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A very fast-responsive fluorescent probe PZ–Py for imaging 

mitochondrial HClO/ClO–, with a relatively long emission 

wavelength, was prepared. The limit of detection was 

evaluated to be 17.9 nM. Moreover, the probe PZ–Py was 10 

successfully applied in the imaging of endogenous HClO/ClO– 

in mitochondria of RAW264.7 cells and living nude mouse. 

Reactive oxygen species (ROS) have emerged as prevalent and 

important components of both physiological and pathological 

processes.
1
 ROS are produced endogenously from oxygen. In this 15 

context, mitochondria are the major consumers of cellular oxygen 

and hence play a central role in ROS biology. The foremost 

function of mitochondria is to produce ATP, the major energy 

currency molecule of the cell. The process of producing ATP 

involves a series of electron–transport systems in the oxidation 20 

phosphorylation pathway, which is ascribed to be associated with 

the generation of reactive oxygen species (ROS).
2
  

As a type of ROS, hypochlorous acid (HClO, pKa 7.53) and its 

conjugate base hypochlorie (ClO–) are widely employed as strong 

oxidizing agents in our daily life. In living organisms, the 25 

hypochlorite is produced mainly from hydrogen peroxide and 

chloride ions in a heme enzyme myeloperoxidase (MPO)–

catalyzed reaction.
3
 This is associated with innate host defence 

and is very important for killing a wide range of pathogens.
4
 

Thus, maintenance of appropriate level of HClO/ClO– is fairly 30 

crucial for numerous cellular functions. However, abnormal 

overproduction of HClO/ClO– is considered to be associated with 

some diseases, such as atherosclerosis, osteoarthritis, rheumatoid 

arthritis and even cancers.
5

 Therefore, detecting mitochondrial 

HClO/ClO– attracted extensive interests, especially taking 35 

advantages of fluorescent imaging techniques due to their high 

sensitivity, selectivity, rapid response rate and easiness of 

manipulating.
6
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Scheme 1 Synthesis of the probe PZ–Py. 

 

To date, a number of fluorescent probes detecting HClO/ClO– 

have been developed,
7

 and applied to the in vitro and in vivo 

imaging of HClO/ClO–. However, those probes might encounter 55 

some problems, such as poor water solubility, interference from 

other ROS, low quantum yield, small Stokes Shift and relatively 

short emission wavelength. Meanwhile, only a very limited 

amount of mitochondria–targeted fluorescent probes have been 

reported.
8

 And those fluorescent probes merely added a 60 

triphenylphosphonium (TPP) moiety or quaternized pyridine 

moiety, which have been utilized as mitochondria–targeted 

functional groups,
9
 to the formerly reported probes.

10
 Moreover, 

as far as biological applications were concerned, those 

mitochondria–targeted probes merely detected exogenous 65 

HClO/ClO–, hence the mitochondrial target did not make any 

sense in this condition. Therefore, it is urgent to develop new 

effective mitochondria-targeted fluorescent probe for endogenous 

HClO/ClO– with good water solubility, high sensitivity, fast 

response and excellent biocompatibility.  70 

Herein, we reported an easily synthesized fluorescent probe 

PZ–Py based on phenothiazine and explored its fluorescent 

response to various ROS. Phenothiazine was chosen as the 

fluorogen due to its relatively longer emission wavelength, high 

quantum yield, large Stokes Shift, commercial available and good 75 

photo-stability. And the quaternized pyridine moiety was 

introduced as the mitochondria–targeted functional group, which 

also improve the compound’s water solubility dramatically. The 

probe was prepared via a simple process (Scheme 1) and 

characterized using 1H, 13C NMR and HR–MS (see ESI). 80 

 First, we explored whether the probe PZ–Py could selectively 

detect HClO/ClO– among the ROS including H2O2,
·

OH, O2–, 
tBuOOH, NO, ONOO–. To the solution of PZ–Py (5 µM) in PBS 

buffer (pH 7.3, 10 mM, containing 0.5% DMSO), various species 

of ROS were added respectively. As shown in Fig. 1, fluorescent 85 

signal of the solution of 5 µM PZ–Py in PBS buffer was very 

weak upon excitation at 400 nm. Addition of 50 µM ClO– 

induced a great increase of fluorescence intensity at 562 nm. And 

the Stokes Shift was as large as 162 nm, which could diminish 

the influence of self-absorption to a great extent. Under excitation  90 
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Fig. 1 (a) Fluorescence spectra and (b) fluorescence intensity of PZ–Py (5 
µM) at 562 nm before and after addition of various ROS in PBS (pH 7.3, 

