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A mitochondria-targetable fluorescence probe, methyl(4-

hydroxyphenyl)amino-substituted pyronin (1), was exploited, 

which could highly selectively sense peroxynitrite (ONOOˉ) 

within seconds. 10 

Peroxynitrite (ONOOˉ), a powerful oxidizing and nitrating 

agent in living systems, is formed by reaction between nitric 

oxide (NO) and superoxide (O2
ˉ) under diffusion control 

without the need of enzymatic catalysis.1 ONOOˉ can react 

with a wide array of biomolecules, such as proteins, lipids, 15 

and nucleic acids, resulting in cell death. As a result, ONOOˉ 

has been implicated in a variety of disease states, including 

Alzheimer’s disease, arthritis, cancer, autoimmune and 

inflammatory disease, and other disorders.2 However, 

evidences also revealed that ONOOˉ plays a positive role in 20 

either signal transduction via nitrating tyrosine residues3 or 

immunogenic response against invading pathogens.4 

Therefore, methods for detection of cellular ONOOˉ levels are 

of considerable importance for both disease diagnosis and 

exploration of its various pathophysiology. However, due to 25 

its very short lifetime (~10 ms),2d low steady-state 

concentration (nM range)5 as well as the potential interference 

from other reactive oxidative species (ROS), sensitively and 

selectively probing the biologically important species in 

biological systems has been a focal point. In addition, 30 

mitochondria is the main organelle where NO is synthesized 

by inducible NO synthase (iNOS); moreover, mitochondrial 

electron leak is a main pathway to produce O2
ˉ via NADPH 

oxidase. As such, mitochondrial has been recognized to be the 

major site for the formation and reaction of intracellular 35 

ONOOˉ.2,6 Obviously, the detection of mitochondria ONOOˉ 

would be even more significant for better understanding of its 

origins, activities, and biological functions. 

 Fluorescent probes have been recognized as the most 

efficient molecular tools for detecting and imaging trace 40 

amounts of biomolecules in biological systems due to the 

simplicity, sensitivity, and real-time and nondestructive 

detection. The early stage fluorescent probes for ONOOˉ are 

based on the reduced nonfluorescent rhodamine or fluorescein 

dyes, which can be converted to fluorescent products upon 45 

being oxidized by ONOOˉ.7 However, these probes have little 

selectivity among various ROS. Afterwards, a number of 

small-molecule fluorescent probes with the improved 

performance were exploited based on the ONOOˉ-triggered 

specific reactions, including aromatic nitration,8 formation of 50 

dioxirane with activated ketones,9 oxidation of 

organoselenium/organotellurium10 or phenol,11 chemical 

transformation of boronate to phenol,12 and formation and 

subsequent hydrolysis of nitrosamine.13 However, considering 

the real-time determination of ONOOˉ in biological systems, 55 

the sensitive and especially fast response still remains 

challenging. Recently, studies have shown that the boronate-

containing fluorescent probes14 and a dansyl-based one13 

could detect ONOOˉ within 20 s. Noteworthy is that a N-

phenylrhodol-based fluorescent probe was recently reported to 60 

be able to detect ONOOˉ with a faster response (less than 5 s) 

and a ultra-low detection limit (as low as 10 nM).15 From the 

real-time detection of ONOOˉ point of view, these probes 

appear to be more advantageous for application in biological 

systems. However, the weakness, if anything, would be that 65 

some interferences caused by excess other ROS, particularly 

hypochlorite (ClOˉ) and hydrogen peroxide (H2O2), were still 

observable especially in lengthened incubation time. This may 

be a problem to be solved because the steady-state 

concentration for intracellular ONOOˉ is estimated to be in 70 

the nanomolar range,2a,5 while for intracellular ClOˉ to be in 

the micromolar range.16 In addition, although mitochondrial 

has been recognized to be the major site for formation and 

reaction of intracellular ONOOˉ, as far as we know, only one 

mitochondria-targetable fluorescent probe for ONOOˉ was 75 

reported to date.10b 

 The above concerns encouraged us to develop the new 

fluorescent probe to sense ONOOˉ with not only the high 

selectivity and sensitivity, but also the mitochondria-

targetable characteristic. Herein, we present a simple design 80 

strategy to construct a fluorescent probe for specific detection 

of ONOOˉ by the direct conjugation of a methyl(4-

hydroxyphenyl)amino reaction group with a selected 

fluorophore. The design rationale is depicted in Fig. 1, and 

illustrated as follows. Methyl(4-hydroxyphenyl)amino was 85 

selected because the group was recently reported to be highly 

reactive to ONOOˉ, but less efficient toward other ROS.15 

Moreover, the group was expected to be a good electron donor 

for photo-induced electron transfer (PET) due to its high 

electron density as well as  the resulting high HOMO level. 90 

The electropositive pyronin was selected as fluorescence 
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reporter because the dye was expected to be targetable for 

