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ABSTRACT: Nitroxyl (HNO) is closely linked with numerous biological processes. Fluorescent probes provide a visual 
tool for determining HNO. Due to fluorescence quenching by HNO-responsive recognition groups most of the current 
fluorescent probes exhibit an "off-on" fluorescence response. As such, the single fluorescence signal of these probes is 
easily affected by external factors such as the microenvironment, sensor concentration, and photobleaching. Herein, we 
have developed a ratiometric fluorescent probe (CHT-P) based on our previously developed two-isophorone fluorophore. 
CHT-P could be used to determine HNO through ratiometric signal readout with high selectivity and sensitivity, ensuring 
the accurate quantitative detection of HNO. Additionally, the probe exhibited low cytotoxicity, was cell permeable and 
could be used for ratiometric imaging of HNO in cells. Finally, CHT-P coated portable test strips were used to determine 
HNO using solid-state fluorescence signal readout.   

Nitroxyl (HNO) is a biologically important reactive spe-
cies that is a one-electron reduction and protonated de-
rivative of nitric oxide (NO), which is closely linked with 
many physiological and pathological processes.1,2 For ex-
ample, HNO can enhance the myocardial contractility 
and inhibit platelet aggregation.3 In addition, HNO has 
certain pharmacological applications, for example the 
treatment of heart failure and has certain anti-
inflammatory capabilities. Other significant roles of HNO 
include interaction with thiols, inhibition of the activity 
of glyoxal dehydrogenase in cells, and it can be used to 
treat alcoholism, and alleviate ischemia-reperfusion inju-
ry.2-5 Therefore, the development of a convenient and effi-
cient method to detect HNO, especially the quantitative 
analysis, is of great significance in order to understand 
the underlying mechanism of HNO-related diseases in 
living organisms and in addition could aid the develop-
ment of rapid and accurate diagnostic methods. 

So far, numerous methods for HNO detection have 
been reported, such as EPR,6 19FNMR,7 MS,8 HPLC.9 color-
imetry10 and electrochemical analysis11. However, limita-
tions still exist, especially for use in living biological sam-
ples, where systems require difficult instrumental opera-

tion, complex sample preparation and cause damage to 
living organisms and cells. As such, organic small-
molecule fluorescent probes which exhibit high selectivi-
ty, sensitivity, and temporal resolution, for the specific 
detection of HNO have been applied to living biological 
systems.12-17 Among these organic small-molecule fluores-
cent probes for HNO, most of them are constructed by 
introducing responsive groups including copper (II) com-
plexes, triphenylphosphine, nitroxide and 2-mercapto-2-
methylpropionic acid as the specific recognition site for 
HNO12. The quenching efficiency of the responsive groups 
attached to the core fluorophore makes most of these 
probes emit very weak fluorescence before they interact 
with HNO. Thus, these fluorescent probes commonly 
exhibit “off-on” response towards HNO, such single signal 
response systems can exhibit reduced accuracy for quanti-
tative detection of HNO since the measurement of one 
fluorescence emission is easily affected by the microenvi-
ronment, photobleaching and excitation intensity. To 
address this problem, significant effort has been devoted 
to the development of ratiometric fluorescent probes, 
which could provide a direct relationship between the 
concentration of the target analytes and the ratiometric 



 

signal without calibration.18-20 Some recently reported 
dual-emissive fluorescence probes for HNO have been 
based on excited state intramolecular proton transfer 
(ESIPT),21 intramolecular charge transfer (ICT),22 and 
Förster resonance energy transfer (FRET),23-25 using the 2-
(diphenylphosphino)-benzoate moiety as the responsive 
group towards HNO.21-30 However, for these dual-emissive 
systems the shorter wavelength fluorescence emission 
either increases or is not reduced significantly when the 
2-(diphenylphosphino) benzoate has been cleaved by 
HNO, making these ESIPT and ICT-based probes unsuit-
able for accurate ratiometric dual emission monitoring 
(Scheme 1a).21,22,26,27 Additionally, other probes (e.g. FRET-
based fluorescence probes) need complex design and in-
volve the multi-step synthesis of the two fluorescent dyes 
and incorporation of them into a single probe.23-25,30  

   Our research group is particularly interested in devel-
oping ratiometric fluorescent probes for the quantitative 
detection of biological relevant analytes. Previously, we 
reported a fluorophore bearing two isophorone malono-
nitrile structures (CHT-OH) that could be used to con-
struct a ratiometric fluorescent probe for biothiols31. We 
realized that our fluorophore (CHT-OH) could provide a 
core on which to develop a range of ratiometric fluores-
cence based probes (Fig. S5). In this work, we incorporate 
a HNO-response group 2-(diphenylphosphino)-benzoate 
moiety into the CHT-OH core in order to develop a rati-
ometric fluorescent probe that could be used as a 
chemosensor (CHT-P, Scheme 1b) for the quantitative 
detection of HNO. Herein, the 2-
(diphenylphosphine)benzoic acid group limits delocaliza-
tion within CHT-P and as such the probe exhibits a max-
imum emission at 552 nm when excited at 440 nm. When 
HNO interacts with CHT-P, the recognition unit 2-
(diphenylphosphino)benzoate moiety is cleaved. The 
maximum fluorescence emission of CHT-P is then red-
shifted due to the redistribution of the electrons through-
out the whole conjugated system of CHT-P, and rati-
ometric detection could be achieved. 

