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A highly selective and sensitive chemiluminescent
probe for leucine aminopeptidase detection in
vitro, in vivo and in human liver cancer tissuef
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Leucine aminopeptidase (LAP) is involved in tumor cell proliferation, invasion, and angiogenesis, and is
a well-known tumor marker. In recent years, chemiluminescence has been widely used in the field of
biological imaging, due to it resulting in a high sensitivity and excellent signal-to-noise ratio. Here, we
report the design, synthesis, and evaluation of the first LAP-activated chemiluminescent probe for LAP
detection and imaging. The probe initially had no chemiluminescence but produced an extremely strong
chemiluminescence after the release of the dioxetane intermediate in the presence of LAP. The probe
had high selectivity over other proteases and higher signal-to-noise ratios than commercial
fluorophores. Real-time imaging results indicated that the chemiluminescence was remarkably
enhanced at the mice tumor site after the probe was injected. Furthermore, the chemiluminescence of
this probe in the cancerous tissues of patients was obviously improved compared to that of normal

tissues. Taken together, this study has developed the first LAP-activable chemiluminescent probe, which

rsc.li/chemical-science

Introduction

Cancer is a major disease that seriously endangers human
health and life and causes great suffering and burden to fami-
lies and society." Therefore, early cancer detection, diagnosis,
and treatment can remarkably reduce mortality and increase
cure rates for patients with cancer.” Enzymes are an important
class of biomarkers for tumor diagnosis and prognosis.® Certain
aminopeptidases are highly expressed in many malignant
tumors compared to that in normal tissue.* Leucine amino-
peptidase (LAP; EC 3.4.11.1) is one of these enzymes and
belongs to the M1 and M17 peptidase families as an important
protein that catalyzes the hydrolysis of the N-terminal leucine
residue of a protein or peptide.” LAP is overexpressed in
malignant tumor cells and is involved in tumor cell prolifera-
tion, invasion, and angiogenesis (e.g., HepG2 cells are LAP-
overexpressed).® In medical diagnosis, LAP can be used as
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could be potentially used in protein detection, disease diagnosis, and drug development.

a cancer-related biomarker for tumor tracking. Therefore, the
development of highly sensitive and selective in situ detection
methods that target LAP is of great importance for medical
diagnosis and pathophysiology.

LAP levels can be detected via several methods, but the
efficient tracking of LAP activity in vitro and in vivo remains
a challenge. Among the methods for tracking LAP in vivo, -
leucine-p-nitroaniline ultraviolet detection is not suitable for
real-time tracking because of its low sensitivity and poor
stability.” In addition, fluorescent probes for monitoring LAP
activity have greatly limited biological applications, because
they present disadvantages, such as spectral crossover, auto-
fluorescence background interference, photobleaching, and
epidermal scattering under excitation by an external light
source.® Therefore, chemiluminescence detection methods that
can overcome these disadvantages should be developed.®

Chemiluminescence has developed into a promising sensing
and imaging tool, because it does not require excitation by an
external light source, is free of light scattering and auto-
fluorescence interference, rapidly achieves extremely high
signal-to-background ratios, and improves imaging sensi-
tivity. The phenoxy 1,2-dioxetane luminophore (Schaap's) is an
excellent backbone for the construction of highly sensitive
chemiluminescent probes.” Some intriguing studies have
aimed to improve and extend the use of Schaap's probes for the
monitoring of various chemical and biological processes.
Several activable chemiluminescent probes have been devel-
oped for the detection of small molecules*? (e.g., H,S, H,O,, and
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GSH), various biomarker enzymes™ (e.g., alkaline phosphatase,
B-galactosidase, cathepsin B), and pathogens (e.g., Salmonella
and Listeria monocytogenes,"* Mycobacterium tuberculosis*®).
Here, we developed a chemiluminescent probe (probe 1) for the
detection of LAP using modified Schaap's. Probe 1 was highly
sensitive and specific, which allows the rapid detection of LAP
activity in vitro and in vivo.

