
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 5
:0

7:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Design, synthesis
aInstitute of Chemical Sciences, Bahaudd

Pakistan. E-mail: zahidshaq@bzu.edu.pk
bCollege of Chemistry & Chemical Engineer

Hunan 410083, China
cDepartment of Chemistry, Faculty of Science

Science (RCAMS), King Khalid University, P
dDepartment of Chemistry, Faculty of Sc

Madinah, 42351, Saudi Arabia. E-mail: smg

Cite this: RSC Adv., 2025, 15, 41691

Received 14th August 2025
Accepted 21st October 2025

DOI: 10.1039/d5ra06003f

rsc.li/rsc-advances

© 2025 The Author(s). Published by
and applications of a coumarin
based fluorescent probe for selective detection of
hypochlorite ions and live cell imaging

Wajeeha Zareen,a Nadeem Ahmed, ab Mostafa A. Ismail,c Hafza Feroz,a

Muhammad Ali Khan, a Zahid Shafiq *a and Sobhi M. Gomha *d

The immune system's protection against invasive microorganisms and other biological functions in living

things depend heavily on hypochlorous acid (HOCl). For the sensitive detection of HOCl, a turn-on

fluorescent probe (W-HOCl) has been developed. The probe is well characterized by 1HNMR, 13CNMR,

FTIR and HRMS. Through the oxidation of sulfide to sulfoxide caused by HOCl, the probe quickly

identifies HOCl. The fluorescence was enhanced 42 times as a result of the reaction between W-HOCl

and HOCl. The probe has excellent photophysical properties along with a detection limit as low as 6 nM.

The imaging of HOCl in living cells showed the probe's potential as an HOCl biosensor. Therefore, the

probe is predicted to be useful for the accurate detection of HOCl in complex biosystems.
1. Introduction

In recent years, there has been growing interest in the function
of anions in biology, industry, medicine, and the environment.
Anion sensors with remarkable design and synthesis capabil-
ities have attracted the attention of experts in inorganic catal-
ysis, pharmaceutical synthesis, environmental analysis, and life
sciences. Many uorescent sensors have been reported for
visualizing viscosity in dysfunction, inammation, and Alz-
heimer's disease, and an allosteric hairpin switch-based
isothermal amplication strategy for sensitive detection of
bacterial detection.1–3 Hypochlorous acid (HOCl)/hypochlorite
(ClO−) is a very active oxidation species that is essential for
both environmental safety and biomedicine.4,5 As is well known,
we utilize HOCl to disinfect and purify water in our daily lives by
getting rid of bacteria. Myeloperoxidase (MPO) catalyzes the
reaction of hydrogen peroxide with chloride ions to form HOCl
in biological systems.6 It is essential for preserving the intra-
cellular redox equilibrium, reducing inammation, and fending
off infections.7,8 However, too much HOCl can result in the
production of dangerous substances in water (such as trihalo-
methanes) and cause a number of oxidative stress-related
illnesses in people, such as cancer, arthritis, cardiovascular
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disease, and neurodegeneration. In living things, highly active
HOCl can aid in the chemical alteration and destruction of
a variety of biomolecules, such as proteins, lipids, and nucleic
acids.9–14 Thus, it is necessary to develop an efficient technique
for the real-time detection of HOCl/ClO in biological and envi-
ronmental systems.

Small-molecule uorescent probes are highly sensitive,
noninvasive, and detect in real time, they have attracted a lot
of interest.15–26 Using p-methoxyphenol as the recognition
group, Yang's group discovered in 2008 that hypochlorous acid
could be specically detected in a variety of ROS.27 A number of
uorescent probes for the detection of hypochlorous acid were
thereaer published. These probes were made in accordance
with several response mechanisms, including the oxidation of
p-methoxyphenol described above, oxidative removal of
oximes, cyclization of thioesters and amides following chlo-
rination, double bond oxidation, oxidation of chalcogenides
(S, Se, Te), and other processes.28–39 Low sensitivity and
a lengthy response time are two drawbacks of the available
HOCl uorescent probes, which also have rather simple
functionalities.

