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past few decades.[5] In particular, activat-
able probes that can be specifically turned 
on to emit fluorescence by various can-
cerous biomarkers have been developed,[6] 
leading to significant improvement in 
the precision of tumor resection.[7] For 
instance, Urano et  al. have developed a 
γ-glutamyltranspeptidase-responsive fluo-
rescent probe that can light up tiny ovarian 
cancer nodules within 10 min[5c] and 
Bogyo et al. have reported a dual proteases-
activated fluorescent probe with improved 
specificity and sensitivity in localizing 
lung cancer metastases of <1  mm in 
diameter.[8] In spite of these encouraging 
advances, fluorescence imaging always 
suffers from some inherent limitations 
including photo bleaching, shallow tissue-
penetration-depth, and high background 
signal arising from the autofluorescence 
of biological tissues upon light excitation. 
In this context, developing new strategies  

for creating luminescent probes with improved specificity and 
accuracy in discriminating cancerous lesions from normal  
tissues during the surgery is fundamentally important.[9]

Chemiluminescence has been regarded as an alternative 
choice of constructing sensitive probes for biosensing and 
imaging.[10] Unlike fluorescence, chemiluminescence utilizes 
chemical reactions rather than photoexcitation to trigger the 
luminescence. As a consequence, chemiluminescence imaging 
can remarkably suppress the interference of autofluorescence to 
give rise to higher signal-to-noise ratio and better sensitivity for 
tumor detection in comparison with conventional fluorescence 
imaging.[11] As an attempt, Ding et  al. have reported a chemi-
luminescent dioxetane-based nanoparticle for image-guided 
cancer surgery,[12] but it is an “always-on” probe, which has poor 
specificity and high background compared to activatable probe, 
and thus is unfavorable for tumor detection during a surgical 
practice. In recent years, a series of activatable chemilumines-
cent probes based on Schaap’s dioxetanes have been developed 
for selective detection and imaging of various biomarkers such 
as cathepsin B, nitroreductase, β-galactosidase, reactive species, 
granzyme B and aminopeptidases, both in vitro and in vivo.[13] 
However, existing activatable chemiluminescent probes have 
not been explored for image-guided tumor surgery.

Aminopeptidase N/CD13 (APN), a transmembrane metal-
loprotease that can preferentially hydrolyze N-terminal alanine 
from polypeptides, is the most studied cancer-related amin-
opeptidase.[14] Plentiful studies have demonstrated that APN is 
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1. Introduction

Surgical resection plays a major role in cancer therapy and remains 
the most efficient treatment for solid tumors.[1] During surgical 
resection, the tumors visible to the naked eye can be removed. 
However, some malignant nodules including metastatic lesions 
of less than 3 mm are easily missing during surgery, leading to 
cancer recurrence.[2] Thus, sensitive detection of tiny cancerous 
lesions during surgery has become an imperative concern.[3]

Fluorescence imaging has been demonstrated to be one 
of the most attractive diagnostic approaches due to its high 
sensitivity, low cost, real-time signal acquisition, high spatial 
resolution, and noninvasive nature.[4] Accordingly, many efforts 
have been devoted to exploiting novel and innovative fluores-
cent probes suitable for image-guided surgery of tumors in the 

Adv. Optical Mater. 2022, 2102709

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202102709&domain=pdf&date_stamp=2022-04-14


www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2102709 (2 of 9)

www.advopticalmat.de

overexpressed on the surface of many tumor cells and associ-
ated with the invasion, angiogenesis, and metastasis of different  
human cancers, making it a promising target for tumor diag-
nosis.[15] Therefore, constructing APN-specific imaging probes 
can potentially improve the detection sensitivity of tiny tumors 
and metastases. To the best of our knowledge, no APN-activated 
chemiluminescent probes have been reported, with exception 
of some APN-activated fluorescent probes.[16] Towards precise 
cancerous tissue resection, herein we report an APN-specific 
chemiluminescent probe that can be triggered to emit chemi-
luminescence through a one-step hydrolysis reaction catalyzed 
by APN. The activatable chemiluminescent properties were 
studied both in vitro and in mice carcinoma models in vivo. 
Most importantly, the instant response to small tumors and 
unconspicuous metastatic lesions was demonstrated by directly 
spraying the activatable probe on the surface of suspicious  
tissues, to show the advantages of the rational combination of 
chemiluminescence with APN specific activation for rapid and 
accurate cancer detection.