 

Scheme 1. (a) Commonly used design strategy for ICT and 
ESIPT-based dual-emissive fluorescent probes for the de-
tection of HNO. (b) Our design strategy for the rati-
ometric detection of HNO.  

EXPERIMENTAL SECTION  

Materials and Methods. All experimental reagents are 
commercially available and were used directly without 
further purification. Angeli’s salt (AS) was used as the 
donor of nitrosyl hydrogen in the experimente. Reagents 

such as absolute ethanol (EtOH), piperidine, potassium 
carbonate (K2CO3), 4-hydroxyisophthalaldehyde, malo-
nonitrile, isophorone, dichloromethane (DCM), 4-
dimethylaminopyridine (DMAP), dicyclohexylcar-
bodiimide (DCC) and 2-(diphenylphosphine)benzoic acid 
were purchased from Energy Chemical and Macklin 
Chemical. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and various amino 
acids were purchased from Sigma-Aldrich. Column chro-
matograpic separation was performed using silica gel of 
200-300 Mesh (Shanghai, Qingdao). Thin layer chroma-
tography (TLC) was performed on silica gel plates, and 
the product visualized using a 365 nm ultraviolet lamp. 
The absorption measurement of the target probe was ob-
tained on a Hitachi U-3900 UV-Vis spectrometer. The 
fluorescence spectra were measured on a Hitachi f-7000 
fluorescence spectrometer. An appropriate fluorescence 
intensity range was determined by adjusting the excita-
tion and emission slits. The pH of all solutions used in the 
experiments were measured using a Leici phs-3e pH me-
ter, calibrated using pH 4.00 and pH 6.86 buffer. 1H and 
13C NMR spectra were obtained using a Bruker AV-400 
spectrometer. The chemical shifts are expressed in parts 
per million (Me4Si as internal standard). The probe CHT-
P (1 × 10-3 M) stock solution was prepared in dimethyl 
sulfoxide (DMSO) and diluted with PBS (pH 8.0) buffer 
during measurement in order to keep the final probe con-
centration at 10 μM. All spectroscopic experiments were 
performed using PBS buffer, and 3 μM of HSA was added 
to the test system to mimic the real cell microenviron-
ment. AS, inorganic salts and various amino acid were 
prepared as stock solutions in water.  

Synthesis of CHT-P. 2-(Diphenylphosphine)benzoic 
acid (0.600 g, 1.96 mmol), CHT-OH (0.477 g, 0.98 mmol), 
2- DMAP (0.239 g, 1.96 mmol), DCC (0.404 g, 1.96 mmol) 
were mixed in DCM (15 mL). The reaction mixture was 
then heated under a nitrogen atmosphere at 40 ℃ for 
about 2 h. The solvent was removed under reduced pres-
sure, and the product was purified by flash column chro-
matography to provide CHT-P as areddish brown solid 
(0.319 g, yield 42%). 1H NMR (400 MHz, CDCl3) δ 8.30–
8.27 (m, 1H), 8.18–8.15 (m, 1H), 7.74 (d, J = 1.2 Hz, 1H), 
7.55-7.53 (m, 2H), 7.48-7.43 (m, 2H), 7.35-7.33 (m, 9H), 
7.22-7.18 (m, 1H), 7.11-7.00 (m, 4H), 6.96-6.89 (m, 2H), 
6.84 (s, 1H), 2.63 (s, 2H), 2.58 (s, 2H), 2.49 (s, 2H), 2.41 (s, 
2H), 1.10 (s, 6H), 1.03 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 
190.51, 169.05, 153.30, 153.20, 149.60, 137.17, 137.07, 135.22, 
134.85, 134.02, 133.81, 133.07, 131.91, 130.06, 129.36, 128.67, 
128.60, 128.48, 113.32, 112.44, 42.97, 39.29, 39.20, 32.03, 
31.99, 28.02, 27.96. HRMS (ES+): calc. for [M+H]+ 775.3196, 
found 775.3193, M represents C51H43N4O2P. 

