-
®E chemosensors

Article

An Activatable Fluorescence/Photoacoustic Bimodal Probe for
the Detection of Drug-Induced Liver Senescence

Ying-Hong Yan, Jun-Liang Zhou, Li-Li Ren, Ping-Zhao Liang, Wen Zhang, Tian-Bing Ren

and Xiao-Bing Zhang *

check for

updates
Received: 20 December 2024
Revised: 10 February 2025
Accepted: 14 February 2025
Published: 17 February 2025

Citation: Yan, Y.-H.; Zhou, J.-L.;
Ren, L.-L,; Liang, P-Z.; Zhang, W.;
Ren, T.-B.; Yuan, L.; Yin, X.;

Zhang, X.-B. An Activatable
Fluorescence/Photoacoustic Bimodal
Probe for the Detection of
Drug-Induced Liver Senescence.
Chemosensors 2025, 13, 74.
https://doi.org/10.3390/
chemosensors13020074

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Lin Yuan ¥, Xia Yin *

College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China;
yanyinghong0728@hnu.edu.cn (Y.-H.Y.); zjl1046@hnu.edu.cn (J.-L.Z.); llren@hnu.edu.cn (L.-L.R.);
Ipingzhao98@hnu.edu.cn (P-Z.L.); wenzhang0133@hnu.edu.cn (W.Z.); rentianbing@hnu.edu.cn (T.-B.R.);
lyuan@hnu.edu.cn (L.Y.)

* Correspondence: yinxia@hnu.edu.cn (X.Y.); xbzhang@hnu.edu.cn (X.-B.Z.)

Abstract: Senescence is an intricate physiological progression that can be instigated by a
multiplicity of factors. Aberrant cellular senescence is capable of precipitating a substantial
array of diseases. During chemotherapy, drugs typically tend to gradually accumulate
in the liver, thereby inducing liver senescence and leading to a successive deterioration
in its physiological function. [-galactosidase ([3-gal), serving as a significant index in
the exploration of senescence, has attracted considerable attention. In this study, a fluo-
rescence/photoacoustic (FL/PA) biomodal probe (Gal-QCS) was developed based on a
hemicyanine fluorophore for the imaging of (3-gal in the process of drug-induced liver
senescence. Gal-QCS demonstrates rapid responsiveness, high sensitivity, and remarkable
selectivity in detecting (3-gal in aqueous solutions. After incubation with (3-gal, the fluores-
cence signal at 810 nm significantly increases, and concurrently, the photoacoustic signal at
775 nm also exhibits a substantial increment. Upon the induction of cell senescence with
camptothecin, Gal-QCS can expeditiously and selectively image senescent cells. Moreover,
after administering this probe to mice with liver senescence, the FL/PA signals in the
livers of senescent mice were enhanced by 10.53-fold and 1.43-fold, respectively. This work
robustly substantiates the potential and application prospects of Gal-QCS in detecting
drug-induced liver senescence, with 3-gal serving as a biomarker.
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1. Introduction

The dynamic balance between cellular senescence and proliferation is the foundation
for maintaining the normal life activities of the organism [1-4]. However, abnormal cellu-
lar senescence is a major risk factor associated with many pathological conditions [5-7].
Chemotherapy, as one of the important strategies for cancer treatment, has been widely
applied in clinical settings [8,9]. However, it has been reported that the accumulation of
chemotherapy drugs within normal organs (particularly the liver) during the metabolic
process can aggravate the senescence and injury of relevant organs [10,11]. This is because
one of the mechanisms of chemotherapeutic drugs is to induce DNA damage within cells,
thereby inhibiting cell proliferation. Such DNA damage will activate the intracellular DNA
damage repair mechanism. Nevertheless, if the damage is too severe and renders the cell
unable to complete effective repair, it will lead to cell cycle arrest and further accelerate
tissue senescence [12,13].

Chemosensors 2025, 13, 74

https:/ /doi.org/10.3390/chemosensors13020074


https://doi.org/10.3390/chemosensors13020074
https://doi.org/10.3390/chemosensors13020074
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0002-5774-8306
https://orcid.org/0000-0002-1015-5319
https://doi.org/10.3390/chemosensors13020074
https://www.mdpi.com/article/10.3390/chemosensors13020074?type=check_update&version=1

Chemosensors 2025, 13, 74

2 of 14

Drug-induced liver senescence can seriously affect the metabolic and detoxification
functions of the liver and accelerate the senescence process of the body. Therefore, early
diagnosis of drug-induced liver senescence is vital for subsequent treatment. Currently, a
variety of biomarkers have been reported to be involved in the cellular senescence process,
such as cyclin-dependent kinase inhibitors (P21 and P53), anti-apoptotic proteins, and
[-galactosidase (3-gal) [14,15]. Among them, (3-gal, as an important biomarker that is
over-expressed in senescent cells, has attracted extensive attention in many studies [16-19].

