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Abstract: Hydrogen sulfide (H2S), as one of the critical gaseous signaling molecules, has important
physiological functions in the human body, and abnormal levels of hydrogen sulfide are closely
related to tumors, Parkinson’s disease, Alzheimer’s disease, and other diseases. In order to enable
the detection of H2S in the physiological environment, herein, a new H2S fluorescence probe, named
C-HS, based on a coumarin–chalcone fluorescence platform was developed. The fluorescence probe
provides specific recognition of H2S within a wide pH detection range (5.5–8.5), a rapid recognition
response (within 10 min) for H2S molecules, and a high selectivity for competing species. The probe
C-HS possesses low cytotoxicity and is used to achieve the detection of exogenous/ endogenous
H2S in living cells, indicating that the constructed probe C-HS has the ability to track changes in
intracellular H2S levels. Therefore, probe C-HS could be a potential tool for the early diagnosis of
H2S-related diseases.

Keywords: fluorescent probe; photoinduced electron transfer; cell imaging; hydrogen sulfide

1. Introduction

Hydrogen sulfide (H2S), which smells like rotten eggs, is an important endogenous
signaling molecule in many physiological processes and has attracted a lot of attention.
Endogenous H2S is usually produced by three unique enzymatic reactions, including
cystathionine-β-synthetase (CBS), cystathionine-γ-lyase (CSE), and 3-mercaptopyruvate
sulfurtransferase (3-MST) [1–6]. Studies have shown that the catalytic enzymes of endoge-
nous H2S are distributed in various tissues of the body, and it has been shown that H2S
plays a crucial role in a lot of physiological and pathological processes, such as neuro-
transmission, vasodilation, cardiac protection, angiogenesis, apoptosis, islet secretion, and
anti-inflammation [6–11]. However, abnormal H2S levels could be very harmful to the
body, causing diseases including Alzheimer’s disease, Down’s syndrome, diabetes, and
cirrhosis [4,12–15]. Therefore, it is necessary to measure the content of endogenous H2S,
which is to the benefit of understanding how H2S affects physiological activity and causes
disease.

Up to now, there are some traditional detection methods, including colorimetry, po-
tentiometric determination, polarographic analysis, and gas chromatography, have already
been presented for H2S detection [1,2,4,13]. Nevertheless, these methods are not applicable
to H2S detection at the cellular level or in vivo. Fluorescence techniques are increasingly
popular because of excellent sensitivity and specificity, short detection time, low cost,
simple operation, and high spatial and temporal resolution [16–19]. Therefore, fluorescence
technology to detect H2S is undoubtedly an excellent method. However, some of the
H2S fluorescence probes developed at this stage interfere with other biothiols, including
cysteine (Cys), homocysteine (Hcy), and glutathione (GSH), which have similar reactivity
with H2S [18,20–26]. These biological thiols possess sulfhydryl groups that may not only
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exhibit chemical properties similar to those of H2S but also coexist with H2S in complex bio-
logical environments, seriously interfering with the detection of H2S by fluorescence probes.
Therefore, developing fluorescence probes that could effectively distinguish H2S from other
biothiol molecules is essential for further studies on hydrogen sulfide’s biological functions
and pathological effects.

Many recent studies have shown that the use of small molecule fluorescent probes
for H2S detection is mainly based on (1) the reduction reaction of nitro compounds and
azide [27,28]; (2) the Michael addition reaction with H2S-specific response; (3) the disul-
fide bond cleavage reaction [29]; (4) the thiolysis reaction [30]; and (5) the induced metal
displacement method and metal indicator displacement method to generate CuS precipi-
tates [31], and so on [32,33]. Among them, the probe with 2,4-dinitrobenzenesulfonyl as
the recognition site has higher specificity [34]. H2S has strong nucleophilicity in physi-
ological environments [35,36]. The 2,4-dinitrobenzenesulfonyl group, which has strong
electron-withdrawing properties, easily triggers a thiolysis reaction after exposure to
H2S, thereby releasing the fluorophore. Compared with the traditional H2S thiolysis
functional group 2,4-dinitrophenyl, the 2,4-dinitrobenzenesulfonyl group has a stronger
electron-withdrawing ability, and the introduction of it into a fluorophore can signifi-
cantly accelerate the H2S-mediated thiolysis reaction. Therefore, the H2S probe based
on the 2,4-dinitrobenzenesulfonyl group has a faster response ability. In addition, the
2,4-dinitrobenzenesulfonyl group is also a good fluorescence quencher group, so the flu-
orescent probes designed based on it have lower background signals, which can more
accurately visualize H2S in the living environment. As an unsubstituted thiol, H2S also has
unique double nucleophilic reactivity characteristics [37]. A nucleophilic reaction between
H2S and a 2,4-dinitrobenzenesulfonyl group (an electrophilic functional group) builds
an intermediate containing a persulfide group. The H2S probe constructed based on the
2,4-dinitrobenzenesulfonyl group has another electrophilic site at the oxygen atom, so
the intermediate will be subjected to intramolecular nucleophilic attack to trigger fluores-
cence emission, thereby improving the selectivity for H2S. Overall, the introduction of the
2,4-dinitrobenzenesulfonyl group can promote the probe to recognize H2S selectively.

In this work, we designed and synthesized a H2S fluorescence probe using a nucleophilic
substitution reaction. The design strategy of the probe employs a 2,4-dinitrobenzenesulfonyl
group as the H2S recognition site, which exhibits a significant electron-withdrawing pho-
toinduced electron transfer (PET) that reduces fluorescence emission. Upon interaction
with H2S, the probe C-HS underwent a nucleophilic reaction to release fluorophore, which
was a coumarin–chalcone fluorescence platform, thus releasing a strong fluorescence signal
and achieving a rapid response to H2S. The probe C-HS exhibited excellent fluorescence
emission signal-to-noise ratio, fast H2S response time (<10 min), and significant H2S selec-
tivity. Furthermore, it is successful to use the probe C-HS to detect endogenous/exogenous
H2S in living cells. The probe C-HS showed potential application in biological analysis and
detection.

2. Materials and Methods
2.1. Reagents and Chemicals

2,4-dinitrobenzenesulfonyl chloride and p-hydroxybenzaldehyde were obtained from Sun
Chemical Technology Co., Ltd (Shanghai, China). Triethylamine, 4-(diethylamino)salicylaldehyde,
and ethyl acetoacetate were purchased from Heowns Biochem Technologies, LLC (Tianjin,
China). Acetonitrile was bought from Tianjin Damao Chemical Reagent Factory (Tianjin,
China). Chloroform and ethanol were obtained from Chengdu Kelong Chemical Co., Ltd
(Chengdu, China). Reagents used were bought from commercial sources and used directly
without further purification.

