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ABSTRACT: Simultaneous detection of multiple biomarkers is crucial
to achieve specific and dynamic analysis of cellular senescence, given its
intrinsic high heterogeneity. Current approaches for senescence
detection largely rely on fluorescence imaging, but fluorescent probes
inevitably suffer from issues including autofluorescence and spectral
overlap when being applied for the simultaneous detection of multiple
biomarkers. Herein, we report an alternative strategy and design
activatable multiplexed senoprobes based on 19F NMR for dynamic
monitoring of cellular senescence. Differing from previous approaches,
our strategy has two unique advantages. First, this strategy utilizes the
changes in the 19F chemical shift as the signal output, which features by
its fingerprint and quantifiable characters, thereby significantly
enhancing the detection throughput toward biomarkers with minimized
spectral overlapping. Second, the background signal is minimized, benefiting from the extremely low abundance of F in biological
samples, and the detection accuracy can thus be improved. As a proof of concept, two activatable 19F NMR molecular probes are
synthesized that specially respond to two key senescence-associated biomarkers (β-gal and ROS) and have been successfully
demonstrated for dynamical and quantitative assessment of the changes of these biomarkers in different cellular models of
senescence, without causing obvious cytotoxicity. Owing to the flexible molecular design, this work may offer a useful platform to
create diversified 19F NMR senoprobes for deep understanding of cellular senescence across a wide range of aging-related diseases.
KEYWORDS: cellular senescence, 19F NMR, activatable senoprobes, biomarker analysis, multiplex detection

Cellular senescence is a ubiquitous biological process involving
permanent cell-cycle arrest in proliferating cells triggered by
stresses.1−3 Advances in cytobiology and clinicopathology have
revealed that cellular senescence plays important roles in
regulating various biological processes but behaves like a
double-edged sword. On one hand, cellular senescence is a
cellular defense mechanism responsible for preventing
uncontrolled proliferation of damaged cells and cancer
development and is particularly important to enhance innate
immune and maintain organism homeostasis.4−6 On the other
hand, persistent accumulation of senescent cells in tissues can
be maladaptive because it can ironically remodel the tissue
microenvironment via the senescence-associated secretory
phenotype (SASP), contributing to the development of various
adverse consequences such as organ dysfunction, tumor relapse
and metastasis, and aging-related diseases.7−9 Therefore,
senescent cells have been proposed as a promising target for
basic studies and disease theranostics.10,11 However, cellular
senescence is a complicated biological process, demonstrating
high heterogeneities in different cell sources, stimulation types,
and durations, posing a great challenge for precise detection

and dynamic analysis of cellular senescence and related
diseases.12

The development of senescence probes capable of
simultaneously detecting multiple senescence-associated bio-
markers has been suggested as an effective way to address the
above challenge and further improve the specificity compared
to traditional single-marker detection approaches.13−23 Cur-
rently, such senoprobes are largely designed based on
fluorescence imaging because of the high sensitivity and
spatiotemporal resolution of this technique. They can directly
recognize and specifically react with senescence-associated
biomarkers to generate fluorescence signal changes only in the
coexistence of the biomarkers, contributing to an enhanced
signal-to-background ratio and increased specificity.24−26
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Despite the great potential, these fluorescence-based detection
approaches still suffer from inevitable drawbacks, including but
not limited to the following aspects: (i) strong spectral overlap
derived from the broad emission spectra of fluorochromes that
are virtually impossible to separate into specific channels
during imaging, which greatly restrict their applications in
simultaneously imaging multiple senescence-associated bio-
markers; (ii) severe autofluorescence interference from bio-
logical samples, hindering further improvement in the imaging
accuracy; and (iii) complicated molecular design and screening
to ensure good reactivity toward different targets of interest,
which significantly increases the difficulty in bench-to-bedside
transformation. Consequently, strategic innovations with
flexible design, minimized background interference, and signal
overlap are highly desirable for the simultaneous detection of
different senescence biomarkers.