Near-infrared fluorescence (NIRF) imaging technology has received increasing atten-
tion in the field of in vivo imaging due to its remarkable advantages such as high sensitivity,
low background fluorescence interference, and non-invasive visualization. Fluorescence
imaging technology based on small organic molecule probes has become a powerful tool
for specific and selective imaging of enzyme activity in complex biological systems. Cur-
rently, numerous fluorescence probes for detecting aging have been developed [7,20-23].
Although fluorescence probes with wavelengths in the NIR region have a better imaging
signal-to-noise ratio and less light damage, they are still limited by the in vivo penetration
depth (<1 mm). Due to its limited penetration depth, it is restricted in clinical applications.
In contrast, photoacoustic (PA) imaging can overcome light scattering by detecting the
acoustic signals from the thermal expansion of excited contrast agents. It combines high-
contrast optical imaging with the high spatial resolution of ultrasound, breaking through
the depth limitation of pure optical imaging and enabling imaging of deep tissue [24-27].
However, the relatively low sensitivity of photoacoustic imaging poses challenges in ob-
taining clear images of some biological tissues with low absorption and low scattering.
Due to the complementary characteristics of NIRF and PA, the combined use of NIRF
and PA is considered a promising approach. It can not only achieve functional imaging
with high sensitivity and depth but also provide high-resolution structural information
for in vivo research [28-30]. In recent years, there have been some reports on FL/PA dual-
mode imaging probes for detecting 3-gal [31]. However, the vast majority of these studies
concentrate on imaging-based evaluations of tumor treatment outcomes and have yet to
extend this technology to the detection of organ senescence. We aim to develop an FL/PA
dual mode probe that can precisely image the drug-induced liver senescence process. This
development holds great significance for prognosing the liver’s health status following
drug treatment.

Herein, we have designed and synthesized an FL/PA dual-mode probe Gal-QCS,
enabling the visualization detection of drug-induced liver senescence at the in vivo level.
As shown in Figure 1, the probe Gal-QCS adopts hemicyanine dye Bn-QCS as its framework,
with glycosidic bonds connected to the dye via a self-immolative linker. The hydroxyl group
of hemicyanine is locked, thereby inhibiting the intramolecular charge transfer (ICT). The
glycosidic bond is selectively cleaved only in the presence of 3-gal, exposing the hydroxyl
group and restoring the FL/PA signal. The probe Gal-QCS has almost no fluorescence and
photoacoustic signals in its initial state. After being incubated with (3-gal, the fluorescence
signal at 810 nm and the photoacoustic signal at 775 nm gradually recover. Subsequently,
we verified at the cellular level that Gal-QCS can effectively image drug-induced senescent
cells. Finally, through the real-time changes in FL/PA signals, we visually demonstrated
that chemotherapy drugs can induce liver senescence in mice. As expected, the probe
Gal-QCS demonstrated outstanding performance in the detection of 3-gal, characterized by
extremely high selectivity, sensitivity, and a rapid reaction rate. Of particular importance,
this probe has been successfully applied in a drug-induced liver senescence mouse model,
enabling precise detection of (3-gal in vivo. It is firmly believed that the Gal-QCS probe can
serve as an effective tool for monitoring the dynamic changes in organ senescence during
the progression of in vivo pathological processes.



Chemosensors 2025, 13, 74

3o0f14

Drug-induced liver senescence

o | FL(OFF) »* FL(ON) #*
Senescent cell PA (OFF) & PA(ON) &\
[ 4

FL (OFF) FL (OFF) #*
2 PA (OFF) \\ PA (OFF) &\

Normal cell

Senescent Normal
@ 00CH,
GO0

>

4 GIC
FL (OFF) ~#* \© FLoN 4 50
PA (OFF) ® galacs PA(ON) &\ Bn-acs

Figure 1. Schematic illustration of Gal-QCS activated by (3-gal and its application in detecting

senescent cells.

