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g r a p h i c a l a b s t r a c t
� A new p-aminophenylether-based
fluorescent probe for tracking HOCl
was developed.

� The probe could sensitively deter-
mine HOCl (DL¼ 1.37 nM).

� The probe exhibited high selectivity
towards HOCl over �OH and ONOO�

� The probe was applied to the visual-
ization of native HOCl in live cells and
zebrafish.
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a b s t r a c t

It is very important to detect native hypochlorous acid (HOCl) in the complex biosystems owing to the
important roles of HOCl in the immune defense and the pathogenesis of numerous diseases. In this
paper, a new p-aminophenylether-based fluorescent probe PAPE-HA was developed for specific detec-
tion of HOCl. Probe PAPE-HA could implement the quantitative detection of HOCl ranging from 0 to 1 mM
and the detection limit was obtained as low as 1.37 nM. Additionally, probe PAPE-HA could reach a rapid
response for HOCl (<2min). Importantly, probe PAPE-HA with preeminent specificity and ultra-
sensitivity was proven to possess powerful capability of tracking native HOCl in live cells and zebrafish,
and we thus anticipate that probe PAPE-HA could be used as a novel promising tool for revealing diverse
cellular functions of HOCl.

© 2018 Elsevier B.V. All rights reserved.
iu), lcyzbc@163.com (B. Zhu),
.edu.cn (B. Kang).
1. Introduction

Hypochlorous acid (HOCl), as a vital reactive oxygen species
(ROS), is endogenously produced from Cl� and H2O2 under the help
of myeloperoxidase in the biosystems [1,2]. Hypochlorous acid
plays pivotal roles in immune defense against invading pathogens
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despite its ultra-low concentration in the biological systems [3e5].
However, owing to the high reactivity of HOCl [6e8], excessive
production of HOCl can cause a series of diseases closely related to
inflammation [9e13]. Therefore, it is very important to establish a
satisfactory method for detecting native HOCl in live cells and
in vivo.

Compared with other traditional methods, small molecule
fluorescent probe is known for its outstanding sensitivity and high
spatiotemporal resolution in the bioimaging applications [14e16].
Recently, a great many fluorescent probes for monitoring HOCl
have been designed based on different recognition receptors
[17e44]. Obviously, these fluorescent probes possess some unique
merits in many ways, but they still have some limitations including
low sensitivity, poor selectivity, and limited bioimaging applica-
tions in vivo. Consequently, it is still very necessary to construct
novel specific and ultrasensitive fluorescent probes for detecting
HOCl in live cells and in vivo.

4-Hydroxy-1,8-naphthalimide fluorophore with preeminent
intramolecular charge transfer (ICT) structure was reported by us for
the first time [45], and has been widely applied to the design of
fluorescent probes because of its preeminent photophysical perfor-
mances [46e48]. Additionally, Peng et al. demonstrated that
electron-rich moiety could cause an enhanced photo-induced elec-
tron transfer (PET) effect to the fluorophore, which is a preferred
strategy for constructing highly effective turn-on fluorescent probes
[49]. On the other hand, it is reported that p-aminophenol moiety
could react with highly reactive oxygen species including �OH,
ONOO�, and HOCl [50,51]. Inspired by the reactionmechanism, some
p-aminophenol-based fluorescent probes employing different fluo-
rophores have been developed for detecting HOCl in the aqueous
solution and live cells [42,52,53]. However, p-aminophenol-caged D-
luciferin has been proven to not respond well to HOCl [22]. Thus, we
reasonably envisaged that the reactivity of p-aminophenol moiety
might be modulated by the bonded fluorophore.

Based on the above considerations, we developed a new 4-
hydroxynaphthalimide-derived p-aminophenylether-based fluo-
rescent probe PAPE-HA for specific and ultrasensitive detection of
native HOCl in live cells and in vivo. In the design of probe PAPE-HA,
p-aminophenol group with electron-rich was placed at the 4-
position of 1,8-naphthalimide (Scheme 1), and the enhanced PET
effect and inhibited ICT process should more effectively quench the
fluorescence of 4-hydroxy-1,8-naphthalimide fluorophore. As ex-
pected, probe PAPE-HAwith satisfactory water-solubility exhibited
very weak fluorescence in the aqueous solution. Further experi-
mental results demonstrated probe PAPE-HA possesses many
excellent recognition performances, such as high specificity, ultra-
sensitivity and rapid response. Finally, probe PAPE-HA was suc-
cessfully used for the visualization of native HOCl in live cells and
zebrafish.
Scheme 1. The synthesis of fluorescent probe PAPE-HA for detecting HOCl.
2. Experimental section

2.1. Materials and instruments

Except for special labels, chemical reagents were obtained from
commercial vendor and employed without further purification.
High resolution mass spectra (HRMS) were obtained by LC-
MS2010A instrument. 1H and 13C NMR data were obtained by
Bruker AV-400 NMR spectrometer. Absorption spectra were ob-
tained by UV-3101PC spectrophotometer. Fluorescence spectra
were obtained by Horiba FluoroMax-4 spectrophotometer. Fluo-
rescence imaging of HOCl in live RAW 264.7 macrophage cells and
zebrafish were carried out on an Olympus FV1000-IX81 confocal
fluorescence microscope.