2.2. Apparatus
1H NMR and 13C NMR data were obtained on Bruker Avance III HD 500 MHz NMR

spectrometer using DMSO-d6 as solvent and tetramethylsilane (TMS) as internal reference.
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Agilent 6520a Q-TOF LC/MS was used to obtain high-resolution mass spectrometry data
(HRMS). The UV absorption spectra were measured by Shimadzu UV-2700 UV–visible
spectrophotometer, and the fluorescence emission spectra were recorded by Hitachi F-4700
fluorescence spectrophotometer. Fluorescence imaging experiments were performed with a
TCS-SP8 DIVE confocal fluorescence microscope in Leica, Germany. PHS-3e in China was
used to measure pH values.

2.3. Synthesis of Probes
2.3.1. Synthesis of Compound 1

4-(diethylamino)salicylaldehyde (6.3 mmol, 1.2 g) and ethyl acetate (9 mmol, 1.2 g)
were dissolved in 15 mL ethanol, 0.5 mL piperidine was added, and then the mixture was
refluxed for 2 h. Cool to room temperature and extract under reduced pressure to obtain
yellow solid compound 1 (1.42 g, 97%). The crude product is directly used in the next
reaction without further purification.

2.3.2. Synthesis of Compound 2

Compound 1 (6 mmol, 1.55 g) and p-hydroxybenzaldehyde (6 mmol, 0.732 g) were
dissolved in 30 mL acetonitrile, 200 µL piperidine was added, and the mixture was reflux
for 11 h. After cooling to room temperature, the mixture was filtered, washed with 10 mL
acetonitrile, and dried under pressure to obtain yellow powder compound 2. (1.23 g, 56%, m.
p. 264 ◦C). 1H NMR (500 MHz, DMSO-d6) δ 10.06 (s, 1H), 8.57 (s, 1H), 7.79 (d, J = 15.7 Hz,
1H), 7.68 (d, J = 9.0 Hz, 1H), 7.63 (d, J = 15.7 Hz, 1H), 7.57 (d, J = 8.6 Hz, 2H), 6.84 (d,
J = 8.6 Hz, 2H), 6.81 (dd, J = 9.0, 2.3 Hz, 1H), 6.60 (d, J = 2.1 Hz, 1H), 3.50 (q, J = 7.0 Hz, 4H),
1.15 (t, J = 7.0 Hz, 6H). HRMS (ESI): m/z calculated for [M+H]+ C22H22NO4

+, 364.1543;
found, 364.1544.

2.3.3. Synthesis of Compound C-HS

Compound 2 (0.363 g, 1 mmol) and triethylamine were dissolved in 20 mL
trichloromethane. After refluxing for 5 min, 2,4-dinitrobenzenesulfonyl chloride (0.535 g,
2 mmol) was added and refluxed for 5 h. After cooling to room temperature, filtration,
ethanol washing, and drying were performed to obtain crude products. The crude product
was purified on a silica gel column (V ethyl acetate:V petroleum ether = 1:1) to obtain a red solid
probe C-HS with a yield of 40% (0.300 g, m. p. 225 ◦C). 1H NMR (500 MHz, DMSO-d6) δ
9.12 (d, J = 2.3 Hz, 1H), 8.61 (m, 1H), 8.60 (s, 1H), 8.27 (d, J = 8.7 Hz, 1H), 7.94 (d, J = 15.8 Hz,
1H), 7.80 (d, J = 8.8 Hz, 2H), 7.69 (d, J = 9.1 Hz, 1H), 7.66 (d, J = 15.8 Hz, 1H), 7.27 (d,
J = 8.7 Hz, 2H), 6.82 (dd, J = 9.1, 2.4 Hz, 1H), 6.61 (d, J = 2.3 Hz, 1H), 3.51 (q, J = 7.0 Hz,
4H), 1.15 (t, J = 7.0 Hz, 6H). 13C NMR (125 MHz, DMSO-d6) δ 185.33, 159.92, 158.26, 153.10,
151.54, 149.33, 148.54, 148.09, 139.68, 135.05, 133.63, 132.43, 130.62, 130.32, 127.50, 126.66,
122.60, 121.09, 115.19, 110.28, 107.91, 95.90, 44.47, 12.34. HRMS (ESI): m/z calculated for
[M+H]+ C28H24N3O10S, 594.1177; found, 594.1177.

2.4. Spectroscopic Test Method and Preparation of Test Solution

Dissolve the PBS (phosphate buffered saline) powder in ultrapure water and transfer
it to a volumetric flask with a constant volume of 2 L. After standing, the pH was measured
as 7.42 with a pH meter and sealed for use.

A 1.2 mg compound of C-HS was accurately weighed, dissolved in 2 mL DMSO, and
evenly shaken to prepare 1 mM probe mother liquor, which was sealed for later use.

The test solution of probe concentration was 10 µM, pH = 7.4, VPBS:VDMSO = 8:2.
In selective experiments, the analytes used DL-Hcy, L-Cys, GSH, L-Ala, L-Phe, L-Met,
L-Gly, L-Arg, L-AsA, L-Lys, L-Leu, L-Pro, L-Trp, L-Ser, L-Asp, L-Val, L-Ile, His, GLu,
methylglyoxal, sodium pyruvate, sodium thiocyanate, tert-butyl hydrogen peroxide, chlo-
ral hydrate, calcium chloride, magnesium chloride, sodium nitroferricyanide, sodium
bisulfite, glyoxal, sodium hydrosulfide were all tested at a concentration of 50 µM.
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All measurements are made in accordance with the following procedure unless oth-
erwise stated. The 100 µL probe C-HS reserve solution was diluted to 2 mL and then
transferred to a 10 mL volumetric flask. The solution was diluted to 10 mL with PBS to
prepare the test solution. Spectral measurements were recorded at room temperature with
a 1 cm standard colorimeter. The excitation wavelength is 470 nm, the excitation slit width
is 10 nm, and the emission slit width is 10 nm.

2.5. Cell Culture and MTT Analysis

HeLa cells were purchased from KeyGen Biotech (Nanjing, China). HeLa cells were
cultured for 24 h in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 80 U/mL penicillin, and 0.08 mg/mL streptomycin in a 37 ◦C
incubator with 5% CO2 and 95% air.