Fluorescence Imaging using CHT-P. Fluorescence 
imaging of exogenous HNO in live cells. HeLa cells were 
cultured in a confocal culture dish with the complete me-
dium (90% MEM and 10% FBS) in a standard culture con-
dition (5% CO2 moist sterilization incubator at 37°C) for 
15 hours to make the cells adhere to the confocal culture 
dish. Then the cells were washed with MEM medium 
three times, 2 mL fresh MEM was finally loaded with the 



 

cells. Then the probe (10 μM) was added and incubated 
for 30 min under standard culture conditions to allow the 
probe to enter the cells. After that, AS (200 μM) was add-
ed and incubated for a further 30 min under standard 
culture conditions. After that, the cells were washed three 
times with fresh MEM and 1.5 mL of fresh MEM was add-
ed for fluorescence imaging of the cells. 

The fluorescence imaging of the cells was performed 
using a Leica TCS SP5 II confocal laser scanning micro-
scope using an HC × plapo 63x oil objective (NA: 1.40). 
The probe was excited at 405 nm and the emission collec-
tion range was 520 to 590 nm (channel 1, green) and 610 
to 700 nm (channel 2, red). 

RESULTS AND DISCUSSION  

Design strategy for the CHT-P probe for rati-
ometric detection. We previously synthesized a fluores-
cent probe for determining biothiols using CHT-OH as 
the core structure31. To further extend the application of 
the core fluorophore CHT-OH using a different sensing 
mechanism, we prepared a ratiometric fluorescent probe 
(CHT-P) for the detection of HNO by anchoring the 2-
(diphenylphosphino)benzoate moiety to the two-
isophorone fluorophore. As indicated in Fig. S1, the ab-
sorption and fluorescence emission spectra of CHT-P and 
CHT-OH indicated that CHT-P could be used as a rati-
ometric probe. Additionally, the quantum yield of CHT-P 
was determined to be 0.28 (Fig. S2) and molar absorptivity 

was 56330 M-1 cm-1 (Fig. S3).  

Time-dependent fluorescence changes of CHT-P 
for nitroxyl. The probe CHT-P was synthesized in two 
simple steps (Scheme S1). Then, we evaluated the photo-
physical properties of CHT-P. The absorption and fluo-
rescence intensity of CHT-P did not change significantly 
over a pH range between 6.5 and 9.0 (Fig. S4). The fluo-
rescence behavior of CHT-P was subsequently monitored 
in PBS buffer (with 5% DMSO and 3 μM HSA as cosol-
vent). Herein, HSA was used because in most assays in 
live organisms, serum albumin is an essential compound 
that should not be excluded and will coexist with the tar-
get compound in the assay system. Importantly, the HSA 
did not affect the UV absorption and fluorescence of 
CHT-P (Fig. S5). Then, we explored the response of CHT-
P towards AS (a HNO donor) over time. When AS (200 
μM) was added to a solution containing CHT-P (10 μM), 
an isosbestic point at 440 nm appeared (Fig. S6). Then 
under the excitation at 440 nm, the fluorescence intensity 
at 552 nm gradually decreased followed by a gradual in-
crease of fluorescence intensity at 606 nm, and an iso-
emissive point was observed at 574 nm (Fig. 1a and 1b). 
This phenomenon could be ascribed to the 2-
(diphenylphosphino)benzoate moiety of CHT-P which 
quenches the long wavelength fluorescence of CHT-P, 
while the short-wavelength fluorescence of CHT-P is re-
tained. The addition of HNO cleaves the 2-
(diphenylphosphino)-benzoate resulting in restoration of 
the long wavelength fluorescence, facilitating the rati-
ometric detection of HNO. The response time of CHT-P 
towards HNO is comparable to most reported 

probes.15,16,32 Actually, the probe CHT-P exhibits a fast 
response towards the addition of HNO, but requires 
about 30 min to complete the reaction. This phenomenon 
could be ascribed to that the time for reaction between 
the triphenylphosphine based group and Angeli’s salt (to 
generate HNO) is more than 20 min.33 Thus, the probe 
can response towards HNO fast (within 2 min) but it may 
need a relatively long time (about 30 min) to complete 
the interaction between the triphenylphosphine based 
fluorescent probe and Angeli’s salt. The pH effect on the 
fluorescence response of CHT-P towards HNO was also 
investigated (Fig. S7). A high ratiometric signal was ob-
tained when for buffer in the pH range of 6 to 9. While a 
remarkable decreased in the ratiometric signal with pH 
values above 9 or below 5.  

Figure 1. (a) Time-dependent fluorescence changes of 
CHT-P (10 μM) with the addition of AS (200 μM) in 
PBS/DMSO (v / v, 20: 1; pH 8.0; 3 μM HSA) at 25℃. (b) A 
plot of the ratiometric fluorescence intensity changes 
(based on fluorescence intensity at 552 nm and 606 nm, 
respectively). The assay was conducted in PBS/DMSO 
(v/v, 20:1; pH 8.0; 3 μM HSA) at 25℃, λex = 440 nm.  

