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Abstract

Cellular senescence, a process that arrests the cell cycle, is a cellular response mechanism

for various stresses and is implicated in aging and various age-related diseases. However, the
understanding of senescence in living organisms is insufficient, largely due to the scarcity

of sensitive tools for the detection of cellular senescence /in vivo. Herein, we describe the
development of a self-immaobilizing near-infrared (NIR) fluorogenic probe that can be activated by
senescence-associated S-galactosidase (SA-B-Gal), the most widely used senescence marker. The
NIR signal is turned on only in the presence of SA-B-Gal, and the fluorescence signal is retained
to the site of activation via /n situ labeling, significantly enhancing the sensitivity of the probe. We
demonstrate its efficient non-invasive imaging of senescence in mice xenograft models.
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INTRODUCTION

Cellular senescence, a non-proliferative but viable cellular state with prolonged and mostly
irreversible cell-cycle arrest, not only acts as an endogenous tumor suppression mechanism,
but also is a cellular response to various stresses, including telomere shortening, DNA
damage, chromatin perturbation, and oncogenes activationl4. Mounting evidence has linked
cellular senescence with aging and numerous age-related diseases, such as cardiovascular
disease, diabetes, neurodegenerative disorders, and fibrosis at various vital organs3-4.
Therapeutic removal of senescent cells (also known as senotherapy) has drawn drastically
increasing attention in recent years®. Monitoring the status of cellular senescence in living
subjects allows the study of senescence in real-time without the need to terminate the
experiments, enabling long-term study of age-related disease progression, and evaluation
of treatment responses of both anticancer therapies and senolytic therapies®. However, the
non-invasive detection of senescence /17 vivo has been very challenging, due to the lack of
sensitive probes. Senescence is regularly characterized by the overexpression of cell cycle
inhibitors, such as p16 and p212 7, altered secretome (known as senescence associated
secretory phenotype)8, and deregulated metabolism®. Among these features, senescence-
associated B-galactosidase (SA-ABGal)?, which is derived from the increased lysosomal
content of senescent cells”- 10, has been the most widely used marker for senescence
detection, and the detection of SA-S-Gal is mostly achieved with a colorimetric assay using
5-bromo-4-chloro-3-indoyl B-D-galactopyranoside (X-gal) as a chromogenic substratel!.
However, this approach is limited to cells and fresh tissue sectionsC. Fluorescent
probes!2-16 developed for B-Gal detection in /acZ(+) (gene encoding B-Gal) cells can
potentially be used for senescence detection, and some have been applied for the detection
of SA-B-Gal in vitro*’-21, However, these probes lack the capability of visualizing cellular
senescence in living animals due to short-wavelength excitation/emission of fluorophores or
poor sensitivity?®.

NIR fluorescent probes offer high penetration depth, minimal photodamage to tissues,
decreased background autofluorescence, and have been applied in noninvasive detection
and imaging of biological targets /7 vivo?224, We have previously developed a fluorogenic
near-infrared (NIR) molecular probe NIR-BG and applied it in the imaging of drug-induced
cellular senescence in human xenograft tumor models2. To obtain a sensitive NIR probe
for senescence, we envisioned that a self-immobilizing group that could be activated by

the target enzyme can further enhance the imaging efficiency by labeling the surrounding
proteins /n situto retain the probe molecules to the site of activation while decreasing the
rapid diffusion of the freed small molecules?® (Figure 1). In this paper, we demonstrated

the first self-immobilizing turn-on NIR fluorescent probe, NIR-BG2, for enhanced real-time
imaging of drug-induced senescence /n vivo.

RESULTS AND DISCUSSION

We therefore designed and chemically synthesized probe NIR-BG2 consisting of four
moieties: a g-Gal substrate, a NIR fluorophore reporter, a self-immolative linker and a
self-immobilizing moiety. Quinone methide chemistry has been successfully used in the
design of covalent inhibitors2’-28, immobilization of coumarin or rhodol tag?%-3%, and
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photo-controlled chemical cross-linking of proteins36-37, We incorporated a difluoromethyl
group in the NIR fluorescent probe in which the hemicyanine skeleton is utilized as

a NIR chromophore3® and a B-galactose residue is utilized as an enzyme recognizable
trigger3?, so that the electrophilic quinone methide species can be released upon activation
by the SA-g-Gal, then trapped by the target enzymes or the nearby proteins to form

a covalent linkage resulting in retained NIR signals. It remains challenging to develop

NIR probes that can be turned on while possessing the feature to self-immobilize,

as there is still a lack of efficient chemistry to install self-immobilizing functional

groups under conditions that are compatible with NIR probes. In addition, even if

the self-immobilizing fluorescent probe can be synthesized, the introduction of a self-
immobilizing group may destabilize the fluorescent probe. For example, the QCy7-based
probes#0-41 bearing a self-immobilizing group was found to readily decompose*2, such

as -CHF,/-CH5F at the ortho position of an optically tunable hydroxyl group in NIR
fluorophore. In our study, (£)-2-(2-(6-hydroxy-2,3-dihydro-1A-xanthen-4-yl)vinyl)-3,3-
dimethyl-1-propyl-3H-indol-1-ium (HXPI) was employed as the NIR fluorophore due

to its high quantum yield, photostability*3, and membrane permeability38 44-48, More
importantly, HXPI was compatible with the chemistry for the incorporation of a quinone
methide-based self-immobilizing group, and the final probe NIR-BG2 was very stable
(Figure 1). To demonstrate the self-immobilizing characteristics, a control probe NIR-BG1
(similar to the first-generation probe NIR-BG), without the self-immobilizing properties,
was also synthesized as well (Figure S1). The compounds were characterized by mass
spectrometry, 1H, and 13C NMR in the supporting information. There are previous reports of
monofluoromethylated probe having higher labeling efficiency than their difluoromethylated
analogue3®: 34, We also tested a monofluoromethylated analogue of this probe and to our
surprise this analogue hydrolyzes quickly at room temperature (Figure S2E). In comparison
NIR-BG2 showed much better stability and thus is more suitable for cell and /n vivo studies
(Fig. S2A-D).

