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a b s t r a c t

The aggressive nature and high mortality rate of lung cancer underscore the imperative need for early

diagnosis of the disease. Thus, aminopeptidase N (APN), a potential biomarker for lung cancer, should

be thoroughly investigated in this context. This report describes the development of HA-apn, a novel

near-infrared fluorescent probe, specifically engineered for the sensitive detection of endogenous APN.

Characterized by its high selectivity, straightforward molecular architecture, and suitable optical proper-

ties, including a long-wavelength emission at 835nm and a large Stokes shift of 285nm, HA-apn had

high efficacy in identifying overexpressed APN in tumor cells, which shows its potential in pinpointing

malignancies. To further validate its applicability and effectiveness in facilitating the direct and enhanced

visualization of pulmonary alterations, an in situ lung cancer mouse model was employed. Notably, HA-

apn was applied for in vivo imaging of APN activity in the lung cancer mouse model receiving the probe

through aerosol inhalation, and rapid and precise diagnostic results were achieved within 30min post-

administration. Overall, HA-apn can be applied as an effective, non-intrusive tool for the rapid and accu-

rate detection of pulmonary conditions.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lung cancer is a leading adversary that has challenged pub-

lic health with its high incidence and mortality rates. Annually,

it accounts for approximately 2 million new cases and 1.76 mil-

lion deaths worldwide [1,2]. This makes it not only the most com-

monly diagnosed cancer but also the foremost cause of cancer-

related mortality [3-5]. The pivotal role of early diagnosis in cur-

tailing lung cancer mortality has been well-recognized [6]. It also

highlights an urgent need for advancements of the current diag-

nostic methodologies. The current clinical practices for lung can-

cer detection primarily rely on surgical biopsies and computed to-

mography (CT) imaging, which have limitations [7]. These methods

are invasive and often subject patients to harmful ionizing radia-

tion, thereby posing additional health risks [8-10]. Moreover, the

reliance on empirical judgment by clinicians further underscores

the necessity for more objective and less invasive diagnostic alter-

natives.
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Recent research has illustrated the potential of exploiting dis-

ease biomarkers for non-invasive diagnostic approaches [11-13].

For example, certain studies have successfully employed specific

enzymes to achieve fluorescent imaging of lung cancer, offering

new avenues for the early diagnosis and treatment of the dis-

ease [14-19]. In this context, aminopeptidase N (APN), also known

as CD13 or alanine aminopeptidase, has emerged as a particularly

important enzyme. As a membrane-bound zinc exopeptidase, APN

plays a crucial role in a wide array of physiological and patholog-

ical processes [20-22]. Aberrant expression and catalytic functions

of APN are linked to the pathogenesis of several diseases, including

bladder cancer [23], hepatocellular carcinoma [24-27], breast can-

cer [28,29], cervical cancer [30] and renal carcinoma [31], wherein

the overexpression of APN has been observed. For this reason, APN

is a promising tumor biomarker. Despite the importance of APN

in various cancers, its recognition as a biomarker for lung cancer

remains largely underexplored.

To address this unmet need, our research presents the syn-

thesis of a novel fluorescent probe HA-apn. This involved cova-

lently attaching p-aminobenzyl alcohol to fluorophore HA and in-
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Fig. 1. (A) Fluorescence and (B) absorption spectra of 10μmol/L HA-apn and re-

action system (10μmol/L HA-apn and 2000ng/mL APN). (C) Fluorescence spectra

of 10μmol/L HA-apn in the presence of APN at various concentrations. (D) Linear

relationship between fluorescence intensity at 835nm of reaction system and APN

concentration (0–450ng/mL).

corporating L-alanine residues. This near-infrared (NIR) fluorescent

probe had a large Stokes shift of 285nm and was specifically and

strategically designed for the sensitive detection of APN. Upon in-

teracting with APN, the probe undergoes a reaction triggered by

the recognition and hydrolysis of the alanyl group, leading to the

release of the HA fluorescent group and a pronounced change

in fluorescence intensity. HA-apn was characterized by its excep-

tional tissue penetration depth and enhanced signal-to-noise ra-

tio in physiological conditions. These features were validated using

an in situ murine model of lung cancer. By administering HA-apn

through aerosol inhalation, the rapid, clear visualization of APN ac-

tivity in the lung tissues of the mouse model was achieved within

only 30min. With its high efficiency and non-invasiveness, HA-apn

can potentially be employed as a powerful diagnostic tool for the

swift and precise identification of lung-associated diseases. Scheme

S1 (Supporting information) illustrates the synthetic pathway of

HA-apn.