19F nuclear magnetic resonance (NMR) spectroscopy is
widely recognized as a powerful tool for simultaneous and
quantitative analysis of multiple targets, owing to its many
merits including broad-range and fingerprint-like chemical
shifts (>350 ppm), adaptive sensitivity, and quantitative NMR
signal output.27−29 Moreover, the level of F element in
organism is extremely low (<10−6 M and only in bone and
teeth), enabling minimized background signals and interfer-
ence when 19F NMR is used for biological analysis. In addition,
the 19F chemical shift is very sensitive to the chemical
environment change, making it particularly attractive to create
biomarker-activatable 19F NMR probes to further improve the
detection specificity.30−36 Of note, a minor difference in
chemical shift (0.03 ppm) is sufficient to achieve baseline
separation of two single 19F resonances, which can efficiently
overcome the spectral overlapping issue in optimal imaging
techniques.37−39 With these distinct features, we envisioned
that constructing activatable 19F NMR probes can achieve a
more accurate detection of senescent cells and help to depict
molecular fingerprint information in cells upon cellular
senescence. Nevertheless, such investigations have remained
elusive.
To this end, here we report our conceptual design of

activatable multiplexed 19F NMR senoprobes and demonstrate
their applications in senescence detection and dynamic
monitoring in different cell lines (Figure 1). As a proof-of-
concept illustration, senescence-associated β-galactosidase
(SA-β-Gal, the current gold-standard senescence biomarker)

and ROS (a major type of SASP) are selected as the models of
target, and two activatable 19F NMR senoprobes have been
synthesized. These two probes, namely, Gal-4-F-2-Cl and
ROS-3-F, are composed of fluorine-containing moieties with
distinctive 19F chemical shifts and target recognition units.
Upon recognition of SA-β-Gal and ROS in senescent cells,
respectively, these probes would yield new chemical entities,
and the 19F chemical shifts of the nascent entities are
substantially different from those of primary probes, enabling
sensitive and readily quantitative assessment of biomarkers.
More importantly, the 19F chemical shifts of the initial probes
and the generated new entities are remarkably separated,
allowing for simultaneous analysis of SA-β-Gal and ROS in
senescent cells with minimal signal overlap. The potential of
these activatable multiplexed 19F NMR probes for simulta-
neous analysis has been successfully illustrated by NMR
spectroscopy analysis in various senescent models from
different cell sources. Overall, we expect this work to lay the
groundwork for creating an arsenal of activatable multiplexed
19F NMR senoprobes due to the flexible molecular design and
intrinsic multicolor-like nature of 19F NMR, which we believe
will empower efforts to improve the analytical capability
toward senescence biomarkers and offer the future possibility
to depict molecular signatures of cellular senescence for a deep
understanding of its biological roles.

■ EXPERIMENTAL SECTION

Synthesis of the Activatable Multiplexed 19F NMR Probes
Detailed synthesis and characterizations of Gal-4-F-2-Cl and ROS-3-F
can be found in Supporting Information.
Reactivity Studies
The reactivity of these probes was assessed by high-performance
liquid chromatography (HPLC) and UV−vis absorbance spectrosco-
py. To investigate the reactivity of Gal-4-F-2-Cl toward β-gal, the
stock solution of Gal-4-F-2-Cl in DMSO (100 mM) was dissolved in
PBS (pH 7.4) containing 10% D2O to yield a final concentration of
400 μM, followed by incubation with versus without β-gal (0.1 U/
mL) at 37 °C for 3 h. HPLC was performed to monitor the changes
in the absorbance at 270 nm. As a reference, HPLC profiles of free 2-
chloro-4-fluorophenol (4-F-2-Cl-OH) were also collected under the
same procedures. The HPLC procedures are outlined in Table S1.
The reactivity of ROS-3-F to ROS was checked after incubation of
ROS-3-F (400 μM) with versus without ROS (1 mM) for 3 h. Free 3-
fluorophenol (3-F-OH) was also tested using the same procedures.
UV−vis absorbance spectra of these two probes before and after
treatment with targets were recorded by using a UV−vis
spectrophotometer (Shimadzu, UV-2600i, Shanghai, China).
Establishment of Cellular Senescence Models
The human normal hepatic cell line (L-02 cells), human embryonic
kidney cell line (HEK293T cells), human lung cancer cell line (A549
cells), and human prostate cancer cell line (PC-3 cells) were used as
the model cells, and DOX was used as the inducer. All cell lines were
cultured in RPMI 1640 supplemented with fetal bovine serum (FBS,
10%) and antibiotics (penicillin/streptavidin) (1%) at 37 °C and were
cultured in a humidified atmosphere containing 5% CO2. To induce
senescence, 1.2 × 106 L-02, HEK293T, A549, and PC-3 cells were
separately seeded into the dish and cultured in the presence of DOX
(200 nM) for 4 days. The culture medium was replaced every 2 days.
Afterward, the cells were cultured in a fresh medium for an additional
3 days prior to the following experiments.
In Vitro 19F NMR Assay
To examine the detectability of senoprobes for senescence-associated
markers in senescent cells, an in vitro 19F NMR assay was performed.
Briefly, senescent cells and proliferating control cells were collected by