We first investigated the spectroscopic properties of these two probes in PBS buffer with

or without g-Gal. Probe NIR-BGL1 (5 puM) exhibited typical absorption maximum of caged
HXPI at 601 nm and 650 nm, and the absorption maximum for probe NIR-BG2 appeared at
596 nm and 644 nm (Figure 2). Upon the treatment with S-Gal, a remarkable bathochromic
shift for both probes was observed. As expected, prior to S-Gal treatment, both probes
NIR-BG2 and NIR-BG1 were almost nonfluorescent because the hydroxyl group of HXPI
was caged with a S-Gal substrate, suppressing the intramolecular charge transfer (ICT)
process that would lead to fluorescence. However, upon addition of s-Gal, probe NIR-

BG1 produced a dramatic fluorescence enhancement (100-fold) over the background at

699 nm which can be attributed to the enzyme-triggered cleavage of the glycosylic bond

to liberate the free hydroxyl group of NIR chromophore as a strong electron donor in

the D-z-A system , thereby recovering ICT process and lighting up the fluorescence3®.
Whereas, NIR-BG2 exhibited a small fluorescence response (16-fold) at 709 nm to S-Gal
due to the formation of formyl group partially quenching the fluorescence3%: 32, To confirm
the enzymatic hydrolysis mechanism, HPLC equipped with PDA detector and ESI mass
spectrometry were utilized to analyze the enzymatic hydrolysis products of g-Gal treated
probes. As shown in Figure S3, a new peak was observed at 15.84 min, corresponding to the
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NIR chromophore, in HPLC trace after incubation of 5 UM NIR-BG1 (15.23 min) with 8-
Gal (2 U) for 30 minutes. For the reaction of NIR-BG2 with g-Gal, the corresponding peak
was found at 16.51 min. Also, the UV-vis spectrum of these peaks recorded by the PDA
detector is in alignment with that of the corresponding NIR chromophores. Furthermore,
these peaks were subjected to ESI mass analysis and a signal was observed at m/z 412.2284
[M]* for NIR-BG1, 440.2295 [M]* for NIR-BG2, respectively. We also investigated the
effect of pH on the UV absorbance and fluorescent intensity of the probes. UV absorbance
of both NIR-BG1 and NIR-BG2 showed blue-shift at acidic pH and red-shift at basic

pH and the emission intensity of the activated probes are slightly decreased at acidic pH
(Figure S4). While LacZ p-galactosidase has optimal activity near neutral pH, SA-B-gal

is a lysosomal enzyme with optimal activity at around pH = 4. Thus, we also tested the
activation of NIR-BG1 and NIR-BG2 by human p-galactosidase-1/GLB1 at pH = 3.5,
which showed similar fast activation of the probes within 15 min (Figure S5). These results
unambiguously confirmed the release of the NIR chromophore, resulting in a fluorescent
response.

We then conducted the fluorescence-titration experiments with NIR-BG1 or NIR-BG2
and various concentrations of pure g-Gal (0.005-0.2 U/mL). The fluorescence intensity
dramatically increased in the presence of a high concentration of g-Gal in both cases
(Figure S6). Also, the fluorescence intensity against concentrations of S-Gal from0.006 to
0.2 U/mL exhibited a good relationship at 700 nm for NIR-BG1, and 708 nm for NIR-BG2,
respectively. The regression equation is calculated as F7op nm = 324.5[5-Gal] +1.671 for
NIR-BG1 and Fgg nm = 554.9[8-Gal] + 0.452 for NIR-BG2 with a linear coefficient of
0.9957 and 0.9972 respectively. The kinetic parameters of the Michaelis constant (Ky,), the
turnover number (kg5t), and the catalytic efficiency constant (A.q/ Kim), were subsequently
studied by monitoring the fluorescent intensity change at various concentrations of probes
with g-Gal (0.1 U/mL) to obtain the enzymatic hydrolysis reaction rate (Figure S7). Then
the kinetic parameters were determined by plotting the Lineweaver-Burk equation: 1/V

= Kl kel [Eol[S] + 1/ keai[Eol, where [Eg] is the concentration of S-Gal. Thus, the kinetic
parameters K, keat and kgt / Kiy were calculated to be 2.0 uM, 6.4 s71, and 3.2 pM~1es™1
for NIR-BG1; 9.3 uM, 14.6 s71, and 1.6 pM~1es™1 for NIR-BG2.

To validate the self-immobilization of probe NIR-BG2 to g-Gal upon activation, the
fluorescence western blot analysis was carried out as it enables the quantification of
B-Gal and probe concentration under different fluorescence channels to observe the
colocalization of NIR-BG2 and B-Gal (via dye-labeled antibody) to verify the activation
and self-immobilization of the probe. Also, a quantitative analysis could be performed
to estimate the relationship between the 5-Gal concentration and the probe activation
and binding. The results showed that the bright NIR-BG2 fluorescence signal exactly
colocalized with the signal from the anti-5-Gal antibody while only baseline signal was
observed for the control probe NIR-BG1 (Figure 3 and Figure S8), which demonstrated
the NIR-BG2 could be activated and linked to the 5-Gal enzyme, while NIR-BG1
lacking the self-immobilizing handle could not. The quantification data indicated the linear
correlation between the concentration of S-Gal enzyme and the fluorescence intensity of
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NIR-BG2, which demonstrated the ability of NIR-BG2 for quantitatively imaging the
cellular senescence by measuring the concentration of g-Gal enzyme.