2.2. Synthesis of probe PAPE-HA

N-butyl-4-chloro-1,8-naphthalimide (287mg, 1mmol), 4-
aminophenol (327mg, 3mmol) and Cs2CO3 (1.97 g, 6mmol) were
dissolved in acetonitrile solution (14mL), and then the reaction
solutionwas stirred at 85 �C for 4 h. After cooling down the reaction
solution to room temperature, the solvent was disposed by vacuum
suction filtration. The resulting solution was evaporated and the
residue was further purified with silica column chromatography
(dichloromethane containing 1% methanol as eluent) to get the
slight yellow solid. 1H NMR (400MHz, CDCl3) d (*10�6): 0.975 (t,
J¼ 7.4 Hz, 3H), 1.401e1.494 (m, 2H), 1.675e1.751 (m, 2H), 3.757 (s,
2H), 4.173 (t, J¼ 7.6 Hz, 2H), 6.782 (d, J¼ 8.8 Hz, 2H), 6.846 (d,
J¼ 8.4 Hz, 1H), 6.996 (d, J¼ 8.8 Hz, 2H), 7.764 (t, J¼ 8.0 Hz, 1H),
8.424 (d, J¼ 8.4 Hz,1H), 8.644 (d, J¼ 8.4 Hz,1H), 8.718 (d, J¼ 8.4 Hz,
1H); 13C NMR (100MHz, CDCl3) d (*10�6): 13.86, 20.41, 30.27, 40.13,
109.39, 115.92, 116.39, 122.07, 122.60, 123.63,126.23,128.60,129.64,
131.74, 132.95, 144.32, 146.32, 161.01, 163.87, 164.50. HRMS (ESI):
Calcd for C22H21N2O3 [MþH]þ 361.1547; Found, 361.1552.

3. Results and discussion

3.1. Characteristic spectra of probe PAPE-HA

As shown in Fig. 1, probe PAPE-HA showed a negligible fluo-
rescence intensity at 557 nm in the phosphate buffered solution
(PBS, 5mM, pH¼ 7.4). The weak fluorescence of probe PAPE-HA
Fig. 1. Time-course of probe PAPE-HA (5 mM) for tracking HOCl (1 mM) under the PBS
solution (5mM, pH¼ 7.4) at 25 �C. lex¼ 468 nm, lem¼ 557 nm. Slit widths:
Wex¼ 4 nm, Wem¼ 4 nm.
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might be ascribed to the enhanced PET effect and inhibited ICT
process (see theoretical calculation in the Supporting Information).
In contrast, probe PAPE-HA displayed a fast response (<2min) and
the significant fluorescence enhancement by addition of HOCl. The
experimental results indicated that probe PAPE-HA could offer a
rapid and sensitive assay of HOCl in the biosystems. The absorption
spectra of probe PAPE-HA (20 mM) for detecting HOCl (20 mM) was
also investigated (Fig. 2). Probe PAPE-HA showed a major absorp-
tion peak at 375 nm and an obvious absorption peak at around
455 nm was obtained upon addition of HOCl. The prominent fluo-
rescence enhancement and red-shifted absorption spectra
demonstrated the generation of strong ICT structure [43]. To further
confirm the reaction mechanism of probe PAPE-HA and HOCl, the
fluorescent reaction product was characterized to be 4-hydroxy-
1,8-naphthalimide by HRMS, indicating the HOCl-mediated oxida-
tive removal of p-aminophenylether moiety (Scheme 2).
Scheme 2. The response mechanism of fluorescent probe PAPE-HA for HOCl.

