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Introduction

Hydrogen sulfide (H2S) is an important endogenous signalling
molecule with significantly biological functions.1-3 The
production of endogenous H2S in different organs and tissues has
been majorly attributed to three distinctive enzymatical pathways
including cystathionine β-synthase (CBS), cystathionine γ-lyase
(CSE) and 3-mercaptopyruvate sulfur transferase (3-MPST)
coupling with cysteine aminotransferase (CAT).2 It  has  been
proved that abnormal endogenous level of H2S relates to
numerous human diseases, including symptoms of Alzheimer’s
disease, Down syndrome, diabetes and liver cirrhosis.3 Moreover,
H2S is proposed to play important roles in mediating a wide
range of physiological processes, such as neurotransmission,
vasodilation, inflammation, oxygen sensing, etc.4 Although those
studies indicated that numerous physiological and pathological
processes were linked to levels of H2S, the molecular
mechanisms dictating how H2S influences cellar signaling and
interrelated biological events were insufficient understood.
Therefore, it presents significant research value to develop
efficient methods for detection of H2S in biological systems.

Traditionally, the main methods for H2S detection are
colorimetry, electrochemical assay, gas chromatography and
sulfide precipitation.5 However, recent research indicated that
fluorescent methods with excellent sensitivity and selectivity
were highly desirable for in situ and real-time visualization of
H2S in living biological systems.6-11 These H2S probes are mostly
based on specific H2S-induced reactions, including reduction-
based probes,6-8 metal sulfide precipitation-based probes9 and
nucleophile-based probes.10 We have been interested in the
biodetection of H2S11 and biothiols12 for some time. In our
previous work, the thiolysis of the NBD (7-nitro-1,2,3-

benzoxadiazole) amine was explored for development of a
FRET-based H2S probe 1 (Scheme 1),11a which displayed good
selectivity for H2S over biothiols or SO3

2-. However, Roubinet13

et al. recently reported another NBD-amine-based probe 2
(Scheme 1) which 1) possessed no selectivity for S2- and  SO3

2-

and 2) could only react with Na2S, but not NaHS in their tests.13

To further investigate such thiolysis of the NBD amine for
development of fluorescent H2S probes, herein we reported the
synthesis and characterizations of a new NBD-based probe 3,
which could be used to detect H2S selectively and to monitor the
H2O2-induced H2S biosynthesis in yeast cells.

Scheme 1. Chemical structures of NBD-based fluorescent probes 1-3
and the reaction of 3 and H2S to produce 4.

Herein, we developed a new NBD-based fluorescent probe 3
based on click reaction of alkyne-containing NBD 7 and
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amine as the  receptor. Bioimaging experiments indicated that this probe could be used to
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azidocoumarin 8 (Scheme 2).14 The resulted coumarin-triazole

fluorophore was water-soluble and bright,14b whose fluorescence
was quenched by the NBD moiety through the FRET effect,
while the NBD fluorophore gave low fluorescence in aqueous
solution.11b As result, the probe 3 exhibited weak fluorescence in
buffer. Fluorescence of the coumarin-triazole could be released
after thiolysis of the NBD amine by H2S.

Scheme 2. The synthesis route for probe 3.

The absorption spectrum of 3 displayed peaks at 490 nm and
394 nm (Fig. S1), which could be assigned as NBD and
coumarin-triazole absorption, respectively. After reacting with
H2S (using Na2S as an equivalent), the absorption at 490 nm
decreased and a new peak at 535 nm appeared.15 The solubility
tests based on absorption spectra indicated that 3 had good water-
solubility in PBS buffer (Fig. S2).

Figure 1. a) Time-dependent fluorescent spectra of 1 μM 1 with 100
μM Na2S; b) Dynamic simulation (the red solid line) of fluorescence
intensity at 486 nm versus time from (a); c) Time-dependent
fluorescent  spectra  of  1  μM 1 with  100  μM  NaHS;  d)  Dynamic
simulation (the red solid line) of fluorescence intensity at 486 nm
versus  time  from (c).  All  experiments  were  carried  out  in  PBS (pH
7.4, 50 mM, containing 10% DMSO).

We then carried out the time-dependent fluorescent tests in
PBS buffer at room temperature (Figure 1). 3 showed very weak
background fluorescence at 486 nm, which could enhance about
45-fold upon treatment with 100 μM H2S (using Na2S as an
equivalent). To obtain the reaction kinetics, the fluorescence
signal at 486 nm was plotted as a function of time for data
analysis (Figure 1b). The pseudo-first-order rate, kobs, was found
to be 3.3 × 10-3 s-1 by fitting the fluorescence intensity data with
single exponential function. The reaction rate, k2 (k2 = kobs/[H2S]),
was calculated as 33 M-1 s-1. We also used NaHS as an equivalent

of  H2S to examine the fluorescent response of 3 toward  H2S
(Figure 1c and 1d). Results indicated that fluorescence at 486 nm
enhanced about 44-fold, and the reaction rate (k2)  was about  37
M-1 s-1. These studies clearly demonstrated that both S2- and HS-

can trigger thiolysis of the NBD amine in physiological buffer. In
fact, either Na2S or NaHS in PBS buffer (pH 7.4) should majorly
exist  as  HS- anions and H2S.7 Therefore, both NaHS and Na2S
could be used as an equivalent H2S for tests.