To get a quantitative measure of the cellular uptake and activation of NIR-BG1 and NIR-
BG2 in therapy-induced senescence in human cancer cells, flow cytometry analysis was
performed. It showed significantly higher fluorescence intensity in senescent HeLa cells
compared to normal HeLa cells (Figure 4A-4B and Figure S10). Cellular senescence in
HelLa cells was induced by treatment with camptothecin (CPT) at 7.5 nM for 7 days as
confirmed by X-gal staining (Figure. S9). In a parallel experiment, we also confirmed the
uptake and activation of the two probes using CT26.CL25 cells and CT26.WT cells, with or
without -Gal encoding /acZ gene,; both probes had remarkably higher fluorescence turn-on
signal in CT26.CL25 cells than in the control CT26.WT cells (Figure S11-12). Importantly,
the fluorescence signal from NIR-BG2 was significantly higher than that from NIR-BG1
in both CT26.CL25 cells (expressing endogenous B-Gal) and senescent HeLa cells (induced
expression of SA-B-Gal), demonstrating the continuous activation and accumulation of
NIR-BG2 due to its self-immobilizing activity. The viability of the cells was unaffected
after incubation with NIR-BG1 or NIR-BG2 (Figure S13). These results further suggested
the potential of using NIR-BG2 to monitor cellular senescence.

To investigate the imaging efficiency and the difference between NIR-BG2 and NIR-BG1
for senescence detection, fluorescence microscopy imaging of HeLa cells with or without
chemotherapy-induced senescence was performed (Figure 4C-D). It is worth to note that
the CPT treated HelLa cells were significantly enlarged in size compared to normal HeLa
cells, indicating their morphological change upon senescence induction. Although both
NIR-BG1 and NIR-BG2 produced remarkably higher fluorescence in CPT treated cells,
only NIR-BG2 showed retained fluorescence signals in senescent HeLa cells after an extra
probe washout step, and the fluorescence signal of NIR-BG2 was highly colocalized with
BGal immunostaining (Figure 4C-D). The dynamic clearance of probes in CT26.CL25
cells showed that NIR-BG1 could be cleared out within 24 h while NIR-BG2 could
accumulate in the cells for more than 24 hours (Figure S12A). The photostability of
NIR-BG2 was measured by monitoring its fluorescent intensity in CT26.CL25 cells with
continuous excitation. The fluorescent intensity showed about only 15 percent decrease
after 30 min (Figure S14). We also tested NIR-BG1 and NIR-BG2 in doxorubicin-induced
senescence in MDA-MB-231 cells, CPT-induced senescence in MCF7 cells and peroxide
induced senescence in IMR-90 cells. The retention of NIR-BG2 was similarly higher in
the senescent MDA-MB-231 cells and MCF7 cells than their untreated control cells; while
NIR-BG1 did not provide contrast in the senescent cells after prolonged incubation and
washing steps (Figure S15-17). These results suggested retained fluorescence in senescent
cells as a result of the attachment of the activated NIR-BG2 to the SA-B-Gal and the
surrounding proteins. Collectively, probe NIR-BG2 could be activated by SA-8-Gal to turn
on its NIR fluorescence signal, meanwhile its self-immobilizing chemistry further enhanced
the imaging efficiency and prolonged the probe retention at site of activation, suggesting its
suitability for enhanced /n vivo imaging of cellular senescence.

In vivo fluorescence imaging of HeLa xenografts was performed to evaluate the capability of
NIR-BG2 to visualize chemotherapy-induced senescence in human tumor xenograft models.
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HeLa tumor-bearing mice were treated with chemotherapy to induce cellular senescence
following a previously reported method by our group?®. The CPT-treated mice showed
significantly increased fluorescence intensity in the tumor compared to the control group
receiving saline (Figure 5A-B). The quantification of the optical imaging showed that the
fluorescence intensity at 24 h from the tumors with or without drug treatment was (1.04 +
0.15) x 107 and (0.53 + 0.13) x 10’ (NIR-BG2 vs. NIR-BG1) (Figure 5C). Importantly,
NIR-BGZ2 showed significantly higher fluorescence signal than NIR-BG1 in drug treated
tumors due to /n situ labelling of senescent cells. The ex vivo imaging (Figure 5D) and
quantitative (Figure 5E) analysis of the tumors and organs further confirmed the /in vivo
imaging results. X-gal staining (Figure 6A) and fluorescence imaging of the tumor slices
(Figure 6B) validated the probes were retained in tumor tissue receiving chemotherapy,
suggesting NIR-BG2 superior to NIR-BG1 for detecting cellular senescence /in vivo, due to
prolonged signal retention.

CONCLUSIONS

In summary, we have developed a self-immobilizing NIR probe for the imaging of cellular
senescence in living animals. This self-immobilizing NIR probe was efficiently activated

by SA-p-Gal to produce intense fluorescence signals both /n vitro and in vivo. Compared
with the control probe NIR-BG1 lacking the immobilizing group, probe NIR-BG2 showed
stronger NIR fluorescence after activation in the senescent cells and longer retention inside
the senescent cells. Importantly, NIR-BG2 showed significant prolonged retention in animal
models induced with senescence, offering a wider time window to allow the clearance

of background fluorescence signals. We anticipate that the combined advantage of the

NIR optical probe and long-term tracking makes our self-immobilizing probe useful for
investigating the senescence in living organisms.

