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a b s t r a c t

Elevated level of hypochlorous acid (HClO) is closely associated with cancer development. Identifying

HClO level in cancer cells would provide important evidence in either early-stage cancer diagnostics or

monitoring of its treatment efficiency. In this work, a new pyronine-based fluorescent probe for rapid

and sensitive detection of HClO was developed by condensing meso–formyl pyronine (PyCHO) with 2-

hydrazinopyridine to form meso–pyridylhydrazone-functionalized pyronine PyHP, PyHP is nonfluorescent

due to the excited-state C=N isomerization nonradiative decay, whereas the HClO-triggered formation

of meso–triazolopyridyl pyronine PyTP abolishes the C=N isomerization and thus greatly enhances the

fluorescence. With the probe, the cancer cells/tumor were distinguished with high-contrast from normal

ones by laser confocal fluorescence imaging, and the tumor-to-normal (T/N) ratios obtained exceed the

clinically acceptable threshold of 2.0. Moreover, its capability of in vivo imaging tumor was also demon-

strated. These results indicate the potential of PyHP as an effective tool in the early clinical diagnosis of

cancers.

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

Medica, Chinese Academy of Medical Sciences.

Cancer has been a severe threat to human health, and millions

die of cancer yearly [1,2]. According to the evaluation of the World

Health Organization, by 2035, there will be 24 million new cancer

cases and 14.5 million cancer-related deaths, out of which approx-

imately 30% could hold the chance if the cancers could be diag-

nosed earlier [3]. However, owing to the lack of specificity and sen-

sitivity of current techniques, accurate diagnosis can be achieved

only in the middle or late stage of the tumor [4]. Most patients

with cancer, including breast, stomach, ovarian, colonic, and so

forth, are already at the late stages of disease when diagnosed

[5,6]. As a result, patients often miss the optimal treatment win-

dow, which also is one of the leading causes of high death rates. In

addition, studies demonstrated that the five-year survival rate for

many early-stage cancers is above 50%, and it falls to below 20%

when cancer cells are metastasized to distant tissue [3,7–9]. Over-

all, it is highly urgent for early detection and diagnosis of cancers,

the key of which lies in the discrimination of cancer cells/tissues

from normal cells/tissues using efficient tools [7,10–13].

Small molecule-based fluorescent techniques, featured with the

advantages of visualization, sensitivity, easy modification, and low
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biological damage [14–18], have shown great potential as noninva-

sive diagnostics tools for diagnosing cancers. The most commonly

used strategy for designing tumor-targeted fluorescent probes has

been the use of chemical conjugation of fluorophores with recog-

nition units that can specifically bind to or react with the over-

expressed cancer biomarkers. Among those biomarkers, reactive

oxygen species (ROS), such as hypochlorous acid (HClO) [19–23],

is gaining increasing attention, given that cancer cells commonly

have the elevated ROS level due to the dysregulated metabolism,

i.e., aerobic glycolysis (Warburg effect) [24,25]. Taking advantage

of this exclusive feature, in recent years, many efforts have been

devoted to discriminating cancer cells from normal ones by ex-

ploiting fluorescent ROS probes [7,26–31]. However, the efficacy

of these probes has been challenged. One possible reason is that

the HClO level between cancer cells and normal cells, although

being higher in the former, is still of little difference, making it

difficult to reach the clinical requirement (tumor-to-normal (T/N)

cell/tissue ratios being more than 2-fold). To solve this problem,

there are two ways for choice: one is to increase the ROS level

in cancer cells, but not in normal cells, through drug stimulation

[11]; the other is to enhance the sensitivity of fluorescent ROS

probes so that the probes can sensitively respond to the minor

differences in ROS levels to realize the distinction between can-
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Scheme 1. Synthesis route of fluorescent probe PyHP (A) and proposed fluores-

cence sensing mechanism of the probe for HClO (B). Red arrow in (B) indicates

C=N isomerization.

Fig. 1. The absorption and emission spectra of PyHP (2 μmol/L) before and after

the reaction with 2 equiv. HClO at room temperature. λex =580nm, slits: 5/5 nm,

voltage: 700V.

cer cells and normal cells. But in any case, designing highly sen-

sitive and selective fluorescent ROS probes is highly desired at

present.

