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ABSTRACT: Fluorescence imaging-guided diagnostics is one of
the most promising approaches for facile detection of tumors in
situ owing to its simple operation and non-invasiveness. As a
crucial biomarker for primary ovarian cancers, β-galactosidase (β-
gal) has been demonstrated to be the significant molecular target
for visualization of ovarian tumors. Herein, a membrane-permeable
fluorescent chemosensor (namely, LAN-βgal) was synthesized for
β-gal-specific detection using the D-galactose residue as a specific
recognition unit and LAN-OH (ΦF = 0.47) as a fluorophore. After
β-gal was digested, the fluorescence of the initially quenched LAN-
βgal (ΦF < 0.001) was enhanced by up to more than 2000-fold,
which exceeded the fluorescence enhancement of other previously
reported probes. We also demonstrated that the chemosensor
LAN-βgal could visualize endogenous β-gal and distinguish ovarian cancer cells from normal ovarian cells. Further, the chemosensor
LAN-βgal was successfully applied to visualize the back tumor-bearing mouse model and peritoneal metastatic ovarian cancer model
in vivo. More importantly, through in situ spraying, the proposed chemosensor was successfully employed to assist in the surgical
resection of ovarian cancer tumors due to its high tumor-to-normal (T/N) tissue fluorescence ratio of 218. To the best of our
knowledge, this is the highest T/N tissue fluorescence ratio ever reported. We believe that the LAN-βgal chemosensor can be
utilized as a new tool for the clinical diagnosis and treatment of ovarian cancer.

■ INTRODUCTION
The treatment of malignant tumors has always been a hot topic
in biomedical research. At present, surgery is still the main
method for the treatment of tumors and is the first choice for
early stage tumors.1−3 In surgical resection of tumors,
accurately distinguishing between normal tissues and malig-
nant tumors is of great importance because incomplete
resection of tumor lesions can lead to tumor recurrence and
excessive resection can usually cause irreversible damage to the
body.4 Conventional tumor diagnosis methods including
magnetic resonance (MR),5,6 ultrasound (US),7,8 and X-ray
computed tomography (CT)9−11 are limited by their poor
capacity in distinguishing between small tumor tissues and
normal tissues during clinical surgery.12 By contrast,
fluorescence imaging techniques allow the monitoring of
many physiological and pathological processes in real time at
the cellular or even at the molecular level.13−24 In particular,
activatable fluorescent probes can be used to potentially guide
surgery in real time as they can visualize the location of tumor
lesions that are difficult or impossible to detect by human
eyes.25 Thus, a specific, activatable, highly responsive
fluorescent probe with a high tumor-to-normal (T/N) tissue

fluorescence ratio can be a useful tool for guiding surgical
resection of tumors.

β-galactosidase (β-gal), an enzyme encoded by the LacZ
gene, is a typical glycoside hydrolytic enzyme that can catalyze
the hydrolysis of many substrates including ganglioside GM1,
lactose, and various glycoproteins.26 β-gal also plays a critical
role in cell senescence and is closely associated with various
diseases such as β-galactosialidosis, Morquio B syndrome, and
ovarian cancer.27−30 Particularly, β-gal is one of the primary
biomarkers of ovarian cancer, which is the most common
gynecological malignancy found worldwide and is responsible
for hundreds of thousands of deaths each year.31,32 Multiple
fluorescent probes have been employed in qualitative and
quantitative analyses of β-gal in evaluating tumor progression,
guiding treatment, and predicting prognosis.27,33−40 Although
some of these probes have a relatively large emission
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Scheme 1. Synthetic Route of LAN-βgal

