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A FRET-ICT dual-quenching probe with large off-on 

fluorescent response upon H2S treatment was reported. The 

probe can be used for bioimaging of endogenous H2S in living 

cells.  

Hydrogen sulfide (H2S) is an important endogenous signalling 10 

molecule with multi-functions.1-3 In vivo, H2S can be enzymatic 

generated in many organs (heart, liver, kidney, brain, ileum, 

uterus, etc.) and tissues (connective tissues, adipose tissues, etc.).2 

Studies have shown that the endogenous concentration of H2S is 

correlated with numerous diseases, including the symptoms of 15 

Alzheimer’s disease, Down syndrome, diabetes and liver 

cirrhosis.4 Despite H2S has been recognized to be linked to 

numerous physiological and pathological processes, many of its 

underlying molecular events remain unknown. Therefore, it 

presents significant research value to develop efficient methods 20 

for detection of H2S in living biological systems.  

Traditionally, the major methods for H2S detection are 

colorimetry, electrochemical assay, gas chromatography and 

sulfide precipitation.5 However, these methods are destructive 

and require tedious preparation sequence. Recent work indicated 25 

that fluorescence-based methods are highly desirable and 

sensitive for in-situ and real-time visualization of H2S in living 

biological systems.6-11 These probes are majorly based on the 

specific H2S-induced reactions, including reduction-based 

probes,6-8 metal sulfide precipitation-based probes,9 and 30 

nucleophilic-based probes.10 Though the great success of these 

fluorescent H2S probes,6-11 we still need to develop advance 

probes with highly sensitivity, highly selectivity and fast-

response properties for real-time detection of low concentration 

H2S in biological samples. Recently, we reported a new 35 

fluorescent thiol probe with more than 400-fold turn-on response 

based a dual-quenching strategy.12 In this work, we intend to 

develop highly sensitive fluorescent H2S probes based on the 

dual-quenching strategy for the first time.  

We discovered a FRET-based fluorescent H2S probe based on 40 

selective thiolysis of NBD (7-nitro-1,2,3-benzoxadiazole) amine 

by H2S to give a turn-on response.13 Lin et al. reported a 

fluorescent probe for H2S based on thiolysis of DNP (dinitro-

phenyl) ether.10c To obtain highly sensitive fluorescent probes for 

H2S, we intend to install both NBD amine and DNP ether as 45 

quenching groups into one fluorophore. DNP and NBD can 

quench the fluorescence via intramolecular charge transfer 

(ICT)10k and fluorescence resonance energy transfer (FRET),13 

respectively. As a result, the fluorescence should be heavily 

quenched through FRET-ICT dual-quenching effects.12 50 

Consequently, the fluorescent turn-on fold of the probe after H2S 

treatment can be significantly improved. To this end, we rational 

designed and synthesized a coumarin-based fluorescent H2S 

probe 1 was with significant off-on response by using FRET-ICT 

dual-quenching effects (Scheme 1). The probe 1 is highly 55 

sensitive and selective towards H2S in buffer, which can be used 

for bioimaging of endogenous H2S in living cells. 

 

 
 60 

Scheme 1.  Chemical structures of fluorescent probes 1-3 and their 

reaction with H2S. 

 

1 and 2 were synthesized by conveniently coupling reactions 

and were well characterized by 1H NMR, 13C NMR and HR-MS 65 

(see ESI). As shown in Scheme 1, the coumarin fluorophore in 1 

was dual-quenched by the FRET-ICT effects, while fluorophores 

in both 2 and 3 are quenched by single effect of ICT or FRET, 

respectively. We examined the emission spectra of probes 1-3 in 

PBS buffer (10 mM, pH 7.4). As shown in Fig. 1A, 1 showed 70 

significantly weak background fluorescence in PBS buffer, while 

2 and 3 showed relative strong fluorescence under similar test 

condition. These results are consistent with our design that the 

coumarin fluorescence in 1 is heavily quenched through 

combined usage of FRET-ICT dual-quenching effects. 75 

After reacting with 100 µM H2S at room temperature overnight, 

a significant fluorescent off-on response was observed for 1 (Fig. 

1B, Fig. S1), and the increase of maximal fluorescent intensity at 
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455 nm is more than 2000-fold for 1. To our knowledge, this 

large off-on response is the biggest among H2S probes in the 

literature.6-11 The off-on response of 2 and 3 upon H2S treatment 

(Fig. S2) was much smaller than that of 1 under similar condition. 

Therefore, we can draw the conclusion that the fluorescence turn-5 

on fold upon reacting with H2S for 1 is indeed greatly increased 

via dual-quenching effect, which agrees well with our initial 

hypothesis.  

 

 10 

 
Fig. 1  (A) The fluorescence spectra of probes 1-3 (1 µM) upon excitation 

at 405 nm in PBS buffer. Slits: 10/5 nm. (B) Fluorescence response of 1 

(1 µM) toward H2S (100 µM) overnight. Slits: 2.5/5 nm.  

 15 

We further examined the absorption spectra of probes in PBS 

buffer (Fig. S3). After reacting with H2S, 1 and 2 displayed a 

decrease absorbance at 350 nm and an increase absorbance at 405 

nm, respectively. H2S-mediated cleavage of the electron-

withdrawing DNP group releases oxygen donor at pH 7.4, 20 

increasing the push-pull character of the dye and resulting in 

large bathochromic shifts in the absorption and the ICT effect. 

