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Introduction 

Recent studies deomonstrated that endogenously produced 

H2S possess important physiological functions, and H2S is named 

as the third gasotransmitter after NO and CO.1,2 Accumulating 

evidence suggests that H2S influences a wide range of 

physiological and pathological processes, including modulation 

of blood vessel and cardioprotection,3 endogenous stimulator of 

angiogenesis,4 mitochondrial bioenergetics,5 and crosstalk with 

MicroRNA.6 H2S also plays important roles in tumour biology, 

and it is suggested that both inhibition of H2S biosynthesis and 

elevation of H2S concentration beyond a certain threshold could 

exert anticancer effects.7 In plants, H2S participates in seed 

germination, plant growth and development, as well as the 

acquisition of stress tolerance including cross-adaptation and 

cadmium tolerance.8,9 In bacteria, H2S is a key player in 

maintaining intracellular redox balance to counteract a lethal 

degree of oxidative stress induced by ampicillin.10 Due to its 

widespread existence and functions, we spectulate that H2S might 

be employed to develop H2S-triggered prodrugs  with  

improved properties. 

One major challenge in developing H2S-triggered prodrugs 

and fluorescence probes is the development of a chemical 

reaction to effectively differentiate the reactivity of high 

concentration of biothiols (millimolar) versus low concentration 

of H2S (micromolar).11 To address this issue, we and Pluth et al. 

have developed thiolysis of the NBD 

(7-nitro-1,2,3-benzoxadiazole) amine for design of H2S-specific 

fluorescence probes since 2013.12 The fluorescence of the 

fluorophore can be quenched by the NBD moiety in aqueous 

solution, whereas the fluorescence will be restored upon the 

thiolysis of the NBD moiety. To this end, a series of NBD-based 

H2S probes with emissions from blue to near-infrared range have 

been developed by our groups.13 In this work, we continue to 

investigate this field and develop a fluorogenic H2S-triggered 

prodrug (Fig. 1) based on thiolysis of the NBD amine for the first 

time. 

 

 

Fig. 1  Schematic illustration of H2S-triggered release of the 

prodrug 1 to produce ciprofloxacin 2 and NBD-SH accompanying 

with fluorescence increase. 

 

A fluorogenic prodrug can be used to in situ produce active 

drug accompanying with significant fluorescence increase.14 A 

modification of prodrug is commonly designed by conjugating a 

parent drug with a promoiety, which could be eliminated by a 

specific reaction under a certain condition.15 Therefore, selective 

delivery of the active drug can be achieved with a specific 
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Based on thiolysis of the NBD amine, a H2S-triggered prodrug has been designed and 

synthesized for localized production of ciprofloxacin under micromolar H2S. Activation of the 

prodrug can be monitored through fluorescence in real-time. We envision that thiolysis of the 

NBD amine could be readily used for development of other H2S-triggered prodrugs in the future. 
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stimulus. To this end, bioorthogonal approaches are employed for 

"on-demand" activation of prodrugs.14a In this work, we report a 

NBD-capped ciprofloxacin 1 as a fluorogenic prodrug (Fig. 1), 

which can be activated by micromolar H2S.  

The synthesis of the prodrug 1 can be prepared from direct 

coupling of NBD-Cl and 2.16 The facile and economic synthesis 

is important for the wide use of the prodrug and probe. The 

chemical structure of 1 was confirmed by 1H NMR, and 

high-resolution mass spectra (HRMS). It is noted that the signals 

for 13C NMR were quite weak due to the poor solubility of 1 in 

common deuterated solvents. 

With the prodrug in hand, we firstly tested the absorbance 

spectra of 1 in the presence of H2S (using Na2S as an equivalent) 

in PBS buffer (20 mM, pH 7.4). 1 showed relative low solubility 

in buffer (~ 17 µM, Fig. S1). As shown in Fig. 2a, 1 exhibited 

absorbance peaks at 350 nm and 490 nm, which should be 

assigned to the ciprofloxacin and NBD fluorophores, respectively. 

After reaction with H2S, new absorbance peak appeared at 530 

nm, which might be due to the production of NBD-SH.12b The 

intensities at 560 nm can be used to monitor the reaction kinetics 

to give the reaction rate of 12.9 M-1s-1 (Fig. S2). Such thiolysis 

reaction was further characterized by HPLC analysis (Fig. 2b). 

The reaction was nearly complete within 5 min, and the peak for 

1 was completely disappeared at 40 min. These studies indicated 

the prodrug 1 could be activated by H2S efficiently. 