Figure 1. (A) Absorption spectra, (B) fluorescence spectra, and (C) photostability of 10 μM LAN-βgal in the presence or absence of 1000 U/L β-
gal in PBS (10 mM, pH 7.4, containing 1% DMSO). (D) Time-dependent fluorescence intensity (λemmax = 642 nm) of 10 μM LAN-βgal
incubated with 0, 50, 80, or 1000 U/L β-gal. (E) pH-dependent fluorescence intensity (λemmax = 642 nm) of 10 μM LAN-βgal in the presence or
absence of 1000 U/L β-gal. (F) Variation of fluorescence intensities as a function of temperature.
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wavelength (∼665 to 725 nm), their fluorescence enhance-
ment is low (∼6- to 40-fold) and their fluorescence
background is high; as a result, during visualization of β-gal
in cells and in vivo, their fluorescence changes are not obvious
and their T/N tissue fluorescence ratios are low.15,41−46 Thus
far, only a few probes have high fluorescence enhancement.
Urano et al. designed a membrane permeability probe,
HMREF-βgal, which had a fluorescence enhancement of
>1400 times after being activated by β-gal.47 HMREF-βgal
could visualize β-gal activity both in vitro and in vivo through
obvious fluorescence change with a high T/N tissue

fluorescence ratio; however, the probe severely suffers from
its short emission wavelength (514 nm).
Herein, based on our previous work on the synthesis of

fluorophore LAN-OH with high fluorescence quantum yield,48

we prepared an activatable chemosensor LAN-βgal with
intramolecular charge transfer (ICT) characteristic by grafting
the D-galactose residue (a specific recognition site) onto LAN-
OH (ΦF = 0.47). The fluorescence intensity of LAN-βgal was
quenched (ΦF < 0.001) upon the addition of the D-galactose
residue, resulting in a very low fluorescence background. LAN-
βgal was able to ultrasensitively and accurately detect β-gal in
urine and serum owing to its high photostability, specificity,

Figure 2. (A) Fluorescence spectra of LAN-βgal (10 μM) in the presence of β-gal at various concentrations (0−1000 U/L). (B) Linear relationship
between fluorescence intensity (λemmax = 642 nm) and β-gal concentration (0−110 U/L). (C) Absorption spectra of LAN-βgal (10 μM) in the
presence of β-gal at various concentrations (0−1000 U/L). (D) Linear relationship between absorbance at 575 nm and β-gal concentration (0−110
U/L). (E) Fluorescence intensity (λemmax = 642 nm) of LAN-βgal (10 μM) in the presence of various analytes (1 mM unless otherwise stated): 1.
Na+; 2. K+; 3. Co2+; 4. Fe3+; 5. Ba2+; 6. Li+; 7. Cu2+; 8. Ag+; 9. Zn2+; 10. Hg2+; 11. Ca2+; 12. Ni2+; 13. Mg2+; 14. Mn2+; 15. H2PO4−; 16. F−; 17.
AcO−; 18. SO42−; 19. Br−; 20. I−; 21. CN−; 22. ClO42−; 23. Cl−; 24. L-Arginine; 25. L-Alanine; 26. DL-Homocysteine; 27. DL-Phenylalanine; 28. L-
Cysteine; 29. L-Leucine; 30. DL-Methionine; 31. Glycine; 32. L-Glutamic; 33. D-(+)-Mannose; 34. D-Fructose; 35. Dithiothreitol; 36. L-Ascorbic; 37.
Chitosan; 38. H2O2; 39. β-Glucuronidase; 40. 1000 U/L aminopeptidase N; 41. 1000 U/L leucine aminopeptidase; 42. 5000 U/L alkaline
phosphatase (ALP); 43. 1 μM thrombin; 44. 10 mg/L glucose oxidase; 45. 10 mg/L carcinoembryonic antigen; 46. 10 mg/L albumin bovine V; 47.
20 mg/L hyaluronidase; 48. 7000 U/L maltase.
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and sensitivity. LAN-βgal could also specifically “light up”
cellular endogenous β-gal and distinguish ovarian cancer cells
from normal ovarian cells. Furthermore, the successful
fluorescence imaging in both the back tumor-bearing mouse
model and peritoneal metastatic ovarian cancer model
demonstrated that the chemosensor LAN-βgal could visualize
β-gal in vivo. More excitingly, through in situ spraying, LAN-
βgal was successfully used for guiding the surgical resection of
ovarian cancer tumors based on its high tumor-to-normal (T/
N) tissue fluorescence ratio of 218. Therefore, the proposed
chemosensor LAN-βgal has a great potential in clinical
diagnosis of ovarian cancer and in in situ spraying-based
fluorescence imaging-guided surgical resection therapy.

