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ecific and ultrasensitive
fluorescent probe for monitoring hypochlorous
acid and its application in live cells†

Xinyuan Li,a Liu Wu,b Ziyang Zhao,b Caiyun Liu *b and Baocun Zhu b

Based on the important role of hypochlorous acid (HOCl) in the immune system and numerous

physiological processes, the detection of intracellular basal HOCl is of significant interest. In this work,

we present a simple thiocarbamate-protected fluorescein fluorescent probe, TCFL, for imaging basal

HOCl in live cells. Surprisingly, probe TCFL could determine HOCl quantitatively in a large concentration

range with a detection limit of 0.65 nM. In addition, probe TCFL showed excellent specificity for HOCl in

the presence of other higher concentration analytes (1 mM). Moreover, probe TCFL exhibited a rapid

response (within 3 s) to HOCl and thus could provide a tool for real-time monitoring of HOCl.

Importantly, probe TCFL with outstanding response features could be applied for monitoring basal HOCl

in live cells.
1. Introduction

As an important reactive oxygen species (ROS), endogenous
HOCl is generated from the peroxidation of Cl� and H2O2

assisted by myeloperoxidase in biological systems.1,2 Hypo-
chlorous acid at low concentration plays an important role in
immune defense and cellular signal transduction in bio-
systems.3–5 However, abnormal production of hypochlorous
acid can lead to various health disorders because of the highly
reactive characteristics of HOCl.6–8 Therefore, the development
of a proper tool for tracking basal HOCl in live cells is
essential.

Fluorescent probes have attracted much attention owing
to their outstanding sensitivity and unique bioimaging
applications in live cells.9–12 To date, although many uo-
rescent probes for HOCl have been explored, most of them
cannot specically detect intracellular basal HOCl because of
their delayed response, and unsatisfactory sensitivity and
selectivity.13–45 Additionally, most of the available probes
possess poor water solubility, which hinders their bioimag-
ing applications. Therefore, constructing water soluble,
highly selective and sensitive fast-response uorescent
probes is of great importance to monitor intracellular basal
HOCl levels.
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Herein, we present a water soluble thiocarbamate-caged
uorescein uorescent probe, TCFL, for detecting HOCl
with high selectivity and sensitivity. The TCFL probe exhibi-
ted a fast response (within 3 s), ultrasensitivity (detection
limit ¼ 0.65 nM) and preeminent specicity for HOCl.
Importantly, the bioimaging results indicated that the TCFL
probe could achieve specic monitoring of basal HOCl levels
in live cells.
2. Experimental section
2.1. Materials and instruments

All chemicals in this work were obtained commercially and used
without further purication. High resolution mass spectra
(HRMS) were recorded on a LC-MS 2010A (Shimadzu) instru-
ment. 1H and 13C NMR data were acquired on a Bruker AV-400
NMR spectrometer. Absorption data were measured on a UV-
3101PC spectrophotometer. Fluorescence data were obtained
on a Horiba FluoroMax-4 spectrophotometer. Fluorescence
imaging of HOCl in live RAW 264.7 macrophage cells was per-
formed on a Leica TCS SP5 microscope.
2.2. Synthesis of probe TCFL

Dimethylthiocarbamoyl chloride (1.24 g, 10 mmol) was slowly
added to uorescein (332 mg, 1 mmol) in dry CH2Cl2 (15 mL)
in batches. Subsequently, N-diisopropylethylamine (500 mL)
was slowly added to the reaction mixture in batches. The
resulting mixture was stirred at room temperature until the
reaction was complete. Aer removing the solvents by
decompression-evaporation, the residues were puried by
silica column chromatography (CH2Cl2 as an eluent) to
RSC Adv., 2019, 9, 4659–4664 | 4659
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Fig. 1 Time-course of probe TCFL (5 mM) for monitoring HOCl (8 mM)
in PBS solution (5 mM, pH ¼ 7.4) at 25 �C. lex ¼ 470 nm, lem ¼ 515 nm.
Slit widths: Wex ¼ Wem ¼ 1 nm.
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achieve pure uorescent probe TCFL (436 mg, 86%). 1H-NMR
(400 MHz, CDCl3) d (ppm): 3.311 (s, 3H), 3.361 (s, 3H), 6.583–
6.635 (m, 2H), 6.725 (d, J ¼ 1.6 Hz, 1H), 6.794 (d, J ¼ 8.8 Hz,
1H), 6.855 (d, J¼ 8.4 Hz, 1H), 7.161 (d, J¼ 2.4 Hz, 1H), 7.333 (d,
J ¼ 3.6 Hz, 1H), 7.746 (t, J ¼ 7.2 Hz, 1H), 7.820 (t, J ¼ 8.0 Hz,
1H), 8.036 (d, J ¼ 7.6 Hz, 1H), 10.229 (s, 1H); 13C-NMR (100
MHz, DMSO-d6) d (ppm): 39.11, 43.34, 82.57, 102.73, 109.60,
111.71, 113.54, 116.80, 119.70, 124.52, 125.29, 126.33, 128.99,
129.60, 130.78, 136.27, 151.43, 152.06, 152.77, 155.44, 160.18,
169.01, 186.05. HRMS (ESI): calcd for C23H18NO5S [M + H]+

420.0900; found, 420.0906.

