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a b s t r a c t

Aging-related diseases are gradually becoming a major problem with the rapid development of aged pop-

ulation in human society. Although many fluorescent probes have been employed to diagnosis senescence

via imaging senescence-associated β-galactosidase (SA-β-Gal), which is proved to be closely associated

with senescent cells, the similar catalytic effectiveness of enzymatic reaction of ovarian cancer-associated

β-Gal (OA-β-Gal) will interfere with imaging accuracy. Herein, a near-infrared (NIR) hemicyanine based

fluorescent probe HCyXA-βGal was designed for light-up imaging of live cells containing β-Gal. With the

organelle-targeting morpholinyl and positive charge moieties, HCyXA-βGal was successfully applicated to

image the difference of enzymatic location in senescent cells and ovarian cancer cells. Furthermore, in-

spired by the fast response performance, fast and precise imaging of the two cell lines was realized via

covering another dimension of fluorescence signal: time-dependent intensity.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Accurate early diagnosis of pathological processes is of great

significance in improving therapeutic effect [1]. Biomarkers are the

special signaling molecule for identifying diseases, which are pro-

duced and released from cells during pathological processes [2].

Hence, monitoring the abnormal content and activity of biomark-

ers is crucial for diagnosis and therapy. Among various of biomark-

ers, enzymes possess the abilities to catalyze a certain type of re-

actions, making them the ideal targets with specificity and sensi-

bility [3]. β-Galactosidase (β-Gal) is a glycoside hydrolase enzyme

that catalyses the hydrolysis of β-galactosides into monosaccha-

rides [4,5]. In recent years, senescence-associated β-Gal (SA-β-Gal)

has attracted considerable attentions in many researches as a sig-

nificant biomarker overexpressed in senescent cells [6,7]. The pro-

gressive accumulation of senescent cells, once present in sufficient

amounts, may actively drive the tissues to be at risk of aging-

related diseases, including Alzheimer disease, atherosclerosis, os-

teoarthritis, cancer, idiopathic pulmonary fibrosis and chronic ob-

structive pulmonary disease (COPD) [6,8]. Therefore, it is of great

value to develop a fast and accurate method for detection of SA-
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β-Gal activity, desired for understanding and improving preventive

interventions for age-related diseases.

Many traditional detection technologies, such as magnetic res-

onance imaging (MRI), positron emission tomography (PET) and

computed tomography (CT), are constrained by the drawbacks of

long scanning and post-processing time [9–11]. By contrast, fluo-

rescent probes have received much attention to be a powerful ap-

proach for tracing various analytes, taking advantages of high sen-

sitivity, low cost and real-time detection [12–14]. Several fluores-

cent probes have been successfully applied for the visualization of

SA-β-Gal with fast response and improved precision in vitro and

in vivo based on the enzymatic catalytic reaction [15–19]. In addi-

tion, ovarian cancer-associated β-Gal (OA-β-Gal) shows the similar

catalytic effectiveness of enzymatic reaction comparing with SA-β-

Gal and was one of the important biomarkers for ovarian cancer

[20–24]. Therefore, the design of fluorescent probes for β-Gal will

help researchers diagnose not only cell senescence but also ovar-

ian cancer. Recently, Guo et al. [25] reported a two-dimensional

fluorescent probe for the precise tracking of cell senescence and

ovarian cancer cells by monitoring β-Gal and lysosomal pH simul-

taneously. This elegant probe achieved precise imaging of senes-

cent cells relying on the unique de-acidification feature of lyso-

somes in senescent cells. Our group [26] developed a photochromic

fluorescent probe for precise imaging of senescent cells and ovar-
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Scheme 1. Design and performing mechanism of probe HCyXA-βGal for precise

imaging of senescent cells and ovarian cancer cells via fast imaging of β-Gal.

ian cancer cells by introducing two dimensions of fluorescence

signals for β-Gal: fluorescence-ON and fluorescence-blinking. This

blinking probe successfully reached a much improved resolution of

ca. 80nm to differentiate the enzymatic distributions in senescent

cells (lysosome located) and ovarian cancer cells (random in cy-

toplasm and organelles), by using stochastic optical reconstruction

microscopy (STORM).