mitochondria, just like the mitochondria-selective probes 

rhodamine 123 and tetramethylrosamine,17 by electrostatic 

interaction due to the highly negative mitochondrial 

membrane potentials (about 180 mV).18 We speculated that 5 

probe 1 is nonfluorescent due to the PET process from the 

methyl(4-hydroxyphenyl)amino group to the excited 

fluorophore, and upon two-electron oxidation of the electron-

rich methyl(4-hydroxyphenyl)amino group by ONOOˉ and 

subsequent hydrolysis, a green-emissive aminopyronin19 2 10 

would be generated via intermediate M,15 thereby leading to 

the fluorescence off-on response for ONOOˉ. In addition, the 

enhanced selectivity toward ONOOˉ over other ROS was also 

expected because the electropositive pyronin could partially 

decrease the electron density of methyl(4-15 

hydroxyphenyl)amino group to resist oxidation. However, 

what remains uncertain is whether the enhanced selectivity 

would compromise the response time. 
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Fig. 1 Proposed sensing mechanisms of 1 for ONOOˉ. 20 

 To test the above-mentioned speculation, we synthesized 1 

by a simple procedure (ESI†). The structure of 1 was 

confirmed by 1H NMR, 13C NMR, and HRMS spectra. 

Subsequently, we examined the reactivity of 1 toward ONOOˉ 

in PB buffer (100 mM, pH 7.4) at 25 oC. As shown in Fig. S1 25 

(ESI†), in the absence of ONOOˉ, the solution of 1 (1 M) 

showed a very poor fluorescence at 545 nm, indicating the 

efficient PET quenching process;20 upon addition of ONOOˉ 

(8 M) to the solution, a dramatic fluorescence enhancement 

(85-fold) was observed immediately. Notably, the time-30 

dependent fluorescence intensity changes (at 545 nm) of 1  in 

the presence of ONOOˉ revealed that the reaction can be 

completed within seconds (Fig. 2A). In this regard, 1 is indeed 

superior to most of the reported ONOOˉ fluorescence probes8-

14 and comparable to HKGreen-4 reported recently.15 Next we 35 

also tested the reactivity of 1 (1 M) toward a series of ROS, 

including hypochlorite (ClOˉ), hydroxyl radical (OH),  

hydrogen peroxide (H2O2), superoxide (O2
ˉ), perborate 

(BO3ˉ), nitrite (NO2ˉ), nitric oxide (NO), and singlet oxygen 

(1O2), to evaluate the selectivity of the probe for ONOOˉ. In 40 

fact, as shown in Fig. 2B (details in Fig. S2, ESI†), no 

changes in emission intensities occurred when the probe was 

incubated with 10 equiv of these ROS. Further, we tested the 

fluorescence response of 1 in the presence of more amounts of 

H2O2, ClOˉ, and OH (100 M), the main interferences in the 45 

detection of ONOOˉ. Even in this case, only a 4-fold and a 2-

fold fluorescence enhancements were observed for ClOˉ and 

OH, respectively, while no detectable change for  H2O2 was 

found (Fig. S3, ESI†). Taken together, these results 

established that probe 1 is sensitive enough and also 50 

considerably selective toward ONOOˉ over other ROS. 

  

 

Fig. 2 (a) The time course of fluorescence intensity of 1 (1 M) at 545 nm 

after adding 8 M ONOOˉ in PB buffer (100 mM, pH 7.4) at 25 oC. (b) 55 

Fluorescence responses of 1 (1 M) toward ONOOˉ and other ROS (all 

10 M) after 4 min. (1) 1 only; (2) ClOˉ; (3) OH; (4)  H2O2; (5) O2
ˉ; (6) 

BO3ˉ; (7) NO2ˉ; (8) NO; (9) 1O2; (10) ONOOˉ. (c) Fluorescence spectra 

and intensity changes of 1 (1 M) as a function of ONOOˉ concentrations 

(08 M). (d) The fluorescence intensities at 545 nm of 1 (1 M) in the 60 

absence and presence of ONOOˉ (10 M) at varied pH values. ex = 440 

nm, em = 545 nm. Slits: 5/10 nm, voltage: 600 V. 