Study of the reaction mechanism. We further ex-
plored the reaction mechanism of CHT-P using 1H NMR 
and mass spectroscopic analysis. Comparing a CHT-P 
solution with and without AS, revealed the appearance of 
a phenol proton peak at about 9.85, and at the same time, 
changes of proton peaks at 8.33-8.27, 7.61-7.48, 7.32-7.28 
which appeared similar to the peaks of CHT-OH (Fig. 2). 
Thus, the addition of AS converts probe CHT-P into 
CHT-OH. In addition, the MS analysis further confirmed 
that the addition of AS results in a mass peak due to 
CHT-OH (Fig. S8).   

To further explore the sensing mechanism, we per-
formed DFT calculations of CHT-P and CHT-OH. From 
the optimized S1 geometries, the HOMO-LUMO gap of 
CHT-OH was about 2.420 ev, while that for CHT-P was 
2.450 ev (Fig. S9). The computational analysis indicates 
that cleavage of the 2-(diphenylphosphino)-benzoate of 
CHT-P by HNO results in the redistribution of electrons 
throughout the whole conjugated system of the product 
CHT-OH, resulting in a red-shift of the fluorescence. 



 

Figure 2. 1H-NMR analysis of CHT-P (35 mM, up), CHT-P 
reacted with AS (middle) for 30 min, and CHT-OH (35 
mM). The titration assay was conducted in DMSO-d6, 
with addition of 1 equivalent of AS for 30 min.  

Quantitative detection of HNO by CHT-P. In order 
to prove that CHT-P can quantitatively detect HNO, a 
gradual increase in concentration of AS (0-200 μM) was 
added into a solution of CHT-P and an isosbestic point at 
440 nm appeared (Fig. S10). Excitation at 440 nm, with 
gradual addition of AS induced a decrease in the emission 
intensity at 552 nm, and increase of fluorescence intensity 
at 606 nm, with an iso-emissive point at 570 nm (Fig. 3a). 
A linear relationship between the fluorescence intensity 
ratio (F606 / F552) of CHT-P (10 μM) and the concentration 
of AS (0 to 120 μM) was observed (Fig. 3b). The fluores-
cence ratio changes reached a plateau and the limit of 
detection (LoD) was determined to be 1.01 μM. These re-
sults indicate that CHT-P can be used for the quantitative 
detection of HNO using ratiometric fluorescence signal 
changes.  

Figure 3. (a) Changes in fluorescence intensity of CHT-P 
(10 μM) with increasing concentration of AS (from 0 to 
200 μM) in PBS/DMSO (v/v, 20:1; pH 8.0; 3 μM HSA) after 
30 min. λex = 440nm. (b) Linear relationship between fluo-
rescence intensity ratio changes and concentration of 
HNO over a range from 0 to 200 μM (based on the fluo-
rescence intensity at 552 and 606 nm, respectively). 

Selectivity of CHT-P for HNO. We then investigated 
the selectivity of CHT-P towards HNO in the presence of 
other interfering substances. CHT-P exhibited remarka-
ble selectivity towards HNO compared to other anions, 
cations, reactive oxygen species and amino acids. Because 

the fluorescence emission peak of the probe does not 
change significantly in the presence of these interfer-
ences. However, addition of AS induced a clear fluores-
cence change of CHT-P from 552 nm to 606 nm (Fig. 4). 
In addition, fluorescence color changes could be conven-
iently observed under a hand-held laser lamp (405 nm, 
inset in Fig. 4b). In detail, the probe solution treated with 
just AS appears orange-red, while the probe solution 
treated with other analytes appears pale yellow, indicat-
ing that CHT-P has the potential to be used as a fast, con-
venient, and portable method for the measurement of 
HNO concentrations. To explore the selectivity of CHT-P, 
we carried out a competition assay for the response of 
CHT-P to AS in the presence of other analytes. From Fig. 
S11, it is clear that CHT-P exhibits no response towards 
other analytes, but that the addition of AS could signifi-
cantly induce a red shift of the fluorescence emission of 
CHT-P, clearly demonstrating the high selectivity of 
CHT-P towards HNO. 

Figure 4. (a) Fluorescence responses of CHT-P (10 μM) 
towards different species: AS (200 μM) and other interfer-
ing reagents within 30 min (1. K+; 2. Cu2+; 3. Na+; 4. Zn2+; 5. 
F-; 6. S2-; 7. Mn2+; 8. NO2

-; 9. NO3
-; 10. GSH; 11. Cys; 12. So-

dium ascorbate (NaAsc); 13. DL-Homocysteine (Hcy); 14. 
H2O2; 15. ClO-; 16. ONOO-; 17. ROO•). Herein, species 1-15 
are 3 mM, and 16, 17 are 200 μM. b) Fluorescence intensity 
ratio changes (based on the peak heights at the maxima, 
552 nm and 606 nm respectively) according to a). The 
inset is a photograph of the species under the irradiation 
using a hand-held laser lamp (405 nm).  

