellular H,S, Cys/Hcy, and GSH with two
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Fig. 2 Fluorescence images of probe NCR responding to the respective
biothiols in living HelLa cells. Cells were incubated with (A) NCR (5 uM,
30 min); (B) NEM (0.5 mM, 30 min), subsequently incubated with probe
NCR (5 uM, 30 min); (C) NEM (0.5 mM, 30 min), subsequently incubated
with H,S (500 pM, 30 min) and probe NCR (5 uM, 30 min); (D and E) NEM
(0.5 mM, 30 min), subsequently incubated with Cys/Hcy (500 uM, 30 min)
and probe NCR (5 pM, 30 min); and (F) NEM (0.5 mM, 30 min), subse-
quently incubated with GSH (500 puM, 30 min) and probe NCR (5 uM,
30 min) (blue channel of 440-490 nm and red channel of 575-620 nm).
Scale bar: 10 um.

different sets of fluorescence signals via dual-color fluorescence
imaging.

Subsequently, to confirm the distribution of NCR, fluorescence
co-localization experiments were carried out in HeLa cells using
MitoTracker Green. The fluorescence image of NCR in the
red channel almost completely overlapped with the commercial
mitochondrial targeting dye in the green channel, with a high
Pearson’s correlation coefficient of 0.845 (Fig. S19, ESIf). This
strongly indicated that probe NCR was able to penetrate into
mitochondria.

Finally, the capabilities of probe NCR to selectively sense
exogenous Cys/Hcy and GSH were evaluated in live cells. The
cells were first treated with NEM to deactive the cellular
biothiols and SH-containing proteins. After incubation with
NCR, almost no fluorescence could be observed (Fig. 3(A1-A3)).
On the other hand, after being treated with Cys, Hcy and GSH,
respectively, cells were incubated with NCR and subsequently
treated with NaHS. Bright emission was observed in both the
blue and red channels for the sample pretreated with Cys and
Hcy (Fig. 3B and C). On the other hand, there was only a red
emission band induced, without obvious fluorescence in the
blue emission band in the sample pre-treated with GSH
(Fig. 3D). Such results are consistent with the design principle
and the solution test results. Hence, these results re-affirmed
the selectivity of probe NCR for biothiols inside cells and also
demonstrated the potential of probe NCR to sense intracellular
Cys/Hcy and GSH simultaneously from dual-color fluorescence
imaging in live cells.

In summary, by linking coumarin and resorufin with a
disulfide bond and a nitrobenzoxadiazole (NBD) chromophore,
we have designed a novel, water-soluble and mitochondria-
targeted fluorescent probe (NCR), which could simultaneously
detect and distinguish H,S, Cys/Hcy, and GSH using two
different emission channels. The fluorescence of probe NCR
showed 65- to 125-fold increases in intensity with the addition
of H,S (467 and 588 nm) and biothiols (588 nm), respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Fluorescence images of probe NCR sequentially sensing Cys/Hcy,
GSH and H,S in living Hela cells. Cells were incubated with (A) NEM
(0.5 mM, 30 min), subsequently incubated with probe NCR (5 uM, 30 min);
(B and C) NEM (0.5 mM, 30 min), subsequently incubated with Cys/Hcy
(500 uM, 30 min) and probe NCR (5 uM, 30 min), continued to be treated
with 500 uM NaHS for 30 min; and (D) NEM (0.5 mM, 30 min), subse-
quently incubated with GSH (500 pM, 30 min) and probe NCR (5 uM,
30 min), and continued to be treated with 500 uM NaHS for 30 min
(blue channel of 440-490 nm and red channel of 575-620 nm). Scale bar:
10 pm.

The 121 nm separation in emission maxima between the blue
and red channels allows for minimal or no signal overlap and
high selectivity. Furthermore, fluorescence imaging studies in
live cells demonstrated that probe NCR is able to simulta-
neously monitor endogenous and exogenous H,S, Cys/Hcy,
and GSH via dual-color imaging. This study may provide an
effective tool for further exploration of the functions of various
biothiol species in biological systems.
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