Figure 1. Schematic illustration of the design of the activatable
multiplexed 19F NMR probes and their mechanisms for simultaneous
detection and monitoring of different senescence biomarkers.
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centrifugation at 1000 rpm for 3 min at room temperature, washed
with DPBS, and resuspended in 1640 medium. Equal amounts of
these cells (9 × 105 cells) in 600 μL of 1640 medium were incubated
with Gal-4-F-2-Cl, ROS-3-F, or a mixture of Gal-4-F-2-Cl and ROS-3-
F at 37 °C for 18 h. After that, the samples were centrifuged at 5000
rpm for 5 min, and the supernatant (containing 10% D2O and 20 μM
NaTFA) was analyzed by 19F NMR. For dynamic analysis of different
senescence-associated biomarkers, L-02 cells treated with DOX (200
nM) for varied days (1, 2, 3, 4, 5, and 6 days) and L-02 cells without
DOX treatment were collected by centrifugation, washed with DPBS,
and resuspended in 1640 culture medium. Same numbers of these
cells (9 × 105 cells) in 600 μL of 1640 medium were, respectively,
incubated with Gal-4-F-2-Cl, ROS-3-F, or a mixture of Gal-4-F-2-Cl
and ROS-3-F at 37 °C for 18 h. The concentration of these two
probes was 400 μM. After that, the samples were centrifuged at 5000
rpm for 5 min, and the supernatant (containing 10% D2O and 20 μM
NaTFA) was analyzed by 19F NMR.

■ RESULTS AND DISCUSSION
To ensure simultaneous detection of different senescence
biomarkers, the activable 19F NMR senoprobes must provide
different 19F NMR signals both before and after response to
their targets. For this purpose, we first selected fluorobenzene
(2-chloro-4-fluorophenol and 3-fluorophenol) as the backbone
because the deshielding effect of the benzene ring is very
sensitive to the electronic properties (electron-donating or
electron-withdrawing) of the substituent. Next, galactose and
borate ester were introduced and covalently conjugated to the
molecular structure of the backbones as the recognition group
toward β-gal and ROS, respectively, yielding the final
activatable 19F NMR probes, namely, Gal-4-F-2-Cl and ROS-
3-F (Scheme S1). The obtained synthesis and spectral
characterizations including 1H NMR, 13C NMR, and 19F
NMR are demonstrated in the Experimental section and in
Figures S1−S8.
With these probes in hand, we first evaluated their reactivity

to the targets by HPLC. Upon addition of β-gal, the peak at
the retention time of 14.6 min corresponding to Gal-4-F-2-Cl
was gradually decreased over time (Figures 2A and S9A),
whereas a new peak at 21.9 min was detected and intensified,
which was corresponded to 2-chloro-4-fluorophenol (4-F-2-Cl-
OH), the product of enzymatic reaction, confirming the
response of Gal-4-F-2-Cl toward β-gal. In parallel, the reactivity
of ROS-3-F with ROS was studied. Upon treatment with
H2O2, the peak at 17.9 min corresponding to ROS-3-F was
dramatically decreased, and a new peak appearing at 19.9 min
was found in a time-dependent manner (Figures 2B and S9B),
which was ascribed to the product, 3-fluorophenol (3-F-OH
for short). To further prove the reactivity, UV−vis absorbance
spectra of the two probes were collected before and after
treatment. The maximum absorption of Gal-4-F-2-Cl showed a
slight red shift from 276 to 281 nm after treatment with β-gal,
whereas a blue shift from 268 to 267 nm was observed after
ROS-3-F was treated with H2O2 (Figure S10). Taken together,
these results proved that Gal-4-F-2-Cl and ROS-3-F had good
reactivity to the corresponding targets.
Next, we wondered whether these reactions could lead to

changes in the 19F NMR chemical shifts of these probes for
target analysis. Prior to this test, the stability of the two probes
was assessed. Intriguingly, no obvious changes in the 19F
chemical shift were noticed after 7 day storage or under
different pH conditions (Figures S11 and S12). Subsequently,
these probes were separately incubated with β-gal and H2O2
under the same conditions as those for HPLC analysis,