Results and discussion
Design and synthesis of probes 1 and 2

The general design of the LAP-activable chemiluminescent
probe is shown in Fig. 1. Probe 1 was designed by caging a LAP
recognition substrate, an acryl-substituted phenoxy 1,2-dioxe-
tane luminophore (Int 4-1), and a self-immolative group linker
p-aminobenzyl alcohol (PABA). According to relevant literature,
L-leucine-containing substrates are highly specific for LAP and
have been used in the design of a variety of fluorescent probes.®
The luminophore, Int 4-1, emits intense chemiluminescence for
in vivo imaging under physiological conditions. The use of PABA
to link the 1-leucine substrate and the Int 4-1 luminophore
might help reduce the spatial site resistance of the probe and
facilitate interaction with the narrower and deeper LAP active
site.'® After the amide bond was hydrolyzed by LAP, probe 1 was
converted into Int 3-1 accompanied by a spontaneous 1,6-
elimination within PABA, which departs at physiological pH
(pH 7.4), to generate Int 4-1. Subsequently, the peroxide bond in
Int 4-1 was cleaved via a chemical excitation process, which
generates a fluorescent product 6-1 and a chemiluminescence
at about 550 nm. Thus, LAP can selectively switch on the yellow
green chemiluminescence of probe 1, which allows the sensitive
detection of LAP activity in vitro and in vivo. The near-infrared
(NIR) region is considered superior for in wvivo animal
imaging. NIR emission chemiluminescence is preferred for in
vivo imaging because of its deeper penetration and less light
scattering than other methods.”” We constructed a NIR emis-
sion chemiluminescent probe (probe 2) by applying a similar
design approach. The dicyano methyl chromone was intro-
duced at the ortho position of the phenol as an acceptor to
extend the conjugated m-electron system of the phenolic lumi-
nophore, which results in the red-shift of its emission
wavelength.'®

Probe 1 was successfully synthesized and characterized
(Fig. 2). Compound 5 was synthesized according to the reported
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Fig.1 General structure and disassembly of chemiluminescent probes
1 and 2 for LAP detection. Probe 1 responds to LAP and produces
intense chemiluminescence emission at 550 nm.
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Fig. 2 Synthetic route to probe 1.

Probe 1

method.® Compound 6 with a chlorine at the C2 position and an
electron-withdrawing acrylic substitute at the C6 position was
synthesized according to the method reported by Shabat's
group.*® The direct reaction between compounds 5 and 6 affords
compound 7. The protecting groups of compound 7 were
subsequently removed using ZnBr, to prepare compound 8.
Compound 8 was oxidized by singlet oxygen (*O,) to prepare
probe 1. Then, probe 2 was successfully synthesized and char-
acterized (see ESI, Scheme S17).

Spectroscopic responses of probes 1 and 2 to LAP in vitro

The responses of probes 1 and 2 (10 uM) to LAP (100 U L™ !) were
first investigated. After probe 1 was incubated with LAP, a new
UV absorption peak was observed at approximately 400 nm,
accompanied by strong fluorescence emission at about 560 nm.
These UV and fluorescence spectra were identical to that of the
fluorescent product 6-1 (Fig. 3A). The subsequent high-
performance liquid chromatography (HPLC) analysis (1 h
incubation of probe with LAP, Fig. 3B) showed that probe 1 (TR
= 5.13 min, Fig. S1}) was mostly converted into the fluorescent
product 6-1 (TR = 4.3 min, Fig. S2 and S37). The synthetic route
to product 6-1 is illustrated in Scheme S2.7 Probe 1 did not
initially show chemiluminescence but displayed a clear chem-
iluminescence at 550 nm after incubation with LAP at 37 °C for
10 min (Fig. 3C, inset). The chemiluminescence kinetic curve of
probe 1 after incubation with LAP shows a rapid increase in the
signal, which reached the maximum at approximately 20 min
(Fig. 3D). However, the absorption, fluorescence, and chem-
iluminescence spectra of probe 2 had no change before and
after incubation with LAP (Fig. S41 and 3C).