■ EXPERIMENTAL PROCEDURE
Organic Synthesis. The synthetic route of LAN-βgal is

shown in Scheme 1. The reactants and instruments used in the
synthesis are shown in the Supporting Information. Com-
pound 1 and LAN-OH were synthesized by previously
reported methods48,49 (see the Supporting Information for
the detailed synthesis process of all compounds). The 1H
NMR and 13C NMR spectra of LAN-OH were reanalyzed, and
the corrected structures are shown in Scheme 1. The 1H NMR,
13C NMR, and LC-HRMS spectra of LAN-OH and LAN-βgal
are shown in Figures S1−S6.
Synthesis of Compound 2. Compound LAN-OH (0.053 g,

0.2 mmol) and 2,3,4,6-tetra-o-acetyl-α-D-galactopyranosyl bro-
mide (0.13974 g, 3.4 mmol) were dissolved in 5 mL of
acetonitrile. Cs2CO3 (0.065 g, 0.2 mmol) and Na2SO4 (0.133
g, 0.94 mmol) were then added to the reaction mixture and
stirred evenly at room temperature for 24 h. The as-obtained
compound 2 was purified by silica gel chromatography using a
mixture of methanol and dichloromethane (v/v = 1:200) as the
mobile phase. Compound 2 was directly used in the next step
without further treatment.
Synthesis of LAN-βgal. Compound 2 (0.1617 g, 0.27

mmol) was dissolved in 4 mL of methanol. Sodium methoxide
(0.01325 g, 0.245 mmol) was then added into the solution and
stirred evenly at room temperature for 3 h. The as-obtained
product was purified by silica gel chromatography using a
mixture of methanol and dichloromethane (v/v = 1:100) as the
mobile phase. Finally, LAN-βgal (81 mg, 71%), a yellow solid,
was obtained. 1H NMR (300 MHz, DMSO-d6) δ 8.60 (d, J =
6.7 Hz, 1H), 8.13 (dd, J = 7.6, 1.3 Hz, 1H), 7.92−7.77 (m,
3H), 7.18−7.04 (m, 2H), 6.41 (d, J = 4.8 Hz, 1H), 5.31 (d, J =
5.1 Hz, 1H), 5.06 (d, J = 7.6 Hz, 1H), 4.97 (d, J = 5.7 Hz, 1H),
4.74 (t, J = 5.5 Hz, 1H), 4.61 (d, J = 4.7 Hz, 1H), 3.77−3.43
(m, 6H) (Figure S3). 13C NMR (75 MHz, DMSO-d6) δ
182.56, 160.11, 151.33, 144.94, 144.14, 132.20, 131.43, 131.08,
130.51, 127.57, 125.18, 124.07, 114.44, 106.00, 102.63, 100.69,
75.70, 73.19, 70.08, 68.06, 60.32 (Figure S4). MS (LC-HRMS,
m/z) for C22H20NO8+ [M + H] +: calculated, 426.1183; found:
426.1178 (Figure S6).

Detection of β-Gal in Solution. LAN-βgal was first
dissolved in dimethyl sulfoxide (DMSO) to obtain a 1 mM
stock solution. The UV−visible spectrum and fluorescence
spectrum of LAN-βgal were recorded at 37 °C in 10 mM
phosphate buffer solution (PBS, pH 7.4) containing 1% (v/v)
DMSO as a co-solvent.

■ RESULTS AND DISCUSSION
Characterization of LAN-βgal. In the presence of β-gal,

the maximum absorption band of LAN-βgal was shifted from
415 to 575 nm, accompanied with a notable change of color
from faint yellow to red (Figure 1A). This is due to the fact
that the β-gal-mediated hydrolysis of LAN-βgal released the
hydroxyl group as a strong electron donor in the D-π-A
structure, which then increased the ICT effect and caused the
red shift of the absorption wavelength. LAN-βgal almost had
no fluorescence because the ICT effect was weakened by the
hydroxyl functionalization of LAN-OH. After reaction with β-
gal, the phenolic hydroxyl group on the LAN-OH was
liberated, which resulted in the enhancement of the ICT
effect, and the fluorescence intensity (λemmax = 642 nm) of
LAN-βgal enhanced significantly (Figure 1B). These results
demonstrate that LAN-βgal can effectively detect β-gal through
both the colorimetric method and fluorescent method. Under
continuous irradiation with a 580 nm laser, the change of
fluorescence intensities (λemmax = 642 nm) of LAN-βgal
before and after reacting with β-gal was negligible (Figure 1C).
This result demonstrates that the chemosensor has excellent
photostability.
In the presence of β-gal, the fluorescence intensity (λemmax