Herein we have synthesized a coumarin based probe W-
HOCl. The probe works on oxidation of sulde to sulfoxide.
We have added thiomorpholine moiety to coumarin uoro-
phore as a result the spectral properties of coumarin is
quenched due to PET process. When probe is treated with HOCl
the PET process is inhibited as a result spectral property of
coumarin derivative is restored. Overall, the probe's excellent
sensitivity and selectivity, as well as its quick uorescence
response to HOCl, make it suitable for use as a tool for detecting
HOCl in living organisms.
RSC Adv., 2025, 15, 41691–41698 | 41691
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2. Experimental section
2.1. Material

All chemicals such as Meldrum's acid, 2-hydroxy-4-
methoxybenzaldehyde, piperidine, thiomorpholine, absolute
ethanol, dichloromethane, methanol, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide [EDCI], and dimethyl
amino pyridine [DAMP] were purchased from Sigma-Aldrich
company and directly used without further purication. MCF-
7 cells were obtained from Xiangya Hospital at Central South
University, China.40 Other chemical including, Cys, Hcy, GSH,
H2O2, NaOCl, NaHS, NaHSO3, ONOO

−, Na2SO3, NaF, NaI, KBr,
NaCl, CH3COOH, HCN, were purchased from admass company
for the preparation of analytes for spectral studies.
2.2. Cell imaging

MCF-7 cells were grown at 37 °C in an incubator with 5% CO2 in
Dulbecco's Modied Eagle Medium (DMEM) supplemented
Scheme 1 Synthesis of probe W-HOCl.

Fig. 1 (A) The electronic absorption spectra of probe W-HOCl (10 mM)
HEPES buffer (10 mM, pH = 7.4, having 60% EtOH).

41692 | RSC Adv., 2025, 15, 41691–41698
with 10% fetal bovine serum. Probe W-HOCl (10 mM) was
introduced to MCF-7 cells for imaging, and the cells were then
incubated for 30 minutes at 37 °C in an incubator with 5% CO2.
They were cleaned three times using PBS buffer (pH 7.4) solu-
tion, then treated once more with HOCl solution and incubated
for one hour in an incubator with 5% CO2. PBS buffer (pH 7.4)
was used three times to wash the cells. The Leica TCS SP8
confocal microscope was then used to image the cells.
2.3. Synthesis of probe

Coumarin is synthesized by Knoevenagel condensation reaction
of 2-hydroxy-4-methoxybenzaldehyde and Meldrum's acid in
presence of base (piperidine) in absolute ethanol (Scheme 1).
The reaction mixture is reuxed overnight and Aer completion
of the reaction, conrmed by TLC, the mixture was cooled, and
the formed precipitate was collected by ltration which were
used in the next step without further purication. The probe W-
HOCl is synthesized by the reaction of 7-methoxy-2-oxo-2H-
(B) Fl selectivity of probe (C) Fl titration of probe with HOCl (10 eq.) in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chromene-3-carboxylic acid (0.3 g, 1.36 mmol) thiomorpholine
(0.28 g, 2.72 mmol), EDCI (0.27 g, 1.76 mmol) and DMAP
(10 mg, 0.45 mmol) in dry DCM. The reaction mixture is stirred
at rt overnight. The progress of reaction is checked by TLC and
aer conrmation of reaction the reaction is quenched with
water and extracted with DCM. The organic layer is combined
and dried over Na2SO4. The solvent is removed by rotary evap-
orator and crude product is puried by column using DCM :
MeOH (20 : 1). The off-white solid is obtained in a good yield of
82%. Melting point 180–182 °C. IR O–C]O and N]CO, 1750–
1600; C–O–C, 1250–1050; C–S–C 1300–1100. 1H NMR (400 MHz,
CDCl3) d 7.86 (s, 1H), 7.43 (d, J = 8.6 Hz, 1H), 6.92–6.80 (m, 2H),
4.08–3.97 (m, 2H), 3.90 (s, 3H), 3.65 (t, J = 5.1 Hz, 2H), 2.73 (q, J
= 6.7 Hz, 4H). 13C NMR (101 MHz, CDCl3) d 164.3, 163.9, 158.3,
156.2, 143.6, 129.6, 121.2, 113.3, 111.9, 100.7, 77.4, 77.3, 77.1,
76.8, 55.9, 50.0, 44.7, 27.8, 27.4. Calculated mass for C15H15-
NNaO4S