Despite the progress in the multi-dimensional imaging of cell

senescence, the majority of probe systems developed require more

than one channel or costly high resolution imaging science exper-

iment (HIRISE), which are inconvenient and time-consuming. As a

result, the development of economical fluorescent probe with easy

operation is still a challenging task. Herein, we report a light-up

near-infrared (NIR) fluorescent probe HCyXA-βGal for fast and pre-

cise imaging of senescent cells and ovarian cancer cells via track-

ing β-Gal. The organelle-targeted ability of probe achieved fluo-

rescence imaging difference of enzymatic location in the two cell

lines containing β-Gal. The property of rapid response enlight-

ened us to delve into more precise imaging of live cells contain-

ing β-Gal via covering another dimension of fluorescence signal:

time-dependent intensity (Scheme 1). Considering the different lo-

cation of β-Gal in senescent cells and ovarian cancer cells, the

probe is equipped with the lysosome-targeting morpholinyl group

and mitochondria-targeting positive charge hemicyanine moiety.

Based on the enzymatic catalytic reaction, β-galactoside is intro-

duced at the site of hydroxyl to quench the fluorescence through

blocking intramolecular charge transfer (ICT). HCyXA-βGal exhibits
weak fluorescence in the initial state, while emits bright NIR flu-

orescence after incubation with β-Gal in solution, with fast re-

sponse speed. Through its fast response speed that would dra-

matically shorten imaging time, the diffusion problem of enzyme-

activated fluorophores from points of interest (POI) could be al-

leviated [27,28]. In addition, the NIR emission properties and

organelle-targeting ability of HCyXA-βGal also facilitate the real-

ization of precise imaging in targeted cells by reducing biological

auto-fluorescence and improving capability of localization. Com-

bining the advantages mentioned above, HCyXA-βGal has great

potential to achieve precise imaging of senescent cells and ovar-

ian cancer cells via fast time-lapse imaging to observe enzymatic

location status and time-dependent intensity of β-Gal.

HCyXA-βGal was synthesized by Knoevenagel condensation re-

action between 2,3,3-trimethyl-3H-indole-functionalized morphine

and xanthene derivative that was modified with an acetyl-

protected β-galactose group on the phenol unit. The subsequent

Fig. 1. Spectral profiles of HCyXA-βGal incubated with β-Gal in mixed solution

(PBS/DMSO=9:1, v/v, PBS 10mmol/L, pH 7.4, 37 °C). (A) UV−vis absorption spec-

tra and (B) Emission spectra of HCyXA-βGal (10 μmol/L) before and after incu-

bation with different concentrations of β-Gal (0−5U/mL) for 2min. Inset: images

before and after treatment with β-Gal. (C) Time dependence of emission intensity

at 710nm for HCyXA-βGal (10 μmol/L) after incubation with β-Gal (10U/mL). (D)

Emission intensity of at 710nm of HCyXA-βGal (10 μmol/L) upon addition of var-

ious species: esterase (10U/mL), cellulase (10U/mL), lysozyme (10U/mL), ATP (100

μmol/L), Cys (100 μmol/L), β-Gal (10U/mL), GSH (100 μmol/L), HCy (100 μmol/L),

Tyr (100 μmol/L), Trp (100 μmol/L), H2O2 (100 μmol/L), ClO− (100 μmol/L) incuba-

tion with 20min. All emissions were produced upon excitation at 680nm.