2. Results and Discussion

2.1. Design and Synthesis of APN-Activated 
Chemiluminescent Probe

In order to specifically and sensitively detect APN, an activatable  
chemiluminescent APN probe, comprising an APN-responsive 
amino acid substrate L-alanine,[17] a self-immolative spacer 
p-aminobenzyl alcohol (PABA), and a highly emissive acryl-
substituted phenoxy-dioxetane moiety, was constructed. The 
PABA spacer between the amino acid substrate and the acryl-
substituted phenoxy-dioxetane is introduced to reduce the steric 
hindrance of the latter for facilitating the interaction of APN 
with the amino acid segment of the APN-activated chemilu-
minescent probe (APN-ACLP). Upon cleavage of the amino 
acid segment by APN, as shown in Figure 1a, a spontaneous 
1,6-elimination within the PABA spacer of APN-ACLP will 
occur, causing the release of the unmasked dioxetane that will 
subsequently be deprotonated under physiological conditions 
to further decompose into cleaved dioxetane through a che-
miexcitation process, which is accompanied by light emission 
at 540  nm.[12a] In this way, the APN-specific activatable probe 
hopefully with higher imaging sensitivity was designed.

The detailed synthetic procedures for APN-ACLP probe are 
provided in Scheme S1 (Supporting Information). The chemical 
structures of all intermediates and the final compound APN-
ACLP were systematically characterized by nuclear magnetic res-
onance (1H NMR, 13C NMR), matrix-assisted laser desorption/
ionization time of flight mass spectrometry, and high-resolution 
mass spectrometry (HR-MS) with all data given in Figure S1–S6 
(Supporting Information). In brief, all these measurements dem-
onstrated that the APN-ACLP was successfully synthesized.

2.2. In Vitro Studies of APN-ACLP

To characterize the specific responsiveness of APN-
ACLP, optical spectroscopy and high-performance liquid 

chromatography were employed to monitor the structural 
variation of APN-ACLP induced by APN. In detail, the chemilu-
minescence of APN-ACLP incubated with recombinant human 
APN was first monitored in phosphate buffer (1 × PBS) con-
taining 5% dimethyl sulfoxide (DMSO) at 37 °C. As shown in 
Figure  1b, an obvious chemiluminescence signal appears very 
quickly in response to APN and reaches its intensity maximum 
at 20 min postincubation, followed by a slow decrease in signal 
intensity. As expected, the characteristic emission of dioxe-
tane centered at 540  nm was recorded as shown in Figure S7 
(Supporting Information), while almost no chemiluminescence 
signal was observed in the absence of APN, giving rise to an 
on/off ratio of approximately 190:1. The APN-induced structural 
variations were further investigated by absorption and fluores-
cence spectroscopy by comparing the spectra of APN-ACLP 
recorded before and after incubation with APN. Figure  1c,d 
reveals that APN-ACLP presents nearly no fluorescence, and 
shows weak and almost featureless absorption above 350  nm 
before subjected to incubation with APN. After incubation with 
APN, the probe however exhibits a strong fluorescence peaking 
at 540  nm under excitation at 400  nm, accompanied by the 
appearance of a new absorption band at around 400  nm. The 
high-performance liquid chromatography (HPLC) results in 
Figure  1e further reveal that the retention time of APN-ACLP 
was shifted from 23.6 to 19.1  min after APN-ACLP was incu-
bated with APN, indicating that APN-ACLP was hydrolyzed 
and converted to cleaved dioxetane (m/z  = 269.0224, [M-H]–) 
according to the HR-MS result shown in Figure S8 (Supporting 
Information). To assess the responsive specificity, the chemilu-
minescence of APN-ACLP was also carefully investigated in the 
presence of bestatin (BT), an inhibitor of APN, and different 
types of species possibly involved in tumor microenvironment 
as well. As shown in Figure 1f, only APN can trigger the chemi-
luminescence out of APN-ACLP, while the emission intensity 
is decreased by more than 97% in case BT is present, well  
manifesting the excellent specificity of APN-ACLP in response 
to APN. In addition, the pH effect on the responsiveness of 
APN-ACLP was also investigated. The results displayed in 
Figure  1g reveal that the pH value of the solution exhibited 
substantial impacts on the chemiluminescence of APN-ACLP,  
particularly in a pH of 6.0–8.0 in presence of APN, well  
covering the physiological pH and acidic pH environment of 
solid tumors. In contrast, in this pH range, very weak chemilu-
minescence emission and neglectable pH effects are presented 
in the absence of APN.

