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Aminopeptidase N (APN) plays an important role in promoting the circulation of amino acids and influences
many important physiological functions of organisms. Monitoring of APN level is of great value for the early
clinical diagnosis and prognosis of diseases and certain cancers. In this study, we designed a ratiometric APN
fluorescent chemosensor NB-APN by using Nile blue derivative as a fluorophore and alanyl as a recognition unit.
After APN was recognized by alanyl of NB-APN, the NB previously blocked by the alanyl group was released,
causing the inverse evolution trend of fluorescence intensitis of signal peaks at 675 nm and 610 nm. The
ratiometric signal sensitively responded to the concentration of APN, and the detection limit was as low as 15 pg/
mL. This chemosensor was successfuly applied for quantitative detection of APN in urine samples. Moreover, the
chemosensor realized ratiometric fluorescence imaging of APN in in vitro and in vivo, and demonstrated the
potential value of APN in the diagnosis and treatment of liver diseases in a drug-induced liver injury model.

Therefore, the proposed chemosensor can potentially be applied in diagnosis of APN-related diseases.

1. Introduction

Aminopeptidase N (APN, EC 3.4.11.2), also known as alanine
aminopeptidase or CD13, is a zinc ion-dependent exopeptidase that can
hydrolyze neutral or basic amino acids at the N-terminus of a protein
polypeptide chain to activate a series of important in vivo biochemical
reactions [1,2]. APN is widely present in mammals and exists as a
homodimer in cell membrane, and it has a variety of important physi-
ological functions in human body [3,4]. When other urinary proteins are
at normal levels, the presence of APN in urine indicates an early renal
injury. Therefore, APN acts as an early biomarker of glomerulonephritis
[5,6]. Drug-induced liver injury (DILI) is recognized as a major cause of
acute liver injury [7-9]. The abnormal expression of several enzymes,
such as aminopeptidases and oxidoreductases, may be a harbinger of
DILI [10-12]. Additionally, APN is also a promising cancer biomarker
since it exhibits enhanced enzyme activity in cancer cells [13-16]. Thus,
the development of real-time detection methods of APN with high
sensitivity and selectivity will promote diagnosis and pathophysiolog-
ical study of APN-related diseases.

Due to its advantages of simplicity and convenience, non-
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invasiveness, real-time detection ability, high sensitivity, high spatio-
temporal resolution, and applicability in in vivo imaging, fluorescence
spectrometry has attracted much attention [17-23]. At present, fluo-
rescent chemosensors for determining APN are mainly divided into two
categories: affinity chemosensor [24-31] and reactive fluorescent che-
mosensor [32-42]. Although affinity fluorescent chemosensor can be
used for fluorescence imaging of cancer cells or tumor transplanted nude
mice, the interference from its background signals seriously affects the
imaging quality. Large changes in fluorescent intensity or ratio of
reactive fluorescent chemosensor before and after interacting with APN
can effectively reduce the interference of background signals. Therefore,
developing APN fluorescent chemosensor has gained increasing atten-
tion in recent years.

Nile Blue (NB) is a typical phenoxazine dye, which possesses well
stability due to the rigid structure [43]. As a natural singly positively
charged fluorophore, NB also exhibits good biocompatibility. With the
rapid development of fluorescent chemosensor technology in the field of
biology, NB has quickly become a hot spot of the current research owing
to its excellent photophysical properties and chemical modifiability
[44-48].
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In this work, we designed and synthesized a long-wavelength ratio-
metric APN fluorescent chemosensor NB-APN using NB derivative as a
fluorophore and alanyl as a recognition unit. The chemosensor showed a
fluorescence emission peak at 610 nm, which is an obvious blue-shift
peak compared with the peak of NB at 675 nm. The fluorophore NB
was released as a result of the recognition and the hydrolysis of the
alanyl group by APN, leading to obvious changes in the ratio of fluo-
rescent signals. In the detection of APN in physiologically relevant
environment, NB-APN exhibited unprecedented sensitivity, photo-
stability, and fast responsiveness. The binding mode of NB-APN with
APN and the corresponding reaction mechanism were investigated by
molecular docking simulation and mass spectroscopy. The proposed
chemosensor was successfully applied in quantitative detection of APN
in 500-fold diluted urine, ratiometric fluorescence imaging of APN in
normal hepatocytes and hepatoma cells and monitoring paracetamol
(APAP)-induced hepatotoxicity in vitro. Further, this sensor was
demonstrated to be capable of in vivo fluorescence imaging of APN in a
mouse tumor and a drug-induced liver injury (DILI) model, indicating it
a promising tool for clinical diagnosis of kidney and liver diseases.