 

 

Fig. 2  (a) Time-dependent absorption spectra of 1 (10 µM) and 

Na2S (200 μM) in PBS buffer (50 mM, pH 7.4). (b) Time-dependent 

HPLC traces of the reaction of 1 with Na2S to give ciprofloxacin 2. 

 

The probe 1 showed very weak fluorescence upon excitation 

at 280 nm, indicating that the fluorescence from ciprofloxacin 

may be majorly quenched by the FRET effect (Fig. 1). After 

reaction with H2S, large fluorescence turn-on was observed, with 

about 62-fold increase at 415 nm (Fig. 3a). The reaction kinetics 

of the prodrug during the activation is an important parameter to 

examine its biological applicability on account of the rapid 

catabolism of H2S under physiological conditions. To this end, 

time-dependent fluorescence intensities at 415 nm for the probe 

in the presence of H2S were acquired for data analysis (Fig. S3). 

The pseudo-first-order rate, kobs, was found by fitting the data 

with a single exponential function. The reaction rate k2 (12.0 

M-1s-1) was obtained by linear fitting of the kobs versus H2S 

concentrations (Fig. 3b). Moreover, the fluorescence of the 

prodrug could be efficiently released by low-micromolar H2S 

(Fig. S4). The prodrug cannot be activated by millimolar 

biothiols (10 mM GSH, 5 mM Cys, Fig. S5), which is consistent 

with the highly H2S-specific reactivity of our thiolysis of the 

NBD amine.13 In addition, we examined the reactivity of the 

prodrug with different concentrations of H2O2 (Fig. S6), the 

prodrug cannot be activated, even if the concentration of H2O2 is 

as high as 200 μM. These results imply that the prodrug can be 

fast and selectively activated via H2S and be used as a 

fluorescence probe for detection of H2S in aqueous buffer. 

 

Fig. 3  (a) Time-dependent fluorescence spectra of 1 (5 μM) and 

Na2S (100 μM) in PBS buffer (Ex. = 280 nm). Fluorescence intensity 

at 415 nm versus time is indicated inset. The red line represents the 

best fitting to give kobs of 0.08 min−1. (b) The linear relationship 

between concentrations of Na2S and kobs. The slope of the linear 

fitting gives k2 

 

Encouraging with the above results, we next employed 1 for 

antibacterial tests under different conditions. The concentration 

of H2S in E. coli strains of urinary tract infections is between 

300-600 µM approximately.[17] E. coli was chosen as a model 

bacterium in our study. After incubation of 30 nM 1 and E. coli 

in the LB medium for 12 h, the OD600 value was recorded for 

each sample to show the bacterial concentration (Fig. 4). The 

prodrug 1 or H2S, L-Cys or 1 + GSH (Fig. S7) did not show 

obvious inhibition on the bacterial growth. However, the 

combined usage of 30 nM 1 and 50 µM H2S resulted in 

significant inhibition activity against E. coli, and such inhibition 

effect could be directly visualized by naked eye (Fig. 4). L-Cys 

can induce E. coli to produce endogenous micromolar H2S (Fig. 

S8), which can be also employed to activate the prodrug. 

However, a mixture of NBD-diethanolamine and H2S (that can 

produce NBD-SH) has no inhibition on bacterial growth. The 

results implied that 1) the prodrug can be activated by exogenous 

or endogenous H2S; 2) the release of ciprofloxacin produced a 

bactericidal effect, not the by-product NBD-SH. 

 

Fig. 4  OD600 values of E. coli in the different cultured conditions. 

Experimental conditions: 30 nM 1, 30 nM NBD-SH, 50 μM Na2S, 5 

mM L-Cys, 50 μM Na2S + 30 nM 1, or 5 mM L-Cys + 30 nM 1, 30 

nM 2 was added into the LB medium as indicated below each bar. 

Inset: photographs of E coli in tubes under the conditions 

corresponding to each column. Images of 1 (15 μM) with or without 

H2S (400 μM) in PBS buffer under white light or 254 nm UV light is 

indicated inset. 