+ [M + Na]+, 328.0614. Found, 328.0688.
Fig. 2 FL response of W-HOCl (10 mM) with HOCl (10 eq.) at 460 nm
changes upon addition of ions in the presence of HOCl (10 eq.) in
HEPES buffer (10 mM, pH= 7.4, having 60% EtOH, lex = 380 nm, slit: 5
nm).

Fig. 3 FL response of W-HOCl (10 mM) at 460 nm when treated with HO
pH = 7.4, having 60% EtOH, lex = 380 nm, slit: 5 nm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Result and discussion
3.1. W-HOCl characterization

The probe W-HOCl is synthesized by coupling of thiomorpho-
line and 7-methoxy-2-oxo-2H-chromene-3-carboxylic acid in
a good yield. The probe is characterized by 1HNMR, 13CNMR, IR
and HRMS (SI 1–4). The thiomorpholine is a responsive site for
HOCl. The thioether is converted to sulfoxide as a result the
uorescence of probe is enhanced as reported earlier.41–45 The
stability of probe is checked through the 1HNMR as well as
cycling test SI-9. In cycling test, the probe is excited at 400 nm.
There is a negligible change in intensity this indicate that probe
is high stable. Similarly, aer the addition of HOCl probe
showed an enhancement in intensity and then probe is excited
at same excitation wavelength again there is no change in
intensity. Which indicate excellent stability of probe aer the
addition of HOCl. This probe could be used to detect HOCl
where there are chances of degradation of probes.
3.2. Response of W-HOCl toward HOCl

Aer treating probe W-HOCl (10 mM) in 10 mM HEPES buffer
having 60% EtOH with HOCl the electronic spectra were
acquired aer 5 minutes of reactions in order to examine the
probe's UV-vis absorption and uorescence responses to HOCl.
The probe without the addition of HOCl had two absorbance
band one at 346 nm and other one was at 290 nm as shown in
Fig. 1A. When probe was treated with HOCl, the absorbance
band at 346 nm was decreased and a new band at 422 nm was
emerged. Also, the other band showed a decreased in wave-
length and shied 285 nm. There is a slight color change aer
the addition of HOCl to the probe solution SI-7. In pure DMSO-
d6 the color is more changed because the quantity of sample is
more (20 mg) as well as this one is pure DMSO-d6 alone. In the
other picture the sample is prepared as for spectral studies
which also indicate a slight change in color that can be views by
naked eyes.
Cl ions (10 eq.) (A) with time (B) at different pH in HEPES buffer (10 mM,

RSC Adv., 2025, 15, 41691–41698 | 41693
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When the probe is excited at 380 nm it has a weak uores-
cence at 460 nm (Stokes shi 80 nm), when probe was treated
with HOCl as shown in Fig. 1B, the uorescence intensity of
probe was emerged at 460 nm. There was no change in uo-
rescence intensity with other interfering anions. This result
indicates high selectivity of probe toward HOCl. The interaction
of probe with HOCl is further conrmed by titration method as
shown in Fig. 1C the uorescence of probe was consistently
increased with gradual addition of HOCl solution to probe
Table 1 Using W-HOCl (10 mM) as a probe, HOCl can be found in
water samples

Sample
HOCl
added

HOCl
found

RSD
(% n = 3)

Recovery
(%)