2. Materials and methods
2.1. Organic Synthesis

The synthetic route of NB-APN was shown in Scheme 1. The re-
actants and instruments used in the synthesis process were provided in
Supporting Information (SI). Compounds 1, 2 and NB were synthesized
based on previously reported methods (details can be found in SI). HR-
MS, 'H NMR, and '3C NMR spectra of the compound were exhibited in
Fig. S1-6.

First, Boc-L-alanine (0.1 mmol) and HATU (0.1 mmol) were dis-
solved in 5 mL of dichloromethane. Next, 40 uL of DIPEA was added,
and the mixture was incubated in an ice bath for 30 min. After that,
dichloromethane solution containing 0.12 mmol NB was added drop-
wise to the mixture, and the obtained dispersion was allowed to react at
room temperature for 24 h before being separated by column chroma-
tography (dichloromethane:methanol, 100:1). The resultant intermedi-
ate product was dissolved in dichloromethane, and 0.2 mL of CF3COOH
was added under vigorous stirring and kept for 3 h at room temperature.
Sample purification was divided into two steps: removal of solvent by
reduced pressure distillation and separation of solid by column chro-
matography (dichloromethane:methanol, 20:1), and the product NB-
APN with a yield of 42% was obtained.

HR-MS (m/2z) for CoyHogN4O¢ [NB-APN-ClO4]": calculated,
505.2082; found: 505.2085. 'H NMR (300 MHz, Methanol-d4) 8 9.08 (d,
1 H), 8.62 (s, 1 H), 8.46 (d, J = 8.3 Hz, 1 H), 8.08 (d, J = 9.9 Hz, 1 H),
8.03-7.82(m, 3 H),7.33(d,J=2.5Hz, 1 H), 4.52(t,J=7.0 Hz, 1 H),
3.99 (t, 4 H), 3.78 (s, 6 H), 2.60 (t, J = 7.1 Hz, 4 H), 1.77 (d, J = 7.1 Hz,
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3H). 3¢ NMR (75 MHz, Methanol-dy) & 172.44, 171.58, 160.28,
151.83, 147.33, 144.64, 143.37, 136.76, 132.22, 132.06, 131.72,
130.03, 126.01, 124.84, 124.79, 123.94, 108.70, 98.38, 51.53, 51.48,
45.48, 29.98, 17.95.

2.2. Detection of APN in solution

A stock solution of NB-APN (1 mM) was prepared in DMSO. Four
milliliters of PBS (10 mM, pH 7.4) and 50 pL of the NB-APN stock so-
lution were vigorously mixed in a 5 mL centrifuge tube. After APN so-
lution was added, the volume was adjusted to 5 mL with PBS. The
reaction solution was shaken on a shaker at 37 °C for 20 min, and the
fluorescence emission spectrum (Aex = 560 nm) and the absorption
spectrum of the reaction were measured. The spectra of samples in the
control group (without the addition of APN solution) were also collected
under the same conditions. To assess the specificity of NB-APN toward
APN, NB-APN was incubated with APN in the presence of other com-
pounds/molecules commonly found in cells, including inorganic salts,
bioactive molecules, reactive oxygen species, and aminopeptidase.

2.3. Detection of APN in urine samples

To evaluate its reliability, the NB-APN was employed to measure the
recovery rates of APN in spiked human urine samples. First, fresh human
urine was centrifuged (5000 rpm), and 1 mL of the urine was then mixed
with 0.5, 0.75, or 1 pg of APN. Then, the mixture was diluted 500 times
with PBS, and NB-APN (10 pM) was added into it and incubated for
20 min. Finally, the fluorescence intensity ratio (Igys/Ig10) was
measured by a fluorescence spectrometer. For comparison, APN in
human urine samples were also detected using a commercial ELISA kit.