The computer docking simulation results showed that the
probe 1 molecule easily reached the Zn ion coordination center
through the open hydrophobic cavity of LAP, whereas probe 2
cannot fit in the catalytic active center because of steric
hindrance (Fig. 3E). In addition, probe 1 has three hydrogen
bonds with LAP amino acid residues (Lys264, Met272, Asp275),
and the amide bonds are potentially hydrolyzed under the
catalysis of these amino acids and the Zn ion, which finally
releases a bright chemiluminescence signal.** Therefore, LAP
could effectively activate probe 1 to produce significant chem-
iluminescence, which was investigated subsequently.
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Fig. 3

(A) Absorption (dashed line) and fluorescence (solid line) emission spectra of probe 1. Probe 1 (10 uM) was incubated with or without LAP

(100 U L™1) in enzyme assay buffer at 37 °C for 6 h. (B) HPLC analysis of probe 1 (10 uM) before (black) and after (red) incubation with LAP (100 U
L~Y in enzyme assay buffer (pH = 7.4) at 37 °C for 1 h. (C) Chemiluminescence spectra and images (inset) of probes 1 and 2 (10 pM). The probes
were incubated with or without LAP (100 U L™) at 37 °C for 10 min. (D) Chemiluminescence kinetic profiles of probes 1 and 2 (10 pM) after
incubation with or without LAP (100 U L™ at 37 °C for 6000 s. (E) Low-energy binding models of probes 1 (cyan) and 2 (green) bound to the LAP

(PDB: 2hc9) interface.

The analytical conditions, including pH and temperature for
the LAP assay, were studied. The hydrolysis effect of LAP on
probe 1 at different temperatures was investigated. As shown in
Fig. S5,7 the chemiluminescence at 550 nm was remarkably
enhanced as the temperature increased from 25 °C to 37 °C in
the presence of LAP. The result indicated that within the
experimental temperature range, probe 1 molecules have
greater enzyme activity and stronger catalytic hydrolysis ability
at a higher temperature. The effect of pH on the LAP activation
of probe 1 was also investigated. Results showed that the
maximum chemiluminescence was observed when probe 1 was
incubated with LAP at pH of 6.0 to 8.0, which is close to the pH
of the extracellular environment (6.5 to 7.4, Fig. S671). Therefore,
probe 1 is suitable for detecting endogenous LAP under bio-
logically relevant conditions.

After the chemiluminescence response of probe 1 toward
LAP was confirmed, the sensitivity of the probe to LAP was
further determined. We compared the sensitivity of probe 1 to

2326 | Chem. Sci,, 2022, 13, 2324-2330

that of a commercially available fluorogenic probe, Leu-AMC
(the synthetic route is illustrated in Scheme S37), which fluo-
resces at 450 nm after cleavage by LAP. Different LAP concen-
trations were used to plot the signal-to-noise (S/N) ratio against
the enzyme concentration in logarithmic scale for the direct
comparison of the sensitivity of probe 1 and Leu-AMC (Fig. 4A).
Remarkably, probe 1 exhibited a limit of detection (LOD) of
0.008 U L™ ', whereas Leu-AMC detected LAP with a LOD of 0.22
U L' (Fig. S71). The enhanced sensitivity of probe 1 (27.5-fold)
clearly demonstrates the advantage of our chemiluminescent
substrates versus currently existing fluorescent substrates for
LAP detection assays. Additionally, the LOD of probe 1 was
much lower than those of other reported fluorescent probes
(Table S171). The chemiluminescence images of probe 1 incu-
bated with different LAP concentrations were acquired using
the IVIS Lumia XR III system (Fig. 4B). The chemiluminescence
images became bright as the LAP concentration increased. The
S/N ratios of probe 1 and Leu-AMC after reaction with LAP for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) S/N ratios of probe 1 and Leu-AMC against different LAP concentrations in enzyme reaction buffer (Y axis logarithmic scales). (B)

Chemiluminescence images of probe 1 (10 uM) incubated with different LAP concentrations (0, 10, 20, 40, and 80 U L™) at 37 °C for 10 min. (C)
Time-course S/N ratios after probe 1 (green, 10 uM) and Leu-AMC (blue, 10 uM) were independently incubated with LAP (100 U L™ in enzyme
reaction buffer at 37 °C. Data presented are mean + SD (n = 3). (D) Chemiluminescence spectra of probe 1 (10 uM) incubated with LAP (or LAP

and Ube) and various potential interfering substances.

1 h were measured. Probe 1 had higher S/N ratios than Leu-AMC
and achieved S/N values of approximately 1260 in less than
20 min (Fig. 4C), whereas Leu-AMC had S/N ratios consistently
under 43. The superior sensitivity and high S/N ratios (more
than 30-fold) of probe 1 clearly prove the advantage of the
chemiluminescence modality over fluorescence modality for
diagnostic assays.

