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A B S T R A C T

Pancreatic diseases are closely linked with the abnormal activity of various proteases, including chymotrypsin. 
Currently, probes specifically designed for the detection of chymotrypsin in pancreatic disorders are unavailable. 
In this study, we developed a highly specific and sensitive fluorescent probe for the detection of chymotrypsin 
activity to enable precise diagnosis of pancreatic diseases. The probe was incorporated with Nile red as the 
fluorescent moiety and 4-bromobutanoyl as the recognition and quenching group to facilitate a "fluorescence 
switch" response upon enzymatic cleavage. The probe had high specificity and sensitivity to chymotrypsin, which 
remained unaffected in the presence of 52 biological interferents. It had a linear detection range of 0.1–0.75 μg/ 
mL and a limit of detection of 0.0203 μg/mL, indicative of superior analytical performance. Cellular assays 
showed that the probe could effectively distinguish between normal pancreatic cells and tumor cells. Further
more, the applications of the probe in pancreatitis models revealed its capability to accurately differentiate 
between normal tissue, chronic pancreatitis, and acute pancreatitis and to provide robust support for real-time 
imaging and disease progression monitoring. Subsequent in vivo experiments further validated the probe’s 
diagnostic efficacy, highlighting its potential in the diagnosis of pancreatic diseases. These findings provide a 
solid foundation for developing molecular tools for early diagnosis and therapeutic monitoring of pancreatic 
disorders, demonstrating its significant potential in clinical diagnostics and precision medicine.

1. Introduction

Pancreatic diseases, including acute pancreatitis (AP) [1–3], chronic 
pancreatitis (CP) [4–6], and pancreatic cancer (PC) [7], present signif
icant diagnostic and therapeutic challenges due to their complex path
ophysiological mechanisms and the absence of distinct early symptoms 
[8,9]. Accurate early diagnosis is crucial for effectively managing dis
ease progression and improving patient prognosis [10–14]. Among 
various potential biomarkers, chymotrypsin (CHT)—a serine protease 
secreted by the pancreas—has emerged as a focal point of research 
owing to its pivotal role in pancreatic function regulation and its 
involvement in pathological states [15–17]. Abnormal CHT activity is 
closely associated with the onset and progression of pancreatic diseases, 
positioning it as a crucial target for diagnostic applications [18,19].

In recent years, organic small-molecule fluorescent probes have 

gained popularity as essential tools for studying disease mechanisms and 
facilitating early diagnosis, owing to their high sensitivity, selectivity, 
and ability to monitor biological processes in real-time in complex 
biological systems [20–26]. These probes can be used directly visualize 
enzymatic activities to provide crucial insights into disease states 
[27–30]. In 2017, Yang et al. developed a fluorescent probe using 4-bro
mobutanoyl as the recognition moiety for chymotrypsin [31]. This is the 
first CHT-responsive small molecule probe that is not a peptide recog
nition group. Compared to traditional peptide-based substrates, this 
probe is significantly advantageous in terms of structural simplicity and 
sensitivity. Despite the widespread application of the 4-bromobutanoyl 
recognition group [32–34], studies on CHT-based fluorescent probes for 
diagnosing deep-seated tumors remain limited.

To address this gap, Lin et al. introduced a dual-modal 3D-PA/NIRF 
fluorescent probe activated by CHT for precise tumor imaging [35]. The 
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probe generates intense near-infrared fluorescence signals at tumor 
sites, markedly improving the contrast between tumors and the sur
rounding healthy tissues. For these reasons, the probe was able to 
delineate the boundaries of P815 tumors, acting as vital support for 
anatomical analysis. This imaging strategy demonstrates potential as a 
tool for guiding clinical treatments and evaluating therapeutic efficacy. 
However, the applications of CHT probe in pancreatic diseases have not 
been explored. Given the critical role of CHT in pancreatic pathology, 
developing high-specificity fluorescent probes to differentiate between 
diseased and normal pancreatic states remains a challenge. Successful 
construction of such probes as novel tools for the early diagnosis 
pancreatic diseases is, therefore, crucial.