Hela cells were inoculated into 96-well plates, 100 µL PBS was added to the periphery
of 96-well plates, and 0–50 µM C-HS (99.9% DMEM and 0.1% DMSO) was added to the
rest of the plates, respectively. Subsequently, the cells were cultured at 37 ◦C in 95% air
and 5% CO2 for 24 h. Then, the liquid was sucked up, and MTT and fresh culture medium
were added into the well for further incubation for 4 h. Finally, the culture medium was
removed. Add 100 µL DMSO to each well and shake well to dissolve the crystal completely.
The absorbance of the solution was measured at 492 nm with a microplate reader. The
formula for calculating the toxicity of C-HS is detailed in the Supporting Information.

2.6. Imaging Test
2.6.1. Imaging of Exogenous H2S

The first group: cells were cultured with 10 µM C-HS for 30 min. The second group:
cells were cultured with 10 µM C-HS for 30 min and then cultured with 20 µM NaHS for
30 min. The third group: cells were cultured with 10 µM C-HS for 30 min and then cultured
with 50 µM NaHS for 30 min. The fourth group: cells were cultured with 10 µM C-HS for
30 min, then 100 µM NaHS for 30 min.

2.6.2. Imaging of Endogenous H2S

The first group: cells were cultured with 10 µM C-HS for 30 min. The second group:
cells were cultured with 100 µM ZnCl2 for 30 min. The third group: cells were cultured
with 100 µM ZnCl2 for 30 min, then 10 µM C-HS for another 30 min. Group 4: Cells were
co-cultured with 100 µM ZnCl2, 10 µM C-HS, and 100 µM NaHS for 30 min.

3. Results
3.1. Designing Strategy of Probe C-HS

The synthetic rote is outlined as Scheme 1. The coumarin–chalcone fluorescence plat-
form has been widely used in the design of fluorescence probes [38–44]. By introducing
an electron-withdrawing group to the fluorescence platform, the fluorescence emission
signal could be modulated. In this work, the H2S fluorescence probe was constructed by
using a coumarin–chalcone compound as the fluorescence platform and introducing a H2S
recognition site, the 2,4-dinitrobenzenesulfonyl group, on this platform. The introduction
of the 2,4-dinitrobenzenesulfonyl group caused the fluorescence probe C-HS to form a
PET effect, thereby causing the fluorescence probe C-HS to show a weak fluorescence
emission signal. The 2,4-dinitrobenzenesulfonyl group would undergo a specific nucle-
ophilic reaction with H2S to form hydroxyl groups. As the hydroxyl group with strong
electron-donating property, the electrical structure of the probe changed to “D-π-A”, and
the intermolecular charge transfer (ICT) effect was restored to the coumarin–chalcone
fluorophore, producing a strong fluorescence emission signal. In this paper, the structure
of the compound was characterized by NMR and HRMS, and the recognition mechanism
of the probe and hydrogen sulfide was verified by HRMS. Scheme 2 outlines the design
strategy of the fluorescence probes and the response mechanism of H2S.
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3.2. Measurement of the Spectral Properties of Probe C-HS
3.2.1. Fluorescence Titration Test of the Interaction between Probe C-HS and H2S

After synthesizing and determining the structure of the compound C-HS (Figures
S1–S3), a series of optical experiments were performed to verify the optical properties of
the probe. UV–Vis spectra indicated that C-HS has a visible absorption peak at 465 nm
(Figure 1a), and the absorption peak began to increase with a weak redshift after adding
H2S. There were no obvious fluorescence emission peaks for the probe C-HS without H2S
addition (Figure 1b, fluorescence quantum yield: 0.01). After the addition of H2S, there
was a fluorescence emission peak at 575 nm under 470 nm excitation, and the fluorescence
intensity increased with the increase in H2S concentration. These spectral data are very
close to those reported for the coumarin–chalcone fluorophore [43]. The reason for this
phenomenon is that the probe releases a 2,4-dinitrobenzenesulfonyl group upon reaction
with H2S, making the PET effect disappear and thus releasing a strong fluorescence signal.
When 60 µM H2S was added, the fluorescence signal was enhanced 57 times (fluorescence
quantum yield: 0.2). Obviously, C-HS has a significant recognition ability for H2S, which
is consistent with our design idea. In addition, the change in fluorescence intensity en-
hancement during the titration experiment has a linear relationship with H2S concentration
(0–50 µM), indicating the ability of quantitative detection of H2S (Figure 1d). The detection
limit of C-HS is 2.25 µM (3σ/K formula). Fluorescence titration experiments and detection
limits indicated good sensitivity of the probe for H2S detection, suggesting the potential
application of the probe for detecting changes in H2S concentration in living organisms.

3.2.2. Kinetic Test of the Interaction between Probe C-HS and H2S

In order to detect the reaction rate of the probe C-HS with H2S, the fluorescence
kinetics tests of the interaction between C-HS and three groups of H2S with different
concentrations (10 µM, 20 µM, 50 µM) were carried out (Figure 2). When the probe C-HS
(10 µM) reacted with different concentrations of H2S, the fluorescence intensity of the probe
C-HS increased gradually with time. When interacting with 50 µM of H2S, the fluorescence
intensity of the test system increased rapidly at first, and the rate of fluorescence intensity
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change gradually decreased after 10 min of interaction. Even though the response time of
10 min was not short, it was acceptable for the detection of H2S in biological samples. It is
because the common incubation time settings in bioimaging are 10, 15, or 30 min [45–48].
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3.2.3. Selective Testing of Probe C-HS

It is an important criterion to evaluate the application potential of an optical probe
and whether it can detect the object specifically. In order to explore whether probe C-HS