followed by 19F NMR examinations. Meanwhile, sodium
trifluoroacetate (NaTFA) was added as the reference standard
for quantitative analysis. For the case of Gal-4-F-2-Cl, a sharp
peak at −119.2 ppm was detected in the 19F NMR spectrum
without β-gal, and the intensity of this peak was gradually
decreased over time upon reaction with β-gal and disappeared
after 3 h, coupled with the appearance of a new peak at −123.0
ppm (Figures 2C and S13A), ascribable to the hydrolytic
product 4-F-2-Cl-OH. Of note, there was 3.8 ppm of difference
in 19F NMR chemical shifts between Gal-4-F-2-Cl and 4-F-2-
Cl-OH, which was sufficient to differentiate them by 19F NMR.
Likewise, a change of the 19F chemical shift from −114.7
(ROS-3-F) to −112.4 ppm (3-F-OH) was detected when
ROS-3-F was treated with H2O2 (Figures 2D and S13B).
Given the good reactivity of these probes, we proceeded to

assess their selectivity. Specifically, the 19F NMR spectra of
Gal-4-F-2-Cl and ROS-3-F were recorded in the presence of
different common bioactive substances including Fe2+, Fe3+,
Cu2+, carbonic anhydrases, lysozyme, carbonic cysteine, and
glutathione (Figure 3A,B). Impressively, no changes in the 19F
chemical shift of ether Gal-4-F-2-Cl or ROS-3-F were noticed
in the presence of any of these substances. In sharp contrast,
the disappearance of peaks of these two probes, yet the
appearance of the peaks of their reaction products, was
observed in the presence of β-gal or ROS under the same
conditions, indicating their target-specified reactivity. More-
over, we investigated whether these activatable probes could be
used for the simultaneous detection of β-gal and ROS. A
mixture of Gal-4-F-2-Cl and ROS-3-F was subjected to β-gal,
H2O2, and the coexistence of β-gal and H2O2, respectively,
followed by 19F NMR analysis. Intriguingly, the target-
triggered reactions of Gal-4-F-2-Cl and ROS-3-F were not
influenced. When β-gal was present only in the reaction
system, for instance, the peak corresponding to the reaction
product 4-F-2-Cl-OH at −123.0 ppm was detected, while we

Figure 2. Reactivity studies. (A) HPLC profiles of Gal-4-F-2-Cl (400
μM) before and after incubation with β-gal (0.1 U/mL) for 3 h. (B)
HPLC profiles of ROS-3-F (400 μM) before and after incubation with
H2O2 (1 mM) for 3 h. (C,D) Corresponding 19F NMR spectra of
samples from panels (A,B). The gray dotted frame indicates the
chemical shift of NaTFA (internal standard). The blue dotted frame
indicates the chemical shift of Gal-4-F-2-Cl and its reaction product
(4-F-2-Cl-OH). The red dotted frame indicates the chemical shift of
ROS-3-F and 3-F-OH.
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did not observe the peak corresponding to the reaction
product 3-F-OH at −112.4 ppm. A similar phenomenon
occurred for the case of H2O2 alone. On the other hand, such
reactions of these two probes and the corresponding changes
of 19F chemical shifts took place when β-gal and H2O2 were
coexisted in the reaction system (Figure 3C), without the
formation of new peaks or obvious difference in chemical shifts
as compared to the cases of single-marker detection. These
results collectively provided strong support for the potent
selectivity of these probes and the potential for simultaneous
monitoring of β-gal and ROS in senescent cells.
Since 19F NMR is a robust technique to quantify the

concentration of samples, we next investigated the feasibility of
using these probes for the quantitative measurement of β-gal
and H2O2. The correlation between the 19F NMR signal
intensity of the reaction product and the target concentration
was explored. As shown in Figure 4, the 19F NMR signal

intensity of the reaction product was gradually enhanced with
the increase of the target concentration. With these two
probes, the limit of detection for β-gal and H2O2 was
calculated to be 4.5 mU/mL and 4.4 μM, respectively,
allowing them to detect these two biomarkers in biological
systems.39,40