2. Materials and Methods

Materials and instruments. Unless otherwise stated, all reagents were purchased from
commercial suppliers and used without further purification. Solvents used were purified by
standard methods prior to use. Twice-distilled water was used throughout all experiments.
The compounds purchased for the experiment are listed in Table S1. All enzymes and
analytes mentioned were purchased from Sigma-Aldrich. TLC analysis was performed
on silica gel plates and column chromatography was conducted over a silica gel (mesh
200-300), both of which were obtained from Qingdao Ocean Chemicals. Mass spectra
were performed using Matrix Assisted Laser Desorption Ionization Time of Flight Mass
Spectrometry (ultrafle Xtreme). NMR spectra were recorded on a Bruker-400 spectrometer,
using TMS as an internal standard. UV-Visible absorption spectra were acquired via
a Shimadzu UV-2600 UV-VIS-NIR spectrophotometer. Photoluminescent spectra were
recorded at room temperature with a HITACHI F7000 fluorescence spectrophotometer
(1 cm standard quartz cell). The cell fluorescence images were acquired with a Nikon
Alplus confocal microscope (Nikon, Japan); The in vivo (living mice) imaging was carried
out using an IVIS Lumina XR (IS1241N6071) in vivo imaging system; Photoacoustic images
of mice were obtained from MSOT in Vision 256-TF (iThera Medical GmbH, Munich,
Germany). The pH measurements were carried out on a Mettler-Toledo Delta 320 pH meter.
H&E staining images were acquired from Wuhan Servicebio Technology.

Synthesis of probe Gal-QCS. Gal-QCS was synthesized according to Scheme 1. The
details of the synthesis steps are listed in the Supporting Information [32-34]. The NMR
characterization of the synthesized compound can be seen in Figures 512-514.

Preparation of the Cell Imaging Experiment. Hela cells are cultured in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM, Hyclone) supplemented with 10% of fetal
bovine serum (FBS, from BI) and 1% of antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin, from Hyclone) at 37 °C with 5% carbon dioxide. 4T1 cells are cultured
in Roswell Park Memorial Institute 1640 medium (1640, Hyclone) supplemented with
10% of fetal bovine serum (FBS, from BI) and 1% of antibiotics (100 U/mL penicillin
and 100 pg/mL streptomycin, from Hyclone) under the same conditions of 37 °C and
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5% carbon dioxide. When the cell confluence reaches 80%, the cells are carefully harvested
and passaged to maintain their exponential growth state. After completing the cell passage
procedure, we carefully inoculated the cells into confocal dishes. When the cell density
reaches the range of 70 to 80%, subsequent imaging studies can be carried out. The confocal
dish was placed in an incubator. After the cells were washed several times with Dulbecco’s
Phosphate-Buffered Saline (DPBS), they were used for confocal imaging. The cultured Hela
cells were incubated with the drug camptothecin (CPT) for 36 h to induce cell senescence,
and then the probe Gal-QCS was added and incubated for 30 min. The cell senescence was
imaged with a confocal microscope. The excitation wavelength is 640 nm, and the emission
range is 663-738 nm.
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Scheme 1. Synthetic route for the probe Gal-QCS. (a) pyridine, 90 °C, 3 h. (b) MeOH, H,SOy, 90 °C,
8 h. (c) MeCN, DIPEA, 85 °C, 6 h. (d) MeOH, K,CO;3, r.t., 1 h.

Cell Cytotoxicity. The cytotoxicity of Gal-QCS on 4T1 and Hela cells was evaluated by
MTT (Methylthiazolyldiphenyl-tetrazolium bromide) assay. The 4T1 cells and Hela cells
were seeded in a 96-well plate for 24 h. Then, the cells were incubated with Gal-QCS at
various concentrations (0-30 uM) for another 24 h. After that, the solution in each well
was replaced with 200 uL of MTT (0.5 mg/mL). After incubation for 5 h, the supernatant
was aspirated and 200 pL of DMSO was added. The absorbance of the solution at 490 nm
was recorded using a microplate reader. The biocompatibility of the probe was verified by
calculating the cell survival rate.

