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Real-time monitoring of senescent cells is of great significance for understanding and intervening in aging.
Since overexpression of endogenous B-galactosidase (B-gal) is not unique to senescent cells, probes relying
solely on B-gal activity could yield inaccurate senescent cell detection. Herein, we designed a dual-mode
sequential response AND logic NIR probe MFB-Bgal, which contains a B-gal-cleavable unit and

a morpholine unit, serving as an enzymatic activity trigger and a lysosomal targeting moiety, respectively.
Received 17th July 2025 MFB-OH i ted in situ aft tion with B-gal, which can detect the alkalinization of |
Accepted 26th August 2025 is generated in situ after reaction with B-gal, which can detect the alkalinization of lysosomes
by emission intensity in senescent cells. This probe has been successfully used to distinguish between

DOI: 10.1039/d55c05331e SKOV-3 and senescent cells and applied to in vivo visualization of B-gal activity in a mouse model,
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Introduction

Cellular senescence is a state of irreversible cell-cycle arrest
triggered by diverse stressors, including DNA damage, oxidative
stress, and oncogenic activation.'” It is a dynamic process that
promotes the removal of abnormal cells by stopping prolifera-
tion, activating the immune system and secreting proin-
flammatory mediators.*® The accumulation of senescent cells
may lead to the sustained activation of the senescence-
associated secretory phenotype, which is a trigger for
organism dysfunction and age-related diseases such as fibrosis,
neurodegeneration, and metabolic disorders.*'*'* Accurate and
real-time monitoring of cellular senescence is essential for
elucidating senescence-associated biological processes and
developing targeted therapeutic strategies.’*** Conventional
approaches such as SA-B-gal staining (X-gal-based) and western
blotting remain the gold standards for senescent cell identifi-
cation, yet they are technically demanding and inherently
incompatible with live-cell or in vivo applications.'**® Fluores-
cent probes activated by p-galactosidase have emerged as
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providing a new strategy for the accurate detection of cellular senescence.

powerful tools for in vivo imaging of senescence; however, their
mere reliance on B-gal activity lacks sufficient specificity.'*>*
Notably, elevated B-gal activity is also observed in certain cancer
cell lines (e.g., SKOV-3 ovarian carcinoma), which may lead to
false-positive results.>*** Therefore, these challenges under-
score the development of next-generation probes that respond
to multiple senescence-associated biomarkers, thereby
enabling accurate and selective detection of senescent cells
within complex biological environments.

Alongside the well-documented upregulation of B-galactosi-
dase activity, senescent cells exhibit distinct alterations in the
lysosomal microenvironment.”**> As a weakly acidic organelle,
lysosomes maintain an acidic pH ranging from 4.5 to 5.0 under
normal conditions.***” This pH gradient is primarily regulated
by a V-type ATPase (V-ATPase), which drives the transport of
protons into the lysosomal lumen through the energy of ATP
hydrolysis.***° Based on these facts, we propose a multi-
parameter strategy to markedly enhance detection
specificity.*** By harnessing both p-galactosidase (B-gal)
activity and lysosomal pH alkalinization as orthogonal triggers,
we aim to construct a multiplexed optical probe capable of
operating in living cells.** This design strategy necessitates two
key features of the probe:** (i) accurate lysosomal targeting and
(ii) the ability to simultaneously respond to both B-gal and pH
through dual activation mechanisms. Inspired by the Boolean
logic idea,*** we envision integrating these two hallmark
features of senescence as dual-input signals. Notably, achieving
both organelle-specific targeting and logic-based responsive-
ness within a single molecular framework remains a formidable
challenge. By implementing a sequential AND logic gate design,
this system would deliver a highly specific output that reliably
identifies senescent cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Dual-channel sequence-responsive AND logic NIR fluorescent probe. (a) Chemical structure of MFB-Bgal and the proposed sensing
mechanism for aging. (b) Logic circuit diagram of the sequence-responsive AND logic nanoprobe for precise tracking of senescence via a dual
NIR channel. (c) Schematic illustration of the sequential response process of MFB-Bgal targeting senescent cells.