deprotection of the acetate groups afforded the final product

HCyXA-βGal (Scheme S1 in Supporting information). In addition,

HCyXA was synthesized (Scheme S1) for use as a control com-

pound in subsequent experiments. With the probe HCyXA-βGal in
hand, the optical response of probe (10 μmol/L) toward β-Gal was

first measured in a mixture of phosphate-buffered saline/dimethyl

sulfoxide (PBS/DMSO; v/v=9:1) in the presence of different con-

centrations of β-Gal. Upon treatment of β-Gal (0−5U/mL) for

2min, the absorbance at 600nm decreased obviously and a new

peak at 685nm appeared, along with the color changed from blue

to cyan (Fig. 1A). Meanwhile, the probe HCyXA-βGal showed a

strong emission peak enhanced at 710nm when excited at 680nm

(Fig. 1B), with a good linear relationship between fluorescent sig-

nals of HCyXA-βGal and β-Gal (0−5U/mL, correlation coefficient

of R2 =0.99822; Fig. S1A in Supporting information). The limit of

detection (LOD) was calculated to be 0.012U/mL, which is compa-

rable to relevant small fluorescent probe reported in the literatures

[24,25,29].

To our delight, fluorescence enhanced very quickly in the ini-

tial 120 s when HCyXA-βGal (10 μmol/L) was incubated with β-Gal

(10U/mL), and reached a maximum platform at 250 s (Fig. 1C, Figs.

S1B and C in Supporting information). This response speed sur-

passed most of those reported probes for β-Gal (Table S1 in Sup-

porting information), such as DCM-βGal (35min), KSA01 (13min),

CG (15min) and Gal-Pro (10min) [23,25,29,30]. The steady-state

kinetics of the enzymatic hydrolysis reaction was determined us-

ing fluorescence spectroscopy (Fig. S1D in Supporting information).

By fitting curve using Michaelis-Menten equation, the Km, Vmax,

kcat and kcat/Km of reaction were calculated to be 68.37 μmol/L,

32.21nmol L−1 s−1, 104.59 s−1 and 1.53 L μmol−1 s−1, respec-

tively, indicating the high catalytic efficiency of HCyXA-βGal to

β-Gal. To demonstrate its applicability in bioimaging applications,

the selectivity of HCyXA-βGal towards β-Gal was also studied. As

shown in Fig. 1D, HCyXA-βGal exhibited high substrate specificity
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Fig. 2. Confocal images of HeLa cells, SKOV-3 cells, normal WI-38 cells and

senescent WI-38 cells incubated with HCyXA-βGal (10 μmol/L) for 30min.

Ex/Em=647/650−730nm.

for β-Gal over common intracellular metabolites and other glycosi-

dases. Considering the destructive effect of SA-β-Gal related lyso-

somal acidic environment [31,32], the stability of HCyXA-βGal and
HCyXA were explored in different pH (Fig. S2 in Supporting infor-

mation) and all showed good consistency for over 60min. Further-

more, high resolution mass spectrometry (HRMS) verified that the

changes in photophysical properties were induced by the β-Gal-

mediated cleavage of HCyXA-βGal to HCyXA (Fig. S3 in Supporting

information).

Motivated by the excellent responsive performance in the as-

pect of speed, selectivity and stability, HCyXA-βGal was then used

for fluorescence imaging of endogenous β-Gal in living cells. As

shown in Fig. 2, senescent WI-38 cells exhibited obviously en-

hanced fluorescence in the red channel while the fluorescent sig-

nal was barely observed for normal WI-38 cells after incubation

with HCyXA-βGal (10 μmol/L) for 30min. The significantly elon-

gated cellular morphology and a commercial X-Gal staining as-

say were used to confirm that the increase of fluorescence in red

channel was the result of SA-β-Gal expression (Fig. S4 in Support-

ing information). Similarly, OA-β-Gal in SKOV-3 (Fig. 2) also trig-

gered the enhancement of the red channel. In contrast, no flu-

orescence was detected in HeLa cells where β-Gal expression is

absent. The results above proved that the designed HCyXA-βGal
has the capability of selective imaging for β-Gal in senescent

cells and ovarian cancer cells, respectively. Subsequent cytotoxic-

ity experiments indicated that the HCyXA-βGal is biocompatible

and suitable for long term imaging studies (Fig. S5 in Supporting

information).