The detection sensitivity was then determined after APN-
ACLP was incubated with APN of different concentrations for 
20  min. As displayed in Figure 2a,b, the intensity of chemi-
luminescence of APN-ACLP remarkably increases against 
the concentration of APN. Through a linear fitting of the cor-
relation between the chemiluminescence intensity and APN 
concentration, an APN detection limit of 0.056  ng mL−1 was 
derived, 20-fold lower than that determined through fluores-
cence under the identical conditions indicated in Figure S9 
(Supporting Information). It is also lower than that of most pre-
viously reported APN-responsive fluorescent probes in Table S1 
(Supporting Information). The lowered detection limit is appar-
ently more favorable for ultrasensitive detection of tiny lesions 
through APN.
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To evaluate the performance of APN-ACLP in vivo, the tissue 
penetration depth of the chemiluminescence triggered by APN 
was determined by measuring the luminescence intensity 
through chicken breast tissues of different thicknesses with 
IVIS system. As displayed in Figure  2c, both chemilumines-
cence and fluorescence signals dramatically decrease against 
chicken tissue thickness. However, the chemiluminescence 
signal remains detectable even when the tissue thickness is 

raised up to 20 mm. In huge contrast, as shown in Figure 2d, 
the fluorescence signal is hardly detectable although the tissue 
thickness is only 5 mm, showing a signal-to-noise ratio (SNR) 
of 1.14  ± 0.05 much lower than that for chemiluminescence, 
i.e., 174.2 ± 30.2. The much higher tissue penetration depth of 
chemiluminescence is mainly caused by the poor penetration 
depth of the excitation light of 430 nm for fluorescence, while 
greater SNR of chemiluminescence can be attributed to the 
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Figure 1. In vitro evaluation of APN-ACLP. a) Chemical structure of APN-ACLP and the corresponding mechanism of APN detection. b) Temporal evo-
lutions of the chemiluminescence of APN-ACLP (10 × 10−6 m) in the absence or presence of APN of 200 ng mL−1 at 37 °C. c,d) Normalized absorption 
and fluorescence spectra of APN-ACLP recorded in the absence or presence of APN (200 ng mL−1) after incubation for 10 h at 37 °C in 1 × PBS buffer 
containing 5% DMSO. The fluorescence spectra were captured under excitation at 400 nm. e) HPLC traces of APN-ACLP before or after incubation 
with APN. f) The chemiluminescence intensity of APN-ACLP (10 × 10−6 m) recorded after incubation with ClO–, H2O2, NO2

–, ONOO–, 1O2, CO3
2–, 

HCO3
–, CH3CO3

–, and GSH of 100 × 10−6 m, ALP of 100 U L−1, APN of 100 ng mL−1, respectively, in 1 × PBS buffer for 20 min at 37 °C. For the inhibition 
experiment, the concentration of BT was of 200 × 10−6 m. g) Chemiluminescence of APN-ACLP in 1 × PBS with different pH for 20 min at 37 °C in the 
absence or presence of APN. The error bars represent the standard deviation (n = 3).
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extremely low background of chemiluminescence, well mani-
festing the advantages of chemiluminescence over fluorescence 
with respect to in vivo imaging applications.

Before further in vivo imaging experiments, the cytotox-
icity of APN-ACLP was evaluated through CCK-8 assay against 
HepG2 hepatoma carcinoma cells, LO2 normal human liver 
cells, and 4T1 mammary gland carcinoma cells, respectively. 
The results in Figure S10 (Supporting Information) suggested  
that APN-ACLP probe exhibited no obvious cytotoxicity 
against the aforementioned cells. Then, the responsiveness of  
APN-ACLP to APN expressed by HepG2 cells and LO2 cells, 
respectively, was compared after being incubated with these 
cells. As shown in Figure S11a (Supporting Information), 
HepG2 cells exhibited much stronger chemiluminescence than 
LO2 cells, owing to the much higher expression level of APN 
in HepG2 cells. Nevertheless, the chemiluminescence was  
dramatically suppressed if the HepG2 cells were pre-treated 
with BT, the inhibitor of APN, well demonstrating the out-
standing specificity of APN-ACLP in react to APN-overex-
pressed HepG2 cells (Figure S11b, Supporting Information).

2.3. Chemiluminescence Imaging of APN-Overexpressed Tumor 
In Vivo

Inspired by the sensitive chemiluminescence response towards 
APN in vitro, we then investigated the performance of APN-
ACLP in response to endogenous APN in vivo. Mice bearing 
HepG2 xenograft tumor were imaged through both chemilumi-
nescence and fluorescence, respectively, after APN-ACLP was 
intratumorally injected. The imaging results are provided in 
Figure 3a and the signal intensities of chemiluminescence of 
the tumorous sites were recorded and provided in Figure  3b. 

The chemiluminescence signal intensity rapidly increases 
and reaches its maximum at about 10 min post-injection. The  
following decline lasts over 60 min with SNR remaining around 
250, as shown in Figure 3c. However, the SNR of fluorescence 
images is much lower due to the autofluorescence of the tissues  
under photoexcitation. Furthermore, the chemiluminescence 
signal intensity was remarkably suppressed if the APN inhib-
itor BT was pre-injected into HepG2 xenograft tumor. All these 
data clearly demonstrate that the APN-ACLP can be used for 
rapid and noninvasive detection of APN-overexpressed tumors 
in vivo.