Chemosensors 2023, 11, 428 7 of 14

could specifically recognize H2S, we selected representative analytes to conduct further
selective experiments on probe C-HS. After reacting with the analyte for 30 min, the test
system was subjected to fluorescence emission spectroscopy. As can be seen from Figure 3a,
probe C-HS showed good selectivity for H2S. After adding H2S, the fluorescence intensity
of the solution was significantly enhanced. However, there was no significant change in
fluorescent intensity after the addition of the interfering analyte. In order to investigate
whether biothiol molecules such as GSH and Cys can interfere with probe C-HS, the
probe (10 µM) was tested on three groups of GSH, Cys, and H2S with a concentration of
50 µM (Figure 3b). The results showed that the fluorescence intensity changes slightly
after adding GSH and Cys, while the fluorescence intensity increases significantly after
adding H2S to probe C-HS. The selective fluorescence emission spectroscopy experiments
demonstrated that the probe C-HS has promising applications for the detection of H2S in
complex biological environments (in coexistence with biological thiols).
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Figure 3. (a) The fluorescence intensity (I575) of probe C-HS (10 µM) changed in the presence of
different biorelated analytes (50 µM). The numbers represent the following: 1. PBS, 2. DL-Hcy,
3. L-Cys, 4. GSH, 5. L-Ala, 6. L- Phe, 7. L-Met, 8. L-Gly, 9. L-Arg, 10. L-ascorbic acid, 11. L-Lys,
12. L-Leu, 13. L-Pro, 14. L-Try, 15. L-Ser, 16. L-Asp, 17. L-Val, 18. L-Iso, 19. L-Chloral, 20. glucose,
21. acetone aldehyde, 22. sodium pyruvate, 23. sodium thiocyanate, 24. tert-butyl hydroperoxide,
25. chloral hydrate, 26. CaCl2, 27. MgCl2, 28. sodium nitroferricyanide, 29. sodium bisulfite,
30. glyoxal, 31. sodium hydrosulfide. (b) The fluorescence intensity changes in C-HS (10 µM) treated
with 50 µM Cys, GSH, H2S.

3.2.4. Fluorescence Response Spectra of Probe C-HS to Different pH

The pH of the test system may affect the fluorescence emission intensity of the fluores-
cence probe. Subsequently, we tested the response of the probe C-HS to H2S at different pH
conditions (3–10). The fluorescence intensity of probe C-HS hardly changes under different
pH environments (Figure 4). This indicated that pH change had no significant effect on
probe C-HS. When the probe C-HS reacted with H2S (30 µM), the fluorescence intensity
changed at different pH. The fluorescence inhibition of the probe C-HS + H2S was obvious
in the ultra-acidic (pH = 3) or alkaline (pH = 10) environment. The fluorescence intensity
was obviously enhanced at pH 6–8. The lower fluorescence at pH < 3 may be due to the
fact that the generated product compound 2 is difficult to deprotonate under this condition,
resulting in a very weak fluorescence. When pH > 10, NaHS is easy to undergo acid–base
neutralization reaction with the solution, which makes it difficult for the probe to react with
H2S, so it has very weak fluorescence. This indicates that the probe C-HS can effectively
monitor H2S under a physiological pH environment.



Chemosensors 2023, 11, 428 8 of 14Chemosensors 2023, 11, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 4. The fluorescence intensity changes in C-HS (10 µM) treated or untreated with H2S (30 µM) 
at different pH solutions. 

3.2.5. Photostability Test of Probe C-HS 
Optical stability is an important factor for judging the excellent performance of fluo-

rescent probes. In order to test the optical stability of the probe, the probe C-HS was con-
tinuously irradiated at 470 nm excitation wavelength for fluorescence scanning. As shown 
in Figure 5, within 60 min, the probe C-HS with and without H2S addition showed high 
chemical stability. 

 
Figure 5. Plots of fluorescence intensity changes in 10 µM probe C-HS in the absence or presence of 
light irradiation and the addition of 50 µΜ H2S in the absence and presence of light irradiation. 

3.2.6. Verification of Fluorescence Detection Mechanism of Probe C-HS 
The mechanism of the response of the probe to recognize H2S was investigated using 

high-resolution mass spectrometry. 2,4-dinitrobenzenesulfonyl group could quench the 
fluorescence signal by selecting an electron-donating group to block the ICT process and 
produce a d-PET effect [49]. After the reaction between the probe and H2S, a new mass 
peak was found at an m/z of 364.1543 (Figures S3 and S4), which is identical to the dye 
compound 2. It indicates that the probe C-HS reacted with H2S recognition as we ex-
pected. 
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3.2.5. Photostability Test of Probe C-HS

Optical stability is an important factor for judging the excellent performance of flu-
orescent probes. In order to test the optical stability of the probe, the probe C-HS was
continuously irradiated at 470 nm excitation wavelength for fluorescence scanning. As
shown in Figure 5, within 60 min, the probe C-HS with and without H2S addition showed
high chemical stability.
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3.2.6. Verification of Fluorescence Detection Mechanism of Probe C-HS

The mechanism of the response of the probe to recognize H2S was investigated using
high-resolution mass spectrometry. 2,4-dinitrobenzenesulfonyl group could quench the
fluorescence signal by selecting an electron-donating group to block the ICT process and
produce a d-PET effect [49]. After the reaction between the probe and H2S, a new mass
peak was found at an m/z of 364.1543 (Figures S3 and S4), which is identical to the dye
compound 2. It indicates that the probe C-HS reacted with H2S recognition as we expected.
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3.3. Application of Probe C-HS in Biology
3.3.1. Cell Toxicity Test of Probe C-HS

As a fluorescence tracer, the fluorescence probe C-HS should provide good biocom-
patibility and not have toxic effects on biological samples. Therefore, before biological
imaging applications, the survival of cells in the presence of the probe C-HS was tested
using standard MTT methods to ensure that the probe C-HS would not cause unnecessary
damage to the biological sample. The HeLa cells maintained more than 95% viability after
24 h incubation with the probe (0–50 µM). As shown in Figure 6, the results showed that
the probe C-HS had low toxicity to cells and could be applied to biological samples.
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Figure 6. HeLa cells cytotoxicity of probe C-HS.

3.3.2. Cell Imaging Experiments
Exogenous Experiments

After verifying that probe C-HS has good cytocompatibility, the ability of probe C-HS
to detect intracellular H2S concentration changes was verified by exogenous H2S imaging
experiments of cells. The HeLa cells incubated with the 10 µM probe C-HS alone exhibited
a faint yellow fluorescence signal, indicating that the probe could sensitively recognize
the sparse intracellular H2S (Figure 7a). Subsequently, after pretreatment with H2S and
the addition of probe C-HS, the fluorescence signals of HeLa cells were enhanced. And
the fluorescence cells released by HeLa cells gradually increased as the concentration of
extracellularly added H2S increased (Figure 7b–d). The results of cellular exogenous H2S
fluorescence imaging experiments (Figure 7e) showed that the probe C-HS was able to
effectively detect intracellular H2S content change and re-validated the design strategy of
the probe C-HS to recognize H2S.
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Figure 7. Imaging of endogenous H2S in HeLa cells by a 10 µM probe C-HS. (a) Cells were cultured
with 10 µM C-HS; (b) cells were pre-cultured with 20 µM NaHS, then cultured with 10 µM C-HS;
(c) cells were pre-cultured with 50 µM NaHS, then cultured with 10 µM C-HS; (d) cells were pre-
cultured with 100 µM NaHS, then cultured with 10 µM C-HS. (e) Quantified mean fluorescence
intensities of cells in the channel. The horizontal coordinates a, b, c and d indicate the fluorescence
intensity of the corresponding fluorescence channels, respectively. fluorescence intensity of the
corresponding fluorescence channel. λem = 500–600 nm, λex = 470 nm, scale bar = 25 µm. The error
bars represent the standard deviation (±SD), n = 5.

