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and sensitive turn-on fluorescence
probe for hypochlorite detection and its
bioimaging applications†

Lei Jin,ab Xiaoxue Tan,a Lihui Dai,a Liqiang Shenga and Qingming Wang *a

Development of high performance fluorescent chemosensors for the detection of ClO� in vitro and in vivo

is very desirable, because many human diseases are caused by ClO�. In this paper, a highly selectivity and

sensitive fluorescent probe, EDPC, based on 3-acetylcoumarin, was synthesized, which could respond to

ClO� and exhibit an “off–on” mode in Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50% C2H5OH) solutions. The

detection limit of the EDPC probe for ClO� was as low as 1.2 � 10�8 M. Moreover, the high selectivity

and high sensitivity of EDPC towards ClO� are attributed to the oxidation reaction between the C–O of

the coumarin lactone and the C]C formed by aldol condensation and the mechanism was further

verified using ESI-MS and DFT. Additionally, the concentrations of ClO� in real water were also

calculated using the EDPC probe and showed good recovery. Finally, the distribution of intracellular

endogenous ClO� was gained by confocal fluorescence microscopy in living HEK293T cells.
Introduction

As the natural byproducts of normal metabolism, reactive
oxygen species (ROS) play many important roles in physiolog-
ical and pathological processes.1–4 Among the various ROS,
hypochlorous acid (HClO) and its conjugate base hypochlorite
(ClO�) are two of the most important ROS and could be
generated by the per-oxidation of chloride ions which is cata-
lysed bymyeloperoxidase (MPO).5–7 The generated HClO/ClO� is
mainly located in neutrophils, macrophages and monocytes.8

HClO/ClO� plays critical roles in a lot of biological processes
such as those of the immune system, besides, many tissue
injuries could be induced with HClO/ClO� by damaging
proteins, nucleic acids and lipids through oxidation and chlo-
rination.9,10 However, many kinds of diseases could be led by
overproduced HClO/ClO�.11–20 What’s more, our daily lives are
depended on hypochlorite, because it is used in the disinfection
of drinking water, household bleach, cooling-water and cyanide
treatment.21 Thus, it is essential to detect the concentration of
HClO/ClO�.

Up to now, numerous sensitive and selective analytical
methods have been proposed for the detection of HClO/ClO�,
and among of them, uorescent probes play an important role
due to their high temporal and spatial resolution. To date,
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a large number of uorescent probes for HOCl/ClO� detection
have been developed based on specic uorophores, for
example, dibenzoylhydrazine,22 oxime,23,24 p-methoxyphenol,25

selenide,26 diaminomaleonitrile27 and others.21,28–35 Unfortu-
nately, many of the reported HClO/ClO� probes display
a delayed response time, and weak uorescence intensity and
are unavailable for bioimaging application.

Research has showed that compounds containing unbridged
C]C bonds are commonly nonuorescent due to the fact that
C]C isomerization is a predominant decay process of excited
states.36,37 What’s more, our reported work illustrated that the
C–O of coumarin could be cleaved by the oxidation of HClO/
ClO�.38 Taking these mechanisms into account, a novel uo-
rescent probe, named 3-((E)-3-(4-(dimethylamino)phenyl)
acryloyl)-2H-chromen-2-one (EDPC) based on coumarin and 4-
dimethylaminobenzaldehyde was designed and synthesized.
The coumarin was chosen as the uorescent group due to the
high uorescence quantum yield and several positions available
for functional modication. EDPC was developed by a one-step
reaction (shown in Scheme 1) where the 3-acetylcoumarin was
reacted with an aldehyde group. Due to the oxidation charac-
teristics of HClO/ClO�, a C]C functions as a sensitive unit to
lead to changes in uorescence intensity. Excellent properties
Scheme 1 Design and synthesis of EDPC.

This journal is © The Royal Society of Chemistry 2019
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like high sensitivity and selectivity, rapid response and so on,
make the EDPC probe a promising tool for HClO/ClO� detec-
tion in water, applications for real samples and bioimaging of
endogenous HClO/ClO�.
Results and discussion
Synthesis and structural characterization of EDPC

As shown in Scheme 1, EDPC was obtained from the reaction of
3-acetylcoumarin, 4-dimethylaminobenzaldehyde and mor-
pholine in ethanol. Its structure was characterized using 1H-
NMR, 13C-NMR, elemental analyses (EAs), and electrospray
ionization mass spectra (ESI-MS) (Fig. S1–S3†).
Fig. 2 The fluorescence intensity of EDPC (1 mM) at 475 nm changes
upon the addition of various anions (10 mM) in the presence of ClO� (10
mM) in Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50% C2H5OH), lex ¼ 380 nm,
slits: 3 nm/3 nm.
Fluorescent spectral responses of EDPC with NaClO