3. Results and discussion
3.1. Design and synthesis of the uorescent probe TCFL

Recently, Falck et al. demonstrated that a dimethylth-
iocarbamate (DMTC) group is a desirable protecting group of
hydroxyl moieties, and its cleavage can be realized by means of
the oxidation of a sulde.46 Thus, we reasonably envisioned
that the DMTC moiety might be a preferred recognition
receptor of HOCl with strong oxidation capabilities. Fluores-
cein, as a commercially available dye, has been successfully
used in the development of different uorescent probes for
monitoring various bioactive molecules in biosystems owing
to its excellent photophysical properties.47–49 Additionally,
modication of the hydroxyl moiety results in a spironolactone
structure with suppressed uorescence.50–52 Therefore, we
deemed that DMTC-caged uorescein with reduced uores-
cence could once again exhibit enhanced uorescence by
means of the removal of DMTC, induced by the oxidation of
HOCl. Bearing the above-mentioned considerations in mind,
we synthesized DMTC-caged uorescein as highly selective
uorescent probe TCFL for detecting HOCl with excellent
sensitivity (Scheme 1).

3.2. The determination of HOCl by probe TCFL

Because probe TCFL possesses ideal water solubility, the uo-
rescence spectra of probe TCFL for detection of HOCl were
evaluated in a buffered aqueous solution (pH 7.4, PBS 5 mM). As
shown in Fig. 1, the free probe TCFL exhibited faint uores-
cence. Surprisingly, an ultrafast (within 3 s) and enormous
uorescence enhancement at 515 nm was observed in the
presence of HOCl. This feature suggested that probe TCFL has
potential for real-time and ultrasensitive detection of HOCl in
the environment and biological systems.
Scheme 1 The synthesis of the fluorescent probe TCFL.

4660 | RSC Adv., 2019, 9, 4659–4664
Additionally, the uorescence intensity at 515 nm was
enhanced gradually with an increasing amount of HOCl
(Fig. 2a). The uorescence intensity at 515 nm showed
a satisfactory linear relationship with the concentration of
HOCl ranging from 1–8 mM (linear equation: y ¼ 200 470 �
[HOCl] (mM) � 91 102, R2 ¼ 0.9988) (Fig. 2b). Moreover, to
examine the feasibility of using probe TCFL to measure
extremely low levels of HOCl, the titration of HOCl at ultralow
concentrations was carefully carried out. Satisfactorily, a good
linear relationship between the uorescence intensity at
515 nm and the HOCl concentration ranging from 0–30 nM
was successfully obtained, which indicated that probe TCFL
could accurately detect HOCl at the nanomolar level (Fig. 2c).
Furthermore, the detection limit (DL) was calculated to be
0.65 nM (3s/k). Consequently, we envisioned that TCFL would
be capable of tracking the basal HOCl levels in live cells
without exogenous stimuli.

Next, the absorption spectra of probe TCFL in the presence
of HOCl were recorded. The absorption spectra at around
490 nm generally increased with the gradual addition of HOCl
(0–8 mM) (Fig. 3a). Additionally, the absorbance of probe TCFL
at 490 nm was linearly proportional (R2 ¼ 0.9971) to the
concentration of HOCl ranging from 0–8 mM (Fig. 3b). These
data indicated that probe TCFL could accurately detect HOCl
with satisfactory sensitivity using the absorption spectrum
method.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The fluorescence spectra of probe TCFL (5 mM) with
increasing concentration of HOCl (0–8 mM) in PBS solution (5 mM, pH
¼ 7.4). (b) The fluorescence intensity at 515 nm of probe TCFL (5 mM) as
a function of HOCl concentration (1–8 mM). lex ¼ 470 nm. Slit widths:
Wex ¼ Wem ¼ 1 nm. (c) The fluorescence intensity at 515 nm of probe
TCFL (1 mM) as a function of HOCl concentration (0–30 nM). lex ¼
470 nm. Slit widths: Wex ¼ 1 nm, Wem ¼ 2 nm. Each spectrum was
recorded 1 min after HOCl addition at 25 �C. Error bar ¼ RSD (n ¼ 3).

Fig. 3 (a) Absorption responses of probe TCFL (5 mM) in the presence
of different concentrations of HOCl (0–8 mM) in PBS solution (5 mM,
pH¼ 7.4). (b) The absorbance of TCFL at 490 nm as a function of HOCl
concentration (0–8 mM). Each spectrum was recorded 1 min after
HOCl addition at 25 �C. Error bar ¼ RSD (n ¼ 3).
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3.3. Specicity of probe TCFL for detecting HOCl

Next, we studied the specicity of probe TCFL for measuring
HOCl. As expected, compared with HOCl, various other
substances including K+, Ca2+, Mg2+, Na+, Zn2+, Al3+, NO3

�,
This journal is © The Royal Society of Chemistry 2019
NO2
�, Cu2+, Fe3+, Fe2+, cysteine (Cys), H2O2, tert-butylhy-

droperoxide (TBHP), hydroxyl radical ($OH), tert-butoxy
radical ($OtBu), NO, 1O2, O2