2.4. Chemiluminescence Image-Guided Surgery

The high SNR and quick response to APN in vivo encouraged 
us to use APN-ACLP for discerning tumor tissues from normal 
tissues by directly spraying its aqueous solution on the surface 
of resected HepG2 xenograft tumor ex vivo, with normal liver 
tissues serving as control. In striking comparison with normal 
liver tissue, as shown in Figure 4a,b, the maximum tumor-
to-normal tissue ratio for chemiluminescence is around 160 
at 10  min, significantly higher than fluorescence as expected. 
These data reveal that APN-ACLP holds the ability to distin-
guish tumors from normal tissues through simple spraying 
and may provide a promising tool for precise tumor resection.

The feasibility of the chemiluminescent probe for image-
guided tumor resection was then demonstrated in orthotopic 
HepG2-tumor mice model. The results given in Figure S12a,b 
(Supporting Information) revealed that 5  min was enough to 
light up the tumor site, while the strong luminescent signal 
lasted for more than 40 min, which is long enough for removing 
the identified tumors apart from the fact that the tumors can 
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Figure 2. Comparison of the chemiluminescence (CL) and fluorescence (FL) of APN-ACLP through tissues of different thicknesses. a) Chemilumi-
nescence images of APN-ACLP (10 × 10−6 m) in the presence of different concentrations of APN (0–200 ng mL−1) captured for incubation of 20 min at  
37 °C in 1 × PBS buffer containing 5% DMSO. b) A linear fitting of the relationship between CL intensity and APN concentration. c) Chemiluminescence 
and fluorescence images of APN-ACLP in the presence of APN captured through chicken tissues with different thicknesses on IVIS spectrum imaging 
system. The excitation wavelength for fluorescence imaging was 430 nm. d) SNR of chemiluminescence and fluorescence of APN-ACLP against the 
tissue thickness derived from the results given in panel (c). The error bars represent the standard deviation (n = 3).
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be lit up repeatedly upon multiple sprays. Under the guidance 
of the chemiluminescence, a nodule from the living mouse 
was resected by using a scalpel. Then the resected nodule was  
analyzed by the hematoxylin and eosin (H&E) staining 
(Figure  4c). It is worth noticing that the resected nodule 
exhibits bright chemiluminescence after receiving secondary 
spraying of APN-ACLP solution, while the original luminescent  
site presents no chemiluminescence at all, indicating the  
successfulness of the image-guided surgery.

It is well-known that malignant tumor metastasis is the piv-
otal cause of cancer treatment failure. However, the tiny meta-
static foci are easily missing by the naked eyes during surgery. 
It is thus interesting to evaluate the potential of APN-ACLP for 
visualizing the tiny metastases in virtue of its excellent sensi-
tivity and superior SNR in detecting orthotopic liver cancer. 
To this end, a peritoneal metastasis mouse model was con-
structed. After the abdominal cavity was incised, the solution of  
APN-ACLP was sprayed. After 10  min, the tissues showing 
strong chemiluminescence signals as presented in Figure  4d 
were resected under the guidance of chemiluminescence. The 
five doubtful nodules harvested were subjected to further anal-
ysis through H&E staining. The H&E staining images given in 
Figure  4e reveal that these nodules are metastatic lesions and 
the smallest one is less than 1  mm in diameter. In addition, 
similar experiments on the detection of hepatic and splenic 
metastasis of 4T1 breast cancer also provided similar results, 
as shown in Figures S13 and S14 (Supporting Information),  

further verifying the excellent potential of APN-ACLP for pre-
cise metastasis detection and surgery.

3. Conclusion

In conclusion, we have successfully developed a molecular 
agent APN-ACLP that can be specially activated by cancer-
associated enzyme APN to emit chemiluminescence for tumor 
detection and image-guided surgical resection. In comparison 
with the counterparts based on fluorescence, APN-ACLP 
shows superior signal-to-noise ratio and remarkably improved 
tissue penetration depth. By virtue of these outstanding  
properties, the APN-ACLP is applied to sensitively discern 
APN-overexpressed tumorous tissues from the normal tissues. 
Via simple spraying, the tiny tumors and metastatic lesions can 
be lit up to show chemiluminescence with exceptionally high 
signal-to-noise ratios, allowing for precise resection under the 
guidance of the chemiluminescence. To the best of our knowl-
edge, we herein provide the first activatable chemiluminescent 
probe for image-guided surgical resection of tumor through 
simple spraying and believe that the probe design strategy 
holds remarkable potential for clinical applications. Given that 
the near-infrared (NIR) region is superior for in vivo imaging 
due to the improved tissue penetration and reduced light  
scattering,[18] our further work is underway to design the APN-
activated NIR chemiluminescent probes.