In Vitro Imaging. All photoacoustic images were analyzed and collected at vari-
ous time points by an In Vision 256-TF imaging system. The testing system utilized a
30% EtOH/PBS buffer. The concentration of the probe Gal-QCS was set at 5 uM, and the
concentration of 3-Gal was 2 U/mL. The test samples were divided into two groups: the
Gal-QCS group and the Gal-QCS + (3-gal group. The test solutions were placed in 300 pL
centrifuge tubes for imaging. During imaging, the centrifuge tubes were placed in a 37 °C
water bath. Data were collected at a 0.3 mm step along the selected area of the centrifuge
tube. When measuring the probe’s response, the centrifuge tubes were pre-incubated at
37 °C for 30 min to ensure a saturated response. Subsequently, they were placed in the
instrument to collect photoacoustic data within the wavelength range of 720 nm to 900 nm.
When testing the kinetics, the imaging wavelength was 775 nm. The centrifuge tubes
were directly placed into the photoacoustic instrument, and then data were collected every
0.5 min to observe the changes in the photoacoustic signals.
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In Vivo Imaging. All animal experiments were carried out in strict accordance with
relevant laws and regulations, and were officially approved by the Institutional Animal
Care and Use Committee of Hunan University (Permit No.: SYXK 2018-0006). The female
BALB/c mice used in the experiments, aged 5-6 weeks, were purchased from Hunan
Anshengmei Pharmaceutical Research Co., Ltd. (Changsha, China). We selected female
BALB/c mice within this age range with the aim of establishing a drug-induced senescence
animal model suitable for in vivo imaging studies. After the mice were purchased, they
were first raised for 1 week. Subsequently, the experimental drug camptothecin (CPT) was
dissolved in a mixed system composed of 10% ethanol and phosphate buffered saline (PBS),
and administered to the mice by gavage in a dose of 6 mg/kg. The dosing frequency was
set at once every 2 days. After a complete 8-day dosing cycle, a senescent mouse model
was successfully established. As a control, the normal mouse group received intragastric
administration of PBS. Before the imaging detection, all mice were required to fast for 12 h.
After that, 100 pL of Gal-QCS solution (a 100 pmol/L PBS solution containing 20% ethanol)
was injected into the mice via the tail vein, and then the imaging operation was carried
out immediately. The fluorescence imaging was carried out using an IVIS Lumina XR
(IS1241N6071) in vivo imaging system, the excitation wavelength for this imaging was
set at 710 nm, and the collection wavelength was 820 nm—-880 nm. Photoacoustic images
of mice were obtained from MSOT in Vision 256-TF (iThera Medical GmbH, Munich,
Germany). The collection wavelength for photoacoustic imaging was 775 nm.

3. Results
3.1. Rational Design of Gal-QCS

In previous studies, our group developed a series of hemicyanine fluorophores using a
hybridization strategy. These dyes have several ideal properties, including easily modifiable
structures, low autofluorescence interference, and excellent stability. They have already
been successfully utilized in deep-tissue fluorescence and photoacoustic imaging. However,
the absorption and emission wavelengths of these dyes are relatively short. Moreover,
our group previously reported that substituting the indole moieties of hemicyanine dye
with a quinoline group can prolong the wavelength of classic hemisalicylic acid dyes and
adjust the FL/PA signal output, which is conducive to the improvement of the FL/PA
bimodal scaffold [33]. From another perspective, the potential aggregation issue of this dye
can be effectively addressed by introducing larger rotational groups with stronger steric
hindrance effects. Therefore, we introduced methyl and benzyl substituents to the quinoline
group and conducted spectral tests in 30% EtOH/PBS. The results indicate that the dye
with a methyl substitution (QCS) shows a strong aggregation phenomenon, whereas the
benzyl group (Bn-QCS) can alleviate this aggregation issue (Figure S1). Based on this,
we used benzylquinoline modified hemicyanine dye (Bn-QCS, ®r = 0.22%) as a scaffold
and connected pyran galactoside as the recognition unit of 3-gal to successfully develop a
FL/PA bimodal probe (Gal-QCS) (Figure 2). To date, a great number of probes based on the
hemicyanine skeleton have been reported, and their response processes rely heavily on the
intramolecular charge transfer (ICT) effect [31]. Therefore, we hypothesize that protecting
the hydroxyl group of Bn-QCS would disrupt the ICT effect, thereby quenching the FL/PA
signals. In the presence of 3-gal, the glycosidic bond undergoes hydrolysis, triggering an
intramolecular self-elimination reaction that releases the hydroxyl group of Bn-QCS. This
process restores the ICT effect, thereby simultaneously activating the FL/PA signals.
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Figure 2. Design strategy of Gal-QCS.