2.4. Detection of APN in vitro

The details of cell culture and cytotoxicity experiments were pro-
vided in SI. The cells were washed with PBS (10 mM, three times) before
imaging. All cell imaging was carried out at an excitation wavelength of
559 nm, emission wavelengths of 580-620 nm (yellow channel) and
660-700 nm (red channel); and the images were collected through a
100 x 1.4 NA objective lens. Statistical analysis of the light intensity in
the region of interest was performed on Image-J software.

2.4.1. Imaging of endogenous APN in cells

HepG2 and LO2 cells were incubated with 5 uM NB-APN for different
time periods (0, 10, 20, 30, 40, and 60 min) prior to fluorescence im-
aging. Meanwhile, another group of HepG2 and LO2 cells were treated
with 100 pM bestatin for 1 h, followed by 5 pM NB-APN for another
30 min before subjecting to fluorescence imaging. In another control
group, HepG2 cells were first stained with 5pM Hoechst33342 (a
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Scheme 1. Synthetic route of NB-APN.
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nucleic acid dye) for 5 min, and the stained HepG2 cells were mixed
with LO2 cells. The cell mixture was treated with 5 uM NB-APN for
30 min before being subjected to fluorescence imaging.

2.4.2. Exploration of relationship between APN, DILI and hepatoprotective
agent in cells

In the first group, HepG2 cells were incubated with 5 pM NB-APN for
30 min. In the second and third groups, HepG2 cells were pretreated
with different concentrations of APAP (acetaminophen, 500 or
1000 pM) for 12 h, followed by 5 pM NB-APN for 30 min. In the fourth
to seventh groups, HepG2 cells were pretreated with different hep-
atoprotective agents (NAC (N-acetyl-L-cysteine), GSH (glutathione), or
TIO (tiopronin), Glu (D-glucurone), each at 300 pM) for 1 h before
incubating with 1000 pM APAP for 12 h, followed by 5 yM NB-APN for
30 min. All the seven groups of cells were subjected to fluorescence
imaging thereafter.

2.5. Detection of APN in vivo

The procedures for establishing tumor models were provided in SI. In
vivo imaging experiments were conducted by using a 560 nm excitation
filter and a 680 nm emission filter.

2.5.1. In situ imaging

Mice were intratumorally pre-injected with PBS (50 pL) and bestatin
(100 pM). After 1 h, 50 pM NB-APN (50 pL) was injected into the tumors
of HepG2-induced tumor-bearing mice. The mice were anesthetized
using isoflurane before performing fluorescence imaging at 0, 0.25, 0.5,
1.0, 2.0, or 4.0 h post-injection.

2.5.2. Imaging of DILI model

All mice were randomly divided into two groups (n = 3/group): 1)
the control group (PBS), 2) mice intraperitoneal injected with APAP
(300 mg/kg). After 6 h, all mice were then treated with 100 pL of NB-
APN (200 pM) via intravenous injection. After anesthesia, the mice
were subjected to fluorescent imaging at 12 h post-injection. Another
drug-injected mice was sacrificed after being anesthetized with iso-
flurane, and the main organs (heart, liver, spleen, lung and kidney) were
collected and then incubated with 200 pM NB-APN for 3 h before fluo-
rescence imaging.

3. Results and discussion
3.1. Spectral characteristics and sensing mechanism

As shown in Fig. 1, the absorption and fluorescence spectra were
significantly changed after NB-APN reacted with APN. On one hand, the

maximum absorption peak at 600 nm was red-shifted to 620 nm. On the
other hand, the fluorescence emission peak at 610 nm was red-shifted to
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675 nm, resulting in an obvious change in the ratio of the fluorescent
signals. Because of the reaction between NB-APN and APN, the ratio of
the fluorescent signals (Ig75/1610) was increased by ~250 times, which
indicates that the chemosensor is highly sensitive to APN. At the same
time, the absorption and fluorescence spectra of the mixture were
consistent with those of NB, revealing that the fluorophore NB was
generated in the reaction system.