3.2. Quantification of HOCl

The fluorescence titration experiments were carried out. As
shown in Fig. 3a, free probe PAPE-HA showed negligible fluores-
cence intensity at 557 nm, and the fluorescence intensities at
557 nm ascended successively upon the continuous addition of
HOCl (0e5 mM). Moreover, fluorescence intensities at 557 nm
increased linearly in the presence of (0e1 mM) HOCl (linear equa-
tion: y ¼ 212821 � [HOCl] (mM) þ 20527, R2¼ 0.9928). The above
data illustrated that probe PAPE-HA could be applied to detect
HOCl at the nanomolar level (Fig. 3b). The detection limit was also
obtained as 1.37 nM (3s/k). Consequently, probe PAPE-HA
possessed the property of ultrasensitivity (Table 1 and S1).
3.3. Selectivity of probe PAPE-HA towards HOCl

The high selectivity of probe PAPE-HA towards HOCl was
investigated carefully by fluorescence spectra. Probe PAPE-HA
displayed a specific detection of HOCl over other analytes, such as
Kþ, Ca2þ, Naþ, Mg2þ, Zn2þ, Cu2þ, Fe2þ, Fe3þ, Mn2þ, Co2þ, F�, I�, PO4

3�,
ATP, NO3

�, NO2
�, Cl�, SO3

2�, HSO3
�, SO4

2�, S2�, cysteine (Cys), homo-
cysteine (Hcy), glutathione (GSH), H2O2, tert-butylhydroperoxide
(TBHP), O2

�, hydroxyl radical (�OH), tert-butoxy radical (�OtBu), 1O2,
NO, ONOO�. A remarkable fluorescence enhancement at 557 nm
Fig. 2. Absorption responses of probe PAPE-HA (20 mM) in the presence of HOCl
(20 mM) under the PBS solution (5mM, pH¼ 7.4) at 25 �C.
was obtained upon the addition of HOCl, comparatively negligible
fluorescence changes were acquired upon addition of other higher
concentration analytes (Fig. 4). The results fully manifested the
excellent selectivity of probe PAPE-HA for detecting HOCl based on
the unique recognition receptor of p-aminophenylether moiety.
3.4. Bioimaging applications of probe PAPE-HA in live cells

Cytotoxicity estimation of probe PAPE-HA in live RAW 264.7
macrophage cells by a cell counting kit-8 (CCK-8) assay suggested
probe PAPE-HA has low cytotoxicity (Fig. S1). Then to explain the
application of the probe for tracking HOCl in the complex bio-
systems, biological imaging of HOCl in live RAW 264.7 macrophage
cells was studied (Fig. 5). The control cells presented almost no
fluorescence (Fig. 5a and b). The cells preincubated with probe
PAPE-HA (10 mM) for 20min showed moderate green fluorescence
(Fig. 5c and d). After adding HOCl (10 mM) to the above cells, the
significant fluorescence enhancement was observed (Fig. 5e and f).
The above experimental results indicated that probe PAPE-HAwas
successfully used to detect exogenous HOCl. Next, to demonstrate
the application of endogenous detection for HOCl by probe PAPE-
Fig. 3. (a) The fluorescence spectra of probe PAPE-HA (5 mM) with the continuous
addition of HOCl (0e5 mM) in the PBS solution (5mM, pH¼ 7.4). (b) The fluorescence
intensities at 557 nm of probe PAPE-HA (5 mM) as a function of HOCl concentrations
(0e1 mM). lex¼ 468 nm. Slit widths: Wex¼ 4 nm, Wem¼ 4 nm. Each spectrum was
recorded 5min after HOCl addition at 25 �C.



Table 1
Comparison of fluorescent probes for HOCl.

Probes Solution Linear range Detection Limit Response time References

PBS/EtOH, 1:1 0e200 nM 16.6 nM Within seconds J. Am. Chem. Soc. 2015, 137, 5930

30% DMSO 0e50 mM 110 nM ~10 s J. Mater. Chem. B 2016, 4, 4739

0.1% DMF 0e10 mM 0.33 nM 1min Chem. Sci. 2016, 7, 2094

aqueous solution 3e150 mM 674 nM 2.5min Anal. Chem. 2017, 89, 10384

5% DMF 0.8e12.5 mM 89 nM 60 s Chem. Sci. 2018, 9, 6035

5% EtOH 0.1e1 mM 0.65 nM ~5min Chem. Commun. 2018, 54, 3835

aqueous solution 0e1 mM 1.37 nM <2min This work

Fig. 4. The fluorescence responses of probe PAPE-HA (5 mM) in the presence of various
analytes (100 mM except for specific labels) in the PBS solution (5mM, pH¼ 7.4). 1.
Blank, 2. Kþ, 3. Ca2þ, 4. Naþ, 5. Mg2þ, 6. Zn2þ, 7. Cu2þ, 8. Fe2þ, 9. Fe3þ, 10. Mn2þ, 11. Co2þ,
12. F�, 13. I�, 14. PO4