3.2. Spectroscopic Response of Gal-QCS to B-Gal

As shown in Figure 3a, the cage effect of the glycoside group restricts the ICT within
the fluorophore, resulting in an initial absorption peak of Gal-QCS at 620 nm. After
incubating with the 3-gal (2 U/mL) solution (EtOH/PBS = 3:7, v/v, pH 7.4) at 37 °C for
30 min, the absorption peak of Gal-QCS at 620 nm disappeared, and a new absorption
peak appeared at 775 nm. The color of the solution obviously changed from blue to green.
Notably, the color change and bathochromic shift are consistent with the optical properties
of the fluorophore Gal-QCS. Furthermore, the fluorescence intensity at 810 nm and the
photoacoustic intensity at 775 nm of Gal-QCS were initially very weak. After incubation
with 3-gal, the fluorescence intensity at 810 nm and the photoacoustic intensity at 775 nm
were enhanced by 10.6-fold and 10.5-fold, respectively (Figure 3b,c), demonstrating the
excellent FL/PA bimodal response of Gal-QCS to (3-gal. Meanwhile, to ensure consistency
between in cell experiments and in vivo experiments, we also used a 640 nm laser for
excitation and collected spectra in the range of 660 nm to 900 nm (Figure S2). In addition,
to further understand the enzyme kinetics of the probe, the change in the fluorescence
intensity of Gal-QCS over time was measured when it was incubated with (3-gal (2 U/mL).
As shown in Figure 3d, the fluorescence increased rapidly within 5 min and reached a
plateau at 10 min, indicating a rapid response of the probe Gal-QCS to (3-gal. Meanwhile,
we also tested the time-dependent photoacoustic dynamics; as depicted in Figure S3,
the photoacoustic intensity increased rapidly within five minutes, and this is consistent
with the fluorescence enhancement trend. Moreover, the Michaelis-Menten equation
was constructed. The kinetic parameter Michaelis constant (Km) was calculated to be
12.03 umol/L, and the results demonstrated that Gal-QCS has a good affinity for 3-gal.
More importantly, Gal-QCS, which has an excellent affinity for 3-gal, may be an ideal choice
for the rapid detection and high-fidelity imaging of the enzyme in biological scenarios.
According to the spectral results, we speculated that during the reaction with (3-gal, the
original structure of Gal-QCS changed. This transformation is attributed to the specific
hydrolysis of the glycosidic bond by (3-gal, which exposed the hydroxyl group of Bn-QCS,
inducing ICT and activating FL/PA signals.

To further verify the sensing mechanism of the probe Gal-QCS for (3-gal, we used
MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight) mass spectrometry
to detect the reaction between the probe Gal-QCS and 3-gal. We found that when co-
incubating Gal-QCS and (3-gal, the signal at m/z = 880.254 is decreased and the signal at
m/z = 613.217 is enhanced (Figures 54-56), which is highly consistent with the theoretical
simulation of the proposed sensing process. Next, we explored the detection sensitivity of
the probe Gal-QCS to 3-gal by detecting the response of Gal-QCS to various concentrations
of 3-gal. As shown in Figure 4a, within the range of 0-1.6 U/mL, the absorbance of Gal-
QCS at 775 nm gradually increased with rising 3-gal concentrations. At the same time,
its fluorescence intensity at 810 nm also increased (Figure 4b). When the concentration of
-gal is in the range of 0-0.2 U/mL, the fluorescence intensity showed a linear increase
(Figures 4c and S7). The limit of detection (LOD) for Gal-QCS in fluorescence detection



Chemosensors 2025, 13, 74

7 of 14

is 4.3 mU/mL. In addition, we also recorded the photoacoustic intensity of Gal-QCS at
775 nm incubated with different concentrations of (3-gal (0-1.2 U/mL) (Figure 4d). In
the presence of 3-gal, the photoacoustic intensity at 775 nm is significantly enhanced and
exhibited a linear relationship within the range of 0-0.1 U/mL (Figures 4e and S8). The
limit of detection (LOD) for Gal-QCS in photoacoustic detection is 6.7 mU/mL. These
results are consistent with the fluorescence detection findings. In conclusion, Gal-QCS can
be used for sensitive detection of 3-gal in a dual mode of FL/PA imaging.
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Figure 3. Optical response of Gal-QCS (5 uM) to 3-gal. (a) Absorption and (b) fluorescence spectral
changes in Gal-QCS in the presence of 3-gal (2 U/mL). Ex = 760 nm. (c) photoacoustic spectra of
5 uM Gal-QCS with 2 U/mL 3-gal. (d) Time-dependent fluorescence response of Gal-QCS (5 M) to
-gal 2 U/mL).