In this study, we constructed a fluorescent probe NR-CHT for the 
specific detection of CHT using 4-bromobutanoyl as the recognition 
moiety and hydroxy Nile red (NR-OH), a highly efficient fluorescent dye, 
as the foundational fluorophore. The fluorescence of the probe is 
effectively quenched upon binding. In vitro experiments demonstrated 
that the NR-CHT probe was responsive to CHT and had excellent spec
ificity and sensitivity. It was able to successfully detect CHT activity. 
Cellular assays were conducted to further investigate the application of 
the NR-CHT probe in pancreatic diseases, revealing that it can sensi
tively detect changes in endogenous CHT activity within cells. Subse
quently, pancreatic disease cell models were established and used in an 
experiment to study the expression of CHT in different pathological 
states at the cellular level. The results indicated that the NR-CHT probe 
effectively distinguished between normal pancreatic cells and patho
logical pancreatic cells. Furthermore, in vivo imaging experiments 
demonstrated that the NR-CHT probe generated strong near-infrared 
fluorescence signals at tumor sites, leading to significantly enhanced 
contrast between tumors and the surrounding healthy tissues. Addi
tionally, in mouse models of acute and chronic pancreatitis, the NR-CHT 
probe exhibited outstanding capabilities in effectively differentiating 
between chronic and acute pancreatitis.

2. Experimental methods

2.1. Materials and equipment

Detailed information regarding reagents and instruments used in this 
study can be found in the Supplementary Material. The synthesis route is 
illustrated in Fig. 1.

Synthesis of NR-OH. Compound 1 was synthesized following a re
ported method [36]. Specifically, Compound 1 (165 mg, 1 mmol) and 2, 
6-dihydroxynaphthalene (240 mg, 1.5 mmol) were dissolved in 2 mL of 
DMF, and the mixture was stirred overnight at 150◦C. After cooling to 
room temperature, 40 mL of saturated salt water and ethyl acetate were 
added to extract the organic layer. The organic phase was then purified 
by silica gel column chromatography using a mixture containing ethyl 
acetate and petroleum ether at a ratio of 3:1 as the eluent. The com
pound NR-OH was obtained as a dark red solid with a 20 % yield. 1H 
NMR (600 MHz, DMSO-d6) δ 10.40 (s, 1 H), 7.96 (d, J = 8.6 Hz, 1 H), 
7.87 (d, J = 2.5 Hz, 1 H), 7.56 (d, J = 9.0 Hz, 1 H), 7.08 (dd, J = 8.5, 
2.5 Hz, 1 H), 6.78 (dd, J = 9.1, 2.7 Hz, 1 H), 6.62 (d, J = 2.7 Hz, 1 H), 

6.14 (s, 1 H), 3.48 (q, J = 7.1 Hz, 4 H), 1.16 (t, J = 7.0 Hz, 6 H). 13C 
NMR (151 MHz, DMSO-d6) δ 182.02, 161.06, 152.05, 151.13, 146.86, 
139.18, 134.21, 131.27, 127.92, 124.32, 124.31, 118.81, 110.35, 
108.57, 104.55, 96.50, 44.88, 12.92. MS data (LC-ESI-MS, m/z) for 
C20H19N2O3

+ [M+H]+: calculated, 335.1390; found: 335.1393. 
(Figures S1-S3)

