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ABSTRACT

Hypochlorite (ClO⁻), a major reactive oxygen species generated in inflammation, is a

potent biological oxidant involved in diverse physiological and pathological processes;

therefore, sensitive detection of ClO⁻ is important for understanding disease

pathophysiology and supporting early diagnosis and prevention. Here, we aimed to

develop a physiologically compatible fluorescent tool for specific ClO⁻ sensing and

imaging. We designed and synthesized a novel A–D–A type molecular fluorescent

probe, XY-01, and characterized it by NMR, HRMS, UV–Vis and fluorescence

spectroscopy. XY-01 operates through ClO⁻-triggered oxidation of a thioformyl group

(C=S) to a carbonyl (C=O), which restores intramolecular charge transfer and

produces a prominent fluorescence turn-on signal. In PBS (pH 7.4), XY-01 responded

to ClO⁻ within 1 min with strong red emission at 666 nm and a large Stokes shift

(~167 nm), showed high selectivity against common ions and reactive species, and

achieved a detection limit of 3.39 µM within the biologically relevant range.

Cytotoxicity assays indicated negligible toxicity, enabling real-time confocal imaging

of ClO⁻ distribution in HCT-116 cells and colorectal cancer organoids. Collectively,

XY-01 is a simple, sensitive, and low-toxicity probe that provides a promising

platform for optical sensing and imaging of hypochlorite in living cells and organoids.

Keywords: Fluorescent probe, hypochlorite, organoid, cell imaging, near-infrared

emission.
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INTRODUCTION

The inflammation in biological systems is closely associated with the levels of

reactive oxygen species (ROS) [1-2]. Hypochlorite (ClO⁻) is one of the most crucial

ROS and plays a complex role in various physiological and pathological processes [3].

It is generated by the catalysis of chloride ions and hydrogen peroxide (H₂O₂) by

myeloperoxidase (MPO) [4-5]. Excessive ClO⁻ can oxidize key biomolecules,

including proteins, nucleic acids, lipids, and enzymes, leading to significant tissue

damage, inflammation, and the development of various diseases [6-10]. Elevated

ClO⁻ levels exacerbate oxidative stress, which can compromise cell membranes,

impair intercellular adhesion, and alter cellular viscosity [11]. These molecular

alterations further amplify the immune response and disrupt normal cellular function,

contributing to the progression of pathological conditions. Therefore, robust detection

of ClO⁻ in living organisms is useful for understanding its roles in disease

pathophysiology [12-13].

A variety of methods are available for detecting hypochlorite, including iodometric

titration, colorimetry, chemiluminescence, coulometry, radiolysis [14-16]. However,

these methods are often complex to implement and not be compatible with the

physiological environment. Due to the high selectivity, rapid response, and low

toxicity, fluorescent probes have been developed for a wide range of substrates.

Fluorophores are essential in a wide range of scientific and technological applications,

including bioimaging, diagnostics, and materials science [17-27]. Although some

existing fluorescent probes demonstrated excellent performance including

photostability, short response time, high sensitivity, and high selectivity, most of them

used for ClO⁻ detection were poorly water-soluble, and not suitable for living cells

[28]. However, the majority of the existing fluorescent probes required organic

medium, which is not compatible with the aqueous physiological environment [29-30].

This limitation underscores the need for detection methods with enhanced sensitivity

and selectivity, particularly those capable of operating effectively in aqueous

environments and within the complex physiological conditions of living cells.

Furthermore, detecting ClO⁻ within complex biological structures like living
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organoids is more difficult, as these 3D models exhibit intricate interactions and

diffusion properties that complicate detection. Despite these challenges, the continued

development of advanced fluorescent probes holds great promise for enhancing our

ability to monitor and understand ClO⁻-related processes in living organisms.

In this work, we synthesized a fast hypochlorite-responsive A-D-A type fluorescent

probe (Scheme 1). The molecular structure of probe XY-01 was characterized by ¹H

NMR, ¹³C NMR, HRMS, UV-Vis, and fluorescence spectroscopy. The probe had a

large Stokes shift (approximately 167 nm) and can respond to ClO⁻ within 1 min, with

enhanced fluorescence intensity at 666 nm. The novel designed molecular fluorescent

probe XY-01 could be used for optical sensing and imaging of hypochlorite within

living cells and organoids, with the characteristic features of simple operation, low

toxicity, high sensitivity, and high selectivity. Moreover, the fluorescent probe XY-01

demonstrated excellent performance of the adaptability with physiological conditions.

