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Construction of a coumarin-based fluorescent
probe for accurately visualizing hydrogen sulfide in

live cells and zebrafishy

Xiao Wei,®® Long Mi,” Shenglong Dong,® Hui Yang & *® and Shiyuan Xu*?

Hydrogen sulfide (H,S), an important gas signaling molecule, is a regulator of many physiological processes,

and its abnormal levels are closely related to the onset and progression of disease. It is vital to develop

methods for specific tracking of H,S in clinical diagnosis and treatment. In this study, we designed an

ultrasensitive and highly stable coumarin-based fluorescent probe Cou-H,S. Through the H,S-initiated
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tandem reaction, Cou-H,S successfully achieved highly selective and super-fast detection of H,S. Cou-

H,S was successfully applied to the monitoring of endogenous and exogenous H,S at the cellular level

DOI: 10.1039/d4ra00668b
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Introduction

Reactive sulfur species (RSS) play a pivotal role as signaling
molecules in redox regulation, including hydrogen sulfide
(H,S), glutathione (GSH), cysteine (Cys), and sulfane sulfur.*
Among them, H,S stands out as the simplest biothiol involved
in the regulation of a range of complex pathophysiological
processes in living organisms.*® These processes include
regulation of vascular tone, cytoprotection, and neurotrans-
mission, and so on.””® For example, H,S induces vascular
relaxation, lowers blood pressure, and plays an important
protective role in cardiovascular diseases. It effectively resists
oxidative stress and protects cells and tissues.'®** Endogenous
H,S is catalytically produced by intracellular sulfate-reducing
enzymes or thioredoxin proteins (cystathionine B-synthase,
cystathionine vy-lyase, and 3-mercaptopyruvate sulfur trans-
ferase)."”"* Abnormal H,S concentrations in human serum can
induce several diseases such as cardiovascular, neurological,
and cancer.* Therefore, the development of visual detection
tools to monitor intracellular H,S levels is crucial for under-
standing disease mechanisms and enabling early diagnosis.
Common detection methods for H,S include chromatog-
raphy, electrochemistry, and mass spectrometry. Although the
above methods can detect the concentration of H,S in vitro, they
can cause damage to biological samples.”'® Fluorescence
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and verified the validity of the detection of H,S in the LPS-induced zebrafish model. Therefore, Cou-H,S
might provide new insights into the study of H,S-related diseases.

imaging, with its high sensitivity, high accuracy, and non-
invasiveness, enables real-time, non-invasive monitoring of
H,S in organisms. Based on chemical properties such as
reducibility, nucleophilicity and metal coordination,
researchers have developed a series of H,S fluorescent
probes.”* However, some of the reported probes have the
disadvantages of environmental sensitivity, long reaction time,
high detection limit, and the need for large amounts of organic
solvents as co-solvents. It is still necessary to develop new small-
molecule fluorescent probes for H,S that can overcome these
limitations.

Trifluoromethyl coumarin, with the advantages of high
chemical stability, wide emission wavelength range, and high
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Scheme 1 (a) Synthesis of Cou-H,S. (b) Reaction mechanism of Cou-
H,S toward H>S.
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fluorescence quantum yield, has been widely used in bioimag-
ing and fluorescent probes.>**" In this work, we designed and
synthesized a novel coumarin-based fluorescent probe Cou-H,S
using trifluoromethyl coumarin as the molecular scaffold and 2-
pyridyl disulfide as the H,S recognition group (Scheme 1). The
reaction of Cou-H,S with H,S released a trifluoromethyl
coumarin dye that emitted intense fluorescence at 498 nm. Cou-
H,S presented excellent selectivity and sensitivity to H,S, with
a low detection limit of 25 nM. Cou-H,S could also be employed
for fluorescence imaging of endogenous and exogenous H,S in
cells. Furthermore, the upregulation of H,S levels in LPS-
stimulated zebrafish was visualized.