= 642 nm) of LAN-βgal solution increased with increasing
reaction time and reached the maximum value within 50 min
(Figure 1D). Maximum enhancement of fluorescence intensity
(λemmax = 642 nm) was observed at around pH 7.4 (Figure
1E). This may be due to the fact that β-gal has high activity at
pH 7.4 but low activity under acidic and alkaline conditions. In
addition, the effect of temperatures from 30 to 42 °C on the
reaction between LAN-βgal and β-gal was negligible (Figure
1F). Considering that the physiological pH is 7.4, subsequent
experiments were carried out at pH 7.4 at 37 °C for 50 min.

Analytical Performance of LAN-βgal. Under the optimal
experimental conditions, the fluorescence intensity (λemmax =
642 nm) of LAN-βgal gradually increased with increasing β-gal
concentration from 0 to 1000 U/L and reached the maximum
value when the β-gal concentration was 1000 U/L (Figure
2A). In particular, the maximum fluorescence intensity of
LAN-βgal in the presence of β-gal was more than 2000-fold
higher than that in the absence of β-gal (Figure S10). The
relationship between the fluorescence signal and β-gal
concentration (0−110 U/L) was satisfactorily linear (Figure
2B). The limit of detection (LOD) of the developed
chemosensor was calculated (by 3σ/k) to be 0.096 U/L,
which is lower than the LOD of other previously reported
sensors (Table S1). In addition, the response of LAN-βgal to
β-gal at different concentrations was monitored by spectro-
photometry. As expected, with the increase in β-gal
concentration, the absorbance at 575 nm steadily increased,
while that at 415 nm gradually decreased (Figure 2C). A plot
of absorbance at 575 nm versus β-gal concentration (0−110
U/L) was linear, and the LOD was calculated (by 3σ/k) to be

Table 1. Recovery Rates of β-Gal Spiked into Human Urine
(n = 3)

sample β-gal added (U/L) found by LAN-βgal (U/L)a recovery (%)

blank 0 3.39 ± 0.07
1 3 6.39 ± 0.05 100.4 ± 0.02
2 6 9.70 ± 0.16 105.3 ± 0.03
3 9 12.67 ± 0.09 103.2 ± 0.01

aMean ± standard deviation.
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6.9 U/L (Figure 2D). Further, the kinetics of the enzymatic
reaction was investigated using the Michaelis−Menten plot
and Lineweaver−Burk plot. As shown in Figures S11 and S12,
Vmax = 75.36 μM min−1 and Km = 2.23 μM. The Km was much
lower than that of commercial X-gal (260.6),41 indicating that
LAN-βgal has good affinity for β-gal and is highly sensitive to
β-gal.
The selectivity of LAN-βgal for β-gal was evaluated against

various potential interfering substances including cations,
anions, small molecules, proteins, and enzymes. The response
of LAN-βgal to these interfering substances was negligible,

demonstrating that LAN-βgal has high selectivity for β-gal
(Figure 2E). In addition, we explored the effect of D-galactose
(inhibitor of β-gal) on LAN-βgal and LAN-OH (Figure S13).
D-Galactose only significantly inhibited the fluorescence
intensity of LAN-βgal in the presence of β-gal but had no
effect on LAN-βgal and LAN-OH, which further proved that
the change of fluorescence intensity originated from the
presence of β-gal.