Fluorescence imaging in living cells. Having estab-
lished the ratiometric detection of HNO using CHT-P, we 
then explored the fluorescence imaging ability of CHT-P 
in live cells. Initially, cytotoxicity experiment was con-
ducted and indicated that CHT-P has low toxicity, per-
mitting its use in live cell imaging experiments (Fig. S12). 
Then the photostability of CHT-P was evaluated. Both 
CHT-P and CHT-OH exhibited high photostability dur-
ing the continuous irradiation under the Xe lamp (Fig. 
S13). CHT-P also exhibited photostable in living cells (Fig. 
S14).  Then, the fluorescence images of the cells with 
CHT-P were obtained using a confocal laser scanning 
microscope. From Fig. 5a, a strong green fluorescence 
(collected at channel 1: 520 to 590 nm), and no red (col-
lected at channel 2: 610 to 700 nm) was observed (CHT-P 
panel in Fig. 5a). 



 

Figure 5. (a) Fluorescence imaging of HeLa cells with 
probe CHT-P (10 μM). Channel 1 (green): 520 to 590 nm. 
Channel 2 (red): 610 to 700 nm. (CHT-P): confocal images 
of HeLa cells pretreated with CHT-P (10 μM) for 30 min; 
(CHT-P + AS): confocal images of HeLa cells pretreated 
with CHT-P (10 μM) for 30 min and then incubated with 
AS (200 μM) for 30 min. (CHT-P + SNP + NaAsc): confo-
cal images of HeLa cells pretreated with CHT-P (10 μM) 
for 30 min and then incubated with SNP (2 mM) and 
NaAsc (2 mM) for 2 h. Overlay: merge channel of chan-
nels 1 and 2. Ratiometric images were obtained with Im-
ageJ software. Scale bar, 25 μm. (b) Semi-quantitative de-
termination of HNO in live cells with the ratiometric flu-
orescence signal readout. Ratio is obtained according to 
the ratio values of fluorescence intensity of channel 1 
(from 520 to 590 nm) to channel 2 (from 610 to 700 nm). 

The semiquantitative calculation was conducted by Im-
ageJ software. Error bars represent SD. “+” represents the 
addition of compounds, “-” represents no addition of 
compounds. 

Then, AS (for generating the exogenous HNO) was added 
to the cells leading to a ratiometric fluorescence change. 
The fluorescence signal collected from channel 1 de-
creased significantly, whereas a strong fluorescence signal 
appears in the red fluorescence channel (collected at 
channel 2: 610 to 700 nm) (CHT-P + AS panel in Fig. 5a). 
Based on the above results, we evaluated whether CHT-P 
can be used to monitor endogenous HNO in cells. Ac-
cording to literature reports, L-ascorbate (NaAsc) reacts 
with NO to form intracellular HNO in the cellular envi-
ronment34,35. Therefore, live HeLa cells were treated with 
CHT-P (10 μM) for 30 minutes, and then 2.0 mM NaAsc 
and 2.0 mM sodium nitroprusside (SNP, NO donor) were 
added to pretreat the HeLa cells for another 2 h. In detail, 
no significant fluorescence signal was collected in channel 
1, while a strong fluorescence signal appears in the red 
fluorescence channel (collected at channel 2: from 610 to 
700 nm) (CHT-P + SNP + NaAsc panel in Fig 5a). The 
merged channel and ratiometric images from channel 1 
and channel 2 were obtained. In addition, the semi-
quantitative determination of HNO in cells was possible 
using the ratio values of the averaged fluorescence inten-
sity of channel 1 to channel 2 (Fig. 5b). These results indi-
cated that CHT-P was a cell-permeable fluorescent probe, 
that could be used for the ratiometric imaging of exoge-
nous and endogenous HNO in cells. In addition, the rati-
ometric signal could be used for semi-quantitative deter-
mination of HNO. 