Experimental section

Synthesis of 2-oxo-4-(trifluoromethyl)-2H-chromen-7-yl 2-
(pyridin-2-yldisulfanyl)benzoate (Cou-H,S)

Cou-OH (115 mg, 0.5 mmol) and 2-(pyridin-2-yldisulfanyl) ben-
zoic acid (158 mg, 1.2 mmol) were dissolved in dry dichloro-
methane (20 mL). Subsequently, EDC (383 mg, 2.0 mmol) and
DMAP (25 mg) were added. The reaction mixture was stirred at
room temperature for 10 h. After completion of the reaction, the
solvent was evaporated in vacuo. The resulting product was
purified by silica gel column chromatography (eluent: 20% ethyl
acetate/80% petroleum ether) to afford the desired compound
(76 mg, 32% yield). "H NMR (400 MHz, CDCL,): 6 8.49-8.47 (m,
1H), 8.30 (dd, J = 8.0, 1.5 Hz, 1H), 8.01 (dd, J = 8.2, 1.1 Hz, 1H),
7.82(dd, J = 8.8, 1.8 Hz, 1H), 7.61-7.53 (m, 3H), 7.41-7.32 (m,
3H), 7.13-7.10 (m, 1H), 6.82 (s, 1H); "*C NMR (100 MHz, CDCl,):
6 163.83, 158.57, 158.44, 155.09, 153.87, 149.72, 142.14, 137.35,
134.34, 132.14, 126.40, 126.35, 125.97, 125.32, 121.14, 119.97,
119.78, 119.23, 115.55, 115.49, 111.59, 111.32; HRMS m/z:
C,2H1,F3NO,S, [M + H]' caled for 476.0238 found 476.0282.
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Results and discussion
Design and synthesis of Cou-H,S

The chemical structure of Cou-H,S was well characterized by NMR
and HRMS, as shown in Fig. S1-S4.1 2-Pyridyl disulfide masked
the hydroxyl group of the fluorescent dye, quenching the fluores-
cence of Cou-OH. The addition of H,S induced the release of Cou-
OH from Cou-H,S. The general mechanism was as follows: H,S
reacted with Cou-H,S via a nucleophilic substitution reaction to
give Cou-SSH intermediate, followed by an intramolecular esteri-
fication reaction to release Cou-OH and 3H-benzo[c|[1,2]dithiol-3-
one. To elucidate the reaction mechanism, we conducted mass
spectrometry analysis of the products before and after the reaction
of Cou-H,S with H,S. As seen in Fig. S5, Cou-H,S exhibited
a main peak at m/z = 476.0282, corresponding to Cou-H,S. After
the excess H,S reacted with Cou-H,S, the solution showed two
main peaks at m/z = 167.9695 and m/z = 253.0014, attributed to
3H-benzo[c][1,2]dithiol-3-one ([M]") and Cou-OH ([M + Na]").

Optical response of Cou-H,S to H,S

The response time serves as a crucial metric for assessing the
probe's performance, providing insight into the kinetic process
of its binding to target analytes. Upon synthesizing Cou-H,S, we
opted for an initial concentration of 10 uM and recorded the
time course of Cou-H,S in the absence or presence of 20 uM
Na,S (an inorganic H,S donor substance) in the PBS solution
containing 100 uM hexadecyl trimethyl ammonium bromide
(CTAB). The fluorescence intensity at 498 nm of Cou-H,S
remained constant for 300 s (Fig. 1a). When 20 uM Na,S was
added, the fluorescence intensity at 498 nm reached the
maximum at 100 s and remained stable. The changes in fluo-
rescence intensity before and after the reaction of Cou-H,S with
Na,S across various pH values were then explored. As seen in
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Fig. 1

(a) Fluorescence intensities at 498 nm of Cou-H,S (10 uM) in the presence or absence of Na,S (20 uM). (b) pH-dependent fluorescence