MATERIALSAND METHODS

Preparation of the fluorescence probe

The chemical reagents and solvents used in this study were purchased from

commercial suppliers and used directly without further purification. 1H NMR and 13C

NMR spectra were measured on a Bruker AV 500 spectrometer at room temperature.

UV-visible absorption spectra were measured on a Techcomp UV2310Ⅱ. PL spectra

were recorded on a Hitachi F-4500. The fluorescence images of cells and organoids

were obtained using confocal microscopy (Leica Stellaris5).

A possible mechanism of the designed probe was described in Scheme 1. The

synthetic route of probe XY-01 was shown in Scheme 2. The compound 1，2 and 3

were prepared according to the literatures [31-32]. Structural identifications of XY-01

were confirmed by 1H, 13C NMR and HRMS spectrometry. The probe was dissolved

in DMSO to prepare 10 mmol/L stock solution for later use. XY-01 featured a

thioformyl group (-C=S) that acted as both the reactive moiety and the core unit

disrupting ground-state ICT. ClO⁻ selectively oxidized this group to a carbonyl group
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(-C=O). This oxidation enhanced the electron-withdrawing ability of the product,

reconstructing the ICT pathway by reducing the electron transfer energy barrier from

donor (D) to acceptor (A) units, thus recovering ICT. We explicitly correlated this ICT

recovery with spectral changes: restored ICT induced a 167 nm redshift in

absorption/emission spectra and eliminated thioformyl-induced fluorescence

quenching, leading to prominent fluorescence enhancement (turn-on signal) (Scheme

3).

Cell culture

HCT-116 cells were purchased from the National Collection of Authenticated Cell

Cultures (Shanghai, China). HCT-116 cells were cultured in RPMI-1640 medium

supplemented with 10% (v/v) FBS. The cells were maintained in a humidified

atmosphere of 5% CO2 and 95% air at 37°C.

Analysis of probe toxicity on HCT-116 cells

HCT-116 cells were seeded at 1.0×105 cells/well in a 96-well plate and cultured

overnight. Cells were treated with the probe at various concentrations (0, 10, 50, 100,

200 and 400μM) for 1h. After treatment, cell viability was evaluated with a CCK-8

assay following the manufacturer’s instructions.

Confocal microscope imaging on HCT-116 cells

For further evaluation of probe XY-01 applied in imaging in cancer cells, HCT-116

cells were also chosen for cellular fluorescence imaging. HCT-116 cells were seeded

at 1.0×105 cells/well in a 96-well plate and cultured overnight. Commercial 7.5%

NaOCl/HOCl was diluted, titrated with standardized sodium thiosulfate using starch

indicator, pH-adjusted to 7.4 with 10 mM PBS, and used within 24 h after dark

storage at 4 °C to prevent degradation. There were four groups in this experiment,

including the control group, the ClO⁻ addition group, the agonist group, and the

antagonist group. In the control group, only 10μM probe XY-01 was added to

coculture for 30 min. In the ClO⁻ addition group, the cells were treated with 1 mM

NaOCl/HOCl for 30 min, and then were washed. Then, 10 μM probe XY-01 was

added to coculture for 30 min. In the agonist group, HCT-116 cells were first
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incubated with 1.0 μg/mL lipopolysaccharide (LPS) for 12 h, followed by incubation

with 1.0 μg/mL phorbol 12-myristate 13-acetate (PMA) for 1 h. Then, 10 μM of probe

XY-01 was added and co-incubated for 30 minutes. In the antagonist group, HCT-116

cells were first incubated with 200 μM 4-aminobenzoic acid hydrazide (ABAH) for 3

h, followed by incubation with 1.0 μg/mL LPS for 12 h. The cells were then incubated

with 1.0 μg/mL PMA for 1 h, and then, incubated with 10 μM of probe XY-01 for 30

min. Finally, fluorescence imaging experiments for all the four groups were

performed on a confocal microscope (Leica Stellaris5).