First, the selectivity of EDPC to ClO� against other anions was
analysed by us (shown in Fig. 1). Fluorescence emission
enhancement of EDPC (1.0 mM) in Tris–HCl buffer (pH ¼ 7.2,
10 mM, 50% C2H5OH) was hardly observed when excited at
380 nm. The uorescent emission intensity at 475 nm was
remarkably increased aer 1.0 equiv. of NaClO was added, but
when other anions were added to EDPC (1.0 mM) in Tris–HCl
buffer (pH ¼ 7.2, 10 mM, 50% C2H5OH), no obvious changes in
uorescent intensity at 475 nm were found. Additionally,
a competition experiment was also studied. From Fig. 2, we
found that the uorescence emission intensity at 475 nm was
increased with the addition of 1.0 equiv. of NaClO and 5.0 equiv.
of other anions together. It is gratifying to note that all of the
studied anions had no interference with the uorescence
response of EDPC toward NaClO in Tris–HCl buffer (pH ¼ 7.2,
10 mM, 50% C2H5OH). The above results indicated that EDPC
could not respond to the tested anions, and showed high
selectivity toward NaClO over the tested anions.
Fig. 1 The fluorescence intensity of EDPC (1 mM) with NaClO (1.0
equiv.) and various other anions (5.0 equiv.) in Tris–HCl buffer (pH ¼
7.2, 10 mM, 50% C2H5OH) (lex ¼ 380 nm, slit: 3 nm/3 nm). Inset: the
corresponding fluorescent color under a UV lamp.

This journal is © The Royal Society of Chemistry 2019
UV-vis absorption spectra of EDPC towards ClO�

The UV-vis absorption spectra of EDPC with different concen-
trations of ClO� were studied. As shown in Fig. 3, with
increasing ClO� at room temperature, the absorption peaks of
EDPC at 250 nm and 385 nm gradually increased, and the peaks
at 330 nm and 450 nm gradually decreased.

Three well-dened isosbestic points at 262 nm, 343 nm and
413 nm were noted, indicating that a new compound was
generated. Besides, a color change from orange to a bright
yellow can be visualized clearly by naked eye (Fig. 3 inset).
Fluorescence response of EDPC to NaClO

For investigating the concentration dependence of EDPC to
ClO� in Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50% C2H5OH),
a uorescence titration experiment was carried out using a RF-
5301 uorescence spectrophotometer. As shown in Fig. 4, when
1.0 mM of EDPC solution in Tris–HCl buffer (pH ¼ 7.2, 10 mM,
Fig. 3 Changes in the absorption spectra of EDPC in the presence of
ClO�.

RSC Adv., 2019, 9, 15926–15932 | 15927
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Fig. 4 Fluorescence titration of EDPC (1.0 mM) in response to ClO�

(0–16 mM) in Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50% C2H5OH) (lex ¼
380 nm, slits: 3 nm/3 nm). Inset: the change in fluorescence
depending on the concentration of ClO� by illuminationwith a 365 nm
UV lamp.
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50% C2H5OH) was excited at 380 nm, no uorescence emission
intensity was exhibited. Upon the addition of ClO� into the
EDPC solution, an obvious uorescence emission peak at
475 nm was observed. The uorescence emission intensity at
475 nm gradually increased with increasing ClO� (0–16 mM). A
blue uorescence appeared dramatically under a 365 nm UV
lamp (Fig. 4 inset). We used a CIE chromaticity diagram to
further verify the uorescence color. From Fig. S4,† the CIE
color coordinate was (0.1752, 0.2432), which was located in the
blue area.

More detailed information on the concentration of ClO� and
the uorescence emission intensity are given in Fig. 5. From
Fig. 5, an excellent linearity (R2 ¼ 0.9985) between the uores-
cence intensity and the concentration of ClO� ranging from 0 to
14 mM was found. The detection limit was 1.2 � 10�8 M�1 and
was calculated by following the equation of LOD ¼ 3s/k.
Fig. 5 Calibration curve of fluorescence intensity with dependence on
ClO� concentration.