Determination of β-Gal in Human Urine and Serum.
First, LAN-βgal was employed to measure the recovery rates of
β-gal spiked into human urine samples. As shown in Table 1,

Table 2. Content of β-Gal Detected in Human Urine and Serum (n = 3)

sample urine 1 urine 2 serum 1 serum 2

found by LAN-βgal (U/L)a 3.66 ± 0.06 8.64 ± 0.51 0.41 ± 0.05 0.29 ± 0.03
found by ELISA(U/L)a 3.59 ± 0.04 8.47 ± 0.53 0.37 ± 0.11 0.26 ± 0.02

aMean ± standard deviation.

Scheme 2. Molecular Docking Simulation of the Binding between LAN-βgal and β-Gal and HOMO/LUMO Energy Levels of
LAN-βgal and LAN-OH

Scheme 3. Proposed β-gal Detection Mechanism of LAN-βgal
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the recovery rates of β-gal in spiked samples ranged from 100.4
to 105.3%, indicating that LAN-βgal can accurately detect β-gal
in actual urine samples. Next, LAN-βgal was further employed
to measure β-gal in clinical urine and serum samples. As shown
in Table 2, the β-gal contents were 3.66 and 8.64 U/L in
normal human urine and 0.41 and 0.29 U/L in serum, which
were inconsistent with the contents detected by commercial
ELISA kits. These results demonstrate that the LAN-βgal
chemosensor is a powerful tool for detection of β-gal in a
complex biological matrix.

Sensing Mechanism. The sensing mechanism of LAN-
βgal toward β-gal was investigated by mass spectrometry, high-
performance liquid chromatography (HPLC), molecular
docking simulation, and theoretical calculations. In the
presence of β-gal, the mass peak of LAN-βgal was shifted
from m/z 426.1178 to m/z 264.0656, similarly for the mass
peak of LAN-OH (m/z 264.0652) (Figure S7). HPLC analysis
of a reaction between LAN-βgal and β-gal showed that a peak
for LAN-βgal appeared at 0.99 min, whereas that for LAN-OH
appeared at 2.52 min. Peaks for LAN-βgal in the presence of β-
gal at a certain concentration appeared at both 0.99 and 2.52
min, each of which was consistent with the peak times of LAN-
βgal and LAN-OH, respectively (Figure S14). Molecular

docking simulation revealed that LAN-βgal formed six
hydrogen bonds with five amino acids (Asp954, Gly988,
Arg1013, His1015, and Gln1017) in β-gal. The binding energy
for LAN-βgal and β-gal was −10.2 kcal/mol. This result
demonstrates that LAN-βgal has a strong binding affinity to β-
gal. The molecular orbital of LAN-βgal and LAN-OH was
calculated. As shown in Scheme 2, both the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of LAN-βgal located mainly in the whole
fluorophore. Although there was no redistribution of the
electronic density on HOMO and LUMO of LAN-OH, the
allowed S1 to S0 (625.7 nm, f = 1.1193) corresponding to a
typical ICT led to the strong fluorescence of LAN-βgal after
reacting with β-gal. The lower energy gap of LAN-OH (2.58
eV) compared to that of LAN-βgal (3.04 eV) could rationally
justify the red shift of absorption wavelengths of LAN-βgal in
the absence and presence of β-gal. Based on the above results,
we propose that the detection mechanism of LAN-βgal toward
β-gal is as follows (Scheme 3): β-gal specifically recognizes and
digests the D-galactose unit of LAN-βgal, in turn causing the
release of LAN-OH, resulting in the enhancement of
fluorescence.

Figure 3. (A) Steps in the cell culture and treatment with the LAN-βgal chemosensor. (B) Fluorescence images of endogenous β-gal in living cells.
(C) Mean fluorescence intensity values of cells in panel (B) (****P < 0.0001; data analyses were performed on independent samples with equal
variances; data are means ± SD; n = 3; λex = 559 nm; λem = 580−680 nm). (D) Comparison of fluorescence images of non-senescent cells (j, l, and
n) and senescent cells (k, m, and o). (E) Mean fluorescence intensity values of cells in panel (D) (****P < 0.0001; ***P < 0.001; data analyses
were performed on independent samples with equal variances; data are means ± SD (n = 3); λex = 559 nm; λem = 580−680 nm). (F) Western blot
analysis of IOSE80, HeLa, HepG2, SKOV3, and A2780 cells (β-tubulin was used as a loading control).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c04705
Anal. Chem. 2023, 95, 2949−2957