The specific identification of target analyzers is one of the
important indicators to evaluate the usability of probe 1. Next,
the specific response of probe 1 to LAP was tested. When probe
1 (10 uM) was incubated with amino acids (e.g., Hey, 1-Cys, Glu),
metal ions (e.g., KCl, Na,S, Al,(S0,);) and enzymes (B-galacto-
sidase, cathepsin B, alkaline phosphatase pyroglutamyl
aminopeptidase I, LAP), only incubation with LAP resulted in
chemiluminescence (Fig. 4D, S81). Ubenimex (Ube) is a LAP
inhibitor that inhibits enzyme activity by specifically binding to
the Zn ion coordination catalytic center of LAP.” Ube treatment
dramatically inhibited the chemiluminescence intensity, which
indicates that probe 1 has specificity for LAP.

Detection of LAP activity in living cells

Considering that probe 1 shows an ideal optical response for
LAP detection in vitro and low toxicity to HepG2 and LO2 liver
cells (Fig. S97), probe 1 was applied to distinguish normal cells
from liver cancer cells by cell imaging. HepG-2 cancer cells
incubated with probe 1 showed gradually enhanced

© 2022 The Author(s). Published by the Royal Society of Chemistry

chemiluminescence and the maximum signals were achieved at
around 30 min. By contrast, the chemiluminescence was very
weak over the course of incubation when cell lines were pre-
treated with Ube (Fig. S10At). Probe 1 was incubated with
different amounts of LO2 and HepG2 cells for 30 min, and the
chemiluminescence images in these wells were acquired
(Fig. 5A). The chemiluminescence images became brighter with
increasing cell number; the chemiluminescence images of
HepG-2 tumor cells were much brighter than those of LO2 cells
(Fig. 5B). Notably, a good linear relationship was observed
between the chemiluminescence intensity and cell number
from 2500 to 40 000 in the wells (Fig. S10BY). These results show
that probe 1 can detect LAP activity in living cells in real time
and distinguish tumor cells and normal cells through sensitive
chemiluminescence imaging in different cells.

Probe 1 was incubated with LO2 cells, HepG2 cells, and
HepG2 cells pretreated with Ube (40 pM) for 1 h. Results showed
that the fluorescence intensity in HepG2 cells was remarkably
enhanced compared to those in LO2 and Ube-pretreated HepG2
cells (Fig. 6 and S11%). Therefore, the change in fluorescence
intensity is caused by endogenous LAP in cells, which indicates
that LAP expression in HepG2 cells is higher than that in LO2
cells. Moreover, Ube can inhibit LAP activity in HepG2 cells and
confirm the LAP-specific activation of probe 1 at the cell level.

The cell subcellular localization experiment was performed
to study the location where probe 1 enters the main agglomer-
ation of cells after enzyme activation. The experimental results

Chem. Sci., 2022, 13, 2324-2330 | 2327
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(A) Chemiluminescence images of HepG2 and LO2 cells, which have different densities, after incubation with 10 pM probe 1 (or probe 1

with Ube) at 37 °C for 30 min. (B) Quantification of (A). Data presented are mean + SD (n = 3). (C) Chemiluminescence imaging of LAP in HepG2
tumor-bearing BALB/c nude mice after intratumoral injection with PBS (100 uL), probe 1 (100 uM, 100 pl) or probe 1 with pre-injection of Ube
(200 uM, 100 pL) in 10 min. (D) LAP level in different tissues from BALB/c nude mice as determined using probe 1 (red) and Leu-AMC (black). Data

presented are mean + SD (n = 3).
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Fig. 6 Confocal fluorescence (Flu) imaging of LO2 and HepG2 cells
treated with probe 1 (10 uM) or probe 1 plus Ube (40 puM) for 1 h. The
fluorescence was acquired at 500-650 nm upon excitation at 405 nm.

showed that in HepG2 cells, the fluorescence signal activated by
probe 1 overlaps with the lysosome dye signal (Fig. S12+). This
phenomenon is similar to the fluorescence distribution of
fluorescence product 6-1 directly incubated with HepG2 cells.
This finding was obtained possibly because the fluorescent
product 6-1 activated by LAP has exposed hydroxyl groups and
interacts with the weak acidity of lysosomes, which results in

2328 | Chem. Sci,, 2022, 13, 2324-2330

the gathering of a large amount of hydrolyzed product 6-1 in the
lysosomes.