Co-localization experiments were performed next to examine

the organelle-targeting ability of probe HCyXA-βGal. As shown in

Fig. 3, senescent WI-38 cells were incubated with commercially

available organelle dyes (lysosome-targeting LysoTracker Green

DND-26 and mitochondria-targeting MitoTracker Green FM) and

then co-stained with HCyXA-βGal for 30min. The Pearson’s co-

localization coefficients (R2) were calculated to be 0.91 and 0.71 af-

ter overlapping the red channel from HCyXA-βGal with the green

channel from LysoTracker Green DND-26 and MitoTracker Green

FM, which demonstrated the SA-β-gal activity mainly occurred

in the lysosomal compartments. As for the co-localization exper-

iments of SKOV-3 cells (Fig. 3), the two values were 0.78 and 0.90,

respectively, in accordance with the different location of OA-β-Gal

[33]. These results demonstrate that HCyXA-βGal can specifically

light-up by lysosomal SA-β-gal in senescent cells and mitochon-

drial OA-β-gal in SKOV-3 cells, while the poorer co-localization

and weaker fluorescence intensity were evident in the absence

of lysosome-targeting morpholinyl group [24,30]. The fluorescence

imaging difference of enzymatic locations provides potential ba-

sis for differentiating senescent cells and ovarian cancer cells. It

should be noted that the indistinctive difference between two co-

localization coefficients of organelles may be caused by the diffu-

Fig. 3. Co-localization imaging of senescent WI-38 cells and SKOV-3 cells.

The cells were incubated LysoTracker Green DND-26 or MitoTracker Green FM

for 10min and then incubated with HCyXA-βGal for 30min. Green channel:

Ex/Em=488/500−550nm. Red channel: Ex/Em=647/650−730nm.

Fig. 4. Fast confocal fluorescence images and average normalized intensity of

senescent WI-38 cells and SKOV-3 cells incubated with HCyXA-βGal at different

time points. Red channel: Ex/Em=647/650–730nm.

sion of enzyme-activated fluorophores from POI in long incubation

and imaging time.

Inspired by the fast-response performance of HCyXA-βGal to-

wards β-Gal, the fast imaging experiments were designed for more

precise identification of senescent cells and ovarian cancer cells.

As shown in Fig. 4, real-time monitoring of β-Gal inside senes-

cent WI-38 cells and SKOV-3 cells was carried out. The time-lapse

images indicated that once HCyXA-βGal was incubated with cells,

NIR fluorescence can be observed within 1min and enhanced grad-

ually with the increased incubation time (Video S1 in Support-

ing information). Interestingly, after the data processing through

Image J software, we found the fluorescence intensity in senes-

cent WI-38 cells was dramatically stronger than that in SKOV-3

cells. As a contrast, the long-time incubation and imaging exper-

iments like Fig. 2 exhibited no discernible difference in the bright-

ness of fluorescence during the imaging of senescent and ovarian

cancer cells. This phenomenon indicated that the signal of time-

dependent fluorescent intensity has the potential to be another di-

mension to differentiate senescent cells and ovarian cancer cells.

Furthermore, dynamic monitoring Pearson’s co-localization coeffi-
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cients within a short time was examined to image senescent cells.

As shown in Fig. S6 (Supporting information), the rapid and contin-

uous increase of R2 was observed in senescent WI-38 cells. Facili-

tated by the lysosome-targeting ability, the value of R2 for senes-

cent WI-38 cells rapidly reached 0.85 in five minutes. The results

declared that imaging of senescent cells with probe HCyXA-βGal
via tracking β-galactosidase is fast and accurate.

To conclude, we have reported a light-up NIR fluorescent probe

HCyXA-βGal with bright NIR fluorescence response at short no-

tice once incubated with cells containing β-Gal. By integrating

the merits of organelle targetability and fast imaging capability,

our probe design would find itself an effective tool and more ac-

cessible to cell differentiation between senescent cells and ovar-

ian cancer cells via covering two dimensions of fluorescence sig-

nals: enzymatic location and time-dependent intensity. This can

be a powerful complement to current state-of-the-art fluorescent

probes of precise imaging in complex physiological conditions as

well as early diagnosis.
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