intensities of Cou-H,S (10 uM) in the absence or presence of NayS (20 uM). (c) Fluorescence response of Cou-H,S (10 uM) to varying
concentrations of Na,S (0-20 uM). (d) Plot of fluorescence intensities of Cou-H,S (10 uM) at 498 versus Na,S concentrations (0—35 uM). (e)
Linear relationship between fluorescence intensities of Cou-H,S (10 uM) at 498 nm and Na,S concentrations (4-10 uM). (f) Fluorescence
response of Cou-H,S (10 uM) at 498 nm to common interfering analytes (100 uM, respectively). (1) Blank, (2) Met, (3) Gly, (4) Arg, (5) Pro, (6)
$,0527, (7) SO5°7, (8) SO427, (9) Cl~, (10) Mg?*, (11) A®*, (12) Ca?*, (13) Fe®*, (14) ClO~, (15) Cys, (16) Hcy, (17) GSH, (18) H.S. Aex = 405 nm.
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Fig. 1b, the fluorescence intensity of Cou-H,S showed minimal
variation over a wide pH range from 3.0 to 10.0, highlighting its
insensitivity to the pH of the detection system. In the presence
of Na,S, the fluorescence intensity closely resembled free Cou-
H,S within the pH range of 3.0-6.0. A notable increase in fluo-
rescence intensity was observed beyond pH 6.0, reaching its
peak at pH 8.0-9.0. The absorption spectra of Cou-H,S changed
significantly before and after the addition of Na,S (Fig. S61). The
relationship between fluorescence intensity changes of Cou-H,S
and Na,S concentration was also investigated (Fig. 1c). Under
the excitation light of 405 nm, the fluorescence of the free Cou-
H,S was weak. Upon sequentially adding different concentra-
tions of Na,S, the fluorescence emission peak of Cou-H,S at
498 nm gradually enhanced (Fig. 1d). In the Na,S concentration
range of 0-20 uM, the fluorescence of Cou-H,S at 498 nm
increased by 340-fold. This substantial change indicated a high
signal-to-noise ratio for the in vitro detection of H,S. In addi-
tion, the fluorescence intensities of Cou-H,S at 498 nm dis-
played an excellent linear relationship with the Na,S
concentration (4-10 uM), represented by the linear equation y/
10* = 21.07x — 75.49 (where y was the recorded fluorescence
intensity at 498 nm, and x was the Na,S concentration), yielding
a linear correlation coefficient of 0.99 (Fig. 1e). Utilizing the
detection limit formula 30/k (o represented the standard devi-
ation of the recorded fluorescence intensity of free Cou-H,S at
498 nm 12 times, and k represented the slope of the linear
equation), it could be concluded that the detection limit was
25 nM, lower than that of several reported fluorescent probes
for H,S (Table S1f). To evaluate the selectivity of Cou-H,S
toward H,S, the performance of Cou-H,S was tested in response
to common interfering analytes, including amino acids (Met,
Gly, Arg, Pro), anions (S,0;>", SO;>~, SO,>~, Cl7), metal ions
(Mg?*, AI**, Ca®*, Fe*"), reactive oxygen species (ClO~), and
biothiols (Cys, Hcy, GSH). As depicted in Fig. 1f, there was no
significant variation in the fluorescence intensity at 498 nm for
amino acids, anions, metal ions, and reactive oxygen species,
and only Na,S triggered an enhancement of fluorescence
intensity. These results underscore the excellent sensitivity and
selectivity of Cou-H,S for H,S, suggesting its potential use in
complex biological environments.

H,S imaging in live cells

Evaluating the cytotoxicity of Cou-H,S would provide a basis for
its potential biological applications. Fig. S7f showed that
incubation with different concentrations ranging from 0 to 30
uM of Cou-H,S for 24 h resulted in more than 90% cell survival,
confirming the commendable biocompatibility of Cou-H,S in
cellular and in vivo imaging experiments. As illustrated in Fig. 2,
co-incubating Cou-H,S with HeLa cells yielded weak green
fluorescence. When the cells were pre-incubated with Cys, fol-
lowed by incubation with Cou-H,S, a moderate green fluores-
cence emerged due to the conversion of Cys to H,S catalyzed by
the thiosulfate transferase enzyme. Notably, the cells treated
with Na,S induced robust green fluorescence, whereas treat-
ment with Na,S and ZnCl, (an H,S scavenger) in turn led to
reduced green fluorescence. The results established the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a

Cou-H,S 1mM Cys 20 UM H,S 100 uM ZnCl, (b) 20-

Fig. 2 Confocal laser fluorescence imaging of Hela cells under
different pretreatments. (a) The cells were treated with Cys (1 mM, 30
min), NazS (20 pM, 30 min), ZnCl, (20 uM NayS + 100 uM ZnCl,, 30
min) at 37 °C respectively, then incubated with Cou-H,S (10 pM) and
CTAB (50 pM) for 30 min before imaging. (b) Pixel intensities of the
cells in plane a. A¢x = 405 NM, Aepyy = 450-550 nm. Scale bar: 20 pm.
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Fig. 3 (a) Hela cells were treated with SNP (25, 50 uM, 30 min), SNP