15928 | RSC Adv., 2019, 9, 15926–15932
Selectivity over metal ions

Furthermore, metal ions existing in biological system were
tested. This work indicated that the signicant uorescence
color change from colorless to blue in Tris–HCl buffer (pH ¼
7.2, 10 mM, 50% C2H5OH) appeared only upon the introduction
of ClO�, while the testedmetal ions (such as Na+, K+, Mg2+, Ca2+,
Ba2+, Mn2+, Ni2+, Cu2+, Cd2+, Ag+, Hg2+, etc.), did not induce any
signicant changes in the uorescence emission spectrum of
EDPC (Fig. S5†). Besides, when ClO� and the tested metal ions
were added to the solution of EDPC together in Tris–HCl buffer
(pH ¼ 7.2, 10 mM, 50% C2H5OH), an obvious uorescence
emission peak at 475 nm was observed. So, the coexisting metal
ions could not interfere with the interaction between the EDPC
probe and ClO� (Fig. S6†).
Job plots

We obtained a Job plot of EDPC and ClO� using the uores-
cence spectra. The overall concentrations of EDPC and ClO�

were kept constant at 20 mM. Besides, the uorescence spectra
of [ClO�]/([EDPC] + [ClO�]) with the ratios of 9 : 1, 8 : 2, 7 : 3,
6 : 4, 5 : 5, 4 : 6, 3 : 7, 2 : 8, 1 : 9 were recorded. The Job plot was
constructed using the uorescence emission intensity at
475 nm. As showed in Fig. 6, the maximum uorescence
emission intensity was at a ratio of nearly 0.32, indicating that
there were two oxidation sites between the EDPC probe and
ClO�. This result was further conrmed by DFT and ESI-MS.
Time-dependence in the detection process of hypochlorite

To better understand the reaction between EDPC and ClO�,
time-dependent modulation in the uorescence spectra was
measured and shown in Fig. 7. The results showed that the
uorescence emission intensity at 475 nm increased dramati-
cally when ClO� was present and the uorescence intensity
reached a steady value within 40 s. This means that our
proposed EDPC probe will provide a rapid analytical method for
the detection of ClO�.
Fig. 6 Job plot for determining the stoichiometry of EDPC and ClO�.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Reaction-time profile of EDPC (2.0 mM) in the presence of
different concentrations of ClO� in Tris–HCl buffer (pH ¼ 7.2, 10 mM,
50% C2H5OH) solution at room temperature (lex ¼ 380 nm).
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Cell imaging

To investigate the cell permeability, uorescent imaging of
ClO� using EDPC in living HEK293T was studied. As in our early
report,39 the cytotoxicity of EDPC was assessed by using an MTT
assay to determinate the possibility of EDPC being applied in
living cells. From Fig. S7,† in the concentration range of 0 to 32
mM EDPC, there was more than 95% cell survival aer incuba-
tion for 24 h, which declared that EDPC had almost no prom-
inent cytotoxicity, and could be used for biological bodies.
Then, the capability of EDPC to image ClO� in HEK293T cells
was studied. HEK293T cells incubated with 5 mM of EDPC for
30 min displayed no signicant uorescence for EDPC. Aer the
incubated cells were treated with 5 mM of EDPC and 10 mMClO�

for 40min, a strong blue uorescence image was recorded using
a uorescence microscope (Fig. 8). The results indicated that
EDPC had potential applicability for detecting ClO� in living
cells with good cell membrane permeability.
Fig. 8 Fluorescence microscopy images of HEK293T cells. Images of
HEK293T cells incubated with EDPC (5 mM) for 30 min ((a) in bright-
field; (b) in fluorescence field); images of HEK293T cells incubated with
the EDPC probe (5 mM) for 30 min; then incubated with ClO� (10 mM)
for another 40 min ((e) in bright-field, and (f) in fluorescence field);
Image J 3D surface plot analysis of the fluorescence images ((c) EDPC;
(g) EDPC treated with ClO�); quantification of the fluorescence
intensity collected from the fluorescence images ((d) EDPC; (h) EDPC
treated with ClO�).

This journal is © The Royal Society of Chemistry 2019
Besides, we also studied the capability of ClO� in living cells.
It is reported that ClO� can be produced in living cells when
lipopolysaccharide (LPS) and phorbol myristate acetate (PMA)
coexist together.40 From Fig. 8d and h, we found that the
quantications of uorescence intensities collected from the
cell images were 0.022 and 8.27, respectively. These results
strongly illustrated that EDPC could serve as a useful probe for
sensing and imaging ClO� which is produced by living cells.
Sensing mechanism

From the Job plot, we could nd that there were two oxidation
sites between the EDPC probe and ClO�. According to early
studies,38 a plausible recognition mechanism of the EDPC
probe and ClO� is illustrated in Scheme 2. ESI-MS spectra were
further used to verify the binding event of EDPC with ClO�. As
shown in Fig. 9, a peak atm/z ¼ 228.0360 corresponded to [BOA
�H + Na]+ (cal. 228.0311). The ESI-MS result also conrmed the
oxidation reaction between the C–O of the coumarin lactone
and the C]C formed by aldol condensation.