Tap water 30 35.3 1.93 101.59
50 55.59 2.23 101.46
70 75.07 1.09 99.10

River
water

30 30.59 2.16 102.23
50 49.59 2.19 99.18
70 70.13 2.99 100.62

Table 2 Comparison of probe W-HOCl with other reported work

Probe Structure Detecti

1 30

2 34

3 22

4 444.7

5 13.2

6 105.24

This work 6

41694 | RSC Adv., 2025, 15, 41691–41698
solution. There was a good linear relationship in addition of
HOCl and probe response (SI-5). Aer the addition of 12 eq. of
HOCl the saturation point of the probe was reached, at this
point the further addition of HOCl show no change in emission
intensity. The detection limit of W-HOCl for HOCl was then
found to be 6 nM using the IUPAC technique (3s/k). The probe
has some advantages over the other reported probes Table 2.
3.3. Competitive study

For the probe to potentially be used in complicated systems, its
strong selectivity for HOCl was crucial. Thus, we examined the
change in uorescence intensity of probe following the addition
of HOCl (50 mM) and other interfering species. Aer other
interfering analytes were added, Fig. 2 demonstrates that the
probe's uorescence intensity hardly changed. Aer adding
HOCl, however, the probe's uorescence intensity showed a very
noticeable change. The ndings of the aforementioned experi-
ment showed that the probe had a strong selectivity for HOCl.
The selective sensing of probe is further veried by conducting
uorescence of probe in presence of HOCl and Na2SO3. We
know that Na2SO3 can react with HOCl to form HCl and Na2SO4.
So, we have prepared two sample in one sample we have added
on limit (nM) Daily life application Reference

No real sample 46

No real sample 47

No real sample 48

No real sample 49

No real sample 50

No real sample 51

Real sample

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed sensing mechanism.
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HOCl and in another sample we have added HOCl and Na2SO3

together. Aer 20mints the probe solution is added to them and
uorescence is conducted aer 10 mints, there is clear decrease
in uorescence intensity of the sample having HOCl and
Na2SO3. This result indicates that the enhancement in uores-
cence intensity is due to the response of HOCl SI-10.

3.4. Time and pH response of probe

By monitoring the uorescence intensity of the probe at 460 nm
aer injecting HOCl (100 mM) over time, the time-dependent
uorescence response of the probe to HOCl was investigated
(Fig. 3A). At 460 nm, the probe's uorescence intensity
dramatically increased aer 100 mM HOCl was added, and it
plateaued at 10 s. The aforementioned experimental ndings
demonstrate that the probe had good stability prior to the
addition of HOCl and was able to determine HOCl in 10 s,
which was a comparatively quick reaction time when compared
to those previously documented in the literature. This study
examined how the uorescence intensity of the probe (10 mM)
changed in various pH settings before and aer the addition of
HOCl (100 mM) (Fig. 3B). Fig. 3B shows that the uorescence
intensity of the probe did not signicantly change prior to the
addition of HOCl, indicating that the probe was stable in the pH
4.00–10.00 range. However, the uorescence intensity was
greatly increased in the pH 4.00–10.00 range following the
addition of HOCl, indicating that the probe could detect HOCl
under physiological conditions.

3.5. Real water sample

It is very important to detect hypochlorous acid in the water
environment since high levels of HOCl can pollute the water
and kill aquatic life. In light of the aforementioned
Fig. 4 HOMO–LUMO energy gap of probe W-HOCl before and after ad

© 2025 The Author(s). Published by the Royal Society of Chemistry
considerations and the spectral test results, we were inspired to
use W-HOCl for the detection of HOCl in real-world water
samples (Table 1). In this work, two water samples were ob-
tained, and aer the large impurities were removed, the treated
water sample was subjected to W-HOCl analysis. According to
the ndings of the study on HOCl-spiked drinking and river
water, W-HOCl can be used as a tool for HOCl detection in water
with high precision and accuracy. All detections had recoveries
between 99.17 and 102.30 percent and a relative standard
deviation (RSD) of less than 2.99%.
3.6. Sensing mechanism

Density functional theory calculations were used to further
clarify the uorescence response mechanism of W-HOCl
dition of HOCl.