Herein, we present a sequence-responsive, AND logic-based
dual-channel NIR fluorescent probe that functions as
a programmable sensor for precise tracking of cellular senes-
cence (Fig. 1). The scaffold BF2bdk was chosen due to its
bilateral modifiability, enabling two essential
functionalization:*** (i) incorporation of a morpholine unit
that serves as both a lysosome-targeting unit and an electron-
donating group for extending the emission into the NIR
region® and (ii) implementation of sequential responses for -
galactosidase activity and lysosomal pH sensing. Specifically,
MFB-fgal is initially localized to the lysosome, where B-galac-
tosidase cleaves the C-O glycosidic bond, in situ yielding the
intermediate MFB-OH. Subsequently, due to its excellent pH
sensitivity, it can respond to the elevated lysosomal pH associ-
ated with senescent cells. Critically, only upon the sequential
triggering of both enzymatic and pH inputs does the probe
exhibit a red-shifted emission accompanied by a pronounced
fluorescence enhancement. By leveraging the probe's sequential
dual-mode response to senescence-associated B-galactosidase
(B-gal) activity and lysosomal alkalinization, the limitations of
single-mode detection strategies have been effectively
addressed. Moreover, MFB-fgal enables discrimination of cells
at different stages of senescence and has been successfully
applied for in vivo imaging of B-gal activity in tumour-bearing
nude mice.

Results and discussion

We incorporated a lysosome-targeting group with B-gal/pH
sequentially responsive moieties into a BF2bdk scaffold.*®
Morpholine exhibits a higher cumulative effect in lysosomes
than in other organelles, demonstrating its effectiveness as
a lysosomal targeting group.®”*®* MFB-Bgal was effectively ob-
tained through a classical Knoevenagel reaction, under neutral
pH conditions. For details, please see the SI.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Enzyme-catalysed reaction and pH response test of MFB-Bgal

First, the time-dependent change of fluorescence intensity was
performed to verify the reaction kinetic profiles of MFB-fgal. As
shown in Fig. S1, it takes ~27 min to reach a plateau, which is
directly reflected by the fluorescence intensity at 645 nm. Upon
excitation of the new absorption peak at 575 nm, the maximum
emission at 645 nm was significantly enhanced, which depends
linearly as a function of the B-gal concentration (from 0 U to 0.8
U) at a fixed incubation time with a detection limit of 3.4 x 10™*
U mL™" (Fig. 2). To confirm that MFB-Bgal can be hydrolysed in
the presence of -gal and generate MFB-OH in situ, HPLC and
HRMS analyses were systematically performed. As shown in
Fig. S4, the retention times of free MFB-fgal and MFB-OH are
5.2 and 6.0 min, respectively. After MFB-Bgal reacting with 5 U
B-gal, a new peak with a retention time of 6.7 min was observed,
consistent with the retention time of free MFB-OH, indicating
that MFB-Bgal is the substrate of B-gal, and its hydrolysis
product is MFB-OH. Furthermore, the cleavage product was
further unambiguously confirmed by HRMS analysis. In the
system where MFB-Bgal was completely reacted with f-gal,
a peak of the hydrolysis product MFB-OH was detected at m/z
398.1382 (Fig. S3). All these results confirm that the enzyme-
catalysed reaction in situ produces MFB-OH.

After establishing MFB-OH as the enzymatic product, we
further investigated its pH-responsive behaviour. As shown in
Fig. 2c, the absorption of MFB-OH at 495 nm significantly
decreased as the pH value increased from 3 to 10, while a new
absorption peak gradually emerged at 575 nm. Accordingly,
a significant enhancement in fluorescence intensity was
observed as the pH increased, particularly the intensity showed
an intensive increase when the pH was between 6 and 8
(Fig. 2d). However, in contrast to pH-sensitive MFB-OH, MFB-
Bgal is not significantly affected by changes in pH. These results
indicate that MFB-Bgal undergoes the first step of its sequential
activation via enzymatic cleavage, generating MFB-OH in situ,
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Fig. 2 Spectral profiles of MFB-Bgal (10 uM) incubation with B-gal in a mixture solution (PBS/DMSO = 7: 3, v:v; pH = 7.4) and pH properties of
MFB-OH (10 pM). (a) Time dependence of absorption spectra (0—20 min). The inset shows the images before and after treatment with B-gal (2 U).
(b) Time dependence of emission spectra (0—20 min), Aex = 525 nm. (c) Emission spectra of MFB-Bgal upon incubation with B-gal (0-0.8 U), Aex =
575 nm. The inset shows the relationship between lg45 nm and B-gal concentration. (d) pH dependence of absorption spectra. (e) pH dependence
of emission spectra. (f) pH dependence of lg45 nm in MFB-OH and MFB-Bgal.