Density Functional Theory (DFT) calculations using the
Gaussian 09 program was another method used to verify the
sensing mechanism. The highest occupied molecular orbitals
(HOMO) and the lowest occupied molecular orbitals (LOMO) of
EDPC and BOA are listed in Fig. 10. The HOMO of EDPC was
mainly distributed on the benzaldehyde group, and the LOMO
was mainly distributed on the coumarin group. When EDPC
was transformed into BOA by adding ClO�, the large HOMO–
LOMO gap was 1.911 eV (the HOMO–LOMO energy gaps for
Scheme 2 The proposed sensing mechanism of the EDPC probe for
ClO�.

Fig. 9 ESI mass spectra of EDPC upon addition of excess ClO�.

RSC Adv., 2019, 9, 15926–15932 | 15929

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01457h


Fig. 10 HOMO and LOMO orbitals of EDPC and BOA.
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EDPC and BOA were 8.484 and 10.395 eV, respectively), and
showed the high stability of BOA. BOA gave a blue uorescence
emission spectrum, which was consistent with our reported
results.38
Application studies

To investigate the applications of the EDPC probe, the
concentration of ClO� in real samples such as lake water, tap
water and distilled water were studied using uorescence
spectra. Before examination, the real samples were obtained
without any pre-treatment. The uorescence intensity of the
EDPC probe (1.0 mM) in Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50%
C2H5OH) with different concentrations of ClO� (0, 2, 4, 8, 16
mM) was investigated in the samples of lake water, tap water and
distilled water. As showed in Fig. 11, a good relationship
between the uorescence emission at F475 nm and the ClO�

concentration in real water samples was found. Table 1 shows
that the recoveries of ClO� in these samples were consistent. All
Fig. 11 (a) Fluorescence intensity of EDPC in the presence of ClO� (0,
2, 4, 8, 16 mM) in three water samples. Plots of fluorescence intensity at
F460 nm/F523 nm vs. ClO� concentration (0–16 mM) in (b) lake water, (c)
tap water and (d) distilled water samples.

15930 | RSC Adv., 2019, 9, 15926–15932
the results conrmed that the EDPC probe was reliable and
convenient. More interestingly, the EDPC probe could be used
to detect ClO� in real water samples.
Experimental
Materials and method

All reagents were purchased from commercial providers and
used without further purication. The metal ions came from
their chlorides or nitrates and the anions came from their
sodium salts or potassium salts, which were obtained from
Shanghai Experiment Reagent Co., Ltd (Shanghai, China). All
aqueous solutions are prepared with deionized water.

A Bruker DRX 400 spectrometer with TMS as an internal
standard was used to record the 1H-NMR and 13C-NMR spectra.
A NICOLET380 FT-IR spectrometer, with the samples in KBr
disks, was used to obtain the FT-IR spectra (4000–400 cm�1). A
VARI-EL elemental analyzer was used to carry the elemental
analyses (EAs). A Triple TOF TM 5600+ system was applied to
obtain the electrospray ionization mass spectra (ESI-MS). A RF-
5301 uorescence spectrophotometer was used to record the
uorescence spectral data. A UV-1800 ENG 240 V was used to
obtain the Ultraviolet spectra. Fluorescence images of HEK293T
cells were recorded using a Leica-LCS-SP8-STEDmodel confocal
laser scanning microscope.
Fluorescence and UV-vis studies

We recorded the uorescence spectra and UV-vis spectra in
a quartz optical cell of 1.0 cm optical path length at room
temperature. EDPC was prepared in absolute DMSO and the
stock solution concentration was 1 � 10�2 M. For all uores-
cence spectra, the samples were excited at 380 nm, with the slit
widths were 3 nm and 3 nm, respectively. The emission spectra
were recorded in the range of 390–650 nm. The uorescence
procedures were as follows: the metal ions and anion samples
were gradually put into Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50%
C2H5OH) containing 1.0 mM of EDPC, then the titration exper-
iment and competition experiments were carried out. For the
Table 1 Results for the determination of ClO� in real samples

Sample ClO� added (mM) ClO� found (mM) Recovery (%)