Generation and identification of patient-derived organoids (PDOs)

Colorectal tumor tissues were obtained from patients undergoing surgical resection at

Zhujiang Hospital of Southern Medical University with written informed consent.

Ethical approval was granted by the institutional ethics committee (Approval No.

2023-KY-165-01). Three PDO lines were established from surgically resected

colorectal tumors according to the literature [33], and characterized by

immunofluorescence staining of colorectal cancer markers, including caudal type

homeobox 2 (CDX2), cytokeratin 20 (CK20), pan-cytokeratin (PAN-CK) and Ki-67

proliferation-associated nuclear antigen (Ki-67), to confirm their epithelial origin and

cancer-specific features [34-35].

Analysis of probe toxicity on colorectal cancer organoids

Three lines of colorectal cancer organoids were used for evaluating the probe toxicity.

Colorectal cancer organoids were first digested into single cells, and collected.

Subsequently, single-cell suspension was dispensed into 96-well plate with

approximately 3000 cells per well. After 10 min of solidification in the incubator at

37°C, 50 μL of the medium was added to each well. 48 h later, the medium that

contained the probe XY-01(0, 10, 50, 100, 200 and 400μM) was replaced. After 2 h of

probe XY-01 treatment, ATP values were examined using CellTiter-Glo 3D (G9683,

Promega).

Confocal microscope imaging on colorectal cancer organoids

For further evaluation of probe XY-01 applied in imaging in PDOs, colorectal cancer
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organoids were also chosen for cellular fluorescence imaging. Colorectal cancer

organoids were first digested into single cells, and collected. Subsequently, single-cell

suspension was dispensed into 96-well plate with approximately 3000 cells per well.

After 10 min of solidification in the incubator at 37°C, 50 μL of the medium was

added to each well. The preparation of 1 mM NaOCl/HOCl stock followed the

method described previously. There were four groups in this experiment, including the

control group, the ClO⁻ addition group, the agonist group, and the antagonist group.

In the control group, only 10μM probe XY-01 was added to coculture with the

organoids for 1 h. In the ClO⁻ addition group, the organoids were treated with 1 mM

ClO⁻ (7.5% sodium hypochlorite aqueous solution) for 30 min, and then were washed.

Then, 10 μM probe XY-01 was added to coculture with the organoids for 1 h. In the

agonist group, the organoids were first incubated with 1.0 μg/mL LPS for 12 h,

followed by incubation with 1.0 μg/mL PMA for 1 h. Then, 10 μM of probe XY-01

was added and co-incubated with the organoids for 30 minutes. In the antagonist

group, the organoids were first incubated with 200 μM ABAH for 3 h, followed by

incubation with 1.0 μg/mL LPS for 12 h. The organoids were then incubated with 1.0

μg/mL PMA for 1 h, and then, incubated with 10 μM of probe XY-01 for 1 h. Finally,

fluorescence imaging experiments for all the four groups were performed on a

confocal microscope (Leica Stellaris5).

Statistical analysis

Each experimental value was expressed as mean ±SD. Statistical analysis was

performed using the software of GraphPad Prism 5.0 to evaluate the significance of

differences between groups considered as *P < 0.05; **P < 0.01; ***P < 0.001. All

data represented the mean of triplicates.

RESULTS

Preparation of the fluorescence probe

The fluorescence probe XY-01 was prepared as the route shown in Scheme 2. The

structural identifications of the probe were confirmed by 1H, 13C NMR and HRMS
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spectrometry (Figure S1-4). HPLC analysis of XY-01 oxidation by ClO⁻ showed

characteristic peaks for XY-01 (1.7 min) and its product XY-01-OH (6.2 min), with

the latter peak increasing gradually upon ClO⁻ addition, which supports the

mechanism that XY-01 reacts with ClO⁻ to form XY-01-OH (Figure S5).

Photophysical property

To investigate the effect of pH on the fluorescence response of the probe, the

fluorescence intensities of XY-01 and the XY-01 + ClO⁻ system were measured in 10

mM PBS across a pH range of 3.0 to 8.0, as shown in Figure 1. As the pH increased,

the fluorescence intensity (I₆₆₆) of the system gradually increased, which can be

attributed to the deprotonation of the phenolic hydroxyl group of XY-01-OH under

alkaline conditions. Therefore, the probe exhibited favorable condition for biological

detection. A buffer solution with pH 7.4 was chosen for the following experiments.

