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a b s t r a c t

Intracellular redox homeostasis is of indispensable importance in pathophysiology. In order to maintain

the balance of the redox state within the cell, reactive oxygen species (ROS) and reactive sulfur species

(RSS) react and transform with each other, and their levels also directly reflect the degree of oxidative

stress and disease. Hypochlorous acid (HClO) and cysteine (Cys) usually co-exist in organisms, interacting

with each other in many important physiological processes and synergistically maintaining the dynamic

redox balance in the body. To understand the relevance and pathophysiological effects of these two sig-

naling molecules in oxidative stress, unique fluorescence imaging tools are required. Herein, we designed

and developed a dual-channel fluorescent probe HP, for the individual and continuous detection of HClO

and Cys. This probe could simultaneously monitor the changes in the concentrations of HClO and Cys in

cells, and was characterized by a fast response, high sensitivity and high selectivity, especially compared

with glutathione (GSH) and homocysteine (Hcy), the probe had a good specificity for Cys. Importantly,

probe HP successfully observed dynamic changes in HClO- and Cys-mediated redox status in the oxygen-

glucose deprivation/reperfusion (OGD/R) model of HeLa cells and dynamically monitored fluctuations in

endogenous HClO levels in lipopolysaccharides (LPS)-induced peritonitis mice.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Redox processes cover almost all the basic processes of life

functions from bioenergetics to metabolism, so intracellular re-

dox homeostasis is of great significance in the fields of physiol-

ogy and pathology [1]. However, once the redox balance in the

cell is disrupted, it can lead to a variety of physiological disor-

ders and diseases, even tumor development [2–5]. Large or signif-

icant changes in the redox state can be buffered by redox-active

molecules, which contribute to the dynamic equilibrium of the in-

tracellular redox state through interactions and interconversions.

Hypochlorous acid (HClO) is an important reactive oxygen species

(ROS) that can be generated from hydrogen peroxide (H2O2) and

chloride ions (Cl−) and is closely related to the innate defences of

the host and plays a crucial role in killing pathogens [6–8], how-

ever, its overproduction can lead to oxidative stress and cause in-

flammation. There is growing evidence of a strong link between

HClO and a variety of biological and pathological activities rang-

ing from inflammatory diseases to cancer, as well as immune and

neurological disorders. Cysteine (Cys), one of the representatives of
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reactive sulphur (RSS), plays an important role in protein synthe-

sis, gene regulation, free radical scavenging and anti-aging in ani-

mals [9–11]. Abnormal Cys concentrations in cells can be used as

a biomarker for many diseases, such as cancer, inflammation, al-

lergic skin damage, Alzheimer’s disease and cardiovascular disease.

Cys and HClO interact in many important physiological processes

and are important mediators of brain function. In vivo, Cys acts

as an antioxidant and inhibits HClO in oxidative stress, cytotoxic-

ity, protein oxidation, and lipid peroxidation [12,13]. Therefore, the

sequential or simultaneous detection of Cys and HClO contributes

to the understanding of the interactions between these two sub-

stances in the cell and has a very important role in the assessment

of their physiological and pathological processes.

Fluorescence imaging, characterised by non-invasive radiation,

high sensitivity and spatial and temporal resolution, is a power-

ful tool for the visual and quantitative detection of biomolecules

in biological systems [14–20]. Many sensitive and selective fluores-

cent probes have been developed for the detection of HClO or Cys

[21–43]. However, these fluorescent probes do not meet the need

for simultaneous detection of HClO, Cys and HClO/Cys. While it

is possible to use two separate fluorescent probes for simultane-

ous detection of two analytes, the solution of simply mixing two
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Scheme 1. Design strategy of the probe HP.

probes in a single system complicates the instrumental setup to

achieve simultaneous sensing and potentially reduces the temporal

resolution of fluorescence imaging. In addition, the two combined

probes often have different chemical and biological properties in

vivo, such as localisation and bleaching, and usually interfere with

each other, thus impairing detection and sometimes even prevent-

ing quantitative analysis. Therefore, the development of dual re-

sponse probes with independent signal units is an effective strat-

egy to solve this problem.