10 mM, containing 0.5% DMSO). (1: blank, 2:ClO–, 3:·OH, 4:ONOO–, 5: 

O2–, 6:tBuOOH, 7: H2O2, 8:NO). [ClO–]= 50 µM, [·OH] = [ONOO–] = 5 

[O2–] = [tBuOOH] = [H2O2] = [NO] = 500 µM.

 

at 365 nm (hand-held UV lamp), strong yellow fluorescence 

could be observed upon the addition of ClO– (inert of Fig. 2).  

However, other species of ROS (500 µM) caused negligible 10 

influence to the fluorescence of the probe. On the other hand, 

upon addition of ClO–, colour of the solution changed from light 

brown to light yellow, accompanying the absorption peak blue-

shifted from 438 nm to 407 nm (Fig. S1). And addition of other 

ROS had little effect on the absorption spectra. Considering the 15 

possible addition reactions of the α,β–unsaturated compounds 

with some nucleophiles, the fluorescence responses of PZ–Py 

towards different kinds of nucleophilic agents were tested. When 

500 µM  HSO�
�, SCN–, S2–, CN–, F– or 1 mM GSH, Cys, Hcy was 

added into the solution of PZ–Py (5 µM) in PBS, as shown in Fig. 20 

S2, no obvious fluorescent enhancement could be detected. 

Therefore, PZ–Py was qualified to selectively detect ClO– among 

the various competitive compounds. 

Furthermore, to test the application extent of the PZ–Py as 

HClO/ClO– probe, we next evaluated the fluorescent properties of 25 

the probe and its ability to react with HClO/ClO– in a series of 

buffers with different pH values ranging from 4 to 10 (Fig. S3). 

In this pH range, responses of the probe to HClO/ClO– were pH–

independent, indicating that the assay is compatible with most 

biological applications, and the pH value of 7.3 was chosen for 30 

further fluorescent assay. 

 Then, the fluorescence titrations of the probe PZ–Py (5 µM) 

with HClO/ClO– were conducted in PBS buffer (pH 7.3, 10 mM, 

containing 0.5% DMSO). As shown in Fig. 2, the fluorescence 

intensity at 562 nm increased gradually upon addition of ClO–. At 35 

this point, a 40.5–fold fluorescent enhancement could be 

observed, accompanying the quantum yields increasing from 

0.016 to 0.43. The fluorescence intensity remained changeless 

after the concentration of ClO– was up to 80 µM (Fig. S4). The 

whole recognition process finished within just a few seconds and 40 

remained nearly changeless over time (Fig. S5). Such a short 

response time enabled the real-time detection of HClO. Moreover, 

a good linear relationship of emission intensity with the 

concentration of ClO– could be obtained (Fig. S6), and the limit 

of detection (LOD=3σ/Slope) 11  towards HClO/ClO– was 45 

evaluated to be 17.9 nM according to the linear fitting, 

demonstrating the very high sensitivity of PZ–Py to HClO/ClO–. 

 
Scheme 2 The proposed reaction of PZ–Py with ClO–. 50 
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Fig. 2 Fluorescence titration spectra of PZ–Py (5 µM) upon addition of 

NaClO (0, 5, 10, 20, 30, 40, 50, 60, 70, 80 µM) in PBS (pH 7.3, 10 mM, 

containing 0.05% DMSO) upon excitation at 400 nm. 