 Detection of HNO using CHT-P-based portable 
test papers. To further explore the function of the CHT-
P, a portable test strip was prepared by immersing filter 
paper into CHT-P solution (detailed procedure is con-
tained in the supporting information). Due to the solid-
state fluorescence signal, the CHT-P coated test strips 
exhibited yellow fluorescence signal after it was exposed 
to HNO solution, while other analytes resulted in a green 
fluorescence signal, indicating the high selectivity of the 
test strips towards HNO (Figure 6a). Additionally, the test 
strips could be used for the detection of different concen-
trations of HNO solution. The fluorescence signal chang-
es from the green to yellow when the concentration of 
HNO increased from o to 200 μM, suggesting the efficien-
cy of the CHT-P coated test strips for monitoring HNO in 
solution over a concentration range from 0-200 μM. Thus, 
the use of the CHT-P as a fluorescent probe could be ex-
panded for use as portable test strips, which facilitates the 
detection of HNO in various complex samples. In addi-
tion, this strategy may offer a new approach for construct-
ing low-cost portable devices for the detection of other 
analytes.  



 

Figure 6. Portable test strips for the detection of HNO 
using solid-state fluorescence signal readout. (a) The pho-
tograph of the portable test strips after exposure to vari-
ous analytes (3 mM) and AS solution (200 μM) under a 
hand-held UV light (365 nm). (b) The photograph of the 
portable test strip after exposure to various concentration 
of HNO solution.  

CONCLUSION 

In summary, a ratiometric fluorescent probe (CHT-P) 
for HNO has been developed using a novel fluorophore 
with two isophorone malononitrile groups that displays 
green to red fluorescence changes when an activatable 
group was removed from the fluorophore. Thus, CHT-P 
exhibited ratiometric fluorescence signal changes towards 
HNO, permitting the quantitative detection of HNO us-
ing the linear relationship between changes of the ratio of 
the fluorescence signal and concentration of HNO. The 
LoD was determined to be 1.01 μM. In addition, CHT-P 
exhibited a high selectivity, low cytotoxicity, and cell 
permeability. The probe could be used for the ratiometric 
imaging of exogenous and endogenous HNO in living 
HeLa cells under physiological conditions. Finally, CHT-P 
coated portable test strips exhibited high performance in 
detecting HNO using fluorescence signal readout.   

ASSOCIATED CONTENT  

Supporting Information. Additional materials and meth-
ods including detailed protocol for synthesis, characteriza-
tion of target compounds, cell cultures, and detailed experi-

ments for live cell imaging were in the supporting infor-
mation.  

AUTHOR INFORMATION 

Corresponding Author 

* Chusen Huang, E-mail: huangcs@shnu.edu.cn. Fax: 86-21-
64321833.  
*Tony D. James, Email: T.D.James@bath.ac.uk  
*Luling Wu, Email: lw960@bath.ac.uk 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

L. W. wishes to thank China Scholarship Council and the 
University of Bath for supporting his PhD in the UK. T. D. J. 
wishes to thank the Royal Society for a Wolfson Research 
Merit Award and the Open Research Fund of the School of 
Chemistry and Chemical Engineering, Henan Normal Uni-
versity for support (2020ZD01). C.H. thank National Natural 
Science Foundation of China (Grants 21672150, 21302125), 
Alexander von Humboldt Foundation (AvH), Shanghai Ris-
ing-Star Program (19QA1406400), Doctoral Fund of Ministry 
of Education of China (Grant No. 20133127120005), Shanghai 
Government (18DZ2254200), Program for Changjiang Schol-
ars and Innovative (IRT_16R49). 

REFERENCES 

(1) Ivanović-Burmazović, I. In The Chemistry and Biology of Ni-
troxyl (HNO), Doctorovich, F.; Farmer, P. J.; Marti, M. A., Eds.; 
Elsevier: Boston, 2017, pp xv-xxii. 

(2) Fukuto, J. M.; Bartberger, M. D.; Dutton, A. S.; Paolocci, 
N.; Wink, D. A.; Houk, K. N. The Physiological Chemistry and 

Biological Activity of Nitroxyl (HNO):  The Neglected, Misun-
derstood, and Enigmatic Nitrogen Oxide. Chem. Res. Toxicol. 
2005, 18, 790-801. 

(3) Irvine, J. C.; Ritchie, R. H.; Favaloro, J. L.; Andrews, K. L.; 
Widdop, R. E.; Kemp-Harper, B. K. Nitroxyl (HNO): the Cinder-
ella of the nitric oxide story. Trends Pharmacol. Sci. 2008, 29, 
601-608. 

(4) Paolocci, N.; Wink, D. A. The shy Angeli and his elusive 
creature: the HNO route to vasodilation. Am. J. Physiol. Heart 
Circ. Physiol. 2009, 296, H1217-1220. 

(5) Miranda, K. M. The chemistry of nitroxyl (HNO) and im-
plications in biology. Coord. Chem. Rev. 2005, 249, 433-455. 

(6) Mitchell, D. G.; Quine, R. W.; Tseitlin, M.; Eaton, S. S.; 
Eaton, G. R. X-band rapid-scan EPR of nitroxyl radicals. J. Magn. 
Reson. 2012, 214, 221-226. 