Adv. Optical Mater. 2022, 2102709

Figure 3. Chemiluminescence imaging of APN-overexpressed tumors in vivo. a) Representative chemiluminescence (top) and fluorescence images 
(bottom) of the same HepG2 xenograft recorded at different time points after the intratumoral injection of APN-ACLP of 25 µL or BT of 10 µL (0.5 × 10−3 
m) 0.5 h prior to the injection of APN-ACLP. b) Temporal chemiluminescence signal of the tumor site recorded after administration of APN-ACLP in the 
absence or presence of BT. c) SNR of chemiluminescence and fluorescence of the tumor site recorded after administration of APN-ACLP in the absence 
or presence of BT, as shown in panel (a). The fluorescence SNR trace for APN-ACLP was covered by that for BT + APN-ACLP. The error bars represent 
the standard deviation (n = 3). The APN-ACLP solution used for the above experiments contained 10 × 10−6 m APN-ACLP in 1 × PBS with 5% DMSO.
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4. Experimental Section
Materials: All chemicals and reagents purchased were analytical grade 

and used without further purification, unless otherwise stated. Fmoc-L-
Ala-OH, 1-hydroxybenzotriazole hydrate (HOBT), N,N,N’,N’-tetramethyl-
O-(1H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU) were 
purchased from GL Biochem (Shanghai, China). Aminopeptidase 
N/CD13 (APN) was obtained from R&D Systems. Bestatin (BT), an 
inhibitor of APN, was purchased from Aladdin. Alkaline phosphatase 
(ALP) was obtained from BaoMan Inc. (Shanghai, China). Fetal bovine 
serum (FBS) was purchased from HyClone. Roswell Park Memorial 
Institute (RPMI) 1640 medium and Dulbecco’s modified eagle medium 
(DMEM) were purchased from BasalMedia. Lysotracker and Mitotracker 
were purchased from Beyotime Bio tech. Hoechst 33342 reagent and 
phosphate buffer saline (PBS) were purchased from Solarbio Biotech. 
Cell counting kit-8 (CCK-8) was purchased from APExBIO. Water was 
supplied by Milli-Q Integral10 (Millipore Corporation, Breford, USA).

Characterization: High performance liquid chromatography (HPLC) 
analyses were performed on Waters Alliance E2695 system equipped 
with E2695 separation module, 2489 UV detector and a Water X Bridge 

C18 (4.6 × 250 mm, 5 µm) column with CH3OH (0.1% of TFA) and water 
(0.1% of TFA) as the eluent. HPLC purification was performed on an 
Elite P3500 gradient preparative system equipped with P3500 pump, 
UV detector (UV3100) and a CST Daiso C18 (20 × 250  mm) column 
with CH3OH (0.1% of TFA) or CH3CN (0.1% of TFA) and water (0.1% 
of TFA) as the eluent. Nuclear magnetic resonance (NMR) spectra  
(1H NMR, 13C NMR) were recorded on a Bruker Avance NEO II 400 MHz 
NMR. The matrix assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF-MS) spectra were obtained on a 
Ultraflextreme. High resolution electrospray ionization mass spectra 
(HR-MS) were measured at a Thermo Scientific Q Exactive instrument 
(Bremen, Germany) equipped with a standard ESI source. The HR-MS 
and MALDI-TOF-MS were reported in units of mass per charge ratio 
(m/z). UV–vis spectra were recorded on a PerkinElmer Lambda 
35 UV–vis spectrometer variable bandwidth. Chemiluminescence 
and fluorescence spectra were obtained on an Edinburgh FLS980 
spectrofluorometer. The intensity of chemiluminescence in solution or 
cells were acquired on a microplate reader (EnSpire Multilabel Reader 
2300, PerkinElmer). Chemiluminescence and fluorescence imaging were 
carried out using an IVIS Spectrum imaging system (PerkinElmer, Inc.).