Meso-substituted pyronine, boron dipyrromethene (BODIPY),

and cyanine have been researched and highlighted in recent lit-

eratures [32–37], because the photophysical properties of these

dyes, such as fluorescence off-on switching, Stokes shift, and ab-

sorption and emission wavelengths, can be adjusted by analyte-

triggered changing of meso–substituents [33,34]. On this basis,

we recently introduced an aldehyde functional group at the 9th

position of pyronine fluorophore to achieve meso–formyl pyro-

nine (PyCHO) in a hope that it can serve as a molecular plat-

form to construct fluorescent probes [38]. In this work, a new

pyronine-based fluorescent probe was developed by condensing

PyCHO with 2-hydrazinopyridine to form meso–pyridylhydrazone-

functionalized pyronine PyHP (Scheme 1A). PyHP displayed a great

fluorescence off-on response (200-fold) toward HClO based on the

HClO-triggered formation of meso–triazolopyridyl pyronine PyTP

(Scheme 1B) that abolishes the C=N isomerization-induced fluo-

rescence quenching. The detection limit of the probe for HClO was

determined to be 0.9 nmol/L based on 3σ /k, indicative of its high

sensitivity. This probe has successfully been utilized to distinguish

cancer from normal cells/tissues in vitro and in vivo in terms of

their difference in intracellular basal ROS levels.

With probe PyHP in hand, we first evaluated its photophysi-

cal properties and its ability to sense HClO in phosphate buffered

saline (PBS, 10mmol/L, pH 7.4, containing 0.1% CH3CN). As shown

in Fig. 1, PyHP presented two broad absorption peaks at 500

and 595nm, respectively, and exhibited almost no fluorescence

(Φ f =0.007) upon excitation at 580nm due to the rotation of the

C=N bond [39]. After adding HClO to the PyHP solution, a promi-

nent absorption peak centered at 600nm was observed, accom-

Fig. 2. (A) Fluorescence spectra of PyHP (2 μmol/L) treated with HClO (0−10

μmol/L. (B) The linear relationship between fluorescence intensity of PyHP at

628nm and concentrations of HClO. (C, D) Fluorescence responses of PyHP toward

NaClO and various biologically relevant species, including (1) HClO, (2) ONOO− ,
(3) 1O2, (4) HO• , (5) H2O2, (6) KO2, (7) nitric oxide (NO), (8) NO2

− , (9) cystein

(Cys), (10) homocysteine (Hcy), (11) glutathione (GSH), (12) HS− , (13) l-ascorbic

acid (Vc), (14) dl-dithiothreitol (DTT), (15) Fe3+ , (16) Fe2+ , (17) Cu2+ , (18) Ca2+ , (19)
Mg2+ , (20) Zn2+ , (21) Br− , (22) Cl− , (23) I− , (24) SO3

2− , (25) SO4
2− , and (26) ClO4

− .
Concentrations for (1–2), 4 μmol/L; for (3–7), 20 μmol/L; for (8–26), 200 μmol/L.

λex =580nm; λem =628nm; slits: 5/5 nm; voltage: 700V; T=25 °C.

panied by a strong fluorescence emission at 628nm (Φ f =0.135).

The fluorescence enhancement reaches up to 200-fold, indicating

that the reaction of PyHP and HClO generates highly fluorescent

PyTP [40,41]. The generation of PyTP was further confirmed by
1H-nuclear magnetic resonance (NMR), 13C NMR, and high perfor-

mance liquid chromatography-high resolution mass spectroscopy

(HPLC–HRMS) analysis (Figs. S9–S11 in Supporting information),

where the main product produced by the reaction of PyHP and

HClO could be classified as PyTP (m/z=440.2444, calculated value

440.2445, Fig. S11). It is worth noting that the reaction of PyHP

and HClO could be completed in less than 15 s, indicative of the

rapid sensing ability of the probe for HClO (Fig. S1 in Supporting

information).

Subsequently, we performed the fluorescence titration assay. As

shown in Fig. 2A, after adding 0−5 equiv. HClO to the PyHP so-

lution, the fluorescence intensity at 628nm gradually increased

and reached saturation at about 2 equiv. And the fluorescence

intensity of PyHP at 628nm has an excellent linear relationship

(R2 =0.9947) with the HClO concentrations in the range of 0−1.4

equiv. (Fig. 2B). Thereby, the detection limit was determined to

be as low as 0.9 nmol/L (3σ /k), indicating the possibility of the

probe to sense a basal level of HClO within cancer cells. Further-

more, to evaluate the selectivity, we tested the fluorescence re-

sponse of PyHP towards various biologically relevant species, in-

cluding various cations, anions, reducing substances, and oxidizing

substances. As expected, except for HClO, other biologically rele-

vant species only trigger minor or negligible fluorescence enhance-

ment at 628nm (Figs. 2C and D, Fig. S2 in Supporting informa-

tion), indicative of the excellent selectivity of PyHP toward HClO.