 55 

 Moreover, we also conducted the absorption titration 

experiments. As shown in Fig. S7, the absorption peak of the 

probe at 441 nm decreased gradually as the addition of ClO–, 

whereas another peak locating at 408 nm rose gradually. This 

blue shift of the peak corresponded to the colour change from 60 

light brown to light yellow (inert of Fig. S7). In the short–

wavelength region a peak locating at 328 nm decreased gradually, 

symbolizing that the push-pull electronic conjugate structure has 

changed. 

In organic reactions, thioether could be oxidized to sulfoxide or 65 

sulfone by specific oxidant. Thus, we assumed that the divalent 

sulphur of our probe was oxidized by NaClO and then the 

fluorescence was turned on. To verify the assumed detection 

mechanism of PZ–Py towards HClO/ClO–, the product of PZ–Py 

reacted with HClO/ClO– was purified over silica gel column as 70 

the pure product. Then, the HR–MS and 13C NMR data (Fig. S8 

& Fig. 9) confirmed that the mechanism was oxidation of the 

divalent sulphur to sulfoxide rather than cleavage of the carbon–

carbon double bond like some reported probes with strong 

electron-withdrawing groups linked by carbon–carbon double 75 

bond, 12  and we proposed the possible mechanism of PZ–Py 

detecting HClO/ClO– as depicted in Scheme 2. Moreover, 1H 

NMR (Fig. S10) showed two hydrogen atoms of the carbon–

carbon double bond, eliminating the possibility of epoxidation of 

the carbon–carbon double bond to generate the product shown in 80 

Fig. S11. 

 The desirable fluorescence properties of PZ–Py for HClO/ClO– 

prompted us to utilize it for the detection of intracellular 

HClO/ClO–. We first explored whether PZ–Py could detect 

exogenous HClO/ClO– in HeLa cells (Fig. 3). As shown in 85 

Fig.3.a, the living HeLa cells were incubated with PZ–Py (5 µM) 

in culture medium for 10 min, and exhibited no fluorescence. 

After treated with NaClO (20 µM) for 15 min, intense yellow 

fluorescence emerged in the cells (Fig.3.c). The merged picture, 

as shown in Fig.3.d, confirmed that the fluorescence signals are 90 

only located in the intracellular area. The above experiments 

proved that the probe PZ–Py was well cell–permeated and able to 

detect exogenous HClO/ClO– in living HeLa cells. 
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Fig. 3 Confocal fluorescence images of HeLa cells (λex=405 nm, λem: 

530–630 nm). (a) Fluorescent image of HeLa cells stained with probe 

PZ–Py (5 µM) for 10 min. (b–d) HeLa cells were then incubated with 

NaClO (20 µM) for another 15 min. (b) bright field image; (c) fluorescent 5 

image; and (d) merged image.

 

We then investigated whether the probe PZ–Py was capable of 

detecting intracellular endogenous HClO/ClO–. When stimulated 

by lipopolysaccharide (LPS) and phorbol myristate acetate 10 

(PMA), macrophages may produce endogenous HOCl. 13  MTT 

assay revealed that cell viability was rarely changed when 5 µM 

PZ–Py was added for 24 h (Fig. S12). In the control group, the 

living RAW264.7 macrophage cells were incubated with PZ–Py 

(5 µM) in culture medium for 10 min at 37 ℃, and exhibited no 15 

fluorescence (Fig.4.a). Whereas in the experiment group, after the 

macrophage cells have been incubated with LPS (1 µg/mL) for 5 

h, and then further coincubated with PMA (1µg/mL) and PZ–Py 

(5 µM) for 10 min, obvious yellow fluorescence could be 

detected in the cells (Fig.4.c). And the merged picture confirmed 20 

that the fluorescence signals are only located in the intracellular 

area. The aforementioned phenomena showed that PZ–Py was 

well cell–permeated and capable of imaging endogenous HClO in 

the living RAW264.7 macrophage cells.  

To further examine the sub-cellular localization of PZ–Py, 25 

Mito Tracker green, a widely used commercially available 

mitochondrial dye, was employed for a co–localization study (Fig. 

5). As depicted in Fig.5.e, the changes in the intensity profiles of 

linear regions of interest (ROIs) (the probe PZ–Py and Mito 

Tracker Green co–staining) were synchronous, the fluorescent 30 

signals of PZ–Py responded to HClO overlaid well with the 

fluorescence of Mito Tracker Green. Moreover, co-localization 

was qualified using Pearson’s sample correlation factors (Rr). 