Adv. Optical Mater. 2022, 2102709

Figure 4. Chemiluminescence image-guided surgery. a) Chemiluminescence and fluorescence images of HepG2-tumors (T) and normal liver tissues 
(N) recorded before and 10 min after being exposed to APN-ACLP spray. b) Tumor to normal tissue ratio (TNR) obtained according to the results given 
in panel (a). The error bars represent the standard deviation (n = 3). c) Chemiluminescence image-guided surgery of orthotopic HepG2-tumors in mice. 
The H&E staining results of resected tumor on the right. The scale bar represents 500 µm. d) Bright field images or overlaid with chemiluminescence 
images recorded before and 10 min after spraying APN-ACLP on the suspicious tumor site, together with the tiny metastases lesions resected under 
the guidance of chemiluminescence. The scale bar represents 5 mm. e) H&E staining results of the resected tumors in panel (d). Scale bar = 500 µm. 
The APN-ACLP solution used for the above experiments contained 10 × 10−6 m APN-ACLP in 1 × PBS with 5% DMSO.
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Synthesis of Compound C: Compound A and compound B were 
synthesized according to the reported literature.[13a,17a] Compound B 
(31  mg, 0.08  mmol) was added to a mixture of compound A (57  mg, 
0.120  mmol), NaI (45  mg, 0.3  mmol), and K2CO3 (21  mg, 0.15  mmol) 
in anhydrous DMF (2  mL) under a nitrogen atmosphere. The reaction 
solution was stirred at room temperature for 6 h and monitored by TLC 
(hexane: ethyl acetate = 2:1). After completion, ethyl acetate (20 mL) was 
added to the reaction solution and was washed with deionized water 
(20  mL × 3). The organic phase was separated, dried over Na2SO4, 
filtered and evaporated. The crude product was purified with column 
chromatography on silica gel to obtain the product C (33.1 mg, 52.5%). 
1H NMR (400 MHz, CDCl3): δ = 8.35 (br, 1 H), 7.90 (d, J = 16.2 Hz, 1 H), 
7.76 (d, J  = 7.5  Hz, 2 H), 7.59–7.51 (m, 4 H), 7.43–7.37 (m, 5 H), 7.29  
(t, J = 7.3 Hz, 2 H), 7.07 (d, J = 8.0 Hz, 1 H), 6.43 (d, J = 16.2 Hz, 1 H), 
5.40 (br, 1 H), 4.97 (d, J = 4.2 Hz, 2 H), 4.46 (m, 3 H), 4.22 (t, J = 6.8 Hz, 
1 H), 3.79 (s, 3 H), 3.33 (s, 3 H), 3.28 (s, 1 H), 2.07–1.66 (m, 13 H), 1.48 
(d, J = 6.7 Hz, 3 H). 13C NMR (100 MHz, CDCl3): δ = 166.7, 153.2, 143.2, 
140.9, 139.0, 138.5, 137.8, 132.0, 129.3, 127.4, 126.7, 124.5, 119.4, 75.3, 66.9, 
56.8, 51.4, 46.7, 38.6, 38.2, 36.7, 33.1, 31.5, 29.4, 29.0, 22.9, 22.3, 18.0, 
13.7. MALD-TOF-MS: calcd for C47H47ClN2O7Na [M+Na]+: 809.30; found: 
809.40.

Synthesis of APN-ACLP: Compound C (30  mg, 0.038  mmol) was 
dissolved in DMF (1  mL) and diethylamine (0.25  mL) was added. The 
mixture was stirred at room temperature for 1 h and monitored by 
analytical HPLC (Table S2, Supporting Information). After reaction 
completion, the solvent was evaporated under reduced pressure 
and the residue was dissolved in CH2Cl2 (10  mL). Methylene blue 
(3 mg) was added and oxygen was bubbled through the solution while 
irradiating with a white light. The reaction solution was monitored by 
analytical HPLC. After completion, the solvent was removed under 
reduced pressure and the crude product was purified with preparative 
HPLC (Table S3, Supporting Information) to give APN-ACLP as a white 
solid (14  mg, 62%). 1H NMR (400  MHz, CDCl3, δ): 9.84 (s, 1 H), 7.88  
(d, J  = 8.2  Hz, 1 H), 7.77 (d, J  = 16.3  Hz, 1 H), 7.57–7.40 (m, 3 H), 
7.30 (d, J = 6.6 Hz, 2 H), 6.41 (d, J = 16.0 Hz, 2 H), 4.83 (s, 2 H), 4.36  
(br, 1 H), 3.74 (s, 3 H), 3.18 (s, 3 H), 3.00 (s, 1 H), 1.93–1.42 (m, 16 H). 
13C NMR (100  MHz, CDCl3): δ  = 167.5, 154.2, 138.7, 137.5, 135.4, 132.2, 
131.4, 129.7, 125.2, 120.5, 111.7, 96.3, 75.9, 52.0, 49.7, 47.0, 39.3, 36.3, 33.6, 
31.9, 31.5, 29.7, 27.5, 26.1, 25.8, 23.3, 22.7, 17.2, 14.1. HR-MS: calcd for 
C32H38ClN2O7 [M+H]+: 597.2368; found: 597.2339.

Kinetic Measurements: The APN-ACLP solutions (10 × 10−6 m, 100 µL) 
with or without APN (200  ng mL−1) was incubated in 1 × PBS buffer 
containing 5% DMSO at 37 °C, and the real-time chemiluminescence 
was recorded on the microplate reader every 1 min, last for 300 min, with 
the integration time of 1 s, under luminescence mode.