which subsequently enables the second step—pH sensing.
Notably, elevated lysosomal pH has been widely recognized as
a hallmark of cellular senescence. The enzymatic product MFB-
OH exhibits excellent pH sensitivity, thereby completing the
dual-step sequential response of MFB-fgal toward senescent
cell detection.

Next, we carried out tests on the selectivity of MFB-Bgal. To
discriminate interferences from other biological analytes, the
reactivity of MFB-fgal was examined against a variety of enzyme
types, amino acids, inorganic salts and biomolecules. As shown
in Fig. S5, a significant enhancement in the fluorescence signal
at 645 nm (about 40-fold) was observed after incubation with -
galactosidase. However, a subtle change in fluorescence inten-
sity was observed with the addition of other substances, indi-
cating that the MFB-Bgal probe has significantly higher
selectivity for p-galactosidase than for other potential
substances in biological systems.

Tracking endogenous B-gal activity via MFB-Bgal

Encouraged by the desirable fluorescence response of MFB-Bgal
to B-gal, we further evaluated its use for tracking and imaging
endogenous B-gal activity in live cells. First, the cytotoxicity of
the probe was determined by MTT assay, as shown in Fig. S6.
The results indicated that even after 24 hours of incubation with
20 uM MFB-Bgal, the cell viability was as high as 95%, indi-
cating that the probe exhibited negligible cytotoxicity to cells
and could be used for live-cell imaging. Based on excellent
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biocompatibility and water solubility, the dual-channel cell
imaging was investigated by confocal laser scanning micros-
copy (CLSM).

Subsequently, co-localization experiments were performed
to study the lysosomal targeting ability of the probe MFB-Bgal.
In the experiment, we chose Lyso-Tracker Green, a commer-
cially available lysosomal-targeting probe, because its emission
spectrum avoids the emission region of MFB-Bgal completely.
As shown in Fig. 3a, SKOV-3 cells were incubated with Lyso-
Tracker Green and then co-stained with MFB-Bgal for 30 min.
After comparing the signals in the green and red channels, Lyso-
Tracker Green and MFB-fgal were found to have highly over-
lapping staining positions. Fluorescence co-localization anal-
ysis revealed that the overlap coefficient and Pearson coefficient
of MFB-fgal were 0.9013 and 0.86 (Fig. S7), respectively. Co-
localization experiments have shown that MFB-Bgal exhibits
good lysosomal targeting specificity, which lays the foundation
for subsequent sequential response processes.

Based on the aforementioned experimental results, the
imaging ability of the probe for endogenous B-gal in live cells
was further investigated. The human ovarian cancer cell line
SKOV-3 was chosen as a cell model due to its high endogenous
B-gal levels, whereas human liver cancer cells (HepG2) were
used as a control. As shown in Fig. 3, after incubating MFB-Bgal
(10 uM) with SKOV-3 cells for 30 min, fluorescence signals can
be observed in both channels. It could be ascribed that SKOV-3
cells overexpressing endogenous B-gal resulted in enzymatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a) Colocalization imaging of MFB-Bgal and Lyso-Tracker Green: SKOV-3 cells

were incubated with MFB-Bgal for 30 minutes, followed by co-staining with Lyso-Tracker Green for 30 min. (b) SKOV-3 and HepG2 cells
incubated with MFB-Bgal (10 uM) for 30 min: (I) SKOV-3 cells and (Il) SKOV-3 cells pretreated with 1 mM inhibitor for 30 min and (Ill) HepG2 cells.
Note: the green channel obtained from 560 to 620 nm, Aex = 500 nm; the red channel obtained from 650 to 800 nm, Aex = 575 nm.