The spectral characteristics of HA-apn are pivotal to the evalu-

ation of APN detection capability. Initial investigations into the flu-

orescence and absorption spectra revealed that the emission peak

of HA-apn at 835nm was notably enhanced following the addition

of APN, which closely aligns with the emission characteristics ob-

served for HA (Fig. 1A). Similarly, absorption spectroscopy showed

a significant increase in the absorption peak of HA-apn at 550nm

upon APN addition, which corresponds to the absorption profile of

HA (Fig. 1B). These findings indicate the potential of HA-apn in

fluorescence-based and colorimetric APN detection techniques.

Further investigations into the properties of HA-apn delineated

its response dynamics, stability across a range of pH values, photo-

stability, and thermal behavior. The fluorescence intensity of HA-

apn gradually increased during the first 120min, after which it

reached a plateau and remained stable (Fig. S7 in Supporting in-

formation). The fluorescence intensity of HA-apn was unaffected

across a range of pH values, and the optimal enzymatic activity

of APN was observed at a neutral pH of 7.4 (under acidic and al-

kaline conditions, the activity of APN is poor or even inactivated,

so the response effect between probe HA-apn and APN is poor),

as presented in Fig. S8 (Supporting information). Photostability ex-

periments, conducted under light at 550nm, verified the resistance

of HA-apn to photodegradation over a period of 105min (Fig. S9

in Supporting information). Assessments of thermal stability indi-

cated that HA-apn was able to maintain its fluorescence intensity

within the temperature range of 25–42 °C. Importantly, the fluo-

rescence intensity of the reaction system increased with increasing

Fig. 2. The proposed APN-detection mechanism of HA-apn.

temperature, reaching its optimal level at 37 °C. This suggests that

the rate of enzymatic reactions is accelerated within this temper-

ature range (Fig. S10 in Supporting information). Based on these

observations, all subsequent experiments were carried out in phos-

phate buffered saline (PBS, 10mmol/L, pH 7.4) at a physiological

temperature of 37 °C for 120min.

The analytical performance of HA-apn was evaluated using the

fluorescence method under the optimal conditions. Analysis of the

fluorescence spectra, as illustrated in Figs. 1C and D, revealed the

progressive increase in fluorescence intensity at 835nm with ris-

ing APN concentrations (λex =550nm). This observation is further

substantiated by the robust linear correlation (R2 =0.9969) be-

tween the fluorescence intensity and APN concentration in the 0–

450ng/mL range and the low detection limit of 0.63ng/mL. Further,

the kinetics of the enzymatic reaction between HA-apn and APN

were studied. Derived from the Michaelis-Menten and Lineweaver-

Burk plots presented in Figs. S11 and S12 (Supporting information),

respectively, the Michaelis constant (Km) was 2.20μmol/L. Com-

parative analysis summarized in Table S1 (Supporting information)

showed the superiority of HA-apn over other reported fluorescent

probes, according to its superior performance metrics such as exci-

tation/emission wavelengths, detection limit, and Stokes shift. Con-

sequently, HA-apn is a highly potential tool in fluorescence spec-

troscopy for quantitative detection of APN.

The selectivity of HA-apn is crucial for the accurate detection

of analytes within complex biological matrices. To assess the speci-

ficity of HA-apn toward APN, the influence of various potential in-

terferences such as different cations, anions, amino acids, and en-

zymes was investigated. The results presented in Fig. S13 (Support-

ing information) demonstrated that HA-apn was able to maintain

its high performance despite the presence of interfering substances

at high concentrations. In contrast, the introduction of APN sig-

nificantly impacted HA-apn, and this impact can be attributed to

alanine, the APN-specific recognition element in the probe. Conse-

quently, HA-apn shows considerable potential in the selective de-

tection of APN in complex biological systems, including the poten-

tial in precision diagnostics.