Encouraged by the above promising results, we embarked on
an exploration of the capacity of these activatable 19F NMR
probes for monitoring β-gal and ROS in senescent cells. To do
this exploration, we first established chemotherapy-induced
cellular senescence models with four different cells as the
sources, including two normal cell lines (L-02 and HEK293T)
and two cancer cell lines (A549 and PC-3) and with
doxorubicin (DOX) as the model inducer. The successful
construction of these cellular senescence models was verified
via different characterizations. Given that β-gal was the gold
standard for the identification of senescent cells, we performed

Figure 3. Selectivity evaluations. (A) 19F NMR spectra of Gal-4-F-2-Cl (400 μM) after treatment with Fe2+ (1 mM), Fe3+(1 mM), Cu2+(1 mM),
carbonic anhydrases (CA, 1 U/mL), lysozyme (1 U/mL), carbonic cysteine (Cys, 1 mM), glutathione (GSH, 1 mM), hydrogen peroxide (H2O2, 1
mM), and β-gal (0.1 U/mL) for 3 h. (B) 19F NMR spectra of ROS-3-F (400 μM) treated with Fe2+ (1 mM), Fe3+(1 mM), Cu2+(1 mM), carbonic
anhydrases (CA, 1 U/mL), lysozyme (1 U/mL), carbonic cysteine (Cys, 1 mM), glutathione (GSH, 1 mM), hydrogen peroxide (H2O2, 1 mM),
and β-gal (0.1 U/mL) for 3 h. (C) 19F NMR spectra of the mixture of Gal-4-F-2-Cl (400 μM) and ROS-3-F (400 μM) after treatment with H2O2
(1 mM), β-gal (0.1 U/mL), and a mixture of H2O2 (1 mM) and β-gal (0.1 U/mL) for 3 h. The black dotted frame indicates the chemical shift of
Gal-4-F-2-Cl (right dotted frame) and ROS-3-F (left dotted frame). The blue dotted frame and red dotted frame indicate the chemical shift of 4-F-
2-Cl-OH and 3-F-OH (reaction products of Gal-4-F-2-Cl and ROS-3-F with their targets), respectively.

Figure 4. Quantitative studies. (A) 19F NMR spectra of Gal-4-F-2-Cl (400 μM) after treatment with β-gal at various concentrations (0−80 mU/
mL) for 3 h. The blue bands indicate the chemical shift of Gal-4-F-2-Cl (left band) and its reaction product (4-F-2-Cl-OH, right band). (B)
Relative peak area of Gal-4-F-2-Cl and its reaction product upon mixing of Gal-4-F-2-Cl with β-gal at 0−80 mU/mL for 3 h. The peak area of
NaTFA (the internal standard) was normalized to 1. (C) Corresponding linear fittings of this reaction. (D) 19F NMR spectra of ROS-3-F (400
μM) after treatment with H2O2 at 0−800 μM for 3 h. The red bands indicate the chemical shift of ROS-3-F (right band) and its reaction product
(3-F-OH, left band). (E) Relative peak area of ROS-3-F and the reaction product upon mixing of ROS-3-F with different concentrations of H2O2.
(F) Corresponding linear fittings of this reaction. The experiments were performed in triplicate, and the data are shown as mean ± SD.
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SA-β-gal staining first. After DOX treatment, all these cells
showed evident SA-β-gal positive staining compared to
nontreated groups (Figures 5A,B, S14, and S15). Other
hallmarks of senescence including increased DNA damage,
enlargement in the cell volume, and elevated ROS levels were
also observed in all DOX-treated cells when compared to their
proliferating control groups, further proving the successful
introduction of cellular senescence (Figures 5C,D and S14−
S17).
Afterward, the potential of the proposed activatable 19F

NMR probes for the detection of intracellular SA-β-gal and
ROS in different senescent cells was evaluated. Prior to NMR
measurements, the cytotoxicity of Gal-4-F-2-Cl and ROS-3-F
in these cell lines was first examined using the Alamar blue
assay. Impressively, the results showed that these two probes
exhibited good biocompatibility without causing significant cell
death in both proliferating and senescent states at a
concentration of up to 800 μM (Figures S18 and S19).
Next, different types of senescent cells and the corresponding
proliferating controls were separately treated with Gal-4-F-2-Cl
and ROS-3-F, followed by 19F NMR analysis. As we expected,
a target-triggered specific 19F chemical shift was observed,
consistent with the results obtained from solution-phase
analysis. For instance, treatment of senescent L-02 cells with
Gal-4-F-2-Cl led to a decreased 19F NMR signal intensity at
−119.2 ppm and the appearance of a new peak at −123.0 ppm
(Figure 5E). However, such changes were not observed in
proliferating cells. Similarly, we noticed an obvious 19F NMR
peak at −112.4 ppm in ROS-3-F-treated senescent L-02 cells
but not in proliferating cells (Figure 5F), suggesting that the
ROS level was increased in senescent cells, which was well
consistent with the above ROS staining results. Furthermore,