Herein, we designed and synthesised a dual response fluores-

cent probe HP for the individual and sequential detection of Cys

and HClO (Scheme 1). In the probe HP, ethylenediamine was used

to link coumarin and methylene blue fluorescent reporter groups

without fluorescence crosstalk, and α,β-unsaturated ketone bonds

and amide bonds were the specific response sites for Cys and HClO,

respectively. When the probe HP responded to Cys and HClO, due

to the destruction of the conjugation and the breakage of the bond,

the green fluorescence underwent a blue shift and the red fluo-

rescence was triggered, achieving simultaneous and differentiated

detection of Cys and HClO, with fast response and high sensitivity.

Inspired by these salient features, probe HP was successfully ap-

plied to image exogenous and endogenous Cys and HClO in living

cells, while the probe could monitor the fluctuation of HClO and

Cys during oxygen-glucose deprivation/reperfusion (OGD/R). More-

over, probe HP was successfully used to monitor endogenous HClO

level fluctuations in lipopolysaccharide (LPS)-induced peritonitis in

mice. Therefore, we developed an effective tool to elucidate the re-

dox dynamic balance of Cys and HClO in OGD/R, which had impor-

tant guiding significance for the development of effective drugs for

redox therapy-related diseases.

The probe HP was synthesized according to the synthesis steps

in Supporting information. Firstly, we investigated the optical prop-

erties of the probe HP in the mixed system of PBS and CH3CN (1/1,

v/v, pH 7.4) in response to Cys and HClO respectively. As shown

in Fig. 1, the probe HP showed an absorption band at 460nm in

the above system, and the gradual addition of HClO exhibited a

new peak at 660nm and a shoulder at 620nm, with the new peak

appearing as a characteristic absorption peak for methylene blue.

Meanwhile, a significant increase in fluorescence emission inten-

sity at 685nm was attributed to the specific oxidation and break-

ing of the amide bond, which restored the red fluorescence of the

methylene blue dye with an extensive π-conjugated structure, cor-

responding to the ultraviolet–visible (UV–vis) absorption spectral

Fig. 1. Absorption spectral response (a) and fluorescence spectral response (c) of

probe HP detecting HClO. (e) Linear relationship between fluorescence intensity and

HClO concentration. Absorption spectral response (b) and fluorescence spectral re-

sponse (d) of probe HP detecting Cys. (f) Linear relationship between fluorescence

intensity and Cys concentration. Red channel: λex =660nm, λem =685nm; green

channel: λex =450nm, λem =495nm.

results. Further, we evaluated the response of probe HP to Cys. The

gradual addition of Cys resulted in a gradual weakening of the ab-

sorption band at 460nm and the appearance of a new absorption

band at 450nm, which was attributed to the strong nucleophilic-

ity of the sulfhydryl group in Cys, which underwent a nucleophilic

addition with the α,β-unsaturated ketone in the probe HP, which

then disrupted the conjugated structure of the probe and induced

a blue shift. Moreover, the probe itself showed weak fluorescence

emission at 550nm, and the fluorescence intensity of the probe at

495nm gradually increased with the gradual increase of Cys. The

above results showed that the probe was able to achieve differen-

tial detection of HClO and Cys. In addition, the corresponding de-

tection limits of the probe for HClO and Cys were 0.098 μmol/L and

0.079 μmol/L, respectively, according to the International Union of

Pure and Applied Chemistry (IUPAC) definition (limit of detection

(LOD)=3Sb/m). The results illustrated that the response patterns

of the probe to HClO and Cys could be well differentiated in sig-

nals due to the introduction of different fluorescent molecules.