(7) Kitamura, N.; Hiraoka, T.; Tanaka, K.; Chujo, Y. Reduced 
glutathione-resisting 19F NMR sensors for detecting HNO. 
Bioorg. Med. Chem. 2012, 20, 4668-4674. 

(8) Cline, M. R.; Tu, C.; Silverman, D. N.; Toscano, J. P. Detec-
tion of nitroxyl (HNO) by membrane inlet mass spectrometry. 
Free Radic. Biol. Med. 2011, 50, 1274-1279. 

(9) Reisz, J. A.; Zink, C. N.; King, S. B. Rapid and Selective Ni-
troxyl (HNO) Trapping by Phosphines: Kinetics and New Aque-
ous Ligations for HNO Detection and Quantitation. J. Am. Chem. 
Soc. 2011, 133, 11675-11685. 

(10) Martí, M. A.; Bari, S. E.; Estrin, D. A.; Doctorovich, F. Dis-
crimination of Nitroxyl and Nitric Oxide by Water-Soluble 
Mn(III) Porphyrins. J. Am. Chem. Soc. 2005, 127, 4680-4684. 

(11) Suárez, S. A.; Bikiel, D. E.; Wetzler, D. E.; Martí, M. A.; 
Doctorovich, F. Time-Resolved Electrochemical Quantification 



 

of Azanone (HNO) at Low Nanomolar Level. Anal. Chem. 2013, 
85, 10262-10269. 

(12) Smulik-Izydorczyk, R.; Dębowska, K.; Pięta, J.; Michalski, 
R.; Marcinek, A.; Sikora, A. Fluorescent probes for the detection 
of nitroxyl (HNO). Free Radic. Biol. Med. 2018, 128, 69-83. 

(13) Ren, M.; Dong, B.; Lin, W. In The Chemistry and Biology of 
Nitroxyl (HNO), Doctorovich, F.; Farmer, P. J.; Marti, M. A., Eds.; 
Elsevier: Boston, 2017, pp 207-224. 

(14) Bezner, B. J.; Ryan, L. S.; Lippert, A. R. Reaction-Based 
Luminescent Probes for Reactive Sulfur, Oxygen, and Nitrogen 
Species: Analytical Techniques and Recent Progress. Anal. Chem. 
2020, 92, 309-326. 

(15) Wang, H.; Liu, C.; He, Z.; Li, P.; Zhang, W.; Zhang, W.; 
Tang, B. Dual-Colored Fluorescence Imaging of Mitochondrial 
HNO and Golgi-HNO in Mice with DILI. Anal. Chem. 2021, 93, 
6551-6558. 

(16) An, W.; Ryan, L. S.; Reeves, A. G.; Bruemmer, K. J.; Mou-
haffel, L.; Gerberich, J. L.; Winters, A.; Mason, R. P.; Lippert, A. 
R. A Chemiluminescent Probe for HNO Quantification and Real-
Time Monitoring in Living Cells. Angew. Chem. Int. Ed. 2019, 58, 
1361-1365. 

(17) Yang, M.; Fan, J.; Sun, W.; Du, J.; Long, S.; Shao, K.; Peng, 
X. A nitroxyl-responsive near-infrared fluorescent chemosensor 
for visualizing H2S/NO crosstalk in biological systems. Chem. 
Commun. 2019, 55, 8583-8586. 

(18) Shu, W.; Jia, P.; Chen, X.; Li, X.; Huo, Y.; Liu, F.; Wang, Z.; 
Liu, C.; Zhu, B.; Yan, L.; Du, B. A highly selective ratiometric 
fluorescent probe for the sensitive detection of hypochlorous 
acid and its bioimaging applications. RSC Adv. 2016, 6, 64315-
64322. 

(19) Shu, W.; Wu, Y.; Shen, T.; Cui, J.; Kang, H.; Jing, J.; Zhang, 
X. A mitochondria-targeted far red fluorescent probe for rati-
ometric imaging of endogenous peroxynitrite. Dyes Pigm. 2019, 
170, 107609. 

(20) Shu, W.; Zang, S.; Wang, C.; Gao, M.; Jing, J.; Zhang, X. 
An Endoplasmic Reticulum-Targeted Ratiometric Fluorescent 
Probe for the Sensing of Hydrogen Sulfide in Living Cells and 
Zebrafish. Anal. Chem. 2020, 92, 9982-9988. 

(21) Lv, H.-M.; Yi, C.; Lei, J.; Au, C.-T.; Yin, S.-F. An ESIPT-
based ratiometric fluorescent probe for the imaging of nitroxyl 
in living cells. Anal. Methods 2015, 7, 3883-3887. 

(22) Liu, C.; Wu, H.; Wang, Z.; Shao, C.; Zhu, B.; Zhang, X. A 
fast-response, highly sensitive and selective fluorescent probe for 
the ratiometric imaging of nitroxyl in living cells. Chem. Com-
mun. 2014, 50, 6013-6016. 