EXPERIMENTAL SECTION

General materials and instruments.

Solvents and chemicals were purchased from commercial sources and used directly
without further purification. Flash chromatography was performed manually with Agela
Technologies Flash Silica (40-60 um, 60 Angstroms). HPLC was performed on a Dionex
UltiMate 3000 with a pump and an in-line Diode Array Detector (DAD-3000). A reverse-
phase C18 (Teledyne, 5 um, 10 x 250 mm) column was used for analysis and semi-
preparation. All compounds are >95% pure by HPLC analysis. Deuterated solvents were
purchased from Sigma-Aldrich and Merck Millipore. 1H NMR spectra were recorded
using either a Bruker Avance 111 300, Bruker Avance 500, or a Bruker Avance Neo

600, and chemical shifts were reported in ppm with either TMS or deuterated solvents

as internal standards (*H: & 0.00 for TMS, & 7.26 for CDCl3, 6 3.31 for CD30D
respectively). The following are used for multiplicities: s, singlet; d, doublet; t, triplet;

m, multiplet; and dd, doublet of doublet.) 13C NMR spectra were recorded at 75.4 or
125.7 MHz, and chemical shifts were reported in ppm with deuterated solvents as internal
standards (13C: & 77.16 for CDCls, & 49.0 for CD30D respectively). High resolution
mass spectrometry was recorded on Waters LCT Premier Mass Spectrometer. UV-vis
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spectra were collected on a Shimadzu UV-2700 spectrophotometer. Absorption spectra

were taken on a Shimadzu UV-1800 UV-VIS Spectrophotometer. Fluorescence spectra

were recorded on Edinburgh FLS980 fluorescence spectrometer and Shimadzu RF-5301pc
spectrophotometer. p-Galactosidase (£. coli)) (catalog. P5269) was purchased from Abnova.
4’ 6-diamidino-2-phenylindole (DAPI) was purchased from Biotium, CA, USA. Bovine
serum albumin (BSA), Fetal Bovine Serum (FBS), and PBS were obtained from VWR,

PA, USA. Dulbecco's Modified Eagle's medium (DMEM) and Eagle's minimal essential
medium (EMEM) were from Corning Inc, USA. g-Galactosidase (£. coli) was purchased
from Abnova (catalog #P5269). Goat anti-rabbit IgG H&L-AF488 (Catalog #ab150077) was
purchased from Abcam (USA). Anti-B-Galactosidase antibody (Catalog # A-11132), and
goat anti-rabbit IgG H&L Secondary Antibody, HRP (Catalog # 65-6120), ActinGreen 488
ReadyProbes (Catalog # R37110) and ProLong Gold Antifade Mountant were purchased
from Invitrogen, USA. Radioimmunoprecipitation assay (RIPA) cell lysis buffer was from
Enzo Life Sciences, NY, USA. HeLa (human cervical cancer cell line), CT26.WT (wild type
mouse colon fibroblast carcinoma cells), CT26.CL25 (/acZ+ CT26 cell, engineered cells
that highly express S8-ga/), MCF7 and IMR-90 cell lines were purchased from American
Type Culture Collection (ATCC), VA, USA. Mini-PROTEAN® TGX™ Precast Gels and
polyvinylidene fluoride (PVVDF) membrane were purchased from Bio-Rad, USA. Dimethyl
sulfoxide (DMSO) was from Sigma-Aldrich, USA.

Chemical Synthesis.

(E)-2-(2-(7-formyl-6-hydroxy-2,3-dihydro-1H-xanthen-4-yl)vinyl)-3,3-dimethyl-1-
propyl-3H-indol-1-ium (2b) was prepared following a literature

procedure.*® 1H NMR (500 MHz, CDCl3) & 10.04 (s,

1H), 8.66 (d, /= 15.1 Hz, 1H), 7.65 (s, 1H), 7.54 — 7.50 (m, 2H), 7.48 — 7.45 (m,

1H), 7.38 (d, /= 7.8 Hz, 1H), 7.08 (s, 1H), 6.98 (s, 1H), 6.59 (d, /= 15.1 Hz, 1H), 4.36 (t,
J=7.3Hz, 2H), 2.72 (t, J= 6.5 Hz, 2H), 2.68 (t, /= 6.5 Hz, 2H), 1.99 — 1.92 (m, 4H), 1.81
(s, 6H), 1.07 (t, J= 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl5) & 193.55, 179.00, 165.14,
159.63, 157.99, 146.53, 142.37, 141.35, 131.81, 131.35, 129.49, 128.29, 128.10, 122.81,
119.81, 115.86, 115.35, 113.20, 106.01, 104.16, 51.34, 47.43, 29.24, 28.14, 23.97, 21.62,
20.30, 11.49. HRMS (ESI) Calcd. For CogH3gNO3™ [M]*: 440.2220; found: 440.2215.