the 19F NMR measurements were conducted in other three
senescent cell types including A549, PC-3, and HEK293T
cells, which were widely employed for cellular senescence
studies.18,20 Results demonstrated that Gal-4-F-2-Cl and ROS-
3-F could also be used to monitor the level of intracellular SA-
β-gal and ROS in these cells upon cellular senescence (Figures
5G,H, S20, and S21). Please note that the 19F NMR signal
changes were varied among different cell types, presumably
due to the heterogeneous nature of senescence.
It has been increasingly recognized that simultaneous

monitoring of different senescence-associated biomarkers is
crucial not only for improving the detection accuracy toward
cellular senescence but also for better understanding the
molecular signature of this biological process.16−20 Motivated
by the above promising results, we proceeded to investigate the
potential of these activatable 19F NMR probes for the
simultaneous analysis of β-gal and ROS in four types of
senescent cells. A mixture of Gal-4-F-2-Cl and ROS-3-F was
incubated with DOX-induced senescent cells and subjected to
19F NMR measurement. For comparison, the corresponding
proliferating cells were studied as the reference. As shown in
Figure 6, the 19F NMR peaks at −123.0 and −112.4 ppm,
assigned to the two reaction products, appeared only in the
cells with DOX treatment, regardless of the cell type, revealing
the promise of the proposed multiplexed 19F NMR strategy for
the assessment of the changes of different senescence-related
biomarkers among different types of cell sources.
Aside from cell type, stress duration is another important

factor contributing to the high heterogeneity of cellular
senescence. In this regard, we additionally tested the potential
of these probes for the dynamic analysis of these two markers
in cells upon stress. As a proof-of-concept illustration, the tests

Figure 5. Evaluations of the capability of the proposed activatable multiplexed 19F NMR senoprobes for the detection of intracellular β-gal and
ROS in senescent cells. (A,C) SA-β-gal staining and H2DCFDA staining of proliferating L-02 cells and DOX-induced senescent L-02 cells. (B,D)
SA-β-gal staining and H2DCFDA staining of proliferating A549 and DOX-induced senescent A549 cells. (E,F) 19F NMR spectra of (E) Gal-4-F-2-
Cl (400 μM) and (F) ROS-3-F (400 μM) after incubation with proliferating and senescent L-02 cells for 18 h, respectively. (G,H) 19F NMR
spectra of (G) Gal-4-F-2-Cl (400 μM) and (H) ROS-3-F (400 μM) after incubation with proliferating and senescent A549 cells for 18 h,
respectively. The gray dotted frame indicates the chemical shift of NaTFA (internal standard). The black dotted frame indicates the chemical shift
of Gal-4-F-2-Cl and ROS-3-F. The blue dotted frame and red dotted frame indicate the chemical shift of 4-F-2-Cl-OH and 3-F-OH (reaction
products of Gal-4-F-2-Cl and ROS-3-F with their targets), respectively.
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were carried out in senescent L-02 cells with varied stimulating
durations. Specifically, L-02 cells were treated with DOX for
different periods of time and then subjected to 19F NMR
measurement after incubation with Gal-4-F-2-Cl and ROS-3-F,
respectively. As seen in Figure 7A, the 19F NMR peak at
−123.0 ppm, corresponding to the product after reaction with
intracellular SA-β-gal, was observed on day 3 after stimulation
with DOX, indicating that the level of β-gal was substantially
elevated. On the other hand, the 19F NMR peak at −112.4
ppm, which was ascribable to the product after reaction with
intracellular ROS, appeared on day 2 (Figure 7B), revealing
the heterogeneous changes of these two markers during
cellular senescence. With the increase of DOX-stimulation

time, the signal intensity of 19F NMR at both −123.0 and
−112.4 ppm increased remarkably, suggesting the accumu-
lation of intracellular SA-β-gal and ROS. More importantly,
consistent results were obtained when Gal-4-F-2-Cl and ROS-
3-F were coexisted (Figure 7C). Collectively, these findings
highlighted the promise of our activatable multiplexed 19F
NMR probes for the dynamic monitoring of different
senescence-associated biomarkers during cellular senescence.