Synthesis of NR-CHT. NR-OH (100 mg) was dissolved in anhydrous 
acetonitrile, and the solution was cooled in an ice bath. After 100 μL of 
triethylamine was added, the solution was continuously stirred for 
5 min. While maintaining in an ice bath, 100 μL of 4-bromobutyryl 
chloride was added dropwise to the mixture. After that, the tempera
ture was gradually raised to room temperature, and the stirring was 
continued for 1 hour. The solvent was then evaporated under reduced 
pressure to concentrate the reaction mixture. The mixture was purified 
by silica gel column chromatography using a mixture containing ethyl 
acetate and petroleum ether at a ratio of 1:1.The desired product, NR- 
CHT, was obtained as a purple solid with a 56 % yield. 1H NMR 
(600 MHz, DMSO-d6) δ 8.26 – 8.18 (m, 1 H), 8.16 (dd, J = 8.6, 7.2 Hz, 
1 H), 7.61 (dd, J = 9.1, 4.6 Hz, 1 H), 7.48 (d, J = 8.4 Hz, 1 H), 6.84 (dd, 
J = 9.1, 2.7 Hz, 1 H), 6.66 (t, J = 2.6 Hz, 1 H), 6.27 (d, J = 3.4 Hz, 1 H), 
3.79 (t, J = 6.5 Hz, 1 H), 3.51 (q, J = 7.0 Hz, 4 H), 3.36 (s, 2 H), 2.85 (d, 
J = 7.2 Hz, 1 H), 2.16 (p, J = 6.8 Hz, 2 H), 1.17 (t, J = 7.0 Hz, 6 H). 13C 
NMR (151 MHz, DMSO-d6) δ 181.56, 153.31, 152.56, 151.55, 147.06, 
133.58, 131.49, 129.13, 127.50, 124.72, 116.44, 110.93, 104.78, 96.48, 
44.98, 27.78, 12.93, 9.73. MS data (LC-ESI-MS, m/z) for C24H24BrN2O4

+

[M+H]+: calculated, 483.0914; found: 483.0905. (Figures S4-S6)

2.2. Detection of CHT in solution

A 1 mM stock solution of the fluorescent probe NR-CHT was pre
pared in DMSO. The following parameters were systematically 
optimized:

Reaction time. Reaction mixtures containing 0.7 μg/mL or 1 μg/mL 
CHT and 10 μM NR-CHT were prepared in phosphate-buffered saline 
(PBS, 10 mM, pH 7.4). These mixtures were incubated at 37℃ for 
varying times (0, 10, 20, 30, 40, 60, 80, 100, 120, and 150 min). The 
optimal reaction time was determined based on changes in fluorescence 
signals.

pH level. PBS solutions with different pH values (4, 5, 6, 7, 7.4, 8, 9, 
10, and 11) were prepared. Reaction mixtures containing 1 μg/mL CHT 
and 10 μM NR-CHT were incubated at 37℃ for 120 min. The pH 
yielding the highest fluorescence signal was identified as the optimal 
pH.

Reaction temperature. Mixtures containing 1 μg/mL CHT and 10 μM 
NR-CHT were prepared in PBS and incubated at various temperatures 
(25℃, 30℃, 37℃, 40℃, and 45℃) for 120 min. The temperature that 
yielded the highest reaction efficiency was identified as the optimal 
temperature.

Probe selectivity. Reaction mixtures containing 10 μM NR-CHT were 
dissolved in PBS and incubated at 37℃ for 120 min. Fluorescence 
spectroscopy was employed to assess the selectivity to CHT of the probe. 
Specific concentrations of the assay and the method of its preparation 
are detailed in the Supplementary Material.

Fig. 1. Synthetic route of probe NR-OH and NR-CHT.
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Enzyme kinetic parameters. NR-CHT probe solutions at varying con
centrations (1, 2, 3, 4, 5, 7, 10, 13, 16, 20, and 30 μM) were prepared in 
10 mM PBS buffer, pH 7.4. Each solution was supplemented with 2 μg/ 
mL CHT. Fluorescence intensity was recorded every 3 min at an exci
tation wavelength of 580 nm and an emission wavelength of 690 nm 
every 3 min over a period of 30 min. Initial reaction rates were calcu
lated by fitting the fluorescence intensity change curves within the 
linear response range of the reaction. The kinetic parameters of the 
hydrolysis reaction were determined using both the Michaelis-Menten 
and Lineweaver-Burk equations.