RSC Adv., 2025, 15, 41691–41698 | 41695
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Fig. 5 Toxicity assay of probe W-HOCl at different concentration in
MCF-7 cells.
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[Fig. 4]. The observed redshi in the UV-vis absorption spectra
of probe W-HOCl upon the addition of HOCl to generate W-
HOCl-SO is consistent with the HOMO–LUMO energy gap of
W-HOCl-SO (DE = 3.8670 eV) being smaller than that of the
probe itself (DE = 3.7872 eV). But sulfur's (S) heavy atom action
caused the uorescence of W-HOCl to be extinguished. The
oxidation of sulfur caused by the HOCl treatment of the probe
produced W-HOCl-SO, which showed a notable emission of
uorescence. This behavior is explained by the d-PET effect, or
donor-photoinduced electron transfer.
Fig. 6 Confocal fluorescence images of HOCl with probe W-HOCl in M
30 min. (D and E) MCF-7 cells were pretreated with probe W-HOCl (10
Combined image of (A) with (B). (F) Combined image of (D) with (E) (exc

41696 | RSC Adv., 2025, 15, 41691–41698
Additionally, the existence of W-HOCl-SO in the reaction
solution was veried by high-resolution mass spectrometry (SI-
6). The probe itself has mass 328.0688 (C15H15NNaO4S

+), aer
the addition of HOCl a clear peak of mass 344.3242 (C15H15-
NNaO5S

+) is found which is due to the oxidation of Sulfur to
sulfoxide. In light of these results, we suggest the response
mechanism shown in Scheme 2. The 1HNMR result of probe
aer the addition of HOCl conrm the mechanism is through
oxidation of sulde to sulfoxide, rather than the breakdown of
ring or chlorination SI-8.
3.7. Cytotoxicity testing

The MTT method was used to evaluate the probe's cell toxicity
on MCF-7 cells in order to determine whether it could be used
in organisms (Fig. 5). Fig. 6 shows that aer the MCF-7 cells
were incubated for 24 hours with different concentrations of the
probe (0, 2, 4, 8, 16 mM), the cell viability exceeded 80%. The
aforementioned experimental data showed that the probe
exhibited nearly minimal cytotoxicity towards MCF-7 cells.
3.8. Confocal imaging in living cells

Subsequently, HOCl in living MCF-7 cells were then traced
using probe W-HOCl (Fig. 6). The MCF-7 cells were treated for
30minutes at 37 °C in 5% CO2 with 10 mMprobeW-HOCl. There
was no uorescence in blue channel (Fig. 6A–C). When 100 mM
HOCl was added and incubated for an additional hour, a clear
and intense uorescence was seen, as predicted (Fig. 6D–F).
CF-7 cells. (A and B) MCF-7 cells pretreated with W-HOCl (10 mM) for
mM) for 30 min and then incubated with HOCl (10 equiv.) for 1 h. (C)
itation: 380 nm, emission: 495 nm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Generation of ROS in cell through copper promoted death.
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This outcome demonstrates the probe's value in identifying
HOCl in live cells.

Excess level of copper ions causes cell death and as a result
ROS are produced. By using this probe W-HOCl we have
conrmed this phenomenon. Firstly, we have added copper to
the cell there is no uorescence in blue channel but aer
incubating with probe there is uorescence in blue channel
which showed that aer excess level of copper there is
production of ROS. This probe is useful to detect the dead cell
Fig. 7.
4. Conclusion

In summary, a uorescence probe W-HOCl is developed for
selective and efficient detection of HOCl. The probe was
designed by functionalization of a coumarin by thiomorpholine
group, and demonstrated turn-on uorescence while respond-
ing to HOCl. The probe has excellent photophysical properties
along with detection limit as low as 6 nM. The recoveries of
HOCl were in the range of 99.17–102.30% followed by relative
standard deviation (RSD) detections less than 2.99%. The
successful imaging of HOCl in live cells and water sample
detection further demonstrated the practical applications of the
probe in biological systems.
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