Subsequently, we evaluated the cascade response pattern of

probe HP to HClO and Cys. As shown in Fig. 2, in the UV absorp-

tion spectrum, with the continuous addition of HClO, the maxi-

mum peak at 660nm and the shoulder peak at 620nm showed

the characteristic absorption peaks of methylene blue, and when

the peak tended to stabilise and then continued to add Cys, the

absorption peak at 460nm was gradually blue-shifted. Correspond-

ingly, after the reaction of probe HP with HClO, the fluorescence

of the probe peaked at 685nm, and then with the continued addi-

tion of Cys, the fluorescence emission spectrum of the probe was

blue-shifted, and the fluorescence at 495nm was also gradually en-

hanced with the increase of Cys concentration. In contrast, only

a decrease in the absorption peak at 460nm, as well as a blue

shift, was observed when the probe first responded to Cys. Inter-

estingly, by gradually increasing HClO, the characteristic absorption
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Fig. 2. (a) Changes of absorption spectra of probe HP (10 μmol/L) with the addition

of first HClO (0–45.0 equiv.) and then Cys (0–160.0 equiv.). (b) Changes of the fluo-

rescence spectrum of probe HP (10 μmol/L) with the addition of first HClO (0–20.0

equiv.) and then Cys (0–240.0 equiv.). Changes of absorption spectra (c) and fluo-

rescence spectrum (d) of probe HP (10 μmol/L) with the addition of first 20.0 equiv.

Cys and then HClO (5–50.0 equiv.). λex =660nm and λex =450nm.

peak of methylene blue was not observed at first, but the absorp-

tion peak at 450nm was gradually restored to that of the probe it-

self, and then by continuing to increase HClO, the absorption peak

at 460nm was basically unchanged, while the characteristic ab-

sorption peak of methylene blue was displayed. Similarly, the flu-

orescence spectra showed the same trend, after pre-treating the

probe with 200 μmol/L Cys, the fluorescence intensity at 495nm

increased, and with the continued addition of HClO, we found that

the fluorescence intensity at 495nm decreased, and that the flu-

orescence intensity at 550nm gradually recovered to that of the

probe HP itself, and then, by continuing to add HClO, the fluores-

cence began to appear at 685nm and was enhanced with the in-

crease of HClO. These results confirmed that the probe HP could

respond to HClO and Cys with different fluorescence signal pat-

terns.

The development of highly selective probes was of great impor-

tance to investigate the role of bioactive molecules in pathogen-

esis and development. In parallel, we investigated the selectivity

of probe HP for Cys and HClO (Fig. 3). Only HClO caused fluores-

cence enhancement at 685nm, while other species including reac-

tive oxygen species and reactive nitrogen species did not cause sig-

nificant changes in the fluorescence spectra. Meanwhile, only Cys

led to significant fluorescence enhancement at 495nm. Of these,

homocysteine (Hcy), which had similar properties to Cys, as well as

glutathione (GSH), deserved special mention. In mammalian cells,

the concentration of Hcy was in the range of 5–15 μmol/L, and the

concentration of Cys was in the range of 30–200 μmol/L. When we

added only 20 μmol/L Hcy to the probe solution, the absorption

peak at 460nm was basically unchanged. When 200 μmol/L Hcy

was added to the probe solution until 13min later, the absorption

peak at 460nm was slightly reduced and the fluorescence intensity

at 550nm was nearly negligible. When only 200 μmol/L Cys was

added to the probe solution, the absorption peak at 460nm was

significantly reduced and blueshifted to 450nm even after 5min,

and the fluorescence intensity at 550nm blueshifted to 495nm.

If 200 μmol/L Cys and 200 μmol/L Hcy were added to the probe

solution at the same time, it could be seen that 200 μmol/L Cys

caused the absorption peak at 460nm to decrease more distinctly

and blueshifted, and in the fluorescence spectra, the fluorescence

intensity at 550nm was blueshifted to 495nm with the increase

Fig. 3. Kinetics of probe HP response to HClO (a) and Cys (b). (c) Selectivity of

probe HP (10 μmol/L) upon various species (2mmol/L, HClO: 200 μmol/L). (d) Se-

lectivity of probe HP (10 μmol/L) upon various species (20mmol/L, Cys: 2mmol/L).