Studies of APN Activation, Sensitivity, and Selectivity: APN-ACLP in 
black 96-well plate was incubated with APN at 37 °C in 1 × PBS buffer 
containing 5% DMSO. After incubation at indicated time, fluorescence 
spectra, chemiluminescence spectra, UV–vis spectra, fluorescence 
images, and chemiluminescence images of these solution were 
recorded and then the incubation mixture was further analyzed by 
HPLC. For sensitivity, APN-ACLP (10  × 10−6 m, 100  µL) was incubated 
with different concentrations of APN (0, 2, 5, 10, 25, 50, 100, 200  ng 
mL−1) at 37 °C for 20 min. Chemiluminescence images were captured 
using the IVIS Spectrum imaging system under bioluminescence mode, 
with 0.75 s exposure time with an open filter. Fluorescence images were 
captured using the IVIS Spectrum imaging system under fluorescence 
mode, with excitation at 430  nm and emission filter of 540  nm. The 
detection limit was determined from emission intensities according 
to the equation: 3δ/k, where δ represents the standard deviation of 
blank, and k represents the slop of plot of intensities. For selectivity, 
APN-ACLP (10 × 10−6 m, 100 µL) was incubated with ClO–, H2O2, NO2

–, 
ONOO–, 1O2, CO3

2–, HCO3
–, CH3CO3

–, and GSH of 100 × 10−6 m, ALP of 
100 U L−1, APN of 100 ng mL−1, respectively, in 1 × PBS buffer for 20 min 
at 37 °C. The chemiluminescence of each solution was recorded on 
the microplate reader with 1 s of integration time, under luminescence 
mode. ONOO– and 1O2 were prepared according to the reported 
literature.[19]

Tissue-Penetration Measurement: APN-ACLP (10  × 10−6 m, 200  µL) 
in black 96-well plate was incubated with APN (200  ng mL−1) in  
1 × PBS buffer containing 5% DMSO. After incubation for 20  min 
at 37 °C, the solution wells were covered by the chicken breast tissue 
with different thickness (0, 5, 10, 15, 20  mm). Chemiluminescence 
images were captured using the IVIS Spectrum imaging system under 
bioluminescence mode, with 60 s exposure time under open filter. 
Fluorescence images were captured using the IVIS Spectrum imaging 
system under fluorescence mode, with excitation at 430  nm and 
emission filter of 540 nm. The signal-to-noise ratio (SNR) was calculated 
as SNR = emission intensities/background, where background refers to 
the signal intensity of neighboring tissues.

Cell Incubation: HepG2 cells were cultured in DMEM (BasalMedia) 
supplemented with 10% (v/v) FBS (fetal bovine serum, HyClone) and 
1% (v/v) penicillin/streptomycin antibiotics. 4T1 and LO2 cells were 
cultured in RPMI medium 1640 (BasalMedia) supplemented with 10% 
FBS and 1% penicillin/streptomycin antibiotics. All cells were treated 
at 37 °C under a humidified atmosphere containing 5% CO2 and 95% 
humidified air. The medium was changed every other day.

Cell Cytotoxicity Experiment: Cells were seeded in 96-well plates  
(6 × 103 cells in 100  µL per well) and allowed to grow for 24 h. The 
medium was removed, and the cells were incubated with APN-ACLP  
(0, 5, and 10 × 10−6 m, 100 µL per well) for 12 h. The medium was changed 
and the cells were incubated with CCK-8 (0.5 mg/mL) for another 1 or 
1.5 h. The absorbance of CCK-8 at 450  nm was measured by using a 
microplate reader (Bio Tek, Synergy 2). Cell viability was expressed by the 
ratio of the absorbance of the cells incubated with probe solution to that 
of the cells incubated with culture medium only.

Chemiluminescence Imaging for Cells: Cells were seeded in black 
96-well plates (6 × 103 cells in 100  µL per well) and allowed to grow 
for 24 h. The medium was removed and the cells were incubated with  
APN-ACLP (10  × 10−6 m, 100  µL per well) at 37 °C for 30  min. For the 
inhibiting study, HepG2 cells were treated with APN inhibitor BT 
(0.5 × 10−3 m) for 30 min, and then incubated with APN-ACLP at 37 °C 
for 30  min. Chemiluminescence images were captured using the IVIS 
Spectrum imaging system under bioluminescence mode, with 10 s 
exposure time with an open filter.