3�, 15. ATP (1mM), 16. NO3
�, 17. NO2

�, 18. Cl�, 19. SO3
2�, 20. HSO3

�, 21.
SO4

2�, 22. S2�, 23. Cys (500 mM), 24. Hcy (500 mM), 25. GSH (5mM), 26. H2O2, 27. TBHP,
28. O2

�, 29. �OH, 30. �OtBu, 31. 1O2, 32. NO, 33. ONOO� (5 mM), 34. HOCl (5 mM).
lex¼ 468 nm. Slit widths: Wex¼ 4 nm, Wem¼ 4 nm. Bars represent the fluorescence
intensities at 557 nm and each spectrum was acquired 5min after various analytes
addition at 25 �C.
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HA, the following experiments were carried out. Firstly, the cells
preconditioned with phorbol 12-myristate 13-acetate (PMA, a ROS
stimulant) were further incubated with probe PAPE-HA for 20min,
and they displayed the stronger green fluorescence in cells (Fig. 5g
and h). After that, the cells preconditionedwithN-acetyl-L-cysteine
(NAC, a scavenger of HOCl) showed the weaker green intracellular
fluorescence (Fig. 5i and j). All these experimental results verified
fully that probe PAPE-HA could track native HOCl and the fluctu-
ations of endogenous/exogenous HOCl levels in live cells (Fig. 5k).

3.5. Bioimaging applications of probe PAPE-HA in zebrafish

Next, the applications of probe PAPE-HA in 5-day-old zebrafish
were performed (Fig. 6). The zebrafish incubated with probe PAPE-
HA (10 mM) exhibited a weaker green fluorescence (Fig. 6a and b).
Then HOCl (10 mM) was added to the zebrafish, and a bright green
fluorescence was observed (Fig. 6c and d). Additionally, the
zebrafish pretreated with PMA displayed the stronger green fluo-
rescence than zebrafish only incubated with probe PAPE-HA
(Fig. 6e and f). Furthermore, the zebrafish preconditioned with NAC
exhibited the weaker green fluorescence than zebrafish only
incubated with probe PAPE-HA (Fig. 6g and h). These results
convincingly indicated that probe PAPE-HA possessed the high
tissue penetration and could realize the visualization of native HOCl
and the fluctuations of endogenous/exogenous HOCl levels in
zebrafish (Fig. S2).

4. Conclusions

In conclusion, a new 4-hydroxynaphthalimide-derived fluores-
cent probe PAPE-HA was rationally constructed to detect intra-
cellular native HOCl in the biosystems. Probe PAPE-HA displayed
preeminent selectivity for HOCl over other high concentration
analytes due to the use of unique recognition unit of p-amino-
phenylether group. Moreover, bioimaging applications of probe



Fig. 5. Fluorescence imaging of HOCl in live RAW 264.7 macrophage cells: (aeb) the control cells; (ced) the cells incubated with probe PAPE-HA (10 mM) for 20min; (eef) the cells
incubated with probe PAPE-HA (10 mM) for 20min followed by the addition of HOCl (10 mM) for 10min; (geh) the cells incubated with probe PAPE-HA (10 mM) for another 20min
after preincubation with 1.0 mgmL�1 PMA for 60min; (iej) the cells incubated with probe PAPE-HA (10 mM) for another 20min after preincubation with 500.0 mM NAC for 60min;
(a, c, e, g, i) the bright-fields; (b, d, f, h, j) the green channels; (k) Bars represent the relative fluorescence intensities between the corresponding cells and control cells. The provided
images of live RAW 264.7 macrophage are representative ones (n¼ 10 fields of cells). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 6. Fluorescence imaging of HOCl in zebrafish: (aeb) the zebrafish incubated with
probe PAPE-HA (10 mM) for 20min; (ced) the zebrafish incubated with probe PAPE-
HA (10 mM) for 20min followed by the addition of HOCl (10 mM) for 10min; (eef) the
zebrafish incubated with probe PAPE-HA (10 mM) for another 20min after pre-
incubation with 1.0 mgmL�1 PMA for 30min; (geh) the zebrafish incubated with probe
PAPE-HA (10 mM) for another 20min after preincubation with 500.0 mM NAC for
30min; (a, c, e, g) the bright-fields; (b, d, f, h) the green channels. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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PAPE-HA demonstrated that the probe could visualize native HOCl
in live cells and zebrafish. This work not only offers an excellent
fluorescent probe with remarkable specificity and ultrasensitivity
for detecting intracellular native HOCl in the biological systems, but
also further demonstrates that the p-aminophenylether moiety
would be an ideal recognition receptor of HOCl by combining the
preferred fluorophore.
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