Endogenous Experiments

Motivated by the promising results of exogenous cell imaging, endogenous cellular
H2S imaging tests were subsequently performed. Like the results shown in Figure 8a, HeLa
cells incubated by the probe exhibited a faint yellow fluorescence signal. To verify whether
this weak yellow fluorescence signal originated from the detection of endogenous traces
of H2S in the cells by the probe, we introduced zinc chloride (ZnCl2), a H2S scavenger.
To ensure that ZnCl2 would not have toxic effects on HeLa cells, we performed imaging
experiments of ZnCl2 stimulated cells. The imaging results showed that the HeLa cells
stimulated by ZnCl2 maintained their normal cells shape, indicating that ZnCl2 did not
affect the cell activity (Figure 8b). HeLa cells first incubated with 100 µM ZnCl2 and then
further treated with the probe released a reduced fluorescence signal, indicating that the
probe could effectively detect intracellular traces of H2S (Figure 8c). In sharp contrast,
the HeLa cells stimulated by ZnCl2 and then incubated with additional H2S exhibited
an intense yellow fluorescent signal (Figure 8d). The results of cellular endogenous H2S
fluorescence imaging experiments demonstrated that the probe possesses good sensitivity
in living cells and enables monitoring of the changing state of endogenous H2S content in
living cells.
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Figure 8. Fluorescent images of probe C-HS in living HeLa cells for detecting endogenous H2S.
(a) Cells were cultured with 10 µM C-HS; (b) cells were cultured with 100 µM ZnCl2; (c) cells were
pre-cultured with 100 µM ZnCl2, then cultured with 10 µM C-HS; (d) cells were cultured with 100
µM ZnCl2, 10 µM C-HS, and 100 µM NaHS in turn. (e) Quantified mean fluorescence intensities of
cells in the green channel. The horizontal coordinates a, b, c and d indicate the fluorescence intensity
of the corresponding fluorescence channels, respectively. fluorescence intensity of the corresponding
fluorescence channel. λem = 500–600 nm, λex = 470 nm, scale bar = 25 µm. The error bars represent
the standard deviation (±SD), n = 5.

4. Conclusions

In summary, a new H2S fluorescence probe based on the coumarin–chalcone fluo-
rescent platform and combined with the 2,4-dinitrobenzenesulfonyl group as the H2S
recognition site was developed. The probe exhibits a significant PET effect that reduces
fluorescence emission. Upon interaction with H2S, the probe undergoes a nucleophilic
reaction to release the fluorophore, which was the coumarin–chalcone fluorescence plat-
form, thus releasing a strong fluorescence signal and achieving a rapid response to H2S.
The probe has excellent optical properties and excellent biocompatibility and can be used
for the detection of H2S in complex biological samples (and the detection is not interfered
with by biothiols). What’s more, C-HS also can detect exogenous and endogenous H2S
in living cells. We believe that C-HS can be used as a bioactive molecular tracer for H2S
imaging to further explore the physiological and pathological functions of H2S.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11080428/s1, Figure S1: The 1H NMR of C-HS.
Figure S2: The 13C NMR of C-HS. Figure S3: ESI-MS spectrum of C-HS. Figure S4: HRMS (ESI)
spectra of C-HS and H2S after reaction.

https://www.mdpi.com/article/10.3390/chemosensors11080428/s1
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Chemosensors 2023, 11, 428 12 of 14

Author Contributions: Conceptualization, methodology, software, formal analysis, investigation,
writing—original draft, project administration, H.C.; writing—review and editing, visualization,
investigation, data curation, validation, L.G.; methodology, formal analysis, validation, Q.Z.; data
curation, investigation, visualization, validation, Y.T.; methodology, formal analysis, R.G.; resources,
writing—review and editing, supervision, funding acquisition, W.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was financially supported by the NSFC (Nos. 21877048, 22077048, 22277014,
and 22104019), the Guangxi Natural Science Foundation (Nos. 2021GXNSFDA075003, AD21220061,
2019GXNSFBA245068), and the startup fund of Guangxi University (A3040051003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, Y.; Lv, X.; Guo, W. A Reaction-Based and Highly Selective Fluorescent Probe for Hydrogen Sulfide. Dye. Pigment. 2017,

139, 482–486. [CrossRef]
2. Zhou, R.; Cui, G.; Qi, Q.; Huang, W.; Yang, L. The Synthesis and Bioimaging of a Biocompatible Hydrogen Sulfide Fluorescent

Probe with High Sensitivity and Selectivity. Analyst 2020, 145, 2305–2310. [CrossRef]
3. Men, J.; Yang, X.; Zhang, H.; Zhou, J. A Near-Infrared Fluorescent Probe Based on Nucleophilic Substitution–Cyclization for

Selective Detection of Hydrogen Sulfide and Bioimaging. Dye. Pigment. 2018, 153, 206–212. [CrossRef]
4. Chen, L.; Wu, D.; Lim, C.S.; Kim, D.; Nam, S.J.; Lee, W.; Kim, G.; Kim, H.M.; Yoon, J. A Two-Photon Fluorescent Probe for Specific

Detection of Hydrogen Sulfide Based on a Familiar ESIPT Fluorophore Bearing AIE Characteristics. Chem. Commun. 2017, 53,
4791–4794. [CrossRef] [PubMed]

5. Chen, W.; Pacheco, A.; Takano, Y.; Day, J.J.; Hanaoka, K.; Xian, M. A Single Fluorescent Probe to Visualize Hydrogen Sulfide and
Hydrogen Polysulfides with Different Fluorescence Signals. Angew. Chem. Int. Ed. 2016, 55, 9993–9996. [CrossRef] [PubMed]

6. Li, Q.; Wang, Z.; Zhao, M.; Hong, Y.; Jin, Q.; Yao, S.; Zheng, C.; Quan, Y.Y.; Ye, X.; Huang, Z.S. A NIR Fluorescent Probe for the
Detection and Visualization of Hydrogen Sulfide in Colorectal Cancer Cell. Sens. Actuators B Chem. 2019, 298, 126898. [CrossRef]