■ CONCLUSIONS
In summary, we have presented a 19F barcoding strategy for
the quantitative measurement and dynamic monitoring of
senescence-associated biomarkers based on the 19F NMR
technique. Our strategy is conceptually and operationally
distinctive from currently studied senescence-detection
approaches. The fingerprint and quantifiable 19F chemical
shifts were applied as the signal output, making it possible to
overcome the spectral overlapping issue in traditional optical
imaging methods in multitarget analysis and thereby enhance
detection throughput. Moreover, the extremely low abundance
of the F element in organism allows for dramatically decreased
background interference, leading to improved analytical
accuracy. Proof-of-concept studies have been conducted, and
two activatable multiplexed 19F NMR molecular probes have
been designed and synthesized, which separately target two
major senescence-associated biomarkers, β-gal and ROS. The
potential of these two probes has been investigated for
dynamical and quantitative assessment of the changes of these
biomarkers in different types of cells undergoing cellular
senescence. Results showed that they could specifically
respond to their own target and generate different new
chemical entities with different 19F chemical shifts from the
initial probes, enabling sensitive and quantitative assessment of
β-gal and ROS in different cell models without inducing
significant cytotoxicity. More impressively, no signal overlap
was observed, which was ascribed to the remarkable difference
in the 19F chemical shifts between the initial probes and the
reaction products, further contributing to the simultaneous
analysis of β-gal and ROS in senescent cells. Despite these
promising results, this study has limitations. Since cellular
senescence is a dynamic and heterogeneous biological process,
different types of 19F NMR senoprobes targeting other
senescence-related markers are highly needed in future studies

Figure 6. Studies on the capability of the activatable multiplexed 19F
NMR senoprobes for the simultaneous detection of β-gal and ROS in
different types of senescent cells. 19F NMR of the samples after
incubation of a mixture of Gal-4-F-2-Cl (400 μM) and ROS-3-F (400
μM) with (A) proliferating and senescent L-02 cells, (B) proliferating
and senescent A549 cells, (C) proliferating and senescent HEK293T,
and (D) proliferating and senescent PC-3 cells for 18 h. The black
dotted frame indicates the chemical shift of Gal-4-F-2-Cl and ROS-3-
F. The blue dotted frame and red dotted frame indicate the chemical
shift of 4-F-2-Cl-OH and 3-F-OH (the reaction products of Gal-4-F-
2-Cl and ROS-3-F with their targets), respectively.

Figure 7. Studies on the capability of the proposed activatable multiplexed 19F NMR senoprobes for dynamic monitoring of different biomarkers in
senescent cells. (A) 19F NMR spectra of the as-obtained samples after incubation of Gal-4-F-2-Cl (400 μM) with L-02 cells upon inducing by DOX
for indicated periods of time. (B) 19F NMR spectra of the as-obtained samples after incubation of ROS-3-F (400 μM) with L-02 cells upon
inducing by DOX for indicated periods of time. (C) 19F NMR spectra of the as-obtained samples after incubation of a mixture of Gal-4-F-2-Cl (400
μM) and ROS-3-F (400 μM) with L-02 cells upon inducing by DOX for indicated periods of time. The gray dotted frame indicates the chemical
shift of NaTFA (internal standard). The blue bands indicate the chemical shift of Gal-4-F-2-Cl (left band) and 4-F-2-Cl-OH (right band). The red
bands indicate the chemical shift of 3-F-OH (left band) and ROS-3-F (right band). The red frame and the blue frame indicate local amplification
for better observation of the peaks of 3-F-OH and 4-F-2-Cl-OH.
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in order to gain more insights into the molecular mechanism
and mapping of cellular senescence derived from different cell
sources and stress types. It is also important to perform in-
depth investigations on the potential of these senoprobes for
senescence detection in vivo, which would benefit us to further
depict the roles of cellular senescence in aging and the
development of age-related diseases. Besides, several other
aspects, such as pharmacokinetics, biodistribution, biodegra-
dation, and toxicological effects of the engineered probes,
demand careful assessments. Overall, we expect this work to
provide valuable molecular tools toward cellular senescence
and lay the foundation to create an arsenal of senoprobes for
promoting further advances in the field of cellular senescence.
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