To further confirm the reaction mechanism, the solution was char-
acterized by MS (Fig. S7). The characteristic mass of NB appeared at m/z
434.1712, which suggests that APN could specifically recognize the NB-
APN and hydrolyze its alanyl group, leading to the release of the fluo-
rophore NB. We also carried out theoretical calculations to investigate
the luminous mechanism of NB-APN in the presence of APN. TDDFT
calculations were used to analyze the optical properties based on the
optimal excited state geometry (Fig. S8). The calculated HOMO-LUMO
energy gap of the first vertical excited state of NB-APN and NB was
3.09 eV and 2.37 eV, respectively. The maximum emission peak for NB-
APN was 630.10 nm (f =1.2587) and that for NB was 676.54 nm
(f=1.1918), which corresponded to the red-shift in the fluorescence
peak determined experimentally. Furthermore, the distance of charge
transfer (Dcr) was detected based on the electron density variation and
hole-electron theory [49,50]. The obtained D¢t value of NB-APN and NB
was 3.439 A and 1.281 A, respectively. These results indicated that the
fluorescence change was mediated mainly by intramolecular charge
transfer (ICT). In addition, the molecular docking results revealed that
NB-APN could form three hydrogen bonds with three amino acids
(GLN206, SER410, and GLU413) in APN (Fig. S9). The binding energy
between NB-APN and APN was calculated to be —8.88 kcal/mol,
demonstrating that NB-APN has strong affinity for APN. Based on the
above results, we proposed the recognition mechanism between
NB-APN and APN (Scheme 2) as follows: APN specifically recognizes
and digests the alanyl unit of NB-APN, resulting in the release of NB and
the red-shift of fluorescence.

3.2. Optimization of reaction conditions

Effects of temperature, pH, and reaction time on the changes in
fluorescence intensity ratios of the reaction were investigated in detail.
As shown in Fig. S10, after NB-APN reacted with APN, the fluorescence
ratio Igy5/Ig10 increased rapidly and reached a plateau after 20 min.
Throughout the detection process, the fluorescence of NB-APN was
hardly affected, demonstrating that NB-APN has good photostability. At
the same time, the fluorescence ratio of the reaction almost reached the
maximum value under physiological conditions (37 °C, pH 7.4) at
20 min (Figs. S11 and S12). Considering the needs for subsequent cell
imaging experiments, the physiological conditions (37 °C, pH 7.4) were
employed as the reaction conditions and the reaction time was set as
more than 20 min
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Fig. 1. (A) Absorption spectra and (B) fluorescence spectra of NB, NB-APN, and NB-APN in presence of APN (50 ng/mL) in PBS (10 mM, pH=7.4, 1% DMSO).
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Scheme 2. Schematic illustration demonstrating the recognition mechanism between NB-APN (the chemosensor) and APN and its biological applications.

3.3. Analytical performance of NB-APN

Under the optimal experimental conditions, the fluorescence ratio
Ie75/I610 of NB-APN gradually increased with the APN concentration
increasing from O to 50 ng/mL (Fig. 2A). The fitting result in Fig. 2B
reveals that the fluorescence ratio Igys/1Ig10 exhibited a linear relation-
ship with the APN concentration from 0 to 10 ng/mL, which could be
described as Igs/lgo = 1.0742 x [APN](ng/mL) + 0.2726, R2
= 0.9962. The limit of detection (LOD) of the developed chemosensor
(calculated by 3c0/k) was 15 pg/mL, which is lower than those of pre-
viously reported methods (Table S1). Further, the kinetic of the enzy-
matic reaction was investigated according to Michaelis-Menten plot and
Lineweaver-Burk plot. As shown in Fig. S13, Vppax = 23.58 pM min !,

m = 0.21 pM. The NB-APN have a good affinity to APN and is a highly
sensitive and effective fluorescent substrate for APN.

As could be observed through inhibitor experiments (Fig. S14),
bestatin [51], an inhibitor of APN, showed a significant inhibitory effect
on the fluorescence signal ratio of the system, while exhibiting almost no
influence on that of NB-APN and the fluorophore NB. This observation is
a proof that the change in the fluorescence signal of the system is the
result of the enzymatic activity of APN.

We investigated the reactivity of NB-APN towards some compounds
and molecules commonly found in cells, including inorganic salts,
bioactive molecules, reactive oxygen species, and enzymes. The result
showed that fluorescence ratio Ig7s/lg19 of the system increased
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significantly only in the presence of APN (Fig. S15), indicating that NB-
APN has high selectivity toward APN. The observed selectivity could be
mainly due to the specific recognition and the hydrolysis of alanyl
groups by APN. Therefore, the developed NB-APN holds great potential
to detect APN in complex biological systems.

3.4. Detection and visualization of APN in vitro

Glomerulonephritis is a major cause of advanced renal disease, and
one of the most important indicators of the disease is the content of APN
in urine [5,38]. Thus, developing rapid and sensitive method for
detecting APN in urine is of great significance for the diagnosis of the
disease. Therefore, we experimented NB-APN to detect APN in urine
samples of healthy humans diluted by 500 times with PBS. Upon
calculation, the content of APN in the urine samples of healthy humans
was found to be 580 ng/mL, which was consistent with the test results
obtained using commercial enzyme linked immunosorbent assay
(ELISA) kits (Table S2). Moreover, APN at different concentrations was
added to the urine samples to simulate the urine of patients with kidney
disease, and the chemosensor and ELISA kits were used to detect APN in
the samples. The results obtained from the two methods were not
significantly different. Compared to the cumbersome operation of the
ELISA Kkit, the detection of APN in urine samples by NB-APN is more
simplified and timesaving.

The cytotoxicity of NB-APN was examined by the standard MTT

B) 15

I1,/1,,,=1.0742 x [APN] (ng/mL) + 0.2726
124 R*=0.9962 ®

9-

X

% 61 .

~° @
3 ®
| &

[APN] (ng/mL)

Fig. 2. (A) Fluorescence spectra of NB-APN (10 pM) in the presence of APN at various concentrations (0-50 ng/mL). (B) Variation of fluorescence intensity ratio

(Is75/1610) as a function of APN concentration. Aey = 560 nm.
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assay using HepG2 cells. As shown in Fig. S16, NB-APN showed negli-
gible cytotoxicity in terms of cell viability even at a high concentration
of 50 pM, suggesting the remarkable biocompatibility and feasibility for
detecting APN in organisms.

The above in vitro studies and cell cytotoxicity experiments showed
that NB-APN could detect APN with high sensitivity and selectivity, and
it also had good biocompatibility and hypotoxicity. Therefore, we
further applied the NB-APN in the imaging of APN in hepatoma cells
HepG2 and normal hepatocytes LO2 [42]. As shown in Fig. 3, the
fluorescence intensity in the red channel of HepG2 cells and LO2 cells
incubated with the chemosensor gradually increased, causing the ratio R
of the signals in red channel and yellow channel to gradually increase.
The R-value reached a plateau at 30 min. Under the same conditions, the
R value of HepG2 cells was significantly higher than that of LO2 cells,
and the R values of both types of cells obviously decreased with the
treatment of inhibitor bestatin. These results indicate that the change in
the R values is the result of the enzymatic activity of APN, and the
enzymatic activity of APN in HepGz2 cells is prominently higher than that
in LO2 cells. Moreover, HepG2 cells were co-cultured with LO2 cells and
then incubated with 5 pM NB-APN, and the two cell lines could be easily
distinguished through the fluorescence ratio (Fig. S17), which was also
supported by the pre-staining of nucleus with Hoechst-33342. Further,
we evaluated the activity of APN in A549, B16F10, HeLa, MG63 and
HepG2 cells, and the obtianed results showed diverse levels of APN in
different cell lines (Fig. S18), which was consistent with western blot
analysis. Hence, the proposed NB-APN chemosensor could be considered
as a promising tool for recognizing and determining intracellular APN

Sensors and Actuators: B. Chemical 379 (2023) 133228

through the high enzymatic activity of APN in liver cancer cells.