2.3. Establishment of cell model

To investigate the dynamic changes in CHT activity at the cellular 
level and evaluate the imaging performance of the fluorescent probe NR- 
CHT, normal pancreatic (AR42J) and pancreatic cancer (Panc-2) cell 
lines were utilized as models for systematic cell imaging experiments. 
Prior to imaging, cells were cultured in glass-bottom culture dishes 
under conditions (37℃ and 5 % CO₂) for 24 h. Imaging experiments 
were conducted using an IX-73 inverted fluorescence microscope at an 
excitation wavelength of 580 nm to ensure high-sensitivity signal 
acquisition.

Dynamic changes in CHT activity. Cells were incubated with 10 μM 
NR-CHT, and fluorescence signals were recorded at different time points 
(0, 10, 20, 30, and 60 min) using time-lapse imaging to analyze dynamic 
changes in fluorescence intensity.

Evaluation of NR-CHT imaging performance in different pathological 
states. The experimental groups were categorized as follows: (1) Control 
group: Normal pancreatic cells incubated with 10 μM NR-CHT for 
60 min; (2) Disease model group: Pancreatic cancer cells incubated with 
10 μM NR-CHT for 60 min; (3) Acute pancreatitis model [37]: Normal 
pancreatic cells treated with 500 μM L-arginine for 1 h, followed by 
incubation with 10 μM NR-CHT; (4) Chronic pancreatitis model: Normal 
pancreatic cells subjected to repeated treatments with 100 μM L-argi
nine for 3 days to establish a chronic pancreatitis model, followed by 
incubation with 10 μM NR-CHT.; and (5) Inhibition group [35]: Normal 
pancreatic cells pre-treated with 1 mg/mL PMSF (phenylmethylsulfonyl 
fluoride) before incubation with 10 μM NR-CHT. Fluorescence signals 
from different experimental groups were analyzed by fluorescence mi
croscopy imaging techniques to assess the imaging performance of the 
NR-CHT probe under various pathological conditions and its sensitivity 
to changes in CHT activity.

2.4. Establishment of mice model

All animal experiments were conducted in strict accordance with the 
ethical guidelines established by the Animal Ethics Committee of Jilin 
University (IACUC) and were approved by the ethics review board (Li
cense No.: SY202409009). BALB/c-nu mice were used to establish a 
series of pancreatic disease models as outlined below:

Pancreatic cancer mouse model. A suspension of 1 × 10⁷ Panc-2 cells 
in 300 μL PBS was subcutaneously injected into the dorsal region of 
mice. Fourteen days post-injection, and these tumor-bearing mice were 
used for subsequent experiments.

Acute pancreatitis mouse model. Acute pancreatitis was induced by 
intraperitoneal injection of L-arginine following the methods reported in 
the literature [37]. Mice received three evenly spaced intraperitoneal 
injections of L-arginine (4.5 g/kg) within 1 h, with a 30-minute waiting 
period following the final injection.

Chronic pancreatitis mouse model. Chronic pancreatitis was estab
lished by daily intraperitoneal injections of L-arginine (1.0 g/kg) for 14 
consecutive days.

Acute pancreatitis treatment model. In this study, we established an 
acute pancreatitis model using the L-arginine induction method, as 
described in the literature [37]. After the model was induced, the 
treatment group received intravenous administration of ustekin, an 

endogenous trypsin inhibitor isolated and purified from the urine of 
healthy adults. Ustekin has been clinically used for the treatment of 
acute pancreatitis, and its clinical efficacy has been demonstrated in 
multicenter studies conducted in Japan, India, and China [38]. The 
specific dosing regimen consisted of two intravenous doses of 100 μL 
ustekin solution (10,000 U/mL), administered 6 h apart on the first day, 
followed by a single dose every two days for the subsequent 6 days.

Probe administration and imaging. Pancreatic Cancer Models: 10 μM 
NR-CHT fluorescent probe solution (200 μL) was in situ injected into the 
pancreatic cancer model mice. Inflammatory Models: The probe was 
administered via tail vein injection. Mice were maintained under iso
flurane anesthesia throughout the imaging. Fluorescence imaging data 
were collected every 5 min using a small animal imaging system. Con
trol group mice underwent identical injection and imaging procedures 
to minimize non-specific factors affecting the results and ensure data 
reliability.