We further studied the selectivity and pH dependence of Gal-QCS for 3-gal to verify
the detection ability of Gal-QCS for 3-gal in a physiological environment. As shown in
Figure 4f, after incubating Gal-QCS (5 uM) with potentially interfering biological substances
(including cations, reducing anions, reactive oxygen species, amino acids, and enzymes)
for 30 min, only the Gal-QCS solution treated with (3-gal exhibited a 45-fold increase in the
absorption signal at 775 nm. After incubation with other interfering species, the absorption
signal at 775 nm hardly showed a significant increase, indicating the high selectivity of Gal-
QCS for B-gal. In addition, we detected the influence of pH on the response of Gal-QCS. As
shown in Figure S9, the fluorescence of Gal-QCS remained relatively stable within the pH
range of 5.0-8.0 in the absence of (3-gal. In contrast, in the presence of (3-gal, the fluorescence
intensity of Gal-QCS increased within the same pH range; this is also consistent with the
good catalytic activity of 3-gal within this range. These results confirm the pH stability of
Gal-QCS. In conclusion, its excellent selectivity and pH stability prove the feasibility of
Gal-QCS for detecting 3-gal in a physiological environment.
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Figure 4. (a) Absorption and (b) fluorescence spectra of 5 uM Gal-QCS with 0-1.6 U/mL 3-gal for 1 h.
(c) Fluorescence intensity of 5 uM Gal-QCS to 0-1.2 U/mL {3-gal in 810 nm. (d) Photoacoustic intensity
of 5 uM Gal-QCS with 0-1.2 U/mL B-gal for 1 h. (e) Photoacoustic intensity of 5 uM Gal-QCS to
0-1.2 U/mL in 775 nm. (f) Absorbance of Gal-QCS at 775 nm in the presence of various analytes.
(1) H,O, (100 uM), (2) H,S (100 uM), (3) HCIO (100 uM), (4) GSH (1 mM), (5) Hey (100 uM), (6) Cys
(100 uM), (7) LAP (50 U/L), (8) ALP (50 U/L), (9) BChE (50 U/L), (10) NTR (50 U/L), (11) AChE
(50 U/L), (12) Fe?* (500 uM), (13) Mg?* (500 uM), (14) Zn* (500 uM), (15) B-Gal (2 U/mL).

3.3. Fluorescence Imaging of Cells

Based on the detection results of 3-gal by Gal-QCS in vitro, we applied Gal-QCS to
-gal imaging in living cells. Before conducting the cell imaging experiment, we used the
MTT assay to detect the toxicity of Gal-QCS to evaluate its biocompatibility. As shown
in Figure S10, after incubation with different concentrations of Gal-QCS for 24 h, the
viability of Hela cells in all experimental groups was higher than 80%. In addition, after
incubating Gal-QCS in 4T1 cells for 24 h, the cell viability also exceeded 80%, indicating
that Gal-QCS has no obvious cytotoxicity in biological imaging applications and has
good biocompatibility.

Due to the excellent performance of Gal-QCS in response speed, selectivity, and
stability, it is used for the fluorescence imaging of 3-gal in living cells. 4T1 are cells with
positive expression of 3-gal, while Hela are cells with negative expression of 3-gal. Probe
Gal-QCS (5 uM) was incubated with 4T1 cells and Hela cells at 37 °C for 1 h. As a result, the
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fluorescence intensity in the red channel of 4T1 cells was significantly enhanced, whereas
that of Hela cells was minimal. Moreover, the fluorescence intensity of 4T1 cells in the
red channel was 7.59-fold that of Hela cells (Figure 5a,b). This result indicates that probe
Gal-QCS can selectively image 4T1 tumor cells.
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CPT

4T1
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Figure 5. (a) Confocal images of Hela cells, 4T1 cells incubated with Gal-QCS (5 uM) for 1 h.
(b) Relative fluorescence intensity of Hela cells and 4T1 cells from red channels. (c) Schematic diagram

Relative fluorescence intensity
w @»

o

Red channel

0 3 5
Concentration of CPT (M)

of cell drug administration. (d) CPT-induced senescent Hela cell images determined by X-gal kits.
(e) Confocal images of CPT-induced senescent Hela cells with Gal-QCS (5 uM) for 1 h. (f) Relative
fluorescence intensity of Hela cells from red channels. Ex/Em = 640/663-738 nm. Scale bars, 10 um.

It is known that in addition to being overexpressed in 4T1 tumors, (3-gal is also closely
associated with the process of cellular senescence. Therefore, we selected senescent cells as
the model to study 3-gal activity. CPT is an anticancer drug that can induce the premature
senescence of cells. Therefore, we established CPT-induced senescent Hela cells as a
representative senescence model and used Gal-QCS to detect endogenous (3-gal in this cell
model (Figure 5c). After treatment with different concentrations of CPT for 30 h, 3-gal
staining was performed with a commercial kit X-gal to evaluate premature senescence
(Figure 5d). After incubation with Gal-QCS for 1 h, the fluorescence intensity in the red
channel of senescent Hela cells was significantly enhanced, while normal HeLa cells had
almost no fluorescence signal in the red channel. In normal Hela cells, the fluorescence
in the red channel can be ignored, whereas obvious red fluorescence can be observed in
senescent cells (Figure 5e). For senescent cells induced by adding 5 uM CPT, after probe
addition, the red channel fluorescence was 9.43-fold that of normal cells (Figure 5f). The
above results indicate that Gal-QCS selectively images 3-gal in senescent cells and 4T1 cells.
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3.4. In Vivo Tumor Imaging