�, glutathione (GSH), and ONOO�

at a higher concentration (1 mM) resulted in no signicant
change in uorescence intensity at 515 nm, indicating that
probe TCFL displays the excellent specicity toward HOCl
(Fig. 4). The preeminent selectivity of probe TCFL for moni-
toring HOCl can be attributed to the distinctive DMTC recog-
nition receptor.
3.4. Sensing mechanism of probe TCFL for detecting HOCl

To uncover the recognition mechanism of probe TCFL with
HOCl, a reaction mixture of probe TCFL and HOCl was care-
fully analyzed by HRMS. When HOCl was added, the mass
peak of probe TCFL (m/z 420.0906 [M + H]+) disappeared, and
a new mass peak at m/z 333.0756 was discovered, which indi-
cated the production of uorescein (calcd m/z 333.0757 [M +
H]+). Based on the published results,45,46 a plausible reaction
mechanism of probe TCFL for detecting HOCl is presented in
Scheme 2.
RSC Adv., 2019, 9, 4659–4664 | 4661
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Fig. 4 The fluorescence response of probe TCFL (5 mM) in the pres-
ence of various analytes (1 mM except for 8 mM HOCl) in PBS solution
(5 mM, pH ¼ 7.4). 1. Blank; 2. K+; 3. Ca2+; 4. Mg2+; 5. Na+; 6. Zn2+; 7.
Al3+; 8. NO3

�; 9. NO2
�; 10. Cu2+; 11. Fe3+; 12. Fe2+; 13. Cys; 14. H2O2;

15. TBHP; 16. $OH; 17. $OtBu; 18. NO; 19. 1O2; 20. O2
�; 21. GSH; 22.

ONOO�; 23. HOCl. The bars represent the fluorescence intensities at
515 nm and each spectrum was acquired 1 min after the addition of
each analyte at 25 �C. Error bar ¼ RSD (n ¼ 3).

Fig. 5 Cytotoxicity tests of probe TCFL at different concentrations in
RAW 264.7 macrophage cells.
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3.5. Bioimaging applications of probe TCFL

Firstly, according to 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) tests, the cytotoxicity
of probe TCFL was studied in live RAW 264.7 macrophage
cells. As illustrated in Fig. 5, probe TCFL exhibits low cyto-
toxicity. Then, probe TCFL was applied to monitor HOCl in
live RAW 264.7 macrophage cells. Aer incubation with the
TCFL probe (10 mM) for 30 min, the cells showed a medium
green uorescence (Fig. 6a and b), indicating that probe
Scheme 2 The response mechanism of the fluorescent probe TCFL for

4662 | RSC Adv., 2019, 9, 4659–4664
TCFL was sensitive enough as a tool to monitor the basal
HOCl levels in live cells without stimulation. The application
of probe TCFL for the detection of exogenous HOCl was
further performed (Fig. 6c and d). Additionally, cells pre-
treated with PMA (a ROS stimulant) exhibited a relatively
brighter uorescence (Fig. 6e and f). Then, the hypochlorous
acid in the cells was scavenged by NAC, and the cells dis-
played a dramatic reduction in uorescence (Fig. 6g and h).
These data demonstrated that probe TCFL could monitor the
changes in endogenous/exogenous HOCl levels in live cells
(Fig. 6i), which is very meaningful to unravel the physiolog-
ical and pathological functions of HOCl. These results fully
conrmed that our proposed probe TCFL can act as a robust
tool for imaging basal HOCl and the uctuations of
endogenous/exogenous HOCl levels in live cells.
monitoring HOCl.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Fluorescence imaging of HOCl in live RAW 264.7 macrophage cells: (a and b) the cells loaded with probe TCFL (10 mM) for 30 min; (c and
d) the cells incubated with probe TCFL (10 mM) for 30 min followed by the addition of HOCl (20 mM) for 10 min; (e and f) the cells loaded with
probe TCFL (10 mM) for another 30 min after preincubation with 2.0 mg mL�1 PMA for 60 min; (g and h) the cells loaded with probe TCFL (10 mM)
for another 30min after preincubation with 500 mMNAC for 60min. (i) The bars represent the fluorescence intensities of the corresponding cells.
The provided images of live RAW 264.7 macrophages are representative ones (n ¼ 10 fields of cells).
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4. Conclusions

In summary, an efficient DMTC-based specic uorescent
probe, TCFL, with excellent water solubility and ultra-sensitivity
for monitoring HOCl in live cells has been designed. Probe
TCFL can realize quantitative detection of HOCl from 0–30 nM.
Moreover, probe TCFL exhibits noteworthy selectivity for HOCl
over other biologically relevant species, which was attributed to
the contribution of the unique DMTC recognition receptor. In
particular, uorescence imaging demonstrated that probe TCFL
could be effectively applied in imaging basal HOCl levels in live
cells. In brief, this highly specic and ultrasensitive uorescent
probe will provide a remarkable tool to track the HOCl levels in
aqueous environments and biological systems.
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