The absorption spectra of XY-01 were shown in Figure 2, where XY-01 exhibited a

peak at 342 nm. As shown in Figure 2A, XY-01 showed a red fluorescence emission

peak at approximately 666 nm. The UV-visible absorption and fluorescence properties

of the probe XY-01 in the presence of hypochlorite were investigated in PBS buffer

(pH = 7.4, 1X). Upon addition of ClO⁻, the absorption at 342 nm decreased, while a

new absorption peak appeared at 499 nm and gradually intensified with increasing

ClO⁻ concentration. This was attributed to the restoration of the intramolecular charge

transfer (ICT) mechanism. XY-01 features a thioformyl group (-C=S) that acts as both

the reactive moiety and the core unit disrupting ground-state ICT. As shown in

Figures 2B, the reaction product of probe XY-01 with ClO⁻ had an excitation

wavelength of 499 nm and an emission wavelength of 666 nm. The Stokes shift of

XY-01 was calculated as the difference between the absorption maximum of its

oxidized form (499 nm, consistent with the excitation wavelength λₑₓ) and the

emission maximum (666 nm), resulting in a value of 167 nm, which was relatively

large among organic molecular probes. In PBS solution (pH = 7.4, 1X), the reaction

product of probe XY-01 with hypochlorite existed in both deprotonated and

protonated forms, but the emission at 666 nm corresponds to the deprotonated form.
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Selectivity experiment

In general, fluorescent probes can be applied to target molecules for cellular im-aging.

Due to the complex intracellular environment, which contains a variety of ROS and

ions, it is critical to evaluate the selectivity of probe XY-01. To assess the specific

recognition ability of the probe XY-01, fluorescence spectroscopy experiment was

conducted. Various ions were added to the probe XY-01 solution, and incubated at

room temperature for 90 minutes, followed by fluorescence spectral analysis. As

shown in Figure 3, the fluorescence intensity at 666 nm did not show any significant

change upon addition of other ROS or ions. However, when ClO⁻ was added, the

fluorescence intensity increased significantly. These results indicated that probe XY-

01 performed high selectivity and specificity toward ClO⁻ in cellular environments.

Moreover, upon addition of ClO⁻, the color of the solution changed from colorless to

red, which was easily visible. This further verified that fluorescent probe XY-01

exhibited the capability of strong anti-interference and reacted specifically with ClO⁻

even in the presence of numerous interfering ions. In total, 13 different interfering

analytes were tested, none of which significantly affected the ability of probe XY-01

to detect ClO⁻.

Response time

Response time is not only an important factor to evaluate the performance of a probe,

but also a key indicator for assessing whether the probe can adapt to detecting various

environment. To determine the optimal response time, we monitored the fluorescence

intensity changes of the XY-01 + ClO⁻ system at 666 nm. The response time of probe

XY-01 to hypochlorite at different time points was measured at room temperature.

The Figure 4A showed the fluorescence spectra of XY-01 at different time intervals

(0-180 s) after addition of ClO⁻. Upon the addition of ClO⁻ to the solution, the

fluorescence intensity increased and reached equilibrium within 1 min. The

fluorescence intensity reached its maximum at a wavelength of 666nm. The time-

dependent fluorescence intensity changes of XY-01 upon addition of ClO⁻ with

different concentration (0, 2 and 20 μM) was demonstrated in Figure 4B.

To further investigate the sensitivity of the probe, we conducted concentration
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titration experiments for probe XY-01. Following the IUPAC-recommended formula:

the limit of detection (LOD) = 3σ_blank/slope, the LOD of the probe was 3.39 µM,

which was suitable for the physiological concentration range of hypochlorite (5-25

µM). Following the IUPAC-recommended formula: the limit of quantification (LOQ)

= 10σ_blank/slope, the LOQ of the probe was 11.30 µM. The LOD and LOQ were

determined using eight calibration points with three technical replicates performed for

each concentration. These results indicated that probes XY-01 could rapidly and

sensitively detect ClO⁻. The fluorescence quantum yield (Φ) was determined using the

relative method. Rhodamine 6G was used as the reference dye, and measurements

were performed in PBS solution (pH = 7.4, 1X) under the same excitation conditions

(499 nm) for both the probe and the reference. The fluorescence quantum yields (Φ)

of XY-01 and XY-01-OH were 0.025 and 0.33, respectively.