[3-gal is over-expressed in cancer cells such as those of ovarian cancer and breast cancer.
The practical feasibility of Gal-QCS for real-time in vivo visualization of 3-gal activity was
evaluated in 4T1 tumor-bearing mice. To explore the ability of Gal-QCS to perform FL/PA
bimodal imaging of 3-gal in vivo, we selected the subcutaneous 4T1 tumor-bearing mouse
model as the research object. The practical feasibility of Gal-QCS for real-time in vivo
visualization of 3-gal activity was evaluated in tumor-bearing mice. We injected Gal-QCS
into the tumor of mice, and at the same time subcutaneously injected the same amount of
Gal-QCS into the normal tissues of mice. As shown in Figure 6a, within 5 min, obvious
NIR fluorescence and photoacoustic signals were specifically collected in the tumor area
and gradually increased with time. At 30 min, the fluorescence intensity of the tumor area
was 8.10-fold that of the initial value (Figure 6b), and at the same time, the photoacoustic
signal at the tumor site was also enhanced by 1.97-fold (Figure 6¢,d), while there was no
obvious signal change in normal tissues, indicating that Gal-QCS can be quickly activated
at the tumor site.

(a) (b)

blank 5min 10min 20min 30min

normal tissue tumor tissue

normal tissue tumor tissue

Figure 6. (a) Fluorescence images of 4T1 tumor-bearing mice after the injection of Gal-QCS for
5 to 30 min. Ex/Em = 710/820-880 nm. (b) 30 min after the subcutaneous injection of the probe,
fluorescence intensity enhancement from the selected areas of mice. (c) Photoacoustic images of 4T1
tumor-bearing mice after the injection of Gal-QCS for 5 to 30 min. (d) 30 min after the subcutaneous
injection of the probe, photoacoustic intensity enhancement from the selected areas of mice.

3.5. In Vivo Imaging of Drug-Induced Senescence

We performed imaging of liver senescence in mice using Gal-QCS. Balb/c mice were
randomly divided into two groups, namely the CPT-induced senescence group and the
normal PBS group. In the senescence group, liver senescence was induced in mice via
gavage administration. The CPT (6 mg/kg) was given once every 2 days for 8 days.
On the 10th day, mice in the senescence group were injected with Gal-QCS (100 uM,
100 uL) through the tail vein for imaging (Figure 7a). The successful construction of the
senescence model can be verified by the liver sections (Figure S11). In the tissue sections
of senescent liver, hepatocytes exhibit an increase in volume. The nuclear-cytoplasmic
ratio decreases, and the cell nuclei undergo pyknosis, manifested as a reduction in nuclear
volume, condensation of chromatin, and intense staining. Mice in the normal PBS group
were also injected with Gal-QCS (100 pM, 100 uL) through the tail vein for imaging.
Quantitative analysis shows that the fluorescence intensity of the liver in the senescence
group was 10.53-fold that of the initial value, and that in the normal PBS group was
5.37-fold that of the initial value (Figure 7b,c). In addition, the photoacoustic signal of the
liver in the CPT group shows a similar trend to the fluorescence signal. Specifically, the
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photoacoustic intensity of the liver in the CPT group at 30 min was 1.43-fold that of the
initial value, while that in the normal PBS group was only 1.02-fold that of the initial value
(Figure 7d,e). These results confirm that Gal-QCS can effectively accumulate in the liver
region in vivo and perform visual imaging of liver senescence.

PBS/CPT
(@ S
/ \ 10 days Image
— TN — —)

probe //

(b) 0 min 30 min 0 min 30 min (c)

Max

-
~

>

normal tissue
senescent tissue
FL30min/FLOmin
e i o W

normal tissue senescent tissue

(d) (e)

0 min 30 min

0 min 30 min

PA 30min/PA 0min

normal tissue

senescent tissue

normal tissue senescent tissue

Figure 7. (a) Graphical description of the senescence experimental protocol and animal model
construction. All mice were adaptively fed for 10 days. (b) Fluorescence images of normal mice and
senescent mice after the injection of Gal-QCS for 0 to 30 min. Ex/Em = 710/820-880 nm. (c) 30 min
after injection of the probe in the tail vein, fluorescence intensity enhancement from the selected
areas of mice. (d) Photoacoustic images of normal mice and senescent mice after the injection of
Gal-QCS for 0 to 30 min. (e) 30 min after injection of the probe in the tail vein, photoacoustic intensity
enhancement from the selected areas of mice (The white dashed-line circle indicates the liver).