(23) Zhang, H.; Liu, R.; Tan, Y.; Xie, W. H.; Lei, H.; Cheung, 
H.-Y.; Sun, H. A FRET-based Ratiometric Fluorescent Probe for 
Nitroxyl Detection in Living Cells. ACS Appl. Mater. Interfaces 
2015, 7, 5438-5443. 

(24) Zhu, X.; Xiong, M.; Liu, H.-w.; Mao, G.-j.; Zhou, L.; Zhang, 
J.; Hu, X.; Zhang, X.-B.; Tan, W. A FRET-based ratiometric two-

photon fluorescent probe for dual-channel imaging of nitroxyl in 
living cells and tissues. Chem. Commun. 2016, 52, 733-736. 

(25) Zhou, Y.; Zhang, X.; Yang, S.; Li, Y.; Qing, Z.; Zheng, J.; Li, 
J.; Yang, R. Ratiometric Visualization of NO/H2S Cross-Talk in 
Living Cells and Tissues Using a Nitroxyl-Responsive Two-
Photon Fluorescence Probe. Anal. Chem. 2017, 89, 4587-4594. 

(26) Jin, X.; Sun, X.; Di, X.; Zhang, X.; Huang, H.; Liu, J.; Ji, P.; 
Zhu, H. Novel fluorescent ESIPT probe based on flavone for ni-
troxyl in aqueous solution and serum. Sens. Actuators B Chem. 
2016, 224, 209-216. 

(27) Li, Z.; Li, J.; Zhang, D.; Zhu, X.; Ye, Y.; Zhao, Y. A novel 
dual-channel fluorescent probe for nitroxyl detection and its 
application in HepG-2 cells. Sens. Actuators B Chem. 2020, 312, 
127944. 

(28) Liu, C.; Cao, Z.; Wang, Z.; Jia, P.; Liu, J.; Wang, Z.; Han, 
B.; Huang, X.; Li, X.; Zhu, B.; Zhang, X. A highly sensitive and 
reductant-resistant fluorescent chemodosimeter for the rapid 
detection of nitroxyl. Sens. Actuators B Chem. 2015, 220, 727-733. 

(29) Liu, C.; Wang, Y.; Tang, C.; Liu, F.; Ma, Z.; Zhao, Q.; 
Wang, Z.; Zhu, B.; Zhang, X. A reductant-resistant ratiometric, 
colorimetric and far-red fluorescent probe for rapid and ultra-
sensitive detection of nitroxyl. J. Mater. Chem. B 2017, 5, 3557-
3564. 

(30) Zheng, K.; Chen, H.; Fang, S.; Wang, Y. A ratiometric flu-
orescent probe based on a Bodipy-Coumarin conjugate for sens-
ing of nitroxyl in living cells. Sens. Actuators B Chem. 2016, 233, 
193-198. 

(31) Wang, C.; Wang, Y.; Wang, G.; Chen, S.; Huang, C. Two-
isophorone fluorophore-based design of a ratiometric fluores-
cent probe and its application in the sensing of biothiols. J. Ma-
ter. Chem. B 2019, 7, 5633-5639. 

(32) Chai, Z.; Liu, D.; Li, X.; Zhao, Y.; Shi, W.; Li, X.; Ma, H. A 
tumor-targeted near-infrared fluorescent probe for HNO and its 
application to the real-time monitoring of HNO release in vivo. 
Chem. Commun. 2021, 57, 5063-5066. 

(33) Reisz, J. A.; Klorig, E. B.; Wright, M. W.; King, S. B. Re-
ductive Phosphine-Mediated Ligation of Nitroxyl (HNO). Org. 
Lett. 2009, 11, 2719-2721. 

(34) Suarez, S. A.; Neuman, N. I.; Muñoz, M.; Álvarez, L. a.; 
Bikiel, D. E.; Brondino, C. D.; Ivanović-Burmazović, I.; Miljkovic, 
J. L.; Filipovic, M. R.; Martí, M. A.; Doctorovich, F. Nitric Oxide 
Is Reduced to HNO by Proton-Coupled Nucleophilic Attack by 
Ascorbate, Tyrosine, and Other Alcohols. A New Route to HNO 
in Biological Media? J. Am. Chem. Soc.2015, 137, 4720-4727. 

(35) Li, H.; Yao, Q.; Xu, F.; Xu, N.; Ma, X.; Fan, J.; Long, S.; Du, 
J.; Wang, J.; Peng, X. Recognition of Exogenous and Endogenous 
Nitroxyl in Living Cells via a Two-Photon Fluorescent Probe. 
Anal. Chem. 2018, 90, 4641-4648. 

  

 