2954

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04705/suppl_file/ac2c04705_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04705/suppl_file/ac2c04705_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04705?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c04705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Visualization of Endogenous β-Gal In Vitro. Prior to
applying in visualization of β-gal in living cells, the cytotoxicity
of LAN-βgal was evaluated by the MTT assay. The viability of
cells incubated with LAN-βgal at a concentration as high as 30
μM for 24 h remained higher than 85% (Figure S15), an
indication that LAN-βgal has low cytotoxicity. In addition, we
evaluated the biocompatibility of LAN-βgal using the
hemolysis assay (Figure S16). The hemolysis rate of LAN-
βgal at concentrations of up to 200 μM was only 2%,
suggesting that it has high biocompatibility. Given its low
cytotoxicity and high biocompatibility, LAN-βgal was
employed in cell imaging. Five human cell lines were used in
this experiment, four of which were human tumor cell lines,
including cervical carcinoma (HeLa), liver cancer (HepG2),
and two different subtypes of ovarian cancer (SKOV3 and
A2780), and one of which was a normal ovarian cell (IOSE80).
The fluorescence change of LAN-βgal in A2780 cells with time
was investigated (Figure S17). The intracellular fluorescence
intensity gradually increased over time until reaching a plateau
at 2 h and remained constant for at least 5 h. This indicates
that LAN-βgal has high stability during intracellular imaging.
In addition, we investigated the cellular localization of LAN-
βgal, and the results demonstrated that LAN-βgal localized in

the cell membrane (Figure S18). Next, we explored the ability
of LAN-βgal in visualizing endogenous β-gal in vitro. After
routine nuclear staining with Hoechst 33342 for 5 min, cells
were incubated with LAN-βgal for 2 h. As shown in Figure 3B,
the nuclei of all cells exhibited strong blue fluorescence, and
only ovarian cancer cells (SKOV3 and A2780 cells) exhibited a
red fluorescence signal. By contrast, the red fluorescence of
SKOV3 and A2780 cells pretreated with D-galactose was
significantly weakened. These results suggest that the
expression level of β-gal in ovarian cancer cells is much higher
than that in other types of cells. Interestingly, SKOV3 and
A2780 cells (ovarian cancer cells) were found to exhibit a
strong red fluorescence signal when they were co-cultured with
IOSE80 cells. In addition, we semi-quantitatively assessed the
level of β-gal using the western blot (Figure 3F). The content
of β-gal was very low in IOSE80, HeLa, and HepG2 cells but
very high in SKOV3 and A2780 cells, which is consistent with
the results obtained using LAN-βgal. All the above results
demonstrate that LAN-βgal can visualize endogenous β-gal and
can distinguish ovarian cancer cells from normal ovarian cells.
The relationship between cell senescence and β-gal was

further explored using LAN-βgal. As can be clearly observed in
Figure 3D, the cells (k, m, and o) pretreated with the cell

Figure 4. (A) Fluorescence images of β-gal in the A2780 tumor-bearing mouse intratumorally injected with LAN-βgal (200 μM, 50 μL) captured at
different times. (B) Change of fluorescence as a function of time at the A2780 tumor site in panel (A). (C) Fluorescence images of β-gal in bare
BABL/c mice bearing the A2780 tumor (left) and HepG2 tumor (right) after being intratumorally injected with LAN-βgal (200 μM, 50 μL). (D)
Fluorescence images of β-gal in bare BABL/c mice bearing the A2780 tumor (left) and HepG2 tumor (right) after being intravenously injected
with LAN-βgal (200 μM, 200 μL). (E) Fluorescence images of β-gal in the peritoneal metastatic tumor model. (F) Imaging-guided resection of the
tumor in situ spayed with LAN-βgal. (G) Fluorescence images of the main internal organs, normal tissue, and A2780 tumor. (H) Fluorescence
intensity of the normal tissue and A2780 tumor.
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senescence reagent exhibited stronger fluorescence signals than
non-senescent cells (j, l, and n). This result suggested that β-
gal was closely related to cell senescence, and the expression
level of β-gal in senescent cells was much higher than that in
non-senescent cells.