cleavage of the probe, leading to the red-shift fluorescence
emission. To verify that the fluorescent changes of the probe are
indeed caused by endogenous B-galactosidase in cells, the
SKOV-3 cells were incubated with p-galactose (B-galactosidase
inhibitor) for 30 min to greatly reduce the amount of endoge-
nous B-galactosidase. Under the inhibition of endogenous (-
gal, MFB-PBgal exhibited bright fluorescence in the green
channel, while almost no fluorescence emission was observed
in the red channel (Fig. 3b), illustrating that these obvious
fluorescence changes were triggered by intracellular endoge-
nous f-gal. Additionally, in the control group obtained after
incubating with HepG2 cells, we also observed bright fluores-
cence signals in the green channel and very weak fluorescence
in the red channel (Fig. 3b), suggesting that there is no over-
expression of endogenous B-gal in HepG2 cells. After senes-
cence induction, the fluorescence signal of the red channel was
enhanced, indicating that the probe could respond to different
senescence cells (Fig. S8 and S9). The results above confirm that
MFB-fgal can image endogenous B-gal in live cells; at the same
time, it marks the achievement of the first step of the sequential
response.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Monitoring lysosomal pH change via MFB-Bgal

After verifying the feasibility of the first trigger response, pH-
responsive testing of the hydrolysis product MFB-OH was con-
ducted. As is well-known, chloroquine has been demonstrated
to be a drug capable of inducing lysosomal alkalinization,
causing protons to leak from lysosomes and increasing lyso-
somal pH, and this process is similar to the cellular aging
process. As shown in Fig. S10, compound MFB-OH was imaged
with HepG2 cells pre-treated with different concentrations. It
can be found that the fluorescence emission showed a relatively
obvious enhancement with the addition of chloroquine, and the
fluorescence intensity further increased with concentration.
This result illustrates that the fluorescence intensity of MFB-OH
gradually increases with the change in lysosomal pH, which also
indicates the successful implementation of the second trig-
gering process in the sequential reaction.

Differentiating senescent cells with B-gal overexpression

Based on the above conclusions, it was demonstrated that MFBs
have the ability to respond to B-gal and pH, respectively. Thus,
we adapted it for imaging and tracking senescent cells. It has
been reported that lysosomes overexpress B-gal and are

Chem. Sci., 2025, 16, 17658-17666 | 17661
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accompanied by an increase in pH during the aging process of
cells, which perfectly fits the process of sequential response.
Different degrees of cellular aging models were constructed by
incubating human renal proximal tubule epithelial cells (HK-2
cells) with doxorubicin for different days, which has been
proven to induce cellular senescence.*>* To verify the success-
ful construction of the aging model, we further compared the
protein expression levels of aging biomarkers (P53, P21 and
P16) in cells before and after induction. As expected, the results
indicate the overexpression of the above aging markers in HK-2
cells induced by doxorubicin for 2 days (Fig. 4d). Based on the
MFB-fgal reaction spectrum (Fig. 2b), we designated 540-
600 nm as the green channel—its minimal fluorescence change
pre- and post-reaction makes it an ideal internal reference. To
selectively monitor the pH-dependent “turn-on” response, the
red channel was confined to the 640-650 nm emission window.
In this configuration, B-gal activity is signalled by the emer-
gence of red-channel fluorescence, and subsequent lysosomal
pH shifts are quantified by the ratio of red/green fluorescence-
intensity, thus affording a sequential dual-mode response.