7. Qiao, Z.; Zhang, H.; Wang, K.W.; Zhang, Y. A Highly Sensitive and Responsive Fluorescent Probe Based on 6-Azide-Chroman
Dye for Detection and Imaging of Hydrogen Sulfide in Cells. Talanta 2019, 195, 850–856. [CrossRef]

8. Yang, Y.; Feng, Y.; Jiang, Y.; Qiu, F.; Wang, Y.; Song, X.; Tang, X.; Zhang, G.; Liu, W. A Coumarin-Based Colorimetric Fluorescent
Probe for Rapid Response and Highly Sensitive Detection of Hydrogen Sulfide in Living Cells. Talanta 2019, 197, 122–129.
[CrossRef]

9. Pak, Y.L.; Li, J.; Ko, K.C.; Kim, G.; Lee, J.Y.; Yoon, J. Mitochondria-Targeted Reaction-Based Fluorescent Probe for Hydrogen
Sulfide. Anal. Chem. 2016, 88, 5476–5481. [CrossRef]

10. Feng, W.; Mao, Z.; Liu, L.; Liu, Z. A Ratiometric Two-Photon Fluorescent Probe for Imaging Hydrogen Sulfide in Lysosomes.
Talanta 2017, 167, 134–142. [CrossRef]

11. Li, J.; Ding, D.; Wang, J.; Huang, L.; Zhan, J.; Lin, W. An Activatable Photoacoustic Probe for Imaging Upregulation of Hydrogen
Sulfide in Inflammation. Sens. Actuators B Chem. 2022, 367, 132097. [CrossRef]

12. Liu, K.; Liu, C.; Shang, H.; Ren, M.; Lin, W. A Novel Red Light Emissive Two-Photon Fluorescent Probe for Hydrogen Sulfide
(H2S) in Nucleolus Region and Its Application for H2S Detection in Zebrafish and Live Mice. Sens. Actuators B Chem. 2018, 256,
342–350. [CrossRef]

13. Park, C.S.; Ha, T.H.; Choi, S.; Nguyen, D.N.; Noh, S.; Kwon, O.S.; Lee, C.; Yoon, H. A Near-Infrared “Turn-on” Fluorescent Probe
with a Self-Immolative Linker for the in Vivo Quantitative Detection and Imaging of Hydrogen Sulfide. Biosens. Bioelectron. 2017,
89, 919–926. [CrossRef]

14. Sun, W.; Fan, J.; Hu, C.; Cao, J.; Zhang, H.; Xiong, X.; Wang, J.; Cui, S.; Sun, S.; Peng, X. A Two-Photon Fluorescent Probe with
near-Infrared Emission for Hydrogen Sulfide Imaging in Biosystems. Chem. Commun. 2013, 49, 3890–3892. [CrossRef] [PubMed]

15. Zhang, C.; Zhang, G.; Feng, L.; Li, J. A Ratiometric Fluorescent Probe for Sensitive and Selective Detection of Hydrogen Sulfide
and Its Application for Bioimaging. Sens. Actuators B Chem. 2015, 216, 412–417. [CrossRef]

16. Hou, F.; Zhu, L.; Zhang, H.; Qiao, Z.; Wei, N.; Zhang, Y. A Highly Selective and Sensitive Fluorescent Probe Based on the
Chromone Fluorophore for Imaging Hydrogen Sulfide in Living Cells. New J. Chem. 2020, 44, 1537–1541. [CrossRef]

17. Ren, M.; Deng, B.; Kong, X.; Zhou, K.; Liu, K.; Xu, G.; Lin, W. A TICT-Based Fluorescent Probe for Rapid and Specific Detection of
Hydrogen Sulfide and Its Bio-Imaging Applications. Chem. Commun. 2016, 52, 6415–6418. [CrossRef]

18. Wang, K.P.; Zhang, Q.L.; Wang, X.; Lei, Y.; Zheng, W.J.; Chen, S.; Zhang, Q.; Hu, H.Y.; Hu, Z.Q. A Fluorescent Probe Based
on Tetrahydro[5]Helicene Derivative with Large Stokes Shift for Rapid and Highly Selective Recognition of Hydrogen Sulfide.
Spectrochim. Acta—Part A Mol. Biomol. Spectrosc. 2019, 214, 487–495. [CrossRef]

https://doi.org/10.1016/j.dyepig.2016.12.051
https://doi.org/10.1039/C9AN02323B
https://doi.org/10.1016/j.dyepig.2017.12.036
https://doi.org/10.1039/C7CC01695F
https://www.ncbi.nlm.nih.gov/pubmed/28405638
https://doi.org/10.1002/anie.201604892
https://www.ncbi.nlm.nih.gov/pubmed/27410794
https://doi.org/10.1016/j.snb.2019.126898
https://doi.org/10.1016/j.talanta.2018.12.014
https://doi.org/10.1016/j.talanta.2018.12.081
https://doi.org/10.1021/acs.analchem.6b00956
https://doi.org/10.1016/j.talanta.2017.02.012
https://doi.org/10.1016/j.snb.2022.132097
https://doi.org/10.1016/j.snb.2017.09.146
https://doi.org/10.1016/j.bios.2016.09.093
https://doi.org/10.1039/c3cc41244j
https://www.ncbi.nlm.nih.gov/pubmed/23549590
https://doi.org/10.1016/j.snb.2015.04.073
https://doi.org/10.1039/C9NJ05386G
https://doi.org/10.1039/C6CC00966B
https://doi.org/10.1016/j.saa.2019.02.079


Chemosensors 2023, 11, 428 13 of 14

19. Li, J.; Ding, D.; Wang, J.; Xu, L.; Tan, D.; Lin, W. Development of a Multi-Task Formaldehyde Specific Fluorescent Probe for
Bioimaging in Living Systems and Decoration Materials Analysis. Chem. Eng. J. 2022, 448, 137634. [CrossRef]

20. Niu, L.Y.; Chen, Y.Z.; Zheng, H.R.; Wu, L.Z.; Tung, C.H.; Yang, Q.Z. Design Strategies of Fluorescent Probes for Selective Detection
among Biothiols. Chem. Soc. Rev. 2015, 44, 6143–6160. [CrossRef]

21. Lin, V.S.; Chen, W.; Xian, M.; Chang, C.J. Chemical Probes for Molecular Imaging and Detection of Hydrogen Sulfide and Reactive
Sulfur Species in Biological Systems. Chem. Soc. Rev. 2015, 44, 4596–4618. [CrossRef] [PubMed]