3,3-dimethyl-1-propyl-2-((E)-2-(6-((4-(((2S,3R,4S,5S,6R)-3,4,5-triacetoxy-6-
(acetoxymethyl)tetrahydro-2H-pyran-2-yl)oxy)benzyl)oxy)-2,3-dihydro-1H-
xanthen-4-yl)vinyl)-3H-indol-1-ium (3a).—To a solution of compound 2a (27.0

mg, 0.05 mmol), K,CO3 (8 mg, 0.06 mmol) and Nal (14.9 mg, 0.1 mmol) in 2 mL of DMF,
1 (31 mg, 0.06 mmol) was added. Then the reaction mixture was stirred at room temperature
in the dark for 3 days. HPLC was used to monitor reaction process. Once the reaction

was completed. The reaction mixture was purified by HPLC to afford 3a (18.0 mg, 37%). 1H
NMR (500 MHz, CDCl3) & 8.66 (d, /= 14.8 Hz, 1H), 7.51-7.47 (m, 2H), 7.43-7.37 (m, 4H),
7.30 (d, /=7.9 Hz, 1H), 7.24 (s, 1H), 7.06 (d, /= 8.6 Hz, 2H), 6.97-7.96 (m, 2H), 6.35 (d, J
=14.8 Hz, 1H), 5.51 (dd, /= 10.4, 8.0 Hz, 1H), 5.47 (d, /= 3.2 Hz, 1H), 5.14- 5.12 (m, 3H),
5.09 (d, /=7.9 Hz, 1H), 4.26 — 4.20 (m, 3H), 4.16 (dd, /= 11.2, 6.4 Hz, 1H), 4.09 (dd, /=
J=6.6 Hz, 1H), 2.75 (t, /= 5.5 Hz, 2H), 2.65 (t, /=5.9 Hz, 2H), 2.19 (s, 3H), 2.08 (s, 3H),
2.06 (s, 3H) 2.02 (s, 3H), 1.96 — 1.93 (m, 4H), 1.79 (s, 6H), 1.07 (t, J= 7.4 Hz, 3H). 13C
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NMR (126 MHz, CDCl3) 6 177.42, 170.62, 170.39, 170.31, 169.64, 162.34, 162.19, 157.19,
154.59, 145.96, 141.76, 141.55, 134.30, 130.60, 129.63, 129.33, 128.97, 127.54, 127.48,
122.72,117.28, 116.13, 114.92, 113.83, 112.44, 103.36, 102.07, 99.65, 71.17, 70.92, 70.53,
68.72, 66.97, 61.42, 50.73, 46.84, 29.85, 29.24, 28.30, 24.10, 21.29, 20.87, 20.80, 20.73,
20.32, 11.53. HRMS (ESI) Calcd. For C49Hs4sNO1,* [M]*: 848.3641; found: 848.3608.

2-((E)-2-(7-formyl-6-((4-(((2S,3R,4S,5S,6R)-3,4,5-triacetoxy- 6-
(acetoxymethyl)tetrahydro-2H-pyran-2-yl)oxy)benzyl)oxy)-2,3-dihydro-1H-xanthen-4-
yilvinyl)-3,3-dimethyl-1-propyl-3H-indol-1-ium (3b) was

synthesized in 32% yield with a similar procedure for 3a. 1H NMR (500 MHz, CDCl5)

6 10.41 (s, 1H), 8.70 (d, J= 15.0 Hz, 1H), 7.84 (s, 1H), 7.58 (d, J= 7.2 Hz, 1H), 7.52
—7.47 (m, 2H), 7.45 (d, /= 8.3 Hz, 2H), 7.36 (d, /= 7.7 Hz, 1H), 7.15 (s, 1H), 7.07 (s, 1H),
7.06 (d, /J=8.6 Hz, 2H), 6.49 (d, J= 15.0 Hz, 1H), 5.50 (dd, J=10.3, 8.1 Hz, 1H), 5.47 (d,
J=3.2 Hz, 1H), 5.29 (s, 2H), 5.13 (dd, J=10.5, 3.4 Hz, 1H), 5.10 (d, /= 7.9 Hz, 1H), 4.31
(t, /= 7.3 Hz, 2H), 4.23 (dd, J=11.2, 6.9 Hz, 1H), 4.16 (dd, /= 11.2, 6.3 Hz, 1H), 4.10 (t,
J=6.6 Hz, 1H), 2.73 (t, /= 5.8 Hz, 2H), 2.66 (t, /= 5.8 Hz, 2H), 2.18 (s, 3H), 2.08 (s, 3H),
2.06 (s, 3H), 2.02 (s, 3H), 1.99 — 1.93 (m, 4H), 1.82 (s, 6H), 1.08 (t, J= 7.4 Hz, 3H). 13C
NMR (126 MHz, CDCls3) 6 187.90, 179.08, 170.58, 170.38, 170.26, 169.63, 163.73, 160.06,
158.09, 157.22, 146.62, 142.45, 141.23, 131.75, 130.16, 129.52, 129.39, 128.62, 128.40,
127.87, 123.06, 117.30, 115.69, 115.43, 112.96, 105.48, 101.00, 99.64, 71.30, 71.23, 70.96,
68.74,67.01, 61.46, 51.40, 47.32, 29.39, 27.94, 24.19, 21.54, 20.88, 20.79, 20.78, 20.73,
20.24, 11.55. HRMS (ESI) Calcd. For C5qHs4NO43* [M]*: 876.3590; found: 876.3686.

3,3-dimethyl-1-propyl-2-((E)-2-(6-((4-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-
(hydroxymethyltetrahydro-2H-pyran-2-yl)oxy)benzyl)oxy)-2,3-dihydro-1H-
xanthen-4-yl)vinyl)-3H-indol-1-ium (NIR-BG1).—To a solution of 3a