HClO: λex =660nm, λem =685nm; Cys: λex =450nm, λem =495nm. FI., fluores-

cence.

of time and the fluorescence at 495nm was gradually enhanced. In

addition, the fluorescence intensity at 550nm was essentially un-

changed when 2mmol/L or even 20mmol/L GSH was added to the

probe-containing system (Figs. S10, S11 and S13 in Supporting in-

formation). These results indicated that the probe had a high abil-

ity to selectively detect the target. Further, since the metabolism

of reactive oxygen species as well as reactive sulphur and other

substances in vivo was relatively rapid, rapid monitoring of their

changes was also very important, and we evaluated the kinetic re-

sponse of the probe to HClO and Cys, respectively, and found that a

stable plateau was reached rapidly, which was quite advantageous

for the monitoring of the probe in vivo. The physiological environ-

ment was a complex system, and the pH of its microenvironment

varied from organelle to organelle. We therefore simulated vari-

ous pH environments in vitro to assess the utility of the probe. As

shown in Fig. S12 (Supporting information), the fluorescence in-

tensity of probe HP hardly changed over a wide pH range. Upon

addition of HClO, the fluorescence of probe HP at 685nm was sig-

nificantly enhanced at pH values between 4.0 and 10.0. Meanwhile,

the mixture of probe HP and Cys showed strong fluorescence at

495nm at pH values between 5.0 and 10.0. These results indicated

that probe HP had good stability and it had high sensitivity and

selectivity to Cys and HClO, suggesting that it had the potential to

display both Cys and HClO by different fluorescence signals in bio-

logical systems.

Subsequently, we evaluated the probe’s utility for biologi-

cal visualization applications. First, we investigated the ability of

the probe to image HClO and Cys within HeLa cells. As shown

in Figs. 4a and b, after the probe was incubated with HeLa cells

for 10min, the green channel emitted weak fluorescence, and the

red channel was almost no fluorescence. Considering the inherent

Cys in the cells, we firstly used N-ethylmaleimide (NEM) to inhibit

the production of Cys in the cells, and it could be observed that the

fluorescence of the green channel disappeared, and the red chan-

nel was basically unchanged. Continuing with the pretreatment of

HeLa cells with Cys for 0.5 h followed by incubation with probe

HP for 10min, then showed strong green fluorescence. When HeLa

cells were pretreated with 200 μmol/L HClO and then incubated

with 10 μmol/L probe HP for 10min, the fluorescence of the red

channel was switched on and the fluorescence intensity of the

green channel was almost unchanged. We also examined the con-

tinuous imaging ability of the probe HP in live cells, and after suc-
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Fig. 4. (a) Individual and successive images of HClO and Cys in HeLa cells (NEM, 200 μmol/L, 0.5 h). (b) Fluorescence quantification corresponding to (a). (c) Cell viability

values were estimated by CCK-8 assay for HeLa cells cultured in the presence of 0, 1, 2.5, 5, 7.5, 10, 15, 20, 30, and 50μmol/L HP for 12h. Red channel: λem= 655–715nm

(λex= 633nm); green channel: λem= 465–525nm (λex= 458nm) Scale bar: 10 μm. The data were shown as mean ± standard deviation (SD) (n=3).

Fig. 5. Imaging of endogenous Cys or HClO in the HeLa cells with 10 μmol/L probe

HP. (a) HeLa cells pre-treated with 1μg/mL LPS for 0.5 h, then incubated with 10

μmol/L probe HP. (b) Fluorescence quantification corresponding to (a). OGD/R HeLa

cells incubated with 10 μmol/L probe HP. (d) Fluorescence quantification corre-

sponding to (c). Red channel: λem= 655–715nm, λex= 633nm; green channel: λem=
465–525nm, λex= 458nm. Scale bar: 10 μm. The data were shown as mean ± SD

(n=3).

cessive additions of HClO and Cys, significant fluorescent signals

were detected in both channels. This demonstrated that probe HP

could be used not only for individual imaging, but also for sequen-

tial imaging of HClO, Cys, and HClO/Cys in the red and green chan-

nels without interfering with each other. Further, we evaluated the

biocompatibility of probe HP using cell counting kit-8 (CCK-8) tox-

icity assay. As shown in the Fig. 4c, the probe showed low cytotox-

icity to cells. The above results showed that the probe had good

biocompatibility and was of practical value for visual differentia-

tion of bioactive molecules.