Cytotoxic effect of the probe on HCT-116 cells

The cell viability after treatments of HCT-116 cells by the probe was evaluated by the

CCK8 assay. The cytotoxicity of the probe against HCT-116 cells was shown in

Figure 6. For 1h-treated HCT-116 cells, the cell viability for all the treated groups

were all above 95% comparing to the control group. The result of the CCK8 assay

showed that the probe exhibited negligible cytotoxicity toward HCT-116 cells (Figure

5). We also evaluated the cytotoxicity of the probe at 12 and 24 h; cell viability

remained above 95 % at concentrations ≤ 200 µM, indicating its suitability for long-

term live-cell imaging (Figure S6A and Figure S6B).

Fluorescence imaging of ClO⁻ in HCT-116 cells

Considering the low cytotoxicity of the probe XY-01, it was applied to detect

intracellular ClO⁻ in HCT-116 cells. As shown in Figure 6A, HCT-116 cells incubated

only with the probe XY-01 (10 μM) displayed ignorable fluorescence. In contrast,

HCT-116 cells pretreated with ClO⁻ (1 mM) showed a remarkable fluorescence

enhancement (Figure 6B). Fluorescence was markedly enhanced in the agonist group

(Figure 6C), whereas it was scarcely detectable in the antagonist group (Figure 6D).

These results demonstrated that the probe XY-01 could be used for detection of ClO⁻
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in living cells.

Cytotoxic effect of the probe XY-01 on colorectal cancer organoids

PDOs are generated from epithelial cells and reflect the characteristics of related

tissues [36]. They are promising tools for drug screening and predicting patient

response [37]. To further evaluate cytotoxic Effect of the probe XY-01, it was

assessed in patient-derived colorectal cancer organoids, which recapitulate the

heterogeneity and architecture of primary tumors. Three PDO lines were characterized

by immunofluorescence staining of colorectal cancer markers, including CDX2,

CK20, PAN-CK, and Ki-67. The result confirmed these PDO lines had their epithelial

origin and cancer-specific features (Figure 7).

The cytotoxicity of the probe against three colorectal cancer organoids was shown in

Figure 8. For 2h-treated colorectal cancer organoids, the cell viability for all the

treated groups were all above 95% comparing to the control group. The result of the

ATP assay showed that there was minimal cytotoxicity of the probe for colorectal

cancer organoids (Figure 8). We also evaluated the cytotoxicity of the probe at 12 and

24 h; cell viability remained above 95 % at concentrations ≤ 400 µM, indicating its

suitability for long-term live-organoid imaging (Figure S6C and Figure S6D).

Fluorescence imaging of ClO⁻ in colorectal cancer organoids

Considering the low cytotoxicity of the probe XY-01, it was applied to detect

intracellular ClO⁻ in colorectal cancer organoids. As showed in Figure 9, colorectal

cancer organoids incubated only with the probe XY-01 (10 μM) displayed ignorable

fluorescence. In contrast, colorectal cancer organoids pretreated with ClO⁻ (1 mM)

showed a remarkable fluorescence enhancement (Figure 9). Fluorescence in colorectal

cancer organoids was markedly enhanced in the agonist group, whereas it was

scarcely detectable in the antagonist group. These results demonstrated that the probe

XY-01 could be used for detection of ClO⁻ in cancer organoids.

DISCUSSION

Hypochlorite (ClO⁻) mediates complex physiological and pathological functions, and
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its overproduction induces tissue damage, inflammation, and multiple diseases via

oxidizing core biomolecules [1,38,39]. Despite the excellent photophysical properties

of some reported fluorescent probes, the majority of these agents for ClO⁻ detection

were limited by poor water solubility and thus cannot be applied in living cell.