(18 mg, 0.0187 mmol) in methanol (1 mL), NaOMe (0.43 L)

was added. The reaction was monitored with HPLC. After starting material was consumed,
the crude product was purified with HPLC to afford NIR-BG1 in 68% yield. 1TH NMR
(500 MHz, CD30D) &6 8.77 (d, J=15.0 Hz, 1H), 7.68 (d, J= 7.5 Hz, 1H), 7.55-7.52 (m,
2H), 7.49-7.42 (m, 4H), 7.40 (s, 1H), 7.18-7.15 (m, 2H), 7.09 (d, J= 2.2 Hz, 1H), 7.04 (dd,
J=8.6, 2.4 Hz, 1H), 6.52 (d, J=14.9 Hz, 1H), 5.21 (s, 2H), 4.88 (d, /= 8.0 Hz, 1H), 4.33 (t,
J=17.5Hz, 2H), 3.90 (d, /= 3.0 Hz, 1H), 3.82-3.73 (m, 3H), 3.69 (dd, /= 6.8, 5.7 Hz, 1H),
3.58 (dd, /=9.7, 3.4 Hz, 1H), 2.79 (t, J= 6.0 Hz, 2H), 2.72 (t, /= 6.0 Hz, 2H), 1.99-1.92
(m, 4H), 1.83 (s, 6H), 1.08 (t, /= 7.5 Hz, 3H). 13C NMR (126 MHz, CD30D) 6 179.29,
163.79, 163.13, 159.30, 155.82, 147.08, 143.50, 143.06, 135.17, 131.44, 130.29, 130.21,
130.06, 128.61, 128.40, 123.84, 117.94, 117.29, 115.64, 115.40, 113.92, 104.75, 102.91,
102.68, 77.06, 74.85, 72.24, 71.55, 70.20, 62.44, 52.02, 47.49, 30.05, 28.38, 25.03, 22.25,
21.65, 11.58. HRMS (ESI) Calcd. For C41H46NOg™ [M]*: 680.3218; found: 680.3215.

2-((E)-2-(7-(difluoromethyl)-6-((4-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)benzyl)oxy)-2,3-dihydro-1H-
xanthen-4-yl)vinyl)-3,3-dimethyl-1-propyl-3H-indol-1-ium (NIR-BG2).—To

a solution of 3b (5.4 mg, 5.3 umol) in dichloromethane (1 mL), DAST (23 uL,

0.16 mmol) was added. The reaction was stirred at room temperature and monitored with
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HPLC. Once the starting material was consumed, the reaction was quenched with methanol
for 1 h to consume remaining DAST. Next, the solvents were removed under reduced
pressure, and the residue was dissolved in methanol. NaOMe was added to this mixture until
the reaction was completed. Then the mixture was purified with HPLC to afford NIR-BG2
in 70% yield over 2 steps. *H NMR (500 MHz, CD30D) 6 8.77 (d, /= 15.0 Hz, 1H), 7.73-
7.69 (m, 2H), 7.59 (d, J=15.0 Hz, 1H), 7.56 (t, /= 7.6 Hz, 1H), 7.51 (t, /= 7.4 Hz, 1H),
7.46 (d, J=8.5 Hz, 2H), 7.34 (s, 1H), 7.21- 7.18 (m, 3H), 7.00 (t, Jy.F= 55.3 Hz, 1H), 6.60
(d, J=15.0 Hz, 1H), 5.33 (s, 2H), 4.88 (d, /= 8.0 Hz, 1H), 4.38 (t, /= 7.4 Hz, 2H), 3.89

(d, J= 3.5 Hz, 1H), 3.82-3.72 (m, 3H), 3.69-3.67 (m, 1H), 3.56 (dd, /=9.7, 3.3 Hz, 1H),
2.78 (t, J=5.5 Hz, 2H), 2.72 (t, J= 6.0 Hz, 2H), 1.99-1.93 (m, 4H), 1.86 (s, 6H), 1.09 (t,
J=17.5Hz, 3H). 13C NMR (126 MHz, CD30D) 6 180.14, 161.97, 160.69, 159.43, 156.82,
147.40, 143.79, 142.92, 133.44, 130.98, 130.31, 130.18, 129.66, 128.92, 126.71, 123.94,
118.11, 116.72, 115.88, 114.35, 112.55 (Jc.F= 236.4 Hz), 106.06, 102.95, 101.84, 101.40,
77.10, 74.86, 72.25, 72.14, 70.22, 62.47, 52.37, 47.79, 30.11, 28.26, 28.24, 25.01, 22.40,
21.54, 11.56. HRMS (ESI) Calcd. For C4oH46F2NOg* [M]*: 730.3186; found: 730.3162.

HPLC analysis of NIR-BG1 and NIR-BG2 activation by p-galactosidase.

B-Gal (5 unit, 50 pL) was added to the NIR-BG probe solution (30 pL, 1 mM) and the
mixture was incubated for 10 minutes at 37 °C. The resulting mixture was then quenched
with HCI (1 M, 120 uL). The supernatant was obtained by centrifugation at 10,000 rpm

for 20 min and then injected into HPLC for analysis. HPLC analysis was performed under
the following conditions - mobile phase A: water with 0.1% TFA; B: acetonitrile with

0.1% TFA; 0-10 min: gradient elution, 2-95% B; 10-20min: isocratic elution, 95% B. The
reaction was monitored using UV-vis absorbance at 600 nm. The peak was collected and
was subjected to mass spectrometry analysis, respectively. The results further confirmed the
observed peaks in HPLC trace are the enzymatic hydrolysis products.

UV-Vis and fluorescence spectra.

To a solution of 20 uL of 50 uM probes NIR-BG1 or NIR-BG2 and 160 uL PBS (pH = 7.4)
was added 20 pL 0.1U/pL p-Galactosidase to obtain 5 pM probes with 2 U B-Galactosidase
solution. After incubation at 37 °C for 5 min, the reaction solution was transferred to quartz
cuvettes to measure absorbance or fluorescence. Absorbance spectrum scan range from 350
nm to 800 nm (1 nm increment). fluorescence spectrum setting for NIR-BG1: Aex = 679
nm, Slit Width 5 nm. fluorescence spectrum setting for NIR-BG2: Aex = 675 nm, Slit Width
5 nm. Emission was record from 690 nm to 800 nm, Slit Width 5 nm. Absorption spectra
were recordes on Shimadzu UV-2700 UV-VIS Spectrophotometer. Fluorescence spectra
were recorded on Shimadzu RF-5301pc spectrophotometer.