Lake water 0 0.02 � 0.003 0
2 2.06 � 0.008 103.0
4 4.01 � 0.021 100.2
8 8.04 � 0.031 100.5
16 16.01 � 0.028 100.1

Tap water 0 0.012 � 0.008 0
2 2.13 � 0.025 106.5
4 4.07 � 0.016 101.7
8 8.04 � 0.026 100.5
16 16.22 � 0.032 101.4

Distilled water 0 0.05 � 0.011 0
2 2.03 � 0.012 101.5
4 4.02 � 0.048 100.5
8 7.98 � 0.036 99.7
16 16.24 � 0.009 101.5

This journal is © The Royal Society of Chemistry 2019
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UV-vis spectra, 20 mM of EDPC was put into a quartz cell con-
taining Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50% C2H5OH) and 1
� 10�3 M ClO� was gradually added.

Cell incubation and imaging

HEK293T cells were cultured at 37 �C in a 5% CO2 atmosphere,
in DMEM, with 10% fetal bovine serum (FBS) and a 0.1%
antibiotic–antimycotic mix antibiotic supplement. These cells
were then washed with 1� PBS and incubated in 10 mM of EDPC
for 30 min, and then treated with 20 mM of NaClO for another
40 min. Then, the HEK293T cells were washed with 1� PBS
three times to remove the excess EDPC and NaClO. Lastly,
a Leica-LCS-SP8-STED laser confocal uorescence microscope
was used to image the HEK293T cells. “HEK293T cells” were
purchased from the company of Life Technologies, Shanghai.

Synthesis of EDPC

As reported in an early method,38,41–43 EDPC was synthesized by
a one-step reaction. 0.565 g (3 mmol) of 3-acetylcoumarin and
0.447 g (3 mmol) of 4-dimethylaminobenzaldehyde were added
to 30.0 mL ethanol. Then 0.2mLmorpholine was added into the
above mentioned solution. Aer this, the resulting solution was
reuxed for 5 h with constant stirring. On completion, the
reaction mixture was evaporated under reduced pressure, and
a red crude EDPC product was obtained and recrystallized in
CHCl3 and ethanol (1 : 1). The yield of product was 42.3%. EAs:
found, C, 75.22; H, 5.29; N: 4.39%. Molecular formula
C20H17NO3 requires: C: 75.22; H: 5.37; N: 4.39%. 1H-NMR (400
MHz, DMSO) d 8.60 (s, 1H), 7.94 (dd, J ¼ 7.8, 1.5 Hz, 1H), 7.74
(ddd, J ¼ 23.3, 12.4, 8.7 Hz, 2H), 7.60 (d, J ¼ 8.9 Hz, 2H), 7.53–
7.35 (m, 3H), 6.76 (d, J ¼ 9.0 Hz, 2H), 2.51 (dt, J ¼ 3.6, 1.8 Hz,
16H). 13C-NMR (DMSO-d6, 100 MHz) d 187.06 (s), 154.75 (s),
152.70 (s), 146.34 (s), 131.25 (s), 130.66 (s), 126.72 (s), 125.35 (s),
122.09 (s), 119.40 (s), 119.03 (s), 116.62 (s), 112.31 (s). Exact
mass for EDPC (Mr ¼ 319.1208), ESI-MS (positive mode) found
[EDPC + H]+ (m/z, 320.0428), molecular formula C11H8O4

requires [EDPC + H]+ (m/z, 320.1287).

Conclusions

In summary, we have followed our previously developed
approach and developed a new uorescent probe (EDPC) for the
detection of ClO� in Tris–HCl buffer (pH ¼ 7.2, 10 mM, 50%
C2H5OH) with a low detection limit (1.2� 10�8 M). EDPC shows
a rapid (the response time is 20 s) and signicant uorescence
turn-on for ClO� with high selectivity and sensitivity over a large
number of anions and metal ions with about a 95 nm Stokes
shi when excited at 380 nm (lmax ¼ 475 nm). Moreover, in
practical application, good recoveries from 99.7% to 106.5%
were obtained for the real water sample. Additionally, the EDPC
probe showed very low cytotoxicity and could be used for
imaging of both exogenous and endogenous ClO� in living
HEK293 cells. Importantly, the mechanism was further
conrmed by ESI-MS and DFT and showed an oxidation reac-
tion between the C–O of the coumarin lactone and the C]C
formed by aldol condensation. With these positive results, the
This journal is © The Royal Society of Chemistry 2019
EDPC probe could be used as a valuable tool for the detection of
ClO� in living systems.
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