When the probe HP was incubated with HeLa cells for 10min,

the green channel emitted weak fluorescence and the red channel

almost no fluorescence, indicating that the probe HP could detect

endogenous Cys (Figs. 5a and b). There was evidence that cells pro-

duced endogenous HClO when stimulated with LPS. Unsurprisingly,

when HeLa cells were treated with LPS, a significant fluorescent

signal appeared in the red channel, whereas fluorescence in the

green channel was essentially unchanged. Oxidative stress was an

Fig. 6. Imaging of endogenous HClO in a mouse model of peritonitis. Mice were

stimulated with LPS for 4h and then injected with probe HP. Red channel: 710–

750nm; green channel: 500–520nm.

important cytopathological state that led to an imbalance in the

cellular redox state. In order to study and evaluate the dynamics

and correlation between HClO and Cys under oxidative stress, we

utilized the OGD/R model. HeLa cells were cultured in sugar-free

DMEM containing 0.5mmol/L sodium bisulphite for 30min, fol-

lowed by another 30min in high sugar DMEM. As shown in Fig. 5c,

HeLa cells in the OGD/R group showed brighter green and red flu-

orescence compared to the control group. This suggested that un-

der oxidative stress, the elevated reactive oxygen species HClO was

accompanied by elevated Cys, which might be related to cellular

self-regulation as a means of mitigating oxidative damage.

Studies had shown that inflammation was closely linked to ox-

idative stress and that endogenous production of excess HClO was

a key mediator of inflammation. Based on the ability of probe

HP to image HClO and Cys, we further applied probe HP to ob-

serve the dynamics of endogenous HClO and Cys in a mouse model

of peritonitis. All the animal experiments were performed by fol-

lowing the protocols approved by the Radiation Protection Insti-

tute of Drug Safety Evaluation Center in China (Production license:

SYXK (Jin) 2018–0005). All animal experiments were performed ac-

cording to the protocols approved by the Animal Ethics and Use

Committee. Mice model of peritonitis was established by intraperi-

toneal injection of LPS (2mg/mL, 100 μL) into female BALB/c mice

for 4h (Fig. 6). Subsequently, mice were injected with 200mmol/L

(200 μL) of probe HP. As shown in the Fig. 6, fluorescence was

observed in the abdomen of the mice immediately after 5min of

injection, while no fluorescence was observed in the abdomen of

the control group, and then the signals of the experimental group

reached the maximum value at about 30min. The results of the
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above experiments suggested that the probe HP could be used to

assess changes in HClO levels in a mouse model of peritonitis. As

an effective fluorescent probe, probe HP could be used to diagnose

peritonitis by monitoring fluctuations in HClO levels.

In summary, the importance and challenge of monitoring re-

dox homeostasis dynamics in complex living systems enabled us

to design and develop a dual response fluorescent probe HP based

on the binding of methylene blue and coumarin for the individ-

ual and continuous detection of HClO and Cys. The probe rapidly

produced different fluorescence signals for HClO and Cys with

good sensitivity and excellent selectivity. It was worth mention-

ing that this probe has good specificity for Cys. In addition, we

successfully demonstrated that the probe HP was a useful tool for

monitoring HClO- and Cys-mediated redox homeostasis in living

cells as well as fluctuations in HClO levels in mouse peritonitis.

Overall, this study provides a platform to analyze and visualize

two opposing biologically active species that can inform the de-

sign of other chemical sensors aimed at gaining insight into redox

homeostasis.
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