HK-2
2d 1d Control

3d

4d

SKOV-3

Fig. 4
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As shown in Fig. 4, in non-doxorubicin-treated HK-2 cells,
only the green channel signal is observed, which is due to the
absence of endogenous B-gal overexpression in normal HK-2
cells. Meanwhile, under the same conditions, the SKOV-3 cell
model, which overexpress B-gal, displayed a weak fluorescence
signal in the red channel. This is mainly ascribed to the
inherent acidic lysosome of the SKOV-3 cells. After 24 h of
doxorubicin treatment, HK-2 cells begin to show red-channel
fluorescence, confirming p-gal activation in lysosomes.
However, the overall red-channel fluorescence intensity
remains weak and comparable to that of SKOV-3, indicating
minimal lysosomal pH alkalization at this early senescence
stage. Compared to the cells induced to age for 24 h, there was
a remarkable increase in the red-channel intensity in cell
induced for 2-4 days, consistent with progressive lysosomal pH
elevation and enhanced fluorescence under weakly alkaline
conditions. To further verify that this response arises from in
situ — generated MFB-OH sensing of lysosomal pH changes, we
tracked senescence with MFB-OH (Fig. S11). It can be observed
that the control group exhibited red-channel weak fluorescence,
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Imaging of cellular senescence with probe MFB-Bgal. (a) CLSM images of SKOV-3 cells and HK-2 cells at different aging levels. Row 1-5:

Imaging of HK-2 cells treated without or with adriamycin (1 pM) for different times (1 day, 2 days, 3 days and 7 days) and then incubated with MFB-
Bgal (L0 mM, 30 min). Row 6: Imaging of SKOV-3 cells incubated with MFB-Bgal (10 mM, 30 min). Note: the green channel obtained from 540—
600 nm, Aex = 525 nm; the red channel obtained from 640-650 nm, Acx = 575 nm. (b) Quantification of relative fluorescence intensity in the
green channel and red channel of group (a). (c) Quantification of fluorescence intensity ratios (/req//green) in group (a). (d) Western blot analysis to
determine P53, P21 and P16 expressions in HK-2 cells treated without or with adriamycin (1 uM) for 2 days. GAPDH was used as an internal

reference.
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while a remarkable enhancement in fluorescence intensity
confirming lysosomal alkalinization with advancing senes-
cence. Together, these results demonstrate that MFB-Bgal
affords a sequential, dual-mode fluorescence response to B-gal
expression and lysosomal pH changes during cellular aging.

Subsequently, a quantitative analysis was performed on the
fluorescence intensity shown in Fig. 4b, reflecting changes in
the intensity of green and red channel fluorescence over
induction time. The green channel fluorescence intensity
remained almost unchanged, while the red channel fluores-
cence intensity increased continuously. Therefore, the almost
unchanged green channel can be used as a reference standard
for measuring the fluorescence intensity of the red channel (R/G
ratio), which improves the accuracy of cell senescence evalua-
tion. In normal HK-2 cells, an extremely low R/G value (about
0.035) was observed, whereas the R/G value was enhanced 12-
fold (about 0.41) after 1 day of doxorubicin induction. And the
intensity continued to increase as the cells underwent further
senescence, until the R/G value reached 1.80 after four days of
induction, with a total 51-fold enhancement (Fig. 4c). However,
a low R/G value (about 0.162) was also observed in SKOV-3 cells,
which was extremely lower than that of senescent cells, enabling
the probe to distinguish between SKOV-3 and truly senescent
cells.

Benefiting from the design of dual-mode sequential
response, MFB-Pgal enables the precise detection of senes-
cence, and the degree of cellular senescence can be reflected by
the R/G ratio. A quantitative analysis of the fluorescence

View Article Online
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intensities (Fig. 4b) reveals that the green-channel signal
remains essentially constant over the course of doxorubicin
induction, whereas the red-channel intensity increases contin-
uously. Consequently, the invariant green channel serves as an
internal reference, and the red/green (R/G) fluorescence ratio
provides a precise measure of senescence. In untreated HK-2
cells, the R/G ratio is very low (~0.035), increasing by ~12-fold
to ~0.41 after 1 day of doxorubicin treatment. Continued
induction leads to a progressive increase, with the R/G ratio
reaching ~1.80 after 4 days - a total enhancement of ~51-fold
(Fig. 4c). In contrast, B-gal-overexpressing SKOV-3 cells exhibit
a modest R/G (~0.162), substantially lower than that of truly
senescent cells, demonstrating the probe's ability to distinguish
genuine senescence from mere B-gal overexpression. Thus,
MFB-Bgal's dual-mode, sequential fluorescence response
enables both accurate detection and quantitative evaluation of
cellular senescence.