The overdose of antipyretic analgesic agent, APAP, has been reported
to cause acute liver injury, and the concentration of aminopeptidase is
increased during this process [12,52,53]. We assessed the performance
of NB-APN in monitoring the changes of APN in APAP-induced acute
hepatotoxicity and drug therapy (Fig. 4). First, we evaluated the pro-
duction of APN in APAP-stimulated cells using NB-APN. HepG2 cells
incubated with NB-APN exhibited obvious red fluorescence (R-value
was greater than 4), proving the presence of intrinsic APN. When cells
were pre-incubated with APAP for 12 h before being treated with
NB-APN for 30 min, the R-value increased with the increase of APAP
concentration. The increase of the R-value confirms the effectiveness of
NB-APN in monitoring the changes of APN originated from
APAP-induced hepatotoxicity. We further employed NB-APN to inves-
tigate the association of hepatotoxicity therapy and APN level in living
cells. Four types of drugs (NAC, GSH, TIO, and Glu) were used as hep-
atoprotective agents against DILI [10]. The noticeable depression of red
fluorescence was observed after the addition of the four drugs to HepG2
cells. Through the measurement of fluorescence intensity ratio, APN was
used as a therapeutic indicator of hepatotoxicity, and the obtained re-
sults suggested that GSH as an antidote to APAP toxicity might be su-
perior to NAC, Glu and TIO. The underlying mechanism was most likely
due to the intake of GSH facilitating liver detoxification and reducing
damage caused by APAP [54]. In addition, the results from western
blotting and fluorescence imaging were also coincident with the above
observations. All these findings indicated that NB-APN was highly sen-
sitive to the fluctuation of intracellular APN after APAP stimulation and
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Fig. 3. Fluorescence images of (A) HepG2 cells and (C) LO2 cells incubated with NB-APN (10 pM) for different periods of time (0, 10, 20, 30, 40, and 60 min). Cells
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could be used to evaluate the protective effect of drugs against DILI.
3.5. In vivo fluorescence imaging of APN

To evaluate the imaging performance of NB-APN in vivo, the che-
mosensor was further applied to image tumors in a liver tumor mouse
model. To increase tissue penetration and eliminate autofluorescence,
we employed the fluorescence in the red channel. As shown in Fig. 5,
before the intratumoral injection with NB-APN, the background fluo-
rescence signal of the mouse was very low. After NB-APN were intra-
tumorally injected in mice of the experimental group, an obvious
fluorescent signal appeared at the tumor site, and the signal could sus-
tain for 4 h. In contrast, when mice in the control group were injected
with a solution of the APN inhibitor bestatin, the fluorescence signal at
the tumor site became significantly lower compared with that of mice in
the experimental group. Therefore, it can be concluded that the fluo-
rescence signal observed in the tumor site was caused by the enzyme
activity of APN and NB-APN were capable of detecting APN in vivo.

Furthermore, we imaged the in vivo APN activity in DILI nude mice
using NB-APN. As depicted in Fig. S19, the background fluorescence
signal of mice with intraperitoneal injection of PBS and intravenous
injection of NB-APN, was very low after 12 h post-injection. However,
the fluorescence signal of the liver of nude mice intraperitoneally
injected with 300 mg/kg APAP, followed by NB-APN, was strong after
12 h post-injection. This implies that APN was up-regulated in the DILI
model. In addition, another drug-injected mice was sacrificed, and the
main organs (heart, liver, spleen, lung and kidney) and tumors pre-
treated with NB-APN for 3 h were collected and subjected to imaging. As
shown in Fig. S19C, the fluorescence signal only existed in liver. These
results suggest that the chemosensor suits for biopsy of tumor tissue and
has a significant clinical value.

4. Conclusions

In summary, we designed and synthesized an ultrasensitive ratio-
metric fluorescent chemosensor NB-APN for highly selective and sensi-
tive detection of APN. Furthermore, it was successfully applied in the
determination of APN in urine, as well as in the imaging of APN in cells
and mouse tumor model. Preliminary results showed that the chemo-
sensor could differentiate between liver tumor cells and normal cells,
thus was successfully used to monitor the effectiveness of the remedia-
tion of APAP-induced hepatotoxicity. In the constructed mouse model of
DILI, we observed an increase in the expression of APN in the liver,
revealing the potential value of APN in the diagnosis and treatment of
liver diseases. Taken together, this work presents a promoising APN
detection method that can be utilized in clinical diagnosis.
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