In addition, the responses of PyHP to HClO at different pH envi-

ronments were also studied, aiming to explore whether PyHP is

also applicable in various physiological environment. In fact, in the

pH range of 4−8, PyHP displayed obvious fluorescence off−on re-

sponse towards HClO (Fig. S3 in Supporting information), indicat-

ing that the probe can be used to image HClO under physiological

pH. Taken together, the above results establish that PyHP has su-

perior sensitivity and selectivity for HClO, thus being promising to

be used to distinguish cancer from normal cells.
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Fig. 3. (A–H) Confocal microscopic images of COS-7 cells pretreated with PyHP

(1 μmol/L) for 20min and then treated with various ROS, including (A) con-

trol, (B) HClO (20 μmol/L), (C) SIN-1 (200 μmol/L), (D) NO (NOC-9: 200 μmol/L),

(E) H2O2 (200 μmol/L), (F) 1O2 (ClO−/H2O2: 20 μmol/L/200 μmol/L), (G) •OH

(Fe2+/H2O2: 100 μmol/L/200 μmol/L, and (H) O2
•− (xanthine/xanthine oxidase: 200

μmol/L/0.01U/mL). (I) Average fluorescence intensity from images of A–H. Results

are statistical analyses of >10 cells, and error bars represent standard deviations.

Emission was collected at 570–670nm (λem =561nm). Scale bar: 20 μm.

Fig. 4. (A) Fluorescence images of RAW264.7 cells under different conditions. (i)

PyHP (1 μmol/L, 10min)-loaded cells; (ii) PyHP-loaded cells treated with 20 μmol/L

of HClO; (ii, iv) cells pretreated with LPS (10μg/mL) for 12h in the absence and

presence ABAH (200 μmol/L), and then treated with PyHP (1 μmol/L) for 10min.

Emission was collected at 570–670nm (λex =561nm). Scale bar: 20 μm. (B) Quan-

tification of the mean fluorescence density of A. Results are statistical analyses of

>10 cells, and error bars represent standard deviations. Scale bar: 20 μm.

To figure out whether the high selectivity of PyHP for HClO ob-

served in PBS is also feasible in the complex cell environment, we

performed the cell imaging assays. As shown in Fig. 3, when nor-

mal COS-7 cells were pretreated with PyHP (1 μmol/L) and then

treated respectively with various ROS, including HClO, ONOO¯, NO,
H2O2,

1O2,
•OH, and O2

•− only the HClO-treated cells produced

strong fluorescence, which is about 4 times stronger than that ob-

served in other groups. These results strongly indicate that PyHP

could selectively image HClO in the complex cell environment. And

note that, the costaining assays revealed that PyHP accumulated

preferentially in lysosomes (Fig. S4 in Supporting information).

Further, we want to know whether PyHP could also be used to

image intracellular endogenous HClO. Thus, the ability of the PyHP

to image exogenous HClO was investigated. A series of images was

captured in RAW264.7 cells incubated with PyHP under different

conditions. As shown in Fig. 4, when RAW264.7 cells were treated

with PyHP, only very weak fluorescence was observed; when the

cells were pretreated with PyHP and then incubated with HClO,

a noticeable fluorescence enhancement was observed; when the

cells were treated with lipopolysaccharides (LPS) [42] to induce

inflammation, and then incubated with PyHP, bright intracellular

fluorescence was also observed, indicating that the probe could

also image endogenous HClO. It is known that endogenous HClO

is generated from hydrogen peroxide and chloride under the catal-

ysis of myeloperoxidase. As expected, when RAW264.7 cells were

pretreated with LPS and 4-aminobenzoic acid hydrazide (ABAH, a

myeloperoxidase inhibitor) [43] and then incubated with PyHP,

the intracellular fluorescence was effectively inhibited due to the

blockage of the HClO production pathway. Taken together, these re-

sults revealed that PyHP could also be used to image intracellular

endogenous HClO.