 The fluorescence titration experiments for ONOOˉ were 

also performed in the same condition. As shown in Fig. 2C, 

upon treatment with the increasing concentrations of ONOOˉ, 65 

the fluorescence intensity of 1 at 545 nm gradually increased, 

and when the amount of ONOOˉ was more than 4 equiv, the 

spectra saturation was reached. In this case, a linear 

calibration graph of the fluorescent intensities (I545) to 

ONOOˉ concentrations from 0 M to 4 M was obtained (R2 70 

= 0.9959, Fig. S4, ESI†), and the detection limit was 

measured to be 4 nM based on S/N =3. In addition, the effect 

of pH on the fluorescence response of 1 to ONOOˉ was also 

tested (Fig. 2D). It was found that 1 was stable in a wide pH 

range of 2–12, and displayed the best response for ONOOˉ in 75 

the region of 7–9. Thus, probe 1 could function properly at 

physiological pH. 

 In order to probe the reaction mechanism, we subsequently 

tested the absorption spectra changes of probe 1 in the 

presence of ONOOˉ in the same condition. As shown in Fig. 80 

3A, the free probe showed a main absorption at 510 nm; upon 

addition of ONOOˉ, a new absorption peak at 440 nm 

emerged immediately. According to our proposed mechanism 

(Fig. 1), the new absorption peak could be assigned to 

aminopyronin 2, which was supported by the same absorption 85 

and emission maxima of a synthetic sample 2 (Figs. 3B and 

3C).21 Moreover, TLC analysis of 1 treated with ONOOˉ 

displayed a new species that has the same Rf value and bright 

green fluorescence to those of 2 (Fig. S5, ESI†). Further, we 

performed HRMS experiment of probe 1 treated with ONOOˉ, 90 

wherein the peak at m/z 352.2370 corresponding to product 2 

was clearly observed (Fig. 3D). 
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Fig. 3 (A) Absorption spectra of 1 (5 M) upon addition of 100 equiv of 

ONOOˉ. (B) Absorption spectra of 1 (5 M) treated with 100 equiv of 

ONOOˉ vs that of product 2 (3 M). (C) Fluorescence spectra of 1 (1 M) 5 

treated with 8 equiv of ONOOˉ vs that of product 2 (0.5 M). (D) HRMS 

chart of 1 in the presence of ONOOˉ. 

 Subsequently, we evaluated the capability of probe 1 for 

the specific imaging of ONOOˉ in living cells (Fig. 4). The 

RAW264.7 murine macrophages were found to have almost 10 

no fluorescence when excited at 405 nm (Fig. 4A). When the 

cells were incubated with 1 (5 M), they gave a slight 

fluorescence in green channel (Fig. 4B), suggesting that 1 may 

be sensitive to the low ONOOˉ level in the cells. When the 1-

loaded cells were treated with the ONOOˉ donor SIN-1 (3-15 

morpholinosydnonimine),22 strong fluorescence in green 

emission channel was observed (Fig. 4C). When the 1-loaded 

cells were treated with either exogenous H2O2 or NaClO for 

30 min, no noticeable fluorescence was observed (Figs. 4D 

and 4E). These results suggested that probe 1 has good cell 20 

permeability and could specifically image intracellular 

ONOOˉ. 

 
Fig. 4 Fluorescence images of 1-loaded RAW264.7 murine macrophages 

under different conditions. (A) Blank; (B) cells were treated with 1 (5 M, 25 

30 min) and then imaged; (C) 1-loaded cells were treated with SIN-1 (1 

mM, 30 min) and then imaged; (D) 1-loaded cells were treated with H2O2 

(50 M, 30 min) and then imaged; (E) 1-loaded cells were treated with 

NaClO (50 M, 30 min) and then imaged; (F) cells were stimulated with 

LPS (1 g/mL) and IFN- (50 ng/mL) for 4 h and then with 1 (5 M, 30 30 

min); (G) NOS inhibitor AG (5 mM) was co-incubated during LPS (1 

g/mL)/IFN- (50 ng/mL) stimulation and then with 1 (5 M, 30 min); (H) 

superoxide inhibitor TEMPO (300 M) was co-incubated during 

LPS/IFN- stimulation and then with 1 (5 M, 30 min). Quantification of 

fluorescence intensities of confocal microscopy images of RAW264.7 35 

murine macrophages obtained under conditions AH was shown in Fig. 

S6 (ESI†). Image from band path of 500-600 nm upon excitation of 1 at 

405 nm. Scale bar: 20 m. 

 Also, we performed fluorescence microscopic imaging of 

the endogenous ONOOˉ in activated RAW264.7 murine 40 

macrophages, which are known to produce ONOOˉ upon 

stimulation with interferon- (IFN-) and lipopolysaccharide 

(LPS).23 As shown in Fig. 4F, when the cells were stimulated 

with IFN-/LPS and then treated with 1, the dramatic 

fluorescence in green channel was observed. Moreover, when 45 

the cells were pretreated with the NO synthase inhibitor 

aminoguanidine (AG)24 or superoxide scavenger 2,2,6,6-

tetramethylpiperidine-N-oxyl (TEMPO)25 during stimulation 

of the cells with IFN-/LPS, and then treated with probe 1, 

almost no fluorescence within the cells could be observed 50 

(Figs. 4G and 4H). Thus, the strong green fluorescence from 

the activated RAW264.7 murine macrophages could be 

attributed to the formation of ONOOˉ and its rapid reaction 

with 1 to produce fluorescent 2. 

 To confirm that probe 1 is a mitochondria-targetable probe 55 

for ONOOˉ, bladder cancer BIU-87 cells were used in view of 

their larger size than RAW 264.7 cells. BIU-87 cells were 

treated in sequence with 1, ONOOˉ donor SIN-1, and 

MitoTracker Red FM (a known fluorescence marker for 

mitochondria) in the culture media. After each treatment, the 60 

cells were washed with PBS 3 times. As shown in Figs. 5A1-

A3, the green fluorescence signal was well-overlapped with 

the red fluorescence signal from the MitoTracker with a 

Pearson's coefficient of 0.86, indicating that the probe has 

good selectivity for mitochondria, and could specifically 65 

image mitochondrial ONOOˉ in the cells. To support the 

above result, a lysosome-localizing fluorescent dye 

(LysoTracker Red DND-99) and an endoplasmic reticulum-

localizing fluorescent dye (ER-Tracker Red) were also used in 

the study. As shown in Figs. 5B1-B3 and Figs. 5C1-C3, no 70 

co-localization were essentially observed in both cases. In 

addition, the low cytotoxicity of 1 was also demonstrated by 

MTT assay (Fig. S7, ESI†). 

 
Fig. 5 (A1-A3) Fluorescence confocal images of BIU-87 cells costained 75 

by 1 (2 M, 20 min), ONOOˉ donor SIN-1 (100 M, 20 min), and then 

MitoTracker Red FM (0.2 µM, 30 min). (B1-B3) Fluorescence confocal 

images of BIU-87 cells costained by 1 (2 M, 20 min), ONOOˉ donor 
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SIN-1 (100 M, 20 min), and then LysoTracker Red DND-99 (50 nM, 30 

min). (C1-C3) Fluorescence confocal images of BIU-87 cells costained 

by 1 (2 M, 20 min), ONOOˉ donor SIN-1 (100 M, 20 min), and then 

ER-Tracker Red (1.0 µM, 30 min). For A1, B1, and C1, images from 

band path of 460-530 nm upon excited at 405 nm. For A2, the excitation 5 

and emission bandpasses of the standard Cy5 filter set were used. For B2 

and C2, the excitation and emission bandpasses of the standard TRITC 

filter set were used. (A3, B3, C3) The corresponding overlay images. 

Scale bar: 10 m. 

 In summary, we presented a novel fluorescence probe 1 by 10 

the direct conjugation of a pyronin dye with a ONOOˉ-

sensitive methyl(4-hydroxyphenyl)amino reaction group. The 

probe was proved to be able to selectively and rapidly sense 

ONOOˉ over other ROS by ONOOˉ-triggered oxidative N-

dearylation reaction to release the fluorescent aminopyronin 2. 15 

Assisted by laser scanning confocal microscope, we 

demonstrated that the probe is mitochondria-targetable, and 

could detect the exogenous and endogenous ONOOˉ in cells. 
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