3. Results and discussion

3.1. Probe design and mechanism verification

In this study, we designed and synthesized an enzyme-responsive 
fluorescent probe, NR-CHT, utilizing NR-OH as the fluorophore for the 
specific detection of CHT. NR-OH possessed excellent photophysical 
properties, including a high fluorescence quantum yield, long emission 
wavelength, and robust photostability. These properties are significantly 
advantageous to the detection in biological systems. Structurally, NR- 
OH is linked to the recognition moiety, 4-bromobutanoyl, via an ester 
bond. In the absence of chymotrypsin, the fluorescence of the fluo
rophore is quenched, resulting in weak fluorescence signals. However, 
upon interaction with chymotrypsin, the enzyme selectively recognizes 
and hydrolyzes the 4-bromobutanoyl moiety, releasing the quenching 
group. This structural change triggers a significant fluorescence 
enhancement, generating an "Off-On" fluorescence response. The spec
ificity of this mechanism is attributed to the high affinity and selective 
recognition between the probe’s recognition moiety and chymotrypsin, 
effectively minimizing non-specific interference from other proteases.

To further validate the hydrolysis reaction and investigate the 
mechanism of NR-CHT in sensing chymotrypsin, we employed multiple 
analytical techniques, including high-performance liquid 
chromatography-mass spectrometry (HPLC-MS), theoretical calcula
tions, and molecular docking simulations. As illustrated in Fig. 2A, the 
introduction of CHT resulted in a significant decrease in the mass peak 
intensity of NR-CHT (m/z 483.0904), along with the simultaneous 
appearance of the NR-OH mass peak (m/z 335.1347). Subsequent HPLC 
analysis (Fig. 2B) revealed characteristic peaks at retention times of 
3.17 min and 5.45 min corresponding to NR-CHT and NR-OH, respec
tively. These findings support the proposed sensing mechanism, con
firming that CHT-mediated hydrolysis of NR-CHT produces NR-OH. 
Theoretical calculations were conducted to provide additional insights. 
As depicted in Fig. 2 C, the electrostatic potential analysis revealed that 
NR-OH had a more pronounced charge transfer capability compared to 
NR-CHT. This indicates that the hydrolysis by CHT enhances the intra
molecular charge transfer (ICT) effect, resulting in a significant fluo
rescence signal enhancement. Additionally, molecular docking 
experiments were performed to demonstrate the probe’s effective tar
geting of the CHT recognition site. As shown in Fig. 2D, NR-CHT was 
observed to enter the active center of CHT, where it interacted with 
multiple amino acid residues. These interactions exhibited a low binding 
energy of − 7.4 kcal/mol, indicating a strong binding affinity between 
NR-CHT and CHT. Collectively, these data validate the probe’s mecha
nism of action, highlighting its ability to effectively bind and interact 
with the target enzyme, thereby enabling effective fluorescence-based 
sensing of CHT activity.
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3.2. Optimization of in vitro test conditions

To evaluate the analytical performance of NR-CHT, we systemati
cally optimized various testing conditions, including reaction time, pH, 
and temperature.

The reaction time was first optimized. As shown in Fig. 3B, in the 
presence of CHT, the fluorescence intensity of the probe (λem = 690 nm) 
gradually increased with increasing reaction time, reaching a maximum 
value at 120 min before plateauing. To further verify the stability of the 
probes and fluorescent dyes, we conducted time-course experiments. As 
shown in Figure S7, the fluorescence intensity remained stable during 
the 150 min monitoring period, with fluctuations kept within a narrow 
range. No significant attenuation or abnormal fluctuations were 
observed, indicating good stability. Thus, 120 min was selected as the 
optimal reaction time to ensure the enzymatic reaction reached 
completion.

The results also demