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A cellular responsive, highly selective fluorogenic and 

chromogenic chemodosimeter probe for HNO is developed. This 

new probe showed ~30 fold fluorescence enhancement in 

presence of HNO and is sensitive to HNO at concentration as low 

as 0.02 µM. Further, it is capable of detecting HNO level in 

cellular milieus as well as in live specimen e.g. C. Elegan. 

Fluorescent molecular probes have drawn great attention due to their 

ability to visualize the molecular chemical transformation in 

normal/pathogen cells in living system. Recently, a great deal of 

research effort is being focused on development of probe for nitroxyl 
(HNO). HNO is an one electron reduced or protonated form of nitric 

oxide (NO) and both nitroxyl (HNO)/ nitric oxide (NO) can be inter-

converted in presence of superoxide dismutase(SOD).1-2 

Additionally, in a cellular system under aerobic condition, GSNO 

reacts with GSH at a rate of 0.01M-1s-1 at 37 oC to produce HNO.3 

Several studies have suggested a heme enzyme catalyzed two-
electron oxidation of hydroxylamine to generate the nitroxyl or nitric 

oxide in living cells.4 Moreover, cellular hydrogen sulfide (H2S) 

modulate nitroxyl or nitric oxide biosynthesis via  activation of 

protein S-nitrosylation.5 Recent studies have indicated that the 

nitroxyl (HNO) plays pivotal role in various biochemical processes 

in living system including resistance to superoxideinfraction in 

mammalian vascular systems, inhibition of function of aldehyde 

dehydrogenase and can create redox-potential deference in K+ 

channels in mammalian vascular systems.6 An observation in breast 

cancer cell indicated that cell proliferation is dramatically enhanced 

in presence of higher concentration of nitroxyl (HNO).7 Thus, to 
detect, and elicit the action mechanism in biological system of such 

short-lived important species e.g. HNO in living systems is very 

important.  

A number of fluorescent probes have been developed based on HNO 

induced reduction of Cu2+ to Cu+,8or nitroxide to hydroxylamine, by 

HNO.9 Unfortunately these are interfered by highly abundant several 
biological reductants such as GSH and ascorbate in living system. 

To overcome such poor selectivity issues in previous systems, 

reaction chemistry between HNO and phosphine, have been  

explored (similar to Staudinger reaction chemistry) to detect 

HNO without any interference. So far, a few probes have been 

reported mostly based on naphthalimide, coumarin and 

fluorescein dye;10 but these are significantly incapable to 

provide any bright images in vivo or in vitro of a large tissue 

section. Thus we developed a new probe that can provide bright 

images against dark-back ground without interference by other 

analytes. 

Scheme 1 Synthesis of Probe 1. 

 

The new probe 1 (scheme 1) was synthesized in a single step, the 

details of synthetic protocol and characterization procedures are 

provided in supplementary information. In this probe (1), we chose 

resorufin as ‘turn on’ fluorescent signalling unit as it has high 

quantum yield (0.75) and comparative UV absorption at higher 

wavelength (λabs= 565-585 nm).11 Certainly it will allow us to show 
both absorption changes within visible range along with a ‘turn on’ 

fluorescent signal.  

To justify the sensing ability of 1 (5 µM) toward HNO, the probe 

was incubated at physiological conditions for 30 min with Angeli’s 

salt (AS)12 (25 eq.) and subjected to UV-Vis and fluorescence 
analyses. The UV-absorption centered at 575 nm enhanced 18-fold 

in the presence of HNO (25 eq.) with a visible change from pale 

yellow to pink, as presented in Fig. 1a. An emission band centered at 

590 nm (Fig. 1b) increased 30 fold while excited at 565 nm. These 

findings indicated that probe 1 is capable to respond both in 

chromogenic and fluorogenic ways to detect HNO. We measured 
concentration dependent fluorescence changes of probe 1 in PBS 

(20% DMSO) and presented in Fig 2. The data indicated that 

fluorescent intensity at 590 nm gradually increases with increasing 

concentrations of AS (0- 25 eq.) and then reached to a saturation 

point. Based on regression equation, we calculated the lower 
detection limit of probe 1 (Fig. S1) toward HNO to be 0.02 µM. We 

adopted previous reported13 protocol to use mixed solvent (PBS with 

20% DMSO) for this study; although recently reported few probes 

showed promising result only in PBS solution due to high polarity of 

the molecular systems.14 
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Further, the reaction mechanism as we presumed in Scheme 2 was 

confirmed by mass spectroscopic analysis (Fig S2). HNO treated 

sample was subjected to MS study. A molecular ion peak of free 

resorufin (M- = 212.0353) indicated the cause of fluorescent 

enhancement. 
 

 

Fig. 1 (a) Fig. 1 (a) UV-visible spectra of probe 1 (5 µM) with or without 

HNO (AS); (b) Fluorescence changes of probe 1 in presence of HNO (125 
µM) and alone in buffer (5 µM). Excitation was effected at 565 nm with the 

excitation and emission slit widths both set at 3 nm.[Inset: photograph of 

probe 1 and probe 1 upon addition of HNO (125 µM), which was taken under 
(a) visible]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.2 Fluorescence change of probe 1 (5 µM) recorded in the presence of 

increasing concentrations of HNO (0–25 eq.) in PBS (20.0 % DMSO). Probe 
1 was incubated with HNO for 30 min at 37 oC. Excitation was effected at 

565 nm with the excitation and emission slit widths both set at 3 nm. 
 

 

 
Scheme 2 Reaction between probe 1 and HNO. 
 

We also evaluated the selectivity of the probe 1 toward HNO over 

other competitive, biologically relevant analytes such as S-

nitrosoglutathione (GSNO), NO2
-, NO, NO3

-, H2O2, OCl- O2
·, GSH 

and ascorbic acid (AA). The analytical data presented in Fig. 3 and 

Fig. S3 indicated that the probe 1 is highly selective towards HNO 

over others. This finding suggested that probe 1 may able to note and 

selectively detect HNO formation or level of HNO without any 

interference by other biological species inside the cellular milieus. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Fluorescence response of probe 1 (5 µM) toward biological relevant 
analytes (1: HNO, 2: H2O2, 3: HO·, 4: GSH, 5: NO, 6: NO2

-, 7: NO3
-, 8: 

GSNO, 9: AA, 10: NaOCl, 11: FeCl3 (100 µM). Bars represent comparative 

fluorescence change at λem =590 nm; λex =565 nm in presence of analytes. 
Each spectrum was acquired 30 min after addition of analytes at 37 oC. 

 

Fast response of any probe against target analytes is very crucial; 

specifically to detect reactive species in cellular milieus. Thus, we 

carried out a study to monitor the time dependent fluorescence 

change of probe 1 in presence of HNO (AS). From Fig. S4, it is 

observed that within 16 min, the fluorescent intensity of probe 1 

reached maxima and then plateaued in presence of HNO (AS). 

Based on this result, we presumed that the probe 1 may be capable of 

detecting HNO in cellular milieus in presence of other reactive 

species also. 

Further, the role of pH on stability of probe 1 and it’s reactivity 

toward HNO were evaluated in absence and presence of HNO 
respectively. The results in Fig. S5 is depicted that probe 1 is stable 

in wide pH range (1-13) as emission intensity (λem = 590 nm) 

remains unaltered with low quantum yield (ФF = 0.012); whereas in 

presence of HNO (50.0 µM), the emission intensity enhancement at 

λem 590 nm expectedly high within the biological relevant pH range 

(~4 – 8). This result inferred that probe 1 is capable to detect HNO 
level unambiguously within wide pH range (~ 4 – 8) and it provoked 

to be useful for live cell imaging. 

 
Fig. 4 Fluorescent imaging (top) and phase contrast (bottom) for HNO in 

CHO cells. (a) Probe 1 (5.0 µM in PBS) only. (b) Probe 1 (5.0 µM in PBS), 
HNO (75 µM) (c) Probe 1 (5.0 µM), HNO (AS, 125 µM).Cells were 

incubated with Probe 1 in PBS for 1h and then with or without HNO (AS) for 

30 min at 37 oC. Cell images were obtained using an Olympus BX51 inverted 
fluorescence microscopy. All images share the same scale bar (100 µm). 

Cells were using excitation wave length of 540 nm and emission length of 

570-630 nm.  
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The results of solution tests encouraged us to apply probe 1 in vitro 

cell imaging depending upon HNO level. Thus we incubated 

Chinese hamster ovary cell (CHO) cells with HNO, followed by 

addition of probe 1 (5 µM) and imaged by Olympus BX51 inverted 

fluorescence microscopy. Fig. S6 depicted that the probe 1 started to 

provide images within 5 min after treatment with HNO and the 

fluorescence intensity of labelled cells gradually increases with time. 

The results inferred that probe 1 has the capacity to detect HNO 

level in living cells within a short time scale. Further, concentration 

dependent study in Fig. 4 indicated that the extent of cell labelling 

increases with increasing conc. of HNO.  

Finally, we attempted to apply the probe 1 for turned on fluorescence 

imaging in vivo in presence of HNO. For the study, in C. Elegans- a 

nematode was treated with probe 1 followed by incubation with 0-

300 µM HNO analogue for 1 h. Fig. 5 indicates that the nematode is 

fluorescent labelled in presence of HNO and extent of labelling 
gradually increases with increasing concentrations of HNO. Further, 

time dependent in vivo imaging (Fig. S7) revealed that probe is 

capable of providing in vivo images within 30 min. 
 

 
 

Fig. 5 Fluorescent imaging (top) and phase contrast (bottom) for HNO 

in C. elegans. (a) Probe 1 (5 µM in PBS) only. (b) Probe 1 (5 µM), 

HNO (AS, 50 µM). (c) Probe 1 (5 µM), HNO (100 µM). C. elegans 

were incubated with Probe 1 in PBS for 1h; then with or without HNO 

(AS) for 30 min at 20 oC. C. elegans images were obtained using an 

Olympus BX51 inverted fluorescence microscopy. All images share the 

same scale bar (200 µm). Cells were using excitation wavelength of 540 

nm and emission wavelength of 570-630 nm. 

Conclusions 

We have developed a smart chemodosimeter probe for HNO which 

has the ability to change ‘turn on’ fluorescence signal as well as 
visual changes from yellow to pink. The probe showed a remarkable 

uv-vis. and fluorescence signal enhancement e.g. 18 to 30 fold 

increment respectively in presence of HNO. A time dependent study 

indicated that the probe is highly reactive toward HNO. The probe 

displayed sensitivity toward HNO as low as 0.02 µM in 

physiological alike buffered saline milieus.  In vitro cellular imaging 

and in vivo nematode imaging implied that this probe is highly 

capable of monitoring the HNO level in living systems. 

 

Acknowledgement 
S. Bhuniya and B. K. Naidu are grateful to Amrita Vishwa 

Vidyapeetham for a start-up grant. J. F. Zhang and Y. Zhou are 

grateful for financial support from the Natural Science 

Foundation of China (21102127, 21262045, 

21262050,21302165, and 21462050), the Foundation of the 

Department of Science and Technology of Yunnan Province of 

China (2011FB013, 2011FB047, 2014HB008 and 2013HB062) 

, and training project (XT 412004) of Yunnan University 

Notes and references 

1 (a) A. J. Hobbs, J. M. Fukuto and L. J. Ignarro, Proc. Natl. Acad. 

Sci. U. S. A., 1994, 91, 10992–10996; (b) J. C. Irvine, R. H. Ritchie, 

J. L. Favaloro, K. L. Andrews, R. E. Widdop and B. K. Kemp-

Harper, Trends Pharmacol. Sci., 2008, 29, 60–608. 

2 (a) M. E. Murphy and H. Sies, Proc. Natl. Acad. Sci. U. S. A., 1991, 

88,10860–10864; (b) M. R. Cline, C. Tu, D. N. Silverman and 

J. P. Toscano, Free Radical Biol. Med., 2011, 50, 1274–279. 

3 (a) K. A. Broniowska, A. R. Diers and N. Hogg, Biochim, 

BiophysActa., 2013,1830, 3173–3181; (b) S. A. Lipton,  Y. B. Choi, 
N. J. Sucher, Z. H. Pan and J. S. Stamler, Trends Pharmacol. Sci., 

1996, 17, 186–187. 

4 N. Paolocci, W. F. Saavedra, K. M. Miranda, C. Martignani,T.Isoda, 
J. M. Hare, M. G. Espey, J. M. Fukuto, M. Feelisch, D. A. Wink and 

D. A. Kass, Proc. Natl. Acad. Sci., U.S.A., 2001, 98, 10463−10468. 

5. C. Lu, A. Kavalier, E. Lukyanov and S. S. Gross, Methods, 2013, 62, 
177–181. 

6. J. C. Irvine, J. L. Favaloro, R. E. Widdop and B. K. Kemp-Harper, 

Hypertension., 2007, 49, 885–892. 

7 H. De Vitto, B. S. Mendonça, K. M. Elseth, A. Onul, J. Xue, B. J. 

Vesper, C. V. Gallo, F. D. Rumjanek, W. A. Paradise and J. A. 

Radosevich ,Tumour Biol., 2013, 34,403–413. 

8 (a) J. Rosenthal and S. J. Lippard, J. Am. Chem. Soc., 2010, 

132,5536−5537; (b) M. Royzen, J. J. Wilson and S. J. Lippard, J. 

Inorg. Biochem., 2013, 118, 162−170; (c) Y. Zhou, K.  Liu, Y. Y.  

Li, Y. Fang, T. C. Zhao and C.  Yao, Org. Lett., 2011, 13, 

1290−1293. 

9 M. R. Cline and J. P. Toscano, J. Phys. Org. Chem., 2011, 24, 
993−998. 

10 (a) K. Kawai, N. Ieda, K. Aizawa, T. Suzuki,N. Miyata and H. 

Nakagawa, J. Am. Chem. Soc., 2013, 135, 12690−12696; (b) X. Jing, 
F. Yu and L. Chu, Chem. Commun., 2014,50, 14253−4256; (c) C. 

Liu, H. Wu, Z. Wang, C. Shao, B. Zhu and X. Zhang, Chem. 

Commun., 2014, 50, 6013−6016; (d) G. J. Mao, X. B. Zhang, X. L. 
Shi, H. W. Liu, Y. X. Liu, H. Y. Zhou, W. Tan and R. Q. Yu, Chem. 

Commun., 2014, 50, 5790−5792; (e) Z. Miao, J. A. Reisz, S. M. 
Mitroka, J. Pan, M. Xian and S. B. King, Bioorg. Med. Chem. Lett., 

2015, 25, 16−19; (f) K. Zheng, W. Lin, D. Cheng, H. Chen, Y. Liu 

and  K. Liu, Chem. Commun., 2015,51, 5754−5757. 
11 (a) E. W. Miller, A. E. Albers, A. Pralle, E. Y. Isacoff and C. J. 

Chang, J. Am. Chem. Soc., 2005, 127, 16652 –16659; (b) J. H. Lee, 

J. H. Jang, N. Velusamy, H. S. Jung, S. Bhuniya and J. S. Kim, 

Chem. Commun., 2015, 51, 7709–7712. 

12 (a) K. M. Miranda, H. T. Nagasawa and J. P. Toscano, Curr.Top. 

Med. Chem., 2005, 5, 649−664;  (b) A. S. Dutton, J. M. Fukuto and 

K. N. Houk, J. Am. Chem. Soc., 2004, 126, 3795–3800. 

13 (a) E. J. Kim, S. Bhuniya, H. Lee, H. M. Kim, C. Cheon, S. Maiti, 

K. S. Hong and J. S. Kim, J. Am. Chem. Soc., 2014, 136, 1388-
1394; (b)  S. Bhuniya, S. Maiti, E. J. Kim, H. Lee, J. L. Sessler, K. 

S. Hong and J. S. Kim, Angew. Chem. Int. Ed., 2014, 53 (17), 4469-

4474; (c) S. Bhuniya, M. H. Lee, H. M. Jeon, J. H. Han, J. H. Lee, 
N. Park, S. Maiti, C. Kang and J. S. Kim, Chem. Commun., 2013, 

49, 7141-7143; (d) S. Maiti, N. Park, J. H. Han, H. M. Jeon, J. H. 

Lee, S. Bhuniya, C. Kang and J. S. Kim, J. Am. Chem. Soc., 2013, 
135,  4567-4572. 

14 (a) M. H. Lee, J. H. Han, P.-S. Kwon, S. Bhuniya, J. Y. Kim, J. 

Sessler, C. Khang and J. S. Kim J. Am. Chem. Soc, 2012, 134, 1316-

1322; (b) D.- T. Shi, D. Zhou, Y. Zang, J. Li, G.-R. Chen, T. D. 

James, X. - P. He and H. Tian, Chem. Commun., 2015, 51, 3653–

3655; (c) K. Y. Zhang, K. K. - S. Tso, M.-W. Louise, H. - W. Liu 

and K.-W. Lo, Organometallics, 2013, 32, 5098 – 5102; (d)  C. 

Wang, S. Yang, M. Yi, C. Liu, Y. Wang, J. Li, Y. Li, and R. Yang, 

ACS Appl. Mater. Interfaces, 2014, 6, 9768–9775; (e) D.  Wu, S. 

Cheung, R. Daly, H. Burke, E. M. Scanlan and D. F. O'Shea, Eur. J. 

Org. Chem., 2014, 6841-6845; (f) K. – B. Li, D. Zhou, X. – P. He 

and G. – R. Chen, Dyes and Pigments, 2015, 116, 52-57. 
 

 

Page 3 of 4 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

 

Graphical Abstract> 

 
 

 

 

Page 4 of 4RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