The intensity of correlation plot (Fig.5.f) revealed a high 

Pearson’s coefficient (0.96), confirming that PZ–Py was 35 

specifically located in the mitochondria of the living RAW264.7 

macrophage cells. Furthermore, co–localization study employing 

HeLa cells (Fig. S13, Rr=0.93) also showed that the probe could 

be mitochondria–targeted in living HeLa cells. 

 40 

 
Fig. 4 Confocal fluorescence images of RAW 264.7 cells (λex=405 nm, 

λem: 530–630 nm). (a) Fluorescent image of RAW 264.7 cells stained with 

probe PZ–Py (5 µM) for 10 min. (b–d) RAW 264.7 cells were incubated 

with LPS (1 µg/mL) for 5 h, further incubated with PMA (1 µg/mL) and 45 

PZ–Py (5 µM) for 20 min. (b) bright field image; (c) fluorescent image; 

and (d) merged image.  
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Fig. 5 (a–d) Confocal fluorescence images of RAW 264.7 cells. The cells 

were incubated with LPS (1 µg/mL) for 5 h, further incubated with PMA 

(1 µg/mL), PZ–Py (5 µM), and Mito Tracker Green (100 nM) for 20 min. 

(a) emission from the yellow channel, λex=405 nm, λem: 531–590 nm; (b) 

emission from the green channel (mitochondrial staining, λex=488 nm, 55 

λem: 500–530 nm); (c) merged image of a and b; (d) merged image of c 

and bright–field image. (e) Intensity profile of ROIs across RAW 264.7 

cells. Red lines represent the intensity of the probe PZ–Py and blue lines 

represent the intensity of Mito Tracker Green. (f) Correlation plot of Mito 

Tracker Green and PZ–Py intensities.60 

 

Fig. 6 Representative fluorescence images (pseudocolor) of a nude 

mouse. The mouse was given a skin-pop injection of LPS (100 µL×1 

µg/mL) for 12 h, then a injection of PMA (50 µL×1 µg/mL) for 30 min, 65 

finally a skin-pop injection of PZ–Py (50 µL×50 µM). Images were taken 

after incubation for 0, 5, 10, 15, 20, 30, 45 and 60 min, respectively. 

Images were taken using an excitation laser of 430 nm and an emission 
filter of DsRed channel. 

 70 

We then evaluated the suitability of the probe for imaging 

endogenous HClO in living animals. The HClO produced in vivo 

was generated by activated macrophages and neutrophils in a 

lipopolysaccharide (LPS) model of acute inflammation.14 

In this case, nude mice were selected as our model. In the 75 

experiment group (Fig. 6), a solution of LPS (100 µL×1 µg/mL) 

was injected into the back of the mouse, and 12 hours later, PMA 

(50 µL×1 µg/mL) was then injected into the same region. After 

30 min of the above disposal, the probe (50 µL×20 µM in saline, 

containing 1% DMSO) was injected into the same region. On the 80 

other hand, the control group (Fig. S14) was treated likewise, 

except substituting saline for LPS or PMA. The pictures were 

taken under the imaging system after the mouse was treated for 0, 

5, 10, 15, 20, 30, 45 and 60 min, respectively. As shown in Fig. 

S14, no fluorescent intensity could be detected in the back of the 85 

mouse, whereas the fluorescence signals of the experiment group 

became stronger and stronger gradually within 30 min and then 

remained changeless. The result established that PZ–Py was a 

desired probe for imaging endogenous HClO in vivo.  

In summary, a sensitive fluorescent probes PZ–Py for ClO– 90 

was developed and exhibited excellent selectivity towards ClO– 

over other ROS with high sensitivity. Detections of intracellular 

HClO were conducted employing living RAW264.7 macrophage 

cells. The probe could target on mitochondria successfully taking 

advantage of the pyridine unit. Finally, the probe was applied in 95 

the in vivo detection of endogenous HClO using living mice. 
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