In this work, we synthesized a fast hypochlorite-responsive A-D-A type fluorescent

probe XY-01 for the highly selective and sensitive detection of ClO⁻ in biological

systems. This probe relied on structure-responsive optical changes and exhibited a

prominent fluorescence turn-on response toward ClO⁻. The probe exhibited good

selectivity toward ClO⁻ over the tested anions and ROS, though it should be noted

that the influence of HOBr and ONOO⁻ on the probe was not examined in the present

study. Upon the addition of ClO⁻ to the solution, the probe exhibited a distinct

response where the fluorescence intensity increased rapidly and reached equilibrium

within 1 min.

With low cytotoxicity, the probe XY-01was applied in imaging ClO⁻ distribution in

HCT-116 cells and colorectal cancer organoids in real time. Notably, these PDOs have

demonstrated their capacity to accurately replicate tissue functions and structures in

vivo, including the mimetic properties of organoids [40,41]. Specifically, the extent to

which they replicate the physiological and pathological characteristics of native

human tissues is crucial for ensuring their reliability and relevance in preclinical

studies [42,43]. Therefore, the novel designed fluorescent probe XY-01 held the

potential to detect the ClO⁻ levels in living organisms. The probe’s inherent

characteristics of long-term applicability and low cytotoxicity highlight its remarkable

potential for live-cell and live-organoid imaging applications. Cytotoxicity assays at

12 h and 24 h demonstrated that cell viability remained above 95% at concentrations

≤ 200 μM for live-cell imaging and up to 400 μM for live-organoid imaging,

confirming its favorable biocompatibility profile. Low-dose compatibility minimizes

cellular perturbation in single-cell models, while high-dose tolerance ensures

sufficient tissue penetration and stable signal acquisition in three-dimensional

organoid systems. Notably, such properties enable the probe to bridge the gap

between conventional cellular imaging and advanced organoid-based studies that
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recapitulate in vivo microenvironments. Collectively, these traits lay a solid

foundation for the probe’s future utilization in long-term dynamic tracking of

biological processes across cellular and organoid models.

However, limitations of the present study include the absence of evidence that the

observed fluorescence originates from endogenously generated ClO⁻, as neither HCT-

116 cells nor PDOs were characterized for myeloperoxidase expression or activity.

Additionally, the lack of whole-animal validation leaves the performance of the probe

XY-01 in intact physiological or pathological environments untested. Longer-term

photostability assays haven’t be conducted in the present study to validate the

performance of the probe.

CONCLUSION

In this study, we successfully designed and synthesized a novel A-D-A type

fluorescent probe XY-01, for the highly selective and sensitive detection of ClO⁻ in

biological systems. XY-01 featured a thioformyl group (-C=S) that acted as both the

reactive moiety and the core unit disrupting ground-state ICT. The results

demonstrated that probe XY-01 could rapidly respond to ClO⁻ within biologically

relevant concentration ranges, with 666 nm fluorescence plateauing within 1 min, and

it also had excellent selectivity and low detection limits. Mechanistically, XY-01

reacts with ClO⁻ to form XY-01-OH, enabling effective ClO⁻ quantification in

biological matrices. Further investigations revealed that the probes XY-01 hold great

potential for imaging ClO⁻ in living cells and organoids. Notably, under the

experimental conditions used in this study, XY-01 also demonstrated adequate

photostability to support endpoint imaging. In summary, we provided a novel

designed molecular fluorescent probe for optical sensing and imaging of ClO⁻ within

living cells and organoids, with the characteristic features of simple operation, low

toxicity, appreciable sensitivity, high selectivity and the adaptability with

physiological conditions, offering strong technical support for early disease diagnosis

and prevention in the biomedical field.
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FIGURESWITH LEGENDS

Scheme 1. Proposed reaction mechanism of probe XY-01 with ClO⁻. The

interaction of XY-01 with ClO⁻ results in the formation of the oxidized product XY-

01-OH, thereby transitioning the probe from a fluorescence OFF state to a

fluorescence ON state.