22. Jung, H.S.; Chen, X.; Kim, J.S.; Yoon, J. Recent Progress in Luminescent and Colorimetric Chemosensors for Detection of Thiols.
Chem. Soc. Rev. 2013, 42, 6019–6031. [CrossRef] [PubMed]

23. Yin, C.; Huo, F.; Zhang, J.; Martínez-Máñez, R.; Yang, Y.; Lv, H.; Li, S. Thiol-Addition Reactions and Their Applications in Thiol
Recognition. Chem. Soc. Rev. 2013, 42, 6032–6059. [CrossRef]

24. Zhang, H.; Liu, R.; Liu, J.; Li, L.; Wang, P.; Yao, S.Q.; Xu, Z.; Sun, H. A Minimalist Fluorescent Probe for Differentiating Cys, Hcy
and GSH in Live Cells. Chem. Sci. 2016, 7, 256–260. [CrossRef] [PubMed]

25. Zhang, H.; Zhang, C.; Liu, R.; Yi, L.; Sun, H. A Highly Selective and Sensitive Fluorescent Thiol Probe through Dual-Reactive and
Dual-Quenching Groups. Chem. Commun. 2015, 51, 2029–2032. [CrossRef] [PubMed]

26. Zhang, H.; Xu, L.; Chen, W.; Huang, J.; Huang, C.; Sheng, J.; Song, X. Simultaneous Discrimination of Cysteine, Homocysteine,
Glutathione, and H 2 S in Living Cells through a Multisignal Combination Strategy. Anal. Chem. 2019, 91, 1904–1911. [CrossRef]

27. Lippert, A.R.; New, E.J.; Chang, C.J. Reaction-Based Fluorescent Probes for Selective Imaging of Hydrogen Sulfide in Living Cells.
J. Am. Chem. Soc. 2011, 133, 10078–10080. [CrossRef]

28. Wu, Q.; Yin, C.; Wen, Y.; Zhang, Y.; Huo, F. An ICT Lighten Ratiometric and NIR Fluorogenic Probe to Visualize Endoge-
nous/Exogenous Hydrogen Sulphide and Imaging in Mice. Sens. Actuators B Chem. 2019, 288, 507–511. [CrossRef]

29. Chen, Y.; Zhu, C.; Yang, Z.; Chen, J.; He, Y.; Jiao, Y.; He, W.; Qiu, L.; Cen, J.; Guo, Z. A Ratiometric Fluorescent Probe for Rapid
Detection of Hydrogen Sulfide in Mitochondria. Angew. Chem. Int. Ed. 2013, 52, 1688–1691. [CrossRef]

30. Wu, R.; Chen, Z.; Huo, H.; Chen, L.; Su, L.; Zhang, X.; Wu, Y.; Yao, Z.; Xiao, S.; Du, W.; et al. Ratiometric Detection of H2S in Liver
Injury by Activated Two-Wavelength Photoacoustic Imaging. Anal. Chem. 2022, 94, 10797–10804. [CrossRef]

31. Sasakura, K.; Hanaoka, K.; Shibuya, N.; Mikami, Y.; Kimura, Y.; Komatsu, T.; Ueno, T.; Terai, T.; Kimura, H.; Nagano, T.
Development of a Highly Selective Fluorescence Probe for Hydrogen Sulfide. J. Am. Chem. Soc. 2011, 133, 18003–18005. [CrossRef]
[PubMed]

32. Li, H.; Fang, Y.; Yan, J.; Ren, X.; Zheng, C.; Wu, B.; Wang, S.; Li, Z.; Hua, H.; Wang, P.; et al. Small-Molecule Fluorescent Probes for
H2S Detection: Advances and Perspectives. TrAC Trends Anal. Chem. 2021, 134, 116117. [CrossRef]

33. Yu, F.; Han, X.; Chen, L. Fluorescent Probes for Hydrogen Sulfide Detection and Bioimaging. Chem. Commun. 2014, 50,
12234–12249. [CrossRef]

34. Wang, L.; Yang, W.; Song, Y.; Hu, Y. Novel Turn-on Fluorescence Sensor for Detection and Imaging of Endogenous H2S Induced
by Sodium Nitroprusside. Spectrochim. Acta—Part A Mol. Biomol. Spectrosc. 2020, 243, 118775. [CrossRef] [PubMed]

35. Dhivya, R.; Kavitha, V.; Gomathi, A.; Keerthana, P.; Santhalakshmi, N.; Viswanathamurthi, P.; Haribabu, J. Dinitrobenzene Ether
Reactive Turn-on Fluorescence Probes for the Selective Detection of H2S. Anal. Methods 2022, 14, 58–66. [CrossRef]

36. Zhang, L.; Zheng, X.E.; Zou, F.; Shang, Y.; Meng, W.; Lai, E.; Xu, Z.; Liu, Y.; Zhao, J. A Highly Selective and Sensitive Near-Infrared
Fluorescent Probe for Imaging of Hydrogen Sulphide in Living Cells and Mice. Sci. Rep. 2016, 6, 18868. [CrossRef]

37. Jose, D.A.; Sakla, R.; Sharma, N.; Gadiyaram, S.; Kaushik, R.; Ghosh, A. Sensing and Bioimaging of the Gaseous Signaling
Molecule Hydrogen Sulfide by Near-Infrared Fluorescent Probes. ACS Sens. 2020, 5, 3365–3391. [CrossRef]

38. Sun, Y.; Shan, Y.; Sun, N.; Li, Z.; Wu, X.; Guan, R.; Cao, D.; Zhao, S.; Zhao, X. Cyanide and Biothiols Recognition Properties of a
Coumarin Chalcone Compound as Red Fluorescent Probe. Spectrochim. Acta—Part A Mol. Biomol. Spectrosc. 2018, 205, 514–519.
[CrossRef]

39. Zhang, L.; Chen, M.; Li, Z.; Teng, Y.; Wang, G.; Xue, Y. Photophysical Properties and Sensing Mechanism of Fluorescent
Coumarin–Chalcone Hybrid for Biothiols: A Theoretical Study. J. Phys. Org. Chem. 2022, 35, e4324. [CrossRef]

40. Xing, M.; Han, Y.; Zhu, Y.; Sun, Y.; Shan, Y.; Wang, K.N.; Liu, Q.; Dong, B.; Cao, D.; Lin, W. Two Ratiometric Fluorescent Probes
Based on the Hydroxyl Coumarin Chalcone Unit with Large Fluorescent Peak Shift for the Detection of Hydrazine in Living Cells.
Anal. Chem. 2022, 94, 12836–12844. [CrossRef]