LAP detection in liver cancer model

In vivo real-time imaging offers a powerful tool for accurately
diagnosing disease and suspicious lesions with valuable
spatiotemporal precision. Current fluorescent probes for
imaging LAP activity are not suitable for in vivo experiments,
because they are disturbed by intrinsic auto-fluorescence
background signals. Accordingly, considering the prominent
performance of the LAP probe in cellular chemiluminescence
imaging, we examined the applicability of probe 1 for the in vivo
real-time visualization of endogenous LAP activity in HepG2
tumor-bearing mice. Chemiluminescence images were
collected at different times after the in situ injection of PBS,
probe 1, or probe 1 with Ube pre-injection. The experimental
results showed that the chemiluminescence signal rapidly
responded to LAP activity and reached the maximum at 10 min
after probe 1 was injected into the tumor region (Fig. 5C and
S131). The region treated with Ube exhibited a low chem-
iluminescence signal under the same conditions. A very small
amount of chemiluminescence signal was observed in the PBS
control group. Therefore, probe 1 can be used for LAP imaging
in living tumors and the real-time monitoring of LAP activity in
sttu.

Tissue samples from tumor-bearing mice were prepared and
analyzed using probe 1 to further confirm the usability of probe
1 in complex biological systems. The results in Fig. 5D are
consistent with the measurement trend of Leu-AMC. A higher
chemiluminescence enhancement, which indicates a higher

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Chemiluminescence imaging and detection of LAP in human tissue samples. (A) Chemiluminescence images of LAP in normal and liver
cancer tissues. Probe 1 was incubated with 10% tissue homogenate supernatant (dilutedto 1: 10,1: 20,1 : 40, and 1 : 80 with saline) at 37 °C for
10 min. (B) LAP activity in human tissue samples was detected using probe 1 and Leu-AMC. The 10% tissue homogenate supernatant (diluted
1: 10 with saline) was incubated with probe 1 (10 min) or Leu-AMC (30 min) at 37 °C. Chemiluminescence and fluorescence intensities were
obtained with a microplate reader. Data presented are mean + SD (n = 3, p < 0.005).

LAP level, was obtained in the serum, liver, and tumor tissues
than in other tissues. The results showed that probe 1 has
excellent chemiluminescence performance, accuracy, and
sensitivity for LAP analysis.

LAP detection in human tissue samples

Probe 1 was used to detect LAP in human tissue samples to
determine whether it can distinguish normal tissue and liver
cancer tissue. Chemiluminescence images were acquired after
probe 1 was incubated with different concentrations of the
supernatant (10% tissue homogenate) for 10 min at 37 °C in
enzyme reaction buffer (Fig. 7). As shown in Fig. 7A, a super
strong chemiluminescence signal was observed after probe 1
was incubated with the supernatant of 10% liver cancer tissue
homogenate, whereas a weak chemiluminescence intensity was
detected in normal tissues. LAP activity in human tissue
samples (normal and liver cancer tissues) was detected using
probe 1. The results are consistent with the measurement trend
of Leu-AMC, which indicates that probe 1 is a reliable detection
method that can be used to distinguish normal tissue and liver
cancer tissue and detect LAP activity (Fig. 7B).

Conclusions

In summary, we designed and synthesized a LAP-activable
chemiluminescent probe and proved its mechanism and spec-
ificity for LAP detection. The sensitivity for LAP detection of the
chemiluminescent probe was greatly improved compared with
traditional fluorescent probes. Furthermore, our study shows
that probe 1 can detect LAP-related cells in vitro and can be used
to image LAP in living tumors and monitor its activity in situ in
real time. In addition, the chemiluminescence of the probe in
liver cancer tissues was remarkably enhanced compared to that
in normal tissues, which enables the differentiation between
liver cancer tissues and normal tissue through endogenous LAP
detection. Therefore, the successful application of probe 1
makes it a valuable imaging tool for LAP-related physiological
and pathological processes and medicine. We anticipate that

© 2022 The Author(s). Published by the Royal Society of Chemistry

the design strategy proposed in this study could be broadly used
for the development of other protease probes for protein
detection, disease diagnosis, and drug discovery.
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