Take a step further, we attempted to study the 

concentration-dependent inhibition of bacterial growth. Various 

concentrations of 1 in the absence and presence of H2S were 

added into the culture medium. After incubation at 37 ºC for 

another 12 h, the OD600 of the medium was measured for each 

sample (Fig. 5). As expected, the prodrug 1 at low concentration 

showed weak inhibition effect on the bacterial growth, while the 

addition of H2S or L-Cys significantly increased the inhibition 

effect of 1. However, the prodrug could also inhibit bacterial 

growth at high concentrations (> 0.2 μM), which may be 

explained by the inhibitory mechanism of ciprofloxacin. Firstly, 

the X-ray crystallography of ciprofloxacin in complex with DNA 

gyrase18 showed that piperazinyl ring of ciprofloxacin protruding 

toward the protein surface had little interaction with its target 

protein. Secondly, the substituted piperazinyl ring of drug 

variants19 (levofloxacin, gatifloxacin, moxifloxacin and 

C8-Me-moxifloxacin) were all effective antibiotics. Therefore, 

the inhibitory activity of prodrug 1 was reduced rather than 

completely lost. The MIC of the combination of prodrug 1 and 

H2S (50 μM Na2S or 5 mM L-Cys) was about 30 nM, and in this 

condition E. coli cell were almost killed (Fig. 5) within 12 hours. 

The NBD moiety even at micromolar concentrations did not have 

obvious effect on bacterial growth. 

 

 

Fig. 5  (a) Concentration-dependent OD600 values of E. coli in the 

different cultured conditions as indicated inset. Experimental 

conditions: 30 nM prodrug 1, 50 μM Na2S, or 5 mM L-Cys were 

added into the LB medium. (b) Photos of bacterial growth inhibition 

for each culture plate.  

 

In conclusion, we have designed and synthesized the first 

H2S-triggered prodrug based on thiolysis of the NBD amine. The 

prodrug can be used for localized production of ciprofloxacin in 

the presence of micromolar H2S. Activation of the prodrug can be 

indicated via significant turn-on (62-fold) fluorescence in 

real-time. We also envision that thiolysis of NBD amine could be 

generally used for development of other H2S-triggered prodrugs, 

including that for sparfloxacin, grepafloxacin, pipemidic acid, 

and pethidine. 

 

Acknowledgments 

This work was supported by the National Key R&D Program 

of China (2017YFD0200500, 16JCYBJC20200), NSFC 

(21572190, 21877008). 

 References and notes 

1 (a) R. Wang , Physiol. Rev., 2012, 92, 791; O. Kabil and R. Banerjee, 

Antioxid. Redox Signal., 2014, 20, 770; (b) G. K. Kolluru, X. G. Shen, S. 

C. Bir and C. G. Kevil, Nitric Oxide, 2013, 35, 5. 

2 (a) L. Li, P. Rose and P. K. Moore, Annu. Rev. Pharmacol. Toxicol., 

2011, 51, 169; (b) H. Kimura, Amino Acids, 2011, 41, 113; (c) L. Wei, 

L. Yi, F. B. Song, C. Wei, B. F. Wang and Z. Xi, Sci. Rep., 2014, 4, 

4521. 

3 (a) Y. H. Liu, M. Lu, L. F. Hu, P. T. Wong, G. D. Webb and J. S. Bian, 

Antioxid. Redox Signal., 2012, 17, 141; (b) L. Yi, L. Wei, R. Y. Wang, 

C. Y. Zhang, J. Zhang, T. W. Tan and Z. Xi, Chem. Eur. J., 2015, 21, 

15167. 

4 (a) A. Papapetropoulos, A. Pyriochou, Z. Altaany, G. D. Yang, A. 

Marazioti, Z. M. Zhou, M. G. Jeschke, L. K. Branski, D. N. Herndon, R. 

Wang and C. Szabó, Proc. Natl. Acad. Sci. USA, 2009, 106, 21972; (b) 

C. Coletta, K. Módis, B. Szczesny, A. Brunyánszki, G. Oláh, E. CS 

Rios, K. Yanagi, A. Ahmad, A. Papapetropoulos and C. Szabo, Mol. 

Med., 2015, 21, 1. 

5 K.  Módis, Y. J. Ju, A. Ahmad, A. A. Untereiner, Z. Altaany, L. Y. Wu, 

C. Szabó and R. Wang, Pharmacol. Res., 2016, 113, 116. 

6 Y. K. Zhai, S. C. Tyagi, N. Tyagi, Biomed. Pharmacother., 2017, 92, 

1073. 

7 (a) C. Szabo, Nat. Rev. Drug Disc., 2016, 15, 185; (b) D. D. Wu, W. R. 

Si, M. J. Wang, S. Y. Lv and A. L. Ji, Nitric Oxide, 2015, 50, 38; (c) M. 

R. Hellmich, C. Coletta, C. Chao and C. Szabo, Antioxid. Redox Signal., 

2015, 22, 424; (d) J. Breza Jr, A. Soltysova, S. Hudecova, A. Penesova, 

I. Szadvari, P. Babula, B. Chovancova, L. Lencesova, O. Pos, J. Breza, 

K. Ondrias and O. Krizanova, BMC Cancer, 2018, 18, 591; (e) R. Wang, 

Q. L. Fan, J. J. Zhang, X. N. Zhang, Y. Q. Kang and Z. R. Wang, Transl. 

Oncol., 2018, 11, 900. 