41. Xue, Y.; Liu, Y.; Wang, G.; An, L.; Teng, Y.; Chen, M.; Xie, Y.; Zhang, L. TDDFT Study on the Photophysical Properties of
Coumarinyl Chalcones and Sensing Mechanism of a Derived Fluorescent Probe for Hydrogen Sulfide. Spectrochim. Acta—Part A
Mol. Biomol. Spectrosc. 2020, 234, 118263. [CrossRef] [PubMed]

42. Yue, Y.; Huo, F.; Li, X.; Wen, Y.; Yi, T.; Salamanca, J.; Escobedo, J.O.; Strongin, R.M.; Yin, C. PH-Dependent Fluorescent Probe That
Can Be Tuned for Cysteine or Homocysteine. Org. Lett. 2017, 19, 82–85. [CrossRef] [PubMed]

43. Jin, M.; Wei, L.; Yang, Y.; Run, M.; Yin, C. A New Turn-on Fluorescent Probe for the Detection of Palladium(0) and Its Application
in Living Cells and Zebrafish. New J. Chem. 2019, 43, 548–551. [CrossRef]

44. Zhu, J.-H.; Zhang, H.; Liao, Y.; Liu, J.-J.; Quan, Z.-J.; Wang, X.-C. A Multifunctional Fluorescent Probe for Highly Selective
Detection of Hydrazine and Discovering the Interplay between AIE and ICT. Dye. Pigment. 2020, 175, 108111. [CrossRef]

45. Qian, J.; Tang, B.Z. AIE Luminogens for Bioimaging and Theranostics: From Organelles to Animals. Chem 2017, 3, 56–91.
[CrossRef]

https://doi.org/10.1016/j.cej.2022.137634
https://doi.org/10.1039/C5CS00152H
https://doi.org/10.1039/C4CS00298A
https://www.ncbi.nlm.nih.gov/pubmed/25474627
https://doi.org/10.1039/c3cs60024f
https://www.ncbi.nlm.nih.gov/pubmed/23689799
https://doi.org/10.1039/c3cs60055f
https://doi.org/10.1039/C5SC02431E
https://www.ncbi.nlm.nih.gov/pubmed/28758002
https://doi.org/10.1039/C4CC08156K
https://www.ncbi.nlm.nih.gov/pubmed/25429659
https://doi.org/10.1021/acs.analchem.8b03869
https://doi.org/10.1021/ja203661j
https://doi.org/10.1016/j.snb.2019.03.053
https://doi.org/10.1002/anie.201207701
https://doi.org/10.1021/acs.analchem.2c01571
https://doi.org/10.1021/ja207851s
https://www.ncbi.nlm.nih.gov/pubmed/21999237
https://doi.org/10.1016/j.trac.2020.116117
https://doi.org/10.1039/C4CC03312D
https://doi.org/10.1016/j.saa.2020.118775
https://www.ncbi.nlm.nih.gov/pubmed/32827912
https://doi.org/10.1039/D1AY01700D
https://doi.org/10.1038/srep18868
https://doi.org/10.1021/acssensors.0c02005
https://doi.org/10.1016/j.saa.2018.07.071
https://doi.org/10.1002/poc.4324
https://doi.org/10.1021/acs.analchem.2c02798
https://doi.org/10.1016/j.saa.2020.118263
https://www.ncbi.nlm.nih.gov/pubmed/32203689
https://doi.org/10.1021/acs.orglett.6b03357
https://www.ncbi.nlm.nih.gov/pubmed/27995792
https://doi.org/10.1039/C8NJ04438D
https://doi.org/10.1016/j.dyepig.2019.108111
https://doi.org/10.1016/j.chempr.2017.05.010


Chemosensors 2023, 11, 428 14 of 14

46. Sun, C.; Li, B.; Zhao, M.; Wang, S.; Lei, Z.; Lu, L.; Zhang, H.; Feng, L.; Dou, C.; Yin, D.; et al. J-Aggregates of Cyanine Dye for
NIR-II in Vivo Dynamic Vascular Imaging beyond 1500 Nm. J. Am. Chem. Soc. 2019, 141, 19221–19225. [CrossRef]

47. Cheng, H.B.; Li, Y.; Tang, B.Z.; Yoon, J. Assembly Strategies of Organic-Based Imaging Agents for Fluorescence and Photoacoustic
Bioimaging Applications. Chem. Soc. Rev. 2020, 49, 21–31. [CrossRef] [PubMed]

48. Gui, R.; Jin, H.; Bu, X.; Fu, Y.; Wang, Z.; Liu, Q. Recent Advances in Dual-Emission Ratiometric Fluorescence Probes for
Chemo/Biosensing and Bioimaging of Biomarkers. Coord. Chem. Rev. 2019, 383, 82–103. [CrossRef]

49. Ueno, T.; Urano, Y.; Setsukinai, K.I.; Takakusa, H.; Kojima, H.; Kikuchi, K.; Ohkubo, K.; Fukuzumi, S.; Nagano, T. Rational
Principles for Modulating Fluorescence Properties of Fluorescein. J. Am. Chem. Soc. 2004, 126, 14079–14085. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jacs.9b10043
https://doi.org/10.1039/C9CS00326F
https://www.ncbi.nlm.nih.gov/pubmed/31799523
https://doi.org/10.1016/j.ccr.2019.01.004
https://doi.org/10.1021/ja048241k

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Apparatus 
	Synthesis of Probes 
	Synthesis of Compound 1 
	Synthesis of Compound 2 
	Synthesis of Compound C-HS 

	Spectroscopic Test Method and Preparation of Test Solution 
	Cell Culture and MTT Analysis 
	Imaging Test 
	Imaging of Exogenous H2S 
	Imaging of Endogenous H2S 


	Results 
	Designing Strategy of Probe C-HS 
	Measurement of the Spectral Properties of Probe C-HS 
	Fluorescence Titration Test of the Interaction between Probe C-HS and H2S 
	Kinetic Test of the Interaction between Probe C-HS and H2S 
	Selective Testing of Probe C-HS 
	Fluorescence Response Spectra of Probe C-HS to Different pH 
	Photostability Test of Probe C-HS 
	Verification of Fluorescence Detection Mechanism of Probe C-HS 

	Application of Probe C-HS in Biology 
	Cell Toxicity Test of Probe C-HS 
	Cell Imaging Experiments 


	Conclusions 
	References