The decrease absorbance at 510 nm (Fig. S3A) is due to the 

cleavage of NBD moiety from coumarin fluorophore.13  

Encouraged by these preliminary results, we moved forward to 25 

study the reaction kinetics of the probes 1 and 2. Both probes 

exhibited relative fast fluorescent increase upon H2S treatment 

and showed comparable reaction rate (Fig. S4). The probe 3 

showed faster reaction rate toward H2S than that of 1 and 2,13 and 

the reaction kinetics of the dual-quenching probe 1 was mainly 30 

decided by the property of the slow reaction site DNP. A control 

experiment with only 1 or 2 was incubated in PBS buffer for the 

stability test. The results indicated that 2 was prone to slow 

hydrolysis at pH 7.4 (Fig. 2), while the fluorescence increase due 

to hydrolysis in 1 can be almost negligible, further indicating the 35 

advance of the dual-quenching probe 1.  

 
 
Fig. 2  Time-course experiments of 1 µM probes 1 and 2 in PBS buffer. 

 40 

To gain detailed information about the sensitivity of 1, the 

fluorescence intensity change was closely monitored by addition 

of various concentrations of H2S into the probe (Fig. 3). The 

fluorescence intensity was linearly related to the concentration of 

H2S from 0 to 100 µM (Fig. 3B). Specifically, the addition of 45 

even 2 µM H2S into 1 could lead to more than 10-fold fluorescent 

increase. The detection limit was determined to be 0.28 µM (Fig. 

S5). These results clearly indicated that 1 has shown excellent 

sensitivity due to installation of the dual-quenching groups.  

 50 

 

Fig. 3  Fluorescence response of 1 with different concentrations of H2S 

(A, inset) in PBS buffer and linear relationship (r = 0.9966) between 

fluorescence intensity and H2S concentration (B).  

In order to evaluate the specific nature of 1 for H2S, it was 55 

incubated with various biological-related species in PBS buffer 

and the fluorescent increase at 455 nm was measured accordingly 

(Fig. 4). Among all the tested molecules, only biothiols showed 

noticeable fluorescence response. The fluorescence increase of 

biothiols (Cys and GSH), however, is limited and far below that 60 

of H2S. As evidenced by these results, probe 1 is selective to H2S 

for further biological applications. In addition, we also 

investigated the fluorescence response of probe 1 to H2S under 

different pH values (Fig. S5). Results indicated that the probe can 

function over a wide range of pH from 6.0 to 8.5. 65 

 

 
 

Fig. 4  Fluorescent intensity at 455 nm for 1 (1 µM) toward different 

species (1 mM) in PBS buffer. All reactions were performed in PBS (pH 70 

7.4) at 37 ºC for 30 min.  

 

To demonstrate the biological applicability of probe 1, we 

examined whether 1 can be used to detect intracellular H2S in 

living cells. HEK293A and HeLa cells were treated with probe 1 75 

(2 µM) for 30 min and then with different concentrations of Na2S 

(50 and 200 µM) for another 30 min. Bright-field microscopy 

images show that the two cell types both retained good 

morphology after incubation with 1. The fluorescent microscopy 

results (Fig. S6, S7) clearly indicated that probe 1 can be used for 80 

imaging exogenous H2S in living cells in a concentration-

dependent fashion. The cytotoxicity of the probe 1 was further 

evaluated using HEK293 by MTT assay (Fig. S9). The probe 1 

did not show significant cytotoxicity at 0.5-2 µM range, implying 

that the probe is suitable for bioimaging of H2S in living cells. To 85 
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test whether 1 could detect endogenous production of H2S, cells 

were treated with Cys and then with 1. As shown in Fig. 5, 

HEK293A cells with 1 displayed a fairly weak fluorescence 

under confocal fluorescence microscope (Fig. 5A). After using 

Cys to induce endogenous H2S production,10f significantly 5 

fluorescent enhancement can be observed (Fig. 5B), implying that 

1 can be used for bioimaging of endogenous H2S in HEK293A 

cells. Above results suggest that 1 is cell-permeable and can react 

with intracellular H2S efficiently.  

 10 

 
 

Fig. 5  Confocal microscopy images of intracellular H2S detection in 

living HEK293A cells using 1. HEK293 cells were incubated with (A) 1 

(2 µM) for 30 min; (B) L-cysteine (200 uM) for 30 min and then 1 (2 µM) 15 

for 30 min. Emission was collected at blue channel (425-475 nm) with 

405 nm excitation. Scale bar, 50 µm.  

 

In summary, we report the first fluorescent H2S probe based on 

FRET-ICT dual-quenching effects. Preliminary tests indicated 20 

that probe 1 has potential to image endogenous H2S in living cells. 

The fluorescent enhancement of the probe upon H2S treatment 

can reach more than 2000 folds, which is the biggest among 

probes in the literature. Compared with other DNP-based H2S 

probes,10 the probe 1 has  large off-on response for H2S and better 25 

stability toward hydrolysis. However, the FRET-based probes by 

Yuan10n and our group11a exhibited ratiometric behaviors for H2S, 

which are more accurate in bioimaging than that of the turn-on 

probe. The development of fast-response and ratiometric H2S 

probes based on the dual-quenching strategy is certainly deserved 30 

to perform. We believe that this design strategy could be 

employed as a general method for preparation of other highly 

sensitive and selective H2S probes in future.   
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Coverpicture 

A FRET-ICT dual-quenching fluorescent probe with 

significant off-on response toward H2S is rational design 

and prepared for imaging of H2S in living cells. 
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