8 (a) J. T. Hancock and M. Whiteman, Plant Physiol. Biochem., 2014, 78, 

37; (b) A. Calderwood and S. Kopriva, Nitric Oxide, 2014, 41, 72; (c) 

Z.-G. Li, X. Min and Z.-H. Zhou, Front. Plant Sci., 2016, 7, 1621; (d) H. 

M. Guo, T. Y. Xiao, H. Zhou, Y. J. Xie and W. B. Shen, Acta Physiol. 

Plant, 2016, 38, 16;  

9 (a) C. Álvarez, I. García, I. Moreno, M. E. Pérez, J. L. Crespo, L. C. 

Romero and C. Gotor, Plant Cell, 2012, 24, 4621; (b) A. M. 

Laureano-Marín, I. Moreno, L. C. Romero and C. Gotor, Plant Physiol., 

2016, 171, 1378. 

10 P. Shukla, V. S. Khodade, M. S. Chandra, P. Chauhan, S. Mishra, S. 

Siddaramappa, B. E. Pradeep, A. Singh and H. Chakrapani, Chem. Sci., 

2017, 8, 4967 

11 (a) P. Gao, W. Pan, N. Li and B. Tang, Chem. Sci., 2019, 10, 6035; (b) R. 

C. Wang, K. K. Dong, G. Xu, B. Shi, T. l. Zhu, P. Shi, Z. Q. Guo, W. H. 

Zhu and C. C. Zhao, Chem. Sci., 2019, 10, 2785; (c) C. F. Wang, X. X. 

Cheng, J. Y. Tan, Z. Y. Ding, W. J. Wang, D. Q. Yuan, G. Li, H. J. 

Zhang and X. J. Zhang, Chem. Sci., 2018, 9, 8369; (d) F. Yang, H. Gao, 

S. S. Li, R. B. An, X. Y. Sun, B. Kang, J. J. Xu and H. Y. Chen, Chem. 

Sci., 2018, 9, 5556; (e) L. W. He, X. L. Yang, K. X. Xu, X. Q. Kong 

and W. Y. Lin, Chem. Sci., 2017, 8, 6257; (f) B. Shi, X. F. Gu, Q. Fei 

and C. C. Zhao, Chem. Sci., 2017, 8, 2150. 

12 (a) C. Wei, L. Wei, Z. Xi and L. Yi, Tetrahedron Lett., 2013, 54, 6937; 

(b) L. A. Montoya, T. F. Pearce, R. J. Hansen, L. N. Zakharov and M. D. 

Pluth, J. Org. Chem., 2013, 78, 6550. 

13  (a) C. Y. Zhang, L. Wei, C. Wei, J. Zhang, R. Y. Wang, Z. Xi and L. Yi, 

Chem. Commun., 2015, 51, 7505; (b) J. Zhang, R. Y. Wang, Z. T. Zhu, 

L. Yi and Z. Xi, Tetrahedron, 2015, 71, 8572; (c) F. B. Song, Z. F. Li, J. 

Y. Li, S. Wu, X. B. Qiu, Z. Xi and L. Yi, Org. Biomol. Chem., 2016, 14, 

11117; (d) R. Y. Wang, Z. F. Li, C. Y. Zhang, Y. Y. Li, G. C. Xu, Q. Z. 

Zhang, L. Y. Li, L. Yi and Z. Xi, ChemBioChem, 2016, 17, 962; (e) C. 

Wei, R. Y. Wang, C. Y. Zhang, G. C. Xu, Y. Y. Li, Q. Z. Zhang, L. Y. 

Li, L. Yi and Z. Xi, Chem.-Asian J., 2016, 11, 1376; (f) C. Y. Zhang, R. 

Y. Wang, L. H. Cheng, B. J. Li, Z. Xi and L. Yi, Sci. Rep., 2016, 6, 

30148; (g) K. Zhang, J. Zhang, Z. Xi, L.-Y. Li, X. X. Gu, Q.-Z. Zhang 

and L. Yi, Chem. Sci., 2017, 8, 2776; (h) I. Ismail, D. W. Wang, Z. H. 



Wang, D. Wang, C. Y. Zhang, L. Yi and Z. Xi, Dyes Pigments, 2019, 

163, 700; (i) C. Y. Zhang, Q.-Z. Zhang, K. Zhang, L.-Y. Li, M. D. Pluth, 

L. Yi and Z. Xi, Chem. Sci., 2019, 10, 1945. 

14 (a) X. Y. Ji, Z. X. Pan, B. C. Yu, L. K. D. L. Cruz, Y. Q. Zheng, B. Ke 

and B. H. Wang, Chem. Soc. Rev., 2019, 48, 1077; (b) B. J. Stenton, B. 

L. Oliveira, M. J. Matos, L. Sinatra and G. J. L. Bernardes, Chem. Sci., 

2018, 9, 4185; (c) M. H. Lee, A. Sharma, M. J. Chang, J. Lee, S. Son, J. 

L. Sessler, C. Kang and J. S. Kim, Chem. Soc. Rev., 2018, 47, 28; (d) M. 

T. Meer, R. Dillion, S. M. Nielsen, R. Walther. R. L. Meyer, W. F. 

Daamen, L. P. V. D. Heuvel, J. A. V. D. Vliet, R. M. L. M. Lomme, Y. 

L. Hoogeveen, L. J. S. Kool, J. E. Schaffer and A. N. Zelikin, Chem. 

Commun., 2019, 55, 443; (e) Y. Yuan and B. Liu, Chem. Sci., 2017, 8, 

2537; (f) K. Neumann, A. Gambardella, A. Lilienkampf and M. Bradley, 

Chem. Sci., 2018, 9, 7198. 

15 (a) E. Guégain, J. Tran, Q. Deguettes and J. Nicolas, Chem. Sci., 2018, 9, 

8291; (b) K. Neumann, A. Gambardella, A. Lilienkampf and M. 

Bradley, Chem. Sci., 2018, 9, 7198; (c) H. W. Liu, X. X. Hu, K. Li, Y. 

C. Liu, Q. M. Rong, L. M. Zhu, L. Yuan, F. L. Qu, X. B. Zhang and W. 

H. Tana, Chem. Sci., 2017, 8, 7689; (d) J. T. B. Kueh, N. J. Stanley, R. J. 

Hewitt, L. M. Woods, L. Larsen, J. C. Harrison, D. Rennison, M. A. 

Brimble, I. A. Sammut and D. S. Larsen, Chem. Sci., 2017, 8, 5454; (e) 

X. M. Wu, Y. J. Tan, H. T. Toh, L. H. Nguyen, S. H. Kho, S. Y. Chew, 

H. S. Yoon and X. W. Liu, Chem. Sci., 2017, 8, 3980; (f) J. Mayr, P. 

Heffeter, D. Groza, L. Galvez, G. Koellensperger, A. Roller, B. Alte, M. 

Haider, W. Berger, C. R. Kowol and B. K. Keppler, Chem. Sci., 2017, 8, 

2241. 

16 (a) S. T. Ulu, Spectrochim. Acta A, 2009, 72, 138; (b) M. H. Abdel-Hay, 

E. M. Hassan, A. A. Gazy and T. S. Belal, J. Chin. Chem. Soc., 2008, 

55, 818. 
17 (a) P. Shukla, V. S. Khodade, M. SharathChandra, P. Chauhan, S. 

Mishra, S. Siddaramappa, B. E. Pradeep, A. Singh and H. Chakrapani, 
Chem. Sci., 2017, 8, 4967. (b) K. R. Olson, BBA-Bioenergetics, 2009, 

1787, 856. 

18 B. D. Bax, P. F. Chan, D. S. Eggleston, A. Fosberry, D. R. Gentry, F. 

Gorrec, I. Giordano, M. M. Hann, A. Hennessy, M. Hibbs, J. Huang, E. 

Jones, J. Jones, K. K. Brown, C. J. Lewis, E. W. May, M. R. Saunders, 

O. Singh, C. E. Spitzfaden, C. Shen, A. Shillings, A. J. Theobald, A. 

Wohlkonig, N. D. Pearson, M. N. Gwynn, Nature, 2010, 466, 935. 

19 T. R. Blower, B. H. Williamson, R. J. Kerns, J. M. Berger, Proc. Natl. 

Acad. Sci. U. S. A., 2016, 113, 1706. 

Supplementary Material 

Supplementary material that may be helpful in the review 

process should be prepared and provided as a separate electronic 

file. That file can then be transformed into PDF format and 

submitted along with the manuscript and graphic files to the 

appropriate editorial office. 

 

 
Click here to remove instruction text...

 

  



 

Graphical Abstract 
 This work reports a fluorogenic H2S-triggered prodrug for in 
situ production of ciprofloxacin under micromolar H2S. 
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