Time-dependent fluorescence intensity increment using p-Galactosidase (0.1 U/mL) with
different concentrations of probes.

To a solution of 4, 6.7, 10, 13.3, 20 L of 50 uM probe NIR-BG1 or NIR-BG2 and

176, 173.3, 170, 166.7, 160 pL PBS (pH = 7.4) buffers was added 20 pL p-Galactosidase
(1 U/mL) in quartz cuvettes. Then final concentration of NIR-BG1 or NIR-BG2 is 1.0,
1.67, 2.5, 3.34, 5 uM and B-Galactosidase is 0.1 U/mL. Then the fluorescence intensity
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was recorded on Shimadzu RF-5301pc spectrophotometer at each timepoint. fluorescence
spectrum setting for NIR-BG1: Aex/Aem = 679/700 nm, Slit Width 5 nm/ Slit Width 5 nm.
Fluorescence spectrum setting for NIR-BG2: Aex/Aem = 675/708 nm, Slit Width 5 nm/ Slit
Width 10 nm.

Time-dependent fluorescence intensity with various amounts of B-Galactosidase.

To a solution of 20 uL of 50 uM probe NIR-BG1 or NIR-BG2 and 160 uL PBS (pH =

7.4) buffer was added 20 pL B-Galactosidase with various concentrations (0.05-2.0 U/mL) in
quartz cuvettes. Then final concentration of B-Galactosidase is from 0.005-0.2 U/mL. Then
the fluorescence intensity was recorded on Shimadzu RF-5301pc spectrophotometer at each
timepoint. fluorescence spectrum setting for NIR-BG1: Aex/Aem = 679/700 nm, Slit Width
5 nm/ Slit Width 5 nm. Fluorescence spectrum setting for NIR-BG2: Aex/Aem = 675/708
nm, Slit Width 5 nm/ Slit Width 10 nm.

Cells culture and induction of cellular senescence.

Cells were cultured at 37 °C in DMEM supplemented with 10% FBS and 1% penicillin
under 5% CO» and 95% humidity. To induce cellular senescence in HelLa cells, HeLa cells
were cultured with freshly prepared culture medium containing 7.5 nM camptothecin (CPT)
for 7 days. To induce cellular senescence in MDA-MB-231 cells, MDA-MB-231 cells were
cultured with freshly prepared culture medium containing 20 nM doxorubicin for 4 days. To
induce cellular senescence in MCF7 cells, MCF7 cells were cultured with freshly prepared
culture medium containing 20 nM CPT for 4 days. To induce cellular senescence in IMR-90
cells, IMR-90 cells were cultured with freshly prepared culture medium containing 20 uM
H,0, for 2 h and was replaced with fresh medium. After 3 days, the cells were treated with
freshly prepared culture medium containing 20 uM H,0, for 2 h and was replaced with
fresh medium for another 3 days.

Cell viability assays.

Cell growth and cytotoxicity were evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. Cells were seeded in a 96-well plate at a density of

1 x 104 cells/well, then cells were incubated with 0, 0.5, 1, 2, 5 and 10 uM probe for 4
hours at 37 °C. Afer removal of the old medium, MTT reagent (3 mg/mL) was added, and
cells were incubated for 3 hours at 37 °C. Upon the formation of visible purple crystals
(formazan), medium was aspirated and dimethyl sulfoxide (DMSO, 100 pL) was added to
dissolve the formazan for 20 min. Absorbance was read at 570 nm and cell viability was
calculated based on untreated wells.

Fluorescence Western blot analysis.

To verify the binding affinity of activated NIR-BG1 and NIR-BGZ2, different concentration
of the -gal enzyme was incubated with 5 UM probes (in 1xPBS containing 5% DMSO)
for 4 hours at 37 °C. Then samples were separated using 4-20% Mini-PROTEAN® TGX™
Precast Gels. After being transferred onto the PVDF membrane, S-gal was stained with
anti-B-Galactosidase antibody (1:5000) and goat anti-chicken IgY H&L-AF568 (1:5000).
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Then the PVDF membrane was imaged using ChemiDoc MP (Bio-Rad, USA) to observe the
colocalization of B-ga/bands and probe signals.

Immunofluorescence cell staining.

Hel a cells were seeded on glass coverslips (0.13-0.16 mm thickness) at a density of 3 x

10 cells/well (total 8 wells, 4 wells for inducing senescence and 4 wells for control) and
cultured overnight. On the next day, cells were treated with CPT (20 nM) or PBS for 4

days. After treatment, all cells were incubated with 5 uM probe (NIR-BG1 or NIR-BG2)
for 2 hours, Then the culture medium was changed to probe-free MEM to allow cells to
wash out the probes for 0 and 4 hours. Cells were then fixed and subsequently stained with
actin (ActinGreen 488 ready probes reagent 2 drops/mL) for 15 min and DAPI for 5 min.
Fluorescence microscopy imaging was performed to observe and compare the residual of
probes in cells. Then, all coverslips were mounted on the slides with ProLong Gold Antifade
Mounting media and were acquired for fluorescent microscope imaging (Nikon Ti2, Japan).
CT26.WT and CT26.CL25 cells were also stained and image with same procedure just
without treatment to confirm the uptake and binding of the probes. Dynamic clearance of
the probes in the S-gal overexpressed CT26.CL25 cells was also performed to estimate the
pharmaceutical kinetics of the probes in cells. CT26.CL25 cells were incubated with probes
(5 uM) for 2 hours. Then the culture medium was changed to probe-free DMEM to allow
cells to wash out the probes for 0, 1, 4, and 24 hours. Cells were then fixed and subsequently
stained with B-actin and DAPI. Fluorescence microscopy imaging was performed to observe
and compare the residual of probes in cells.