(50 uM, 30 min) + PAG (1 mM, 30 min) at 37 °C respectively, then
incubated with Cou-H,S (10 uM) and CTAB (50 uM) for 30 min before
imaging. (b) RAW264.7 cell were stimulated with LPS (1 pg mL™%, 0, 12,
24 h), LPS (1 ug mL™%, 24 h) + PAG (1 mM, 30 min) at 37 °C respectively,
then incubated with Cou-H,S (10 pM) and CTAB (50 uM) for 30 min
before imaging. (c) Pixel intensities of the cells in plane a. (d) Pixel
intensities of the cells in plane c. Ae¢x = 405 NnMm, Aem = 450-550 nm.
Scale bar: 20 um.
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(@) Bright field

LPS

Fig. 4 (a) The zebrafish were stimulated with LPS (2 ug mL™) for 12 h
at 37 °C, then incubated with Cou-H,S (10 pM) for 30 min before
imaging. (d) Pixel intensities of the cells in plane a. Aex =405 NM, Ay =
450-550 nm. Scale bar: 200 pm.

capability of Cou-H,S to image exogenous H,S, positioning it for
biological applications.

Sodium nitroprusside (SNP) was a commonly used nitric
oxide (NO) donor that induced hydrogen sulfide production.*
Fig. 3a revealed a faint green fluorescence upon incubating the
cells with Cou-H,S, with varying concentrations of SNP leading
to distinct enhancements in green fluorescence. Treatment of
50 uM SNP followed by propargylglycine (PAG, an H,S scav-
enger)* resulted in a rapid decline in green fluorescence,
demonstrating the ability of Cou-H,S to monitor SNP-induced
endogenous H,S (Fig. 3c).

Lipopolysaccharide (LPS) induced a cellular immune
response leading to upregulation of H,S expression in
RAW264.7 cells.** As displayed in Fig. 3b, faint green fluores-
cence was observed in RAW264.7 cells incubated with Cou-H,S.
When the cells were stimulated with LPS for 12 h or 24 h, and
then incubated with Cou-H,S, green fluorescence showed
a gradual enhancement compared to that of the control group
(Fig. 3d). Conversely, treatment with PAG post-LPS exposure led
to a reduction in green fluorescence, highlighting Cou-H,S's
ability to track the LPS-induced upregulation of H,S levels in
this cellular inflammation model.

H,S imaging in zebrafish

LPS induced up-regulation of the expression and activity of H,S
synthase in zebrafish, thereby promoting H,S production. As
depicted in Fig. 4, Cou-H,S was incubated with zebrafish, only
weak green fluorescence was observed, likely due to the release
of trifluoromethyl coumarin dye from the reaction between the
low concentration of endogenous H,S and Cou-H,S. The green
fluorescence of zebrafish treated with LPS for 12 h increased
rapidly compared to free Cou-H,S. This enhancement was
attributed to the significant increase in the endogenous H,S
concentration in zebrafish stimulated with LPS. The findings
suggested that Cou-H,S was capable of tracking changes in H,S
concentration levels in vivo.

Conclusions

In summary, we have designed and synthesized a novel fluo-
rescence probe, namely Cou-H,S, for the detection of H,S based
on trifluoromethyl coumarin dye. Cou-H,S showed high speci-
ficity for H,S, which overcame the interference of common
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biological analytes, such as metal ions, anions, amino acids,
reactive oxygen species, and biothiols. Cou-H,S responded
rapidly to H,S with response times as low as 100 s. In addition,
the negligible cytotoxicity of Cou-H,S made it suitable for
imaging exogenous and endogenous H,S in live cells. With the
aid of Cou-H,S, LPS-induced upregulation of endogenous H,S
levels in zebrafish was verified. This work developed a powerful
chemical tool for dynamic monitoring of H,S levels in cells and
zebrafish, underpinning the study of H,S-related diseases.
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