The sensing response mechanism of HA-apn towards APN was

studied using mass spectrometry and high performance liquid

chromatography (HPLC) analysis. The mass spectrometric results

showed a mass peak of the reaction system at m/z 333.1907

(Fig. S14 in Supporting information), which was consistent with

the mass peak of HA (m/z 333.1964) (Fig. S3 in Supporting in-

formation). The HPLC analysis (Fig. S15 in Supporting informa-

tion) showed the characteristic peak of HA-apn at 2.85min and

HA at 3.35min. The reaction system also exhibited the character-

istic peaks at 2.89 and 3.38min, which coincided with the peaks

of HA-apn and HA, respectively. Based on the results presented

above, it is possible that the sensing mechanism of APN by HA-

apn (Fig. 2) involves the specific recognition and cleavage of the

alanine residue on HA-apn. This then leads to the spontaneous de-

parture of the p-aminophenol linker, resulting in the release of HA,

which enables the detection of APN.
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Fig. 3. (A) Variation of intracellular fluorescence intensity over time. (a) Mean fluorescence intensity of cells in (A). (B) Variation of intracellular fluorescence intensity with

and without inhibitors. (b) Mean fluorescence intensity of cells in (B). (C) Fluorescence images of different cell lines incubated with APN. (c) Mean fluorescence intensity of

cells in (C). Scale bar: 20 μm. Data are presented as mean ± standard deviation (SD) (n=5); ∗∗∗∗P < 0.0001.

To understand the spectral changes of the fluorescent probe

before and after the reaction with APN, theoretical calculations

were performed on the molecules, and the results are shown in

Fig. S16A (Supporting information). Comparing the electron-hole

orbit diagrams for HA-apn before and after the reaction with

HA revealed that HA exhibited a more pronounced intramolecu-

lar charge transfer effect compared to HA-apn. For this reason, it

led to more significant changes in fluorescence. Molecular docking

experiments were conducted to investigate the binding of HA-apn

to APN, and the findings are illustrated in Fig. S16B (Supporting

information). The molecule was found to fit into the active site of

APN. The recognition group was observed to form a strong hydro-

gen bond with the amino acid ASN947 and exhibit weak interac-

tions with six other surrounding amino acids. The binding energy

was calculated to be −9.1 kcal/mol, an indication of a strong in-

teraction between HA-apn and APN, which can help facilitate the

sensing mechanism of the probe.

To evaluate the suitability of HA-apn as an imaging agent of

APN in cells, we first assessed its cytotoxicity in A549, HeLa, TPC-

1 and HepG2 cells using the cell counting kit-8 (CCK-8) assay.

As illustrated in Fig. S17 (Supporting information), HA-apn exhib-

ited low cytotoxicity with a cell survival rate exceeding 90% even

at a high concentration of 100μmol/L. Further, the biocompatibil-

ity of HA-apn was confirmed through a hemolysis assay. The re-

sults showed that the hemolysis rate was lower than 5% after 3h

of incubation with HA-apn at a concentration of up to 50μmol/L

(Fig. S18 in Supporting information). This finding indicates the suit-

ability of HA-apn for cell imaging.

To elucidate the dynamics of the cellular uptake of HA-apn,

we quantitatively analyzed the evolution of intracellular fluores-

cence intensity as a function of time. As depicted in Fig. 3A, the

augmentation in fluorescence intensity within the cellular milieu

was discernible over the observed period. Notably, the cellular up-

take of HA-apn was manifested as a pronounced surge in fluores-

cence within the initial 2-h timeframe before reaching a plateau,

where saturation in the intracellular accumulation of HA-apn was

reached. Given this temporal profile, it is evident that a 2-h period

is the optimal incubation time; thus, it was employed in subse-

quent HA-apn-mediated cell imaging experiments.

The fluorescence signal produced by A549 cells was suppressed

upon the addition of the inhibitor bestatin, confirming that the

observed signal was a result of HA-apn’s response to endogenous

APN (Fig. 3B). Additionally, the enzymatic activity of APN was as-

sessed using the probe HA-apn across a range of cancer cell lines,

including A549 (lung carcinoma), HeLa (cervical cancer), TPC-1

(thyroid cancer), and HepG2 (hepatocellular carcinoma). Differen-

tial APN activity, as evidenced by HA-apn-mediated fluorescence,

was observed among these cell types (Fig. 3C). These findings not

only confirm the high specificity of HA-apn towards APN as a flu-

orescent probe but also highlight its potential as a diagnostic tool

for evaluating APN activity in situ. The observed differences in APN

activity across the tested cell lines further suggest the feasibility of

utilizing HA-apn in a variety of cancer types, which can broaden

its application in cancer diagnostics and research.