Scheme 2. Synthesis route of probe XY-01. The synthesis of XY-01 is illustrated

through intermediates 1–3, which were produced following established protocols in

the literature [31–32]. The structure of the final probe, XY-01, was validated using 1H

NMR, 13C NMR, and high-resolution mass spectrometry (HRMS).
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Scheme 3. Reaction mechanism of probe XY-01. The chloride ion (ClO⁻) oxidizes

the thioformyl group in XY-01, yielding the corresponding carbonyl product (XY-01-

OH). This reaction restores intramolecular charge transfer (ICT) and generates a

fluorescence turn-on response, accompanied by an approximately 167 nm redshift in

both absorption and emission.
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Figure 1. pH-dependent fluorescence response of XY-01 toward hypochlorite in

10 mM PBS. (A) Fluorescence emission spectra of XY-01 (10.0 µM) in the presence

of ClO⁻ (1.0 mM) recorded at different pH values (3.0–7.9). (B) Fluorescence

intensity at 666 nm (I₆₆₆) of XY-01 alone and XY-01 + ClO⁻ as a function of pH (3.0–

8.0), showing a gradual increase in signal at higher pH attributed to deprotonation of

the phenolic hydroxyl group of XY-01-OH. Abbreviations: PBS: Phosphate-buffered

saline; ClO⁻: Hypochlorite; I₆₆₆: Fluorescence intensity at 666 nm.

Figure 2. UV–Vis and fluorescence response of XY-01 to hypochlorite in PBS

(pH 7.4, 1×). (A) Absorption spectra of XY-01 (10.0 µM) before (black) and after

addition of ClO⁻ (1.0 mM, red), showing attenuation of the 342 nm band and

appearance of a new absorption band at 499 nm (consistent with ICT restoration). (B)

Fluorescence emission spectra of XY-01 (10.0 µM) without (black) and with ClO⁻

(1.0 mM, red) recorded at λex = 499 nm (slit 5/5 nm), giving a strong turn-on emission
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at ~666 nm (Stokes shift ~167 nm). Abbreviations: PBS: Phosphate-buffered saline;

ClO⁻: Hypochlorite; UV–Vis: Ultraviolet–visible; ICT: Intramolecular charge transfer.

Figure 3. Selectivity of probe XY-01 toward hypochlorite. (A) Fluorescence

emission spectra of XY-01 (10.0 µM) after incubation with ClO⁻ or other tested

ions/ROS (each 1.0 mM) for 90 min at room temperature (λex = 499 nm), showing a

pronounced turn-on signal only in the presence of ClO⁻ (λem ≈ 666 nm). (B)

Corresponding fluorescence intensities at 666 nm for XY-01 with different analytes

(1–14): ClO⁻, S₂O₃²⁻, SO₄²⁻, Br⁻, Cl⁻, Mg²⁺, SO₃²⁻, HSO₃⁻, Cu²⁺, CH₃COO⁻, CO₃²⁻, K⁺,

OH⁻, H₂O₂. Abbreviations: ClO⁻: Hypochlorite; ROS: Reactive oxygen species; λex:

Excitation wavelength; λem: Emission wavelength.

Figure 4. Response kinetics of XY-01 toward hypochlorite. (A) Time-resolved

fluorescence emission spectra of XY-01 recorded from 0 to 180 s after addition of

ClO⁻, showing a rapid signal increase with the emission maximum at 666 nm and
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equilibration within ~1 min. (B) Time-dependent fluorescence intensity changes of

XY-01 upon treatment with different ClO⁻ concentrations (0, 2, and 20 µM).

Figure 5. Cytotoxicity evaluation of XY-01 in HCT-116 cells. Cell viability after 1

h incubation with increasing concentrations of XY-01, determined by the CCK-8

assay; all treated groups maintained >95% viability relative to the untreated control.

Abbreviations: CCK-8: Cell Counting Kit-8; HCT-116: human colorectal carcinoma

cell line.
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Figure 6. Confocal fluorescence imaging of intracellular hypochlorite in HCT-

116 cells using probe XY-01. (A) Representative confocal images showing the XY-

01 channel (Probe), nuclear staining (DAPI), and merged images for four conditions:

cells incubated with XY-01 alone (10 µM, 30 min), cells pretreated with HOCl (1

mM, 30 min) followed by XY-01 staining, agonist-stimulated cells (LPS, 1.0 µg/mL,
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12 h; then PMA, 1.0 µg/mL, 1 h) followed by XY-01 staining, and antagonist-treated

cells (ABAH, 200 µM, 3 h) prior to LPS/PMA stimulation and XY-01 staining. Scale

bar: 20 µm. Imaging settings: laser lines 405 nm/465 nm; detector HyD S1/HyD S2;

pinhole 77.2 µm; gain 6.8/2.5; dwell time 1.575 µs. (B) Quantification of mean

fluorescence intensity for each group (*P < 0.05, **P < 0.01, ***P < 0.001).