Flow cytometry.

HeLa cells were seeded in a 24-well plate at a density of 3 x 10° cells/well with or without
CPT treatment (20 nM) for 7 days. CT26.WT and CT26.CL25 cells were seeded in a
24-well plate at a density of 4 x 10° cells/well and cultured at 37 °C overnight. Then

cells were incubated with 5 uM of probes for 10 min, 1 hour, and 4 hours at 37 °C. After
being washed 3 times with PBS, cells were digested with 0.25% trypsin and resuspended
in 200 L PBS buffer for flow cytometry analysis (Accuri C6 Plus, Becton Dickinson and
Company, USA).

In vivo imaging.
In vivo imaging was performed in accordance with protocols approved by the Institutional
Animal Care and Use Committee of the University of New Mexico and followed the
National Institutes of Health guidelines for animal care. Twenty thymic female nude mice
(from Harland Laboratories) were injected subcutaneously with 2 x 108 HeLa cells to
establish a tumor xenograft model. When tumor size reaches 100 mm?3, mice were randomly
divided into 4 groups for treatment. Two groups were administrated with CPT by gavage
(2 mg/kg, every two days for 4 times, total dose was 8 mg/kg) and two groups were given
saline for control. At day 10, mice were injected with probes (10 nmol, 100 pL) through tail
vein. The fluorescence images were acquired at 1 h, 6 h, and 24 h post-injection using an
IVIS Spectrum optical imaging system (PerkinElmer, USA) with a 680 nm excitation and
720 nm emission filter set. All mice were euthanized after the last imaging for tumors and
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major organs collection, ex vivoimaging. After a fast imaging, all tumors were immersed in
optimal cutting temperature (OCT) compound and frozen on dry ice immediately for later
immunohistochemistry experiments.

Immunohistochemistry Staining.

The frozen tumors were sectioned into 4 um slices and were fixed with 4% formaldehyde
for 10 min. The slides were then stained with Eosin and X-gal according to our previously
reported method25,

Statistical analysis.

Values are reported as the mean + standard deviation unless otherwise noted. Student’s
t-testand two-way analysis of variance (ANOVA) were used to determine the statistical
significance with probability values less than 0.05 (p < 0.05). All statistical calculations
were performed using Prism 7.0 (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Non-invasive imaging of chemotherapy-induced senescence in vivo using probes NIR-BG1
or NIR-BGZ2. Both probes are at their fluorescence OFF state without the target enzyme
SA-B-Gal. Upon activation by SA-B-Gal, both probes become fluorescent. NIR-BG2

is converted to an intermediate with electrophilic quinone methide, which reacts with
endogenous cellular proteins /7 situ, increasing the detection sensitivity.
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Figure 2.

Photophysical properties of the NIR probes. UV/Vis absorption and fluorescence spectra of
probes NIR-BG1 (A, B) and NIR-BG2 (C, D) (5 uM) before (blue line) and after (black
line) incubation with B-Gal (2 U) in PBS (pH 7.4) buffer for 5 min at 37 °C.
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Figure 3.

Flgorescent western blot of NIR-BG1 and NIR-BG2 (5 uM) incubated with different
concentrations of recombinant p-Gal for 4 hours. (A) Fluorescence western blot imaging.
(B) Fluorescence intensity of the probes. (C) Fluorescence intensity from anti-p-Gal
antibody.
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Figure 4.
(A) Flow cytometric analyses of untreated and CPT-treated HeLa cells incubated with

NIR-BG1 or NIR-BG2 for 4 h. (B) Quantitative analysis of HeLa cells with or without CPT
treatment incubated with NIR-BG1 or NIR-BG2 at 10 min, 1 h and 4 h. (Aex/Aem = 642
nm/675+25 nm) Fluorescent microscope images of (C) untreated and (D) CPT-treated HeLa
cells incubated with 5 pM NIR-BG1 or NIR-BG2 for 2 hours, followed by washout for
another 4 hours. (Aex/Aem = 395 nm/460 nm for DAPI, 470 nm/535 nm for B-Gal and 740
nm/767 nm for probe). Scale bar: 10 pm.
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Figureb5.
Live animal imaging of (A) saline-treated (control) and (B) CPT-treated HeLa xenografts

mice after tail vein injection of NIR-BGL1 (top) or NIR-BG2 (bottom) at 1 h (left), 6 h
(middle) and 24 h (right). (C) The quantitative analysis of the in vivo fluorescence imaging
at1h, 6 hand 24 h post injection. Ex vivo imaging (D) and quantification (E) of tumors and
major organs of the control and CPT treated animals. (H = heart, L = lung, Li = liver, S =
spleen, P = pancreas, K = kidneys, T = tumor, B = brain, Sk = skin, | = intestine) (Aex/Aem
=675 nm/720 £ 20 nm) (* p<0.05, *** p<0.0005, **** p<0.0001).
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Figure 6.

Pathological staining of tumor sections of saline-treated (control) and CPT-treated Hel a
xenografts mice. (A) Conventional X-Gal (blue) staining for SA-B-Gal activity and eosin
(pink) staining of HeLa tumor slides without (control) or with CPT treatment. (B)
Fluorescent imaging of tumor slice sections receiving i.v. injected NIR-BG1 (top) or NIR-
BG2 (bottom) (Aex/Aem = 675 nm/720 = 20 nm). Scale bar: 50 pm.
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