4. Discussion

In summary;, in the forefront exploration of the field of biosensing and imaging, we
have developed an innovative NIRF/PA bimodal probe, Gal-QCS. Its core application is
focused on the precise detection of 3-gal, a key biomarker. A fluorophore with a hemicya-
nine skeleton serves as the signal-reporting group, and a pyran galactoside group functions
as a highly specific 3-gal recognition unit. Through the precise molecular recognition
mechanism between them, targeted binding to the target enzyme is achieved. In the NIR
fluorescence mode, Gal-QCS exhibits remarkable sensitivity and can detect -gal at ex-
tremely low concentration levels. In complex in vitro biochemical detection environments,
in the face of various potential interfering factors, Gal-QCS not only maintains a stable
detection performance but also has an ideal photoacoustic signal-to-noise ratio, providing
a solid guarantee for the precise quantitative analysis of 3-gal. Compared with numerous
enzyme-responsive probes reported currently, Gal-QCS has significant advantages. It can
achieve a rapid response within just 5 min, greatly shortening the detection time. Moreover,
in complex biological matrices, it shows extremely high selectivity for -gal, effectively
avoiding detection errors caused by cross-reactions. In terms of biosafety assessment, the
results of MTT cytotoxicity evaluation clearly indicate that Gal-QCS has good biocom-
patibility and can be safely and stably applied in in vivo animal experiments, laying a
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solid foundation for subsequent pre-clinical research and translational applications. At
the cellular level, Gal-QCS performs outstandingly in the field of live-cell imaging. It
can monitor in real time and dynamically the overexpressed (3-gal in 4T1 tumor cells,
clearly presenting its distribution and activity changes in the tumor microenvironment.
Meanwhile, for (3-gal produced during the process of drug-induced cell senescence, it
can also achieve high-resolution imaging, providing a powerful visualization tool for the
study of the cell senescence mechanism. More notably, this probe can acutely capture
the changes in the expression level and distribution of 3-gal during the process of organ
aging, enabling the early and precise detection of organ senescence. Therefore, Gal-QCS
is of great significance for the early diagnosis of drug-induced organ senescence. It is
expected to become a core tool in the field of organ aging detection, helping to intervene
in advance and delay the organ aging process, opening up new ideas for the prevention
and treatment of senescence-related diseases. Particularly crucially, the synthesis route of
Gal-QCS is simple and efficient, and the raw material costs are low, which endows it with
great potential for widespread application in large-scale scientific research experiments
and pre-clinical studies.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors13020074/s1, Scheme S1: Synthetic route
for Gal-QCS; Table S1: Compounds used in the synthesis process; Figure S1: Absorption spectra of
QCS and Bn-QCS (5 1M, 30% EtOH); Figure S2: Fluorescence spectral changes of Gal-QCS (5 uM) in
the presence of 3-gal (2 U/mL). Ex = 640 nm; Figure S3: Time-dependent photoacoustic response of
Gal-QCS (5 uM, 30% EtOH) toward 3-gal (2 U/mL). The collection wavelength is 775 nm; Figure
54: Mass spectrometry characterization of Bn-QCS by MALDI-TOF; Figure S5: Mass spectrometry
characterization of Gal-QCS by MALDI-TOF; Figure S6: Characterize the response of probe Gal-QCS
after adding p-gal by MALDI-TOF mass spectrometry; Figure S7: Linear fitting curve of the FL
intensity of 5 uM Gal-QCS to 0-0.2 U/mL p-gal; Figure S8: Linear fitting curve of the PA intensity
of 5 uM Gal-QCS to 0-0.1 U/mL p-gal; Figure S9: The response of probe Gal-QCS in different pH
environments; Figure S10: Cell viability of 4T1 cells, Hela cells after co-incubation with Gal-QCS
at various concentrations from 0 to 30 uM; Figure S11: Representative photomicrographs of H&E
staining of liver sections from mice fed with different concentrations of camptothecin (0-6 mg/kg);
Figure S12: THNMR spectra of compound Bn-QCS; Figure S13: 13CNMR spectra of compound
Bn-QCS; Figure S14: 1H NMR spectra of compound Gal-QCS.
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