After the successful in vitro validation, we proceeded to assess

the in vivo imaging efficacy of the HA-apn probe by intravenously

inoculating mice with A549 cells via the tail vein to establish an

in situ lung cancer model [32,33]. The successful establishment

of the in situ lung cancer mouse model was confirmed through

H&E staining analysis of both normal and tumorous lung tissues

(Fig. S19 in Supporting information). The animal experiment was

carried out under the ethical protocols set by Jilin University’s In-

stitutional Animal Care and Use Committee (IACUC), certified by

the ethical inspection permit number SY202306031.

The APN expression varied across different cancer types, as ev-

idenced by experiments conducted in various cell lines. The con-

ventional imaging approach through tail-vein administration can

compromise the probe targeting. HA-apn (500μmol/L, 200 μL)

was administered intravenously into an in situ lung cancer mouse

model. In subsequent fluorescence imaging conducted 30min post-

injection, fluorescence signals were not detected in the lungs, de-

spite the successful establishment of the in situ lung cancer model

(Fig. S20 in Supporting information). This appears to be due to the

lack of targeting in the lung, which can be attributed to two main

factors: (1) the challenges associated with the competitive distri-

bution of the probe via the bloodstream to the lungs and other or-

gans; (2) the consumption of the probe by APN present in other or-

gans and in circulating blood can interfere with the lung-targeting

ability of the probe during imaging [34-37].

To address the targeting issue, we adopted an aerosol inhalation

administration approach. This method enables aerosolized probes

to be deposited directly in the lungs, thereby enhancing the tar-

geting efficiency and bioavailability in lung tumors. We conducted

a time-dependent study by administering HA-apn to mice via

aerosol inhalation (Fig. 4A). After placing the lung cancer mice in

a specially prepared nebulization device, aerosol inhalation was
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Fig. 4. (A) Experimental diagram displaying the establishment of in situ cell lung

mouse model via A549 cell injection through the tail vein and the administration

of probe HA-apn (500μmol/L, 4mL) via aerosol inhalation. (B) Time-varying images

of in situ lung cancer mice after inhalation of probe HA-apn (500μmol/L, 4mL). (C)

Time-varying images of healthy mice after inhalation of probe HA-apn (500μmol/L,

4mL). (D) Fluorescence images of the heart, liver, spleen, lungs, and kidneys of

mice.

commenced for 30min before fluorescence imaging. Remarkably,

distinct fluorescence signals were observed in the lungs of mice

within only 30min post-aerosol inhalation. The fluorescence in-

tensity in the lungs increased over time and reached its peak at

60min (Fig. 4B). This experiment was also replicated in healthy

mice, and no fluorescent signals were observed in the lungs of

these mice after 30min of aerosol inhalation administration; the

increase in fluorescence intensity was also not observed over time

(Fig. 4C). The corresponding fluorescence intensities are shown in

Fig. S21 (Supporting information). These results indicate that the

expression of APN in the lungs of mice with lung cancer is el-

evated, which can allow for the rapid diagnosis of lung cancer

through aerosol inhalation of HA-apn probe.

After the imaging studies, we proceeded to dissect the mice

and harvest their major organs for fluorescence imaging analysis.

The examination revealed that the fluorescence emission from the

lungs was markedly more intense compared to that from other or-

gans (Fig. 4D). This observation suggests that through inhalation

administration, HA-apn can precisely target pulmonary tumors. By

leveraging its high specificity to APN, HA-apn has the potential for

the early diagnosis of lung cancer through imaging.

In conclusion, this study proposes a novel near-infrared fluo-

rescent probe, HA-apn, for the evaluation of APN expression level

in lung cancer and its potential as a biomarker for the disease.

The probe HA-apn had high stability, good solubility, long emis-

sion wavelength (835nm), and large Stokes shift (285nm), this is

suitable for the accurate and sensitive detection of APN through

fluorometric and colorimetric methods. In bioimaging, we created

an in situ mouse model of lung cancer to provide a clearer and

more direct observation of the lung environment. In addition, we

used an aerosol inhalation delivery method, which was found to

be more suited to the imaging and confirmation of APN overex-

pression in lung cancer cells. Surprisingly, strong fluorescent sig-

nals were observed in the lungs of the lung cancer mouse model

after 30min of aerosol inhalation, and the imaging results showed

that the targeting ability of HA-apn was improved. The imaging

outcomes suggest that HA-apn holds considerable promise as an

expedient tool for the rapid diagnosis of lung cancer.
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