Animal Model: All mice were experimented in accordance with 
guidelines approved by the ethics committee of Soochow University 
(Suzhou, China), and the approval number is 202104A0107. Specific 
pathogen free (SPF) grade BALB/c nude mice and BALB/c mice  
(3–5 weeks old) were provided by the laboratory of the Animal Center 
of Soochow University. The xenograft tumor models were established 
by subcutaneous injection of HepG2 cells (2 × 106 cells in 50  µL  
1 × PBS) into the armpit region. The tumor imaging was carried out on 
7–10 d after the inoculation of tumor cells. The orthotopic tumor models 
were established through the injection of HepG2 cells (8 × 105 cells  
in 20  µL 1 × PBS) into the right lobe of mice liver within the period 
of mice anesthesia. The growth of tumor was observed by an MRS  
3000 model (MR Solution, Britain), and the size of orthotopic liver tumor 
was depicted by T2-weighted imaging. The orthotopic HepG2 tumor-
bearing mice were experimented on 7 d after the inoculation of tumor 
cells. For the peritoneal metastasis model, 4T1 murine breast cancer 
cells (2 × 106 cells in 200  µL 1 × PBS) were intraperitoneally injected 
into female nude mice. After about 5–7 d, the peritoneal metastasis 
model was established. The hepatic and splenic metastasis models of 
breast cancer were established by subcutaneous injection of 4T1 cells  
(2 × 106 cells in 50 µL 1 × PBS) into the mammary gland of BALB/c mice. 
After about 4 weeks, the mice were euthanized and their liver and spleen 
samples were moderately taken out from body.

Visualization of APN Activity In Vivo: APN-ACLP (10  × 10−6 m, 
25  µL) was intratumorally injected in the xenograft tumor-bearing 
mice during anesthesia. For the inhibitor group, the xenograft tumor 
was directly injected with APN inhibitor BT (0.5  × 10−3 m, 10  µL) at 
30  min before APN-ACLP (10  × 10−6 m) was intratumorally injected 
in the xenograft tumor-bearing mice. Then, chemiluminescence and 
fluorescence imaging were carried out on IVIS Spectrum imaging 
system (PerkinElmer, Inc.). Chemiluminescence imaging was acquired 
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with open filter and 40 s exposure time, and fluorescence imaging was 
collected with excitation at 430 nm and emission filter of 540 nm every 
5 min. The SNR was calculated as SNR = emission intensities of tumor 
area / background, where background refers to the signal intensity of 
normal tissue on mice.

Imaging and Image-Guided Resection of Tumor and Metastasis: For 
imaging of tumor, after euthanasia, subcutaneous tumor and liver 
in the xenograft tumor-bearing mice were resected. After spraying 
the APN-ACLP (10  × 10−6 m, 1 × PBS with 5%DMSO) onto the tissue 
surface, the chemiluminescence and fluorescence images were 
acquired using IVIS Spectrum imaging system every 10  min at 37 °C.  
Chemiluminescence images were captured with open filter and 
20 s exposure time, and fluorescence images were captured with 
excitation at 430  nm and emission filter of 540  nm. For image-guided 
resection of orthotopic  HepG2 tumor, the liver of the orthotopic 
HepG2 tumor-bearing mice were exposed, under anesthesia. After 
spraying the APN-ACLP (10  × 10−6 m, 1 × PBS with 5%DMSO) for 
10  min, the chemiluminescence imaging was carried out on IVIS 
Spectrum imaging system (PerkinElmer, Inc.), with open filter and 20 s  
exposure time. Then, the tumors were removed with the guidance of 
chemiluminescence image. For image-guided resection of hepatic and 
splenic metastasis, the liver and spleen with metastasis in living mice 
were resected. After spraying the APN-ACLP (10 × 10−6 m, 1 × PBS with 
5%DMSO), the chemiluminescence imaging was carried out on IVIS 
Spectrum imaging system (PerkinElmer, Inc.), with open filter and 20 s 
exposure time. Then the metastases were removed under the guidance 
of chemiluminescence image. For image-guided resection of peritoneal 
metastasis, the abdominal cavities of mice were exposed, which were 
sprayed by the APN-ACLP (10  × 10−6 m, 1 × PBS with 5%DMSO) for 
10  min and imaged by IVIS Spectrum imaging system (PerkinElmer, 
Inc.) with open filter and 20 s exposure time. Then the metastases were 
removed under the guidance of chemiluminescence imaging.

Histology: The organs were fixed with 4% paraformaldehyde (PFA), 
dehydrated in ethanol solution, and embedded in paraffin prior to 10-µm 
sectioning. Histology samples were stained by hematoxylin and eosin 
under standard protocols. Images were acquired using a fluorescence 
microscope (IX73, Olympus).

Data Analysis: Data were expressed as the mean ± standard deviation 
unless otherwise specified. The chemiluminescence and fluorescence 
data were quantified with ROI analysis using Living Image 4.2 Software. 
In vivo and in vitro chemiluminescence or fluorescence intensities 
were measured by ROI analysis using postprocessing vender software. 
Statistical comparisons between two groups were determined by t-test 
and more than three groups were determined by one-way ANOVA. For 
all tests, p < 0.05 was considered statistically significant.
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