Visualization of Endogenous β-Gal In Vivo. Inspired by
its ability to satisfactorily visualize β-gal in vitro, we further
employed LAN-βgal to image β-gal in vivo. A tumor-bearing
mouse was intratumorally injected with LAN-βgal before being
subjected to imaging for various times (Figure 4A,B). The
results indicated that the fluorescence appeared in the tumor as
early as 10 min, and the intensity gradually increased over time
until finally reaching a plateau at 160 min. The fluorescence
intensity of the tumor remained unchanged for at least 5 h,
which is indicative of the high stability of LAN-βgal in vivo.
Next, we carried out fluorescence imaging of A2780 tumor-

and HepG2 tumor-bearing mice intratumorally injected with
LAN-βgal (Figure 4C). As can be clearly seen, the A2780
tumor exhibited strong fluorescence, but the HepG2 tumor did
not, which is consistent with the results from in vitro
experiments. In addition, the results shown in Figure 4D
show that the fluorescence of the tumor site of the A2780
tumor-bearing mouse intravenously injected with LAN-βgal
was obvious but that of the HepG2 tumor-bearing mouse was
not, which is consistent with the observation from intratumoral
injection. Finally, we investigated the ability of LAN-βgal to
visualize the peritoneal metastatic ovarian cancer tumor. As
depicted in Figure 4E, strong fluorescence was observed in the
group pretreated with PBS, but weak fluorescence was
observed in the group pretreated with D-galactose. This finding
further proves that LAN-βgal has high specificity to β-gal.
Overall, we demonstrated that the LAN-βgal chemosensor
could accurately and specifically detect and visualize β-gal in
ovarian cancer mouse models and peritoneal metastatic ovarian
cancer models. Therefore, LAN-βgal could be a promising tool
for fluorescence imaging-guided diagnosis of ovarian cancer.
In Situ Spraying-Based Imaging-Guided Resection.

Owing to its remarkable A2780 tumor imaging ability, LAN-
βgal was further used in imaging−guiding surgical resection
(Figure 4F). After dissection, the tumor-bearing mouse was
subjected to fluorescence imaging. The results showed that the
mouse did not exhibit fluorescence signals. By contrast, the
tumor site of the mouse evenly sprayed with LAN-βgal on the
back exhibited strong fluorescence. After removing the tissue
that exhibited fluorescence using a scalpel, the mouse did not
exhibit fluorescence, similarly to the control group. This
indicates that the tumor tissue was successfully removed. In
addition, LAN-βgal could effectively differentiate between the
ovarian cancer tissue and normal tissue (Figure 4G) with a T/
N tissue fluorescence ratio of 218, which is sufficiently high to
allow for accurate identification of cancerous tissues. More
importantly, the result further suggests that LAN-βgal could
also be used to guide the biopsy of ovarian cancer. Collectively,
LAN-βgal can be used as a powerful contrast chemosensor to
assist in the surgical resection of ovarian cancer in clinical
practice.

■ CONCLUSIONS
In summary, we developed an enzyme-activatable fluorescent
chemosensor LAN-βgal that could monitor endogenous β-gal
activity for assisting in surgical resection of ovarian cancer. The
transition from the quenched LAN-βgal (ΦF < 0.001) to LAN-
OH (ΦF = 0.47) led to the fluorescence enhancement by more

than 2000-fold. LAN-βgal had high stability and could highly
selectively and sensitively detect β-gal in urine and serum
samples. In addition, LAN-β-gal was able to specifically “light
up” endogenous β-gal and distinguish ovarian cancer cells from
normal ovarian cells. Furthermore, the successful fluorescence
imaging in tumor-bearing mice demonstrated that LAN-βgal
had visualization ability in vivo. More importantly, through in
situ spraying, LAN-βgal was successfully used to assist in the
surgical resection of ovarian cancer tumors with a high tumor-
to-normal (T/N) tissue fluorescence ratio of 218. Together,
the chemosensor LAN-βgal can potentially be applied in
clinical diagnosis of ovarian cancer and in situ spraying-based
fluorescence imaging-guided surgical resection therapy.
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