Encouraged by the above results, we further checked the
fluorescence signal change of probe 3 with various
concentrations (0-100 μM) of H2S (Figure 2). As expected, a
strong emission could be detected when the reaction mixture was
excited at 394 nm. The fluorescence intensity at 486 nm was
linearly related to the concentration of H2S  from  0  to  30  μM
(Figure 2b). The detection limit of 3 was determined to be as low
as 56 nM based on the 3σ/slope method.11d The results
demonstrated that probe 3 could react with H2S highly sensitively.

Figure 2. a) Fluorescence response of 3 upon increasing
concentrations of H2S (0-100 μM); b) linear relationship (R = 0.996)
between fluorescence intensity at 486 nm of 3 and H2S concentration.

A major challenge for H2S detection in biological systems is
to develop a selective probe that exhibits notably distinctive
response  to  H2S over other cellular molecules, especially for
millimolar biothiols. To explore the selectivity of 3 for detection
of  H2S, it was incubated with various biologically relevant
species including reactive sulfur species (glutathione, cysteine,
homocysteine, SO3

2-, SO4
2-,  S2O3

2-), reactive oxygen species
(H2O2, NaOCl), NaNO2, and cations (Zn2+, Fe3+). The
fluorescence increase of millimolar biothiols, however, is far
below that of H2S. Among all the tested species, only SO3

2-

showed limited fluorescence response (Figure 3a), which was
consistent with our previous observation.11a We then examined
the competitive selectivity of 3 toward  H2S in the presence of
SO3

2-/HSO3
- (Figure 3b). The results indicated that the

fluorescence response of probe 3 toward  H2S over SO3
2-/HSO3

-

was about 5-fold, implying that sulfite anions showed limited
influence on H2S detection. Therefore, probe 3 can  be  used  to
selectively detect H2S in physiological buffer.

We also investigated the turn-on fluorescence response of 3 to
H2S under different pH values (Figure S3). The probe could
functionalize over pH from 7.0 to 8.5. Under weak acid
conditions, the fluorescence turn-on fold of 3 upon H2S
activation became smaller, because the thiolysis of the NBD
amine became slower at weak acid buffers.11g To explore the
plausible reaction mechanism, the stoichiometry of a reaction
between 3 and H2S was tested. Data from Job’s plot implied the
1:1 stoichiometry for the reaction between 3 and H2S (Figure S4).
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Figure 3. a) Fluorescence response (486 nm) of 3 (1 μM) upon
incubation with various analytes (H2S, SO4

2-, SO3
2-,  S2O3

2-, NO2
-,

H2O2, ClO-, Zn2+ and Fe3+ were 100 μM; Cys and Hcy were 1 mM;
GSH was 5 mM) for 20 min; b) Competitive selectivity of 3 (1 μM)
toward  100  μM SO3

2-/HSO3
- in  the  absence  or  presence  of  100  μM

H2S after 20 min incubation.

To study the biological application of probe 3, we
preliminarily tested whether 3 could be used for sensing H2S in
yeast cells. The cells were treated with 5 μM 3 for 30 min and
then washed by PBS. The resulted 3-treated cells were then
incubated with 200 μM H2S for 20 min and subsequently imaged
by a fluorescence microscopy. An obvious cyan fluorescence
could be observed for the H2S-treated cells (Figure S5), implying
that probe 3 is cell-permeable and can image intracellular H2S.
We further examined whether 3 could be used to detect the H2O2-
induced H2S in yeast cells (Figure 4). In our previous work, the
first H2O2-H2S dual-response probe was successfully used for
visualization of the H2O2-induced H2S biogenesis in living
HEK293 cells.11f Herein, yeast cells were stimulated with 100 or
200 μM H2O2 for 30 min and then incubated with 5 μM 3 for 20
min. As shown in Figure 4, significantly fluorescent
enhancement can be observed in 3-loaded cells upon H2O2
treatment (Figure 4e,4f), implying that H2O2 could induce
endogenous H2S production in yeast cells.16 These preliminary
tests suggested that probe 3 could be used to visualize endogenous
H2S in cells.

Figure 4. Fluorescent  microscopy  images  of  the  H2O2-induced
endogenous H2S  in  yeast  cells  using 3. Cells were incubated with
(a,d) 3 (5 μM) for 20 min; (b,e) H2O2 (100 μM) for 30 min and then
3 (5 μM) for 20 min; (c,f) H2O2 (200 μM) for 30 min and then 3 (5
μM) for  20  min.  (a-c)  show the  bright  field  images  and  (d-f)  show
the fluorescent images.

In summary, click synthesis of NBD amine and coumarin led
to a new fluorescent probe 3 for selective H2S detection in cells.
Spectra studies indicated that 3 could rapidly react with H2S
using either Na2S or NaHS as an equivalent in buffer. The
selectivity study demonstrated that probe 3 could selectively
detect H2S even in the presence of SO3

2-/HSO3
-. Moreover,

bioimaging experiments indicated that this probe could be used
to monitor the H2O2-induced endogenous H2S in yeast cells,
which was the first in-situ observation of such phenomenon.
Therefore, probe 3 could be a promising tool for potential
applications in H2S biology. This work further highlights that
thiolysis of the NBD amine is a useful reaction for development
of fluorescent H2S probes.
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Graphical Abstract
Thiolysis of the NBD amine was employed for development of a highly sensitive and selective fluorescent H2S probe, which
could be used to detect H2S in buffer and in cells.

Synthesis and characterizations of a highly
sensitive and selective fluorescent probe for
hydrogen sulfide
Yan Huanga,†, Changyu Zhanga,†, Zhen Xib,*, Long Yia,*