Constructing a sequential AND logic gate for in vivo sensing of
senescent cells

After summarizing the cell imaging results, a strong fluores-
cence signal in the red channel is produced only when both B-
gal and lysosomal alkalization are present simultaneously. As
such, an AND logic gate was built based on the programmable
fluorescence response carried out by the two sequence-
dependent inputs (Fig. 5). Specifically, B-gal and lysosomal
alkalization were used as inputs, and the emission intensity at
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Fig. 5 Sequence-responsive AND logic behaviors of MFB-Bgal. (a) Imaging results with MFB-Bgal under different input signals: (I) and (i) A549
cells; (Il) and (ii) A549 cells pretreated with chloroquine for 30 min; (1) and (iii) SKOV-3 cells; (IV) and (iv) HK-2 cells treated with adriamycin (1 uM)
for 3 days. (b) Logic circuit diagram of the sequence-response and input/output result schematic. (c) Intensity of the output signal. Note: the red

channel obtained from 640 to 650 Nm, Aex = 575 nm.
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645 nm (Red Channel) of the system served as the output. In
terms of inputs, “1” and “0” denoted the presence and absence
of B-gal and alkalization, respectively. For the output, fluores-
cence was characterized as “ON” and “OFF”, which represented
“1” and “0”, respectively. Upon the presence of the dual inputs
(1/1), an abrupt increase in fluorescence intensity took place,
producing an output signal of “1”. Taken all together, the
success of the sequential AND logic gate, constructed based on
the two senescence characteristics as inputs, provides a prom-
ising strategy for the accurate detection of aging.

Based on the NIR emission of MFB-fgal and its excellent
intracellular imaging of B-gal, we were naturally lead to consider
applying it to the real-time visualization of B-gal in vivo. A549
cells (without overexpressed B-gal) of the mouse model were
utilized. The mouse model with overexpression of B-gal was
established by pre-injecting B-gal into the tumour site, and then
MFB-Bgal was injected orthotopically (Fig. 6c and d). As
a control, MFB-Pgal was injected in situ after pre-injecting PBS
into the nude mouse (Fig. 6a and b). Notably, the control group
exhibits distinct fluorescence emission at the 600 nm channel,
while a non-fluorescent signal is observed at the 730 nm
channel (Fig. 6a and b). In contrast, for B-gal pre-injection at the
tumour site of mice, a fluorescence signal at 730 nm was clearly
observed in the tumour cells after only 5 min post-injection,
indicating that MFB-fgal could be rapidly activated by B-gal in
vivo. And the signal of the 730 nm channel continuously
increases over time, reaching its maximum level after 2 h post-
injection. The above results demonstrate that the probe MFB-
Bgal can be specifically activated by B-galactosidase, thereby
enabling the visualization of B-galactosidase activity in vivo.
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Fig. 6 Visualization of B-galin vivo. Pre-treatment of the tumor site in
tumor-bearing mice with PBS (a and b) or $-gal (c and d), followed by
in situ injection of MFB-Bgal (0.05 mg kg™Y. (a—d) Dual-channel
fluorescence imaging of different time points (10 min, 30 min, L hand 2
h) after injection of MFB-Bgal. Note: fluorescence signals at 600 nm
(rainbow scale) and 730 nm (yellow-red scale).
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Conclusions

In summary, we have developed a sequence-activated AND logic
NIR fluorescence probe, MFB-Bgal, to address the critical chal-
lenge of inaccurate in vivo senescence detection. The probe
comprises a difluoroboron pB-diketonate fluorophore, a B-
galactosidase-responsive trigger, and a morpholine-based lyso-
somal targeting moiety, respectively. As expected, MFB-fgal is
capable of imaging endogenous B-gal in living cells with an
ultra-low detection limit (3.4 x 10™* U mL™"). Importantly, the
enzymatic cleavage intermediate subsequently responds to
lysosomal alkalization, allowing discrimination between SKOV-
3 and senescent cells via emission intensity. Compared to
previous methods, the utilization of the AND logic probe that
takes the two features of aging as inputs significantly improves
the accuracy of aging detection. Due to its NIR emission and
excellent intracellular imaging of B-gal, it has also been applied
to in vivo visualization of B-gal activity in a mouse model. Thus,
this probe, based on the unique sequential-response AND logic
design strategy, presents a robust strategy for precise detection
and assessment of aging.
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