Abbreviations: ABAH: 4-aminobenzoic acid hydrazide; DAPI: 4′,6-diamidino-2-

phenylindole; HCT-116: human colorectal carcinoma cell line; HOCl: hypochlorous

acid; HyD: hybrid detector; LPS: lipopolysaccharide; PMA: phorbol 12-myristate 13-

acetate.
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Figure 7. Confocal microscopy images for the identification of colorectal cancer

organoids. Antibodies targeting CDX2 (intestinal epithelial cell marker), CK20

(intestinal epithelial cell marker), PAN-CK (epithelial cell marker), and Ki-67 (cell

proliferation marker) were utilized. DAPI was employed to stain the nuclei. Scale bar:

100 μm; Laser wavelengths: 405 nm/488 nm; Detectors: HyD S1/HyD S2; Pinhole

diameter: 53.1 μm; Gain settings: 21.4/2.5; Dwell time: 1.575 μs. Abbreviations:
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CDX2: Caudal type homeobox 2; CK20: Cytokeratin 20; PAN-CK: Pan-cytokeratin;

Ki-67: Ki-67 proliferation-associated nuclear antigen; DAPI: 4′,6-diamidino-2-

phenylindole; HyD: Hybrid detector.

Figure 8. Cytotoxicity assessment of XY-01 in colorectal cancer organoids.

Organoid viability after 2 h exposure to increasing concentrations of XY-01,

measured by an ATP-based assay; all treated groups maintained >95% viability

relative to the untreated control, indicating minimal cytotoxicity under the

experimental conditions.
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Figure 9. Confocal fluorescence imaging of intracellular hypochlorite in

colorectal cancer organoids using probe XY-01. (A) Representative confocal

images showing the XY-01 channel (Probe), nuclear staining (DAPI), and merged

images under four conditions: organoids incubated with XY-01 alone (10 µM;
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negligible fluorescence), organoids pretreated with HOCl (1 mM) followed by XY-01

staining (enhanced fluorescence), agonist-stimulated organoids (LPS + PMA)

followed by XY-01 staining (marked fluorescence increase), and antagonist-treated

organoids (ABAH + LPS + PMA) followed by XY-01 staining (fluorescence strongly

suppressed). Scale bar: 50 µm. Imaging settings: laser lines 405 nm/465 nm; detector

HyD S1/HyD S2; pinhole 77.2 µm; gain 10.9/2.5; dwell time 1.575 µs. (B)

Quantification of mean fluorescence intensity for each group (*P < 0.05, **P < 0.01,

***P < 0.001). Abbreviations: ABAH: 4-aminobenzoic acid hydrazide; DAPI: 4′,6-

diamidino-2-phenylindole; HyD: hybrid detector; LPS: lipopolysaccharide; PMA:

phorbol 12-myristate 13-acetate.



32

SUPPLEMENTALDATA

Supplemental data are available at the following link:

https://www.bjbms.org/ojs/index.php/bjbms/article/view/13312/4083

https://www.bjbms.org/ojs/index.php/bjbms/article/view/13312/4083

	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	Preparation of the fluorescence probe
	Cell culture
	Analysis of probe toxicity on HCT-116 cells
	Confocal microscope imaging on HCT-116 cells
	Generation and identification of patient-derived o
	Analysis of probe toxicity on colorectal cancer or
	Confocal microscope imaging on colorectal cancer o
	Statistical analysis

	RESULTS
	Preparation of the fluorescence probe
	Photophysical property
	Selectivity experiment
	Response time
	Cytotoxic effect of the probe on HCT-116 cells
	Fluorescence imaging of ClO⁻ in HCT-116 cells
	Cytotoxic effect of the probe XY-01 on colorectal 
	Fluorescence imaging of ClO⁻ in colorectal cancer 

	DISCUSSION 
	CONCLUSION
	REFERENCES
	FIGURES WITH LEGENDS
	SUPPLEMENTAL DATA