Encouraged by the above excellent results, we subsequently as-

sessed the potential of PyHP to distinguish cancer cells from nor-

mal ones based on the elevated level of endogenous HClO in can-

cer cells relative to that in normal cells. A variety of normal cells

(BEAS-2B, HUCEC, COS-7) and cancer cells (A549, HepG2, T98G)

were selected for the assays. As shown in Fig. 5, when normal cells

were incubated with PyHP for 10min, only a weak fluorescence

signal was detected, consistent with the low level of HClO in nor-

mal ones; when cancer cells were treated with PyHP under the

same condition, they displayed remarkable fluorescence, approxi-

mately 4-fold stronger than that in normal cells and exceeding the

clinically acceptable threshold of 2.0. The results reveal that PyHP

can be utilized to distinguish cancer cells from normal cells.

Further, we investigated the potential of PyHP to image endoge-

nous HClO in living nude mice using a Bruker In vivo FX Pro-small

animal optical imaging system with an excitation filter at 590nm

and an emission filter at 700nm. As shown in Fig. S5 (Supporting

information), when the mouse was intraperitoneally (i.p.) injected

with PyHP, almost no fluorescence signal was observed; when the

mouse was i.p. injected with LPS (2mg/mL, 100 μL) for 4h to in-

duce inflammation, followed by i.p. injection of PyHP, an obvious

fluorescence signal was observed in the abdominal region, indi-

cating that PyHP could image endogenous HClO in the inflamed

mouse model. All the animal experiments were carried out in ac-

cordance with the relevant laws and guidelines issued by the Ethi-

cal Committee of Shanxi University and the studies were approved

by Ethical Committee of Shanxi University.

Encouraged by the above results, we finally appraised the ca-

pacity of PyHP in lighting up tumor from mouse models. As shown

in Fig. 6, when PyHP (1mmol/L) was injected into mouse through

tail vein, apparent fluorescence was observed at the tumor site

after 20h (Fig. 6A), indicating that PyHP could light up tumor.

Then, by dissecting the tumor-bearing mice and imaging heart,

liver, spleen, lung, kidney, and tumor, it was found that these or-

gans, except for tumor, only displayed negligible fluorescence; in

sharp contrast, tumor presented bright fluorescence (Fig. 6B). The

results suggested that PyHP could selectively image tumors due to

the overexpressed HClO. Therefore, PyHP is promising to serve as

a detection tool to assist in tumor resection in a clinical setting.

In summary, by condensing PyCHO with 2-hydrazinopyridine,

a meso–pyridylhydrazone-functionalized pyronine PyHP as a flu-

orescent probe for HClO was facilely achieved. The probe could

highly selectively sense HClO based on the HClO-triggered gen-

eration of meso–triazolopyridyl pyronine PyTP that abolishes the

C=N isomerization-induced fluorescence quenching and greatly

enhances the fluorescence. The excellent sensing performance of

the probe for HClO is reflected by large fluorescence off−on re-

sponse (>200-fold), short response time (<15 s), high selectivity,

and low detection limit (0.9 nmol/L). Based on the elevated level

of HClO in cancer cells or tumors, the probe has been success-

fully utilized to distinguish cancer cells/tumors from normal ones

with high T/N ratios of more than 4. The future research work

would concentrate on red-shifting the excitation/emission wave-

lengths of this type of probe by employing silicon-pyronine or

phospha-pyronine for long-term and deep imaging of HClO.
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Fig. 5. (A) Fluorescence images of normal BEAS-2B, HUCEC, and COS-7 cells and cancerous A549, HepG2, and T98G cells, all of which were treated with PyHP (1 μmol/L)

for 10min., Emission was collected at 570−670nm (λex =561nm). (B) Average fluorescence intensity from images of A. Scale bar: 50 μm.

Fig. 6. (A) Fluorescence imaging of HeLa tumor-bearing mice 20h after injection of PyHP (1mmol/L) via tail vein. (i) Bright field; (ii) fluorescence field; (iii) superposition

of bright field and fluorescence field. (B) Images of the anatomical organs of mice injected with the probe (from left to right): heart, liver, spleen, lung, kidney, and tumor.

(i) Bright field; (ii) fluorescence field; (iii) superposition of bright field and fluorescence field. An excitation filter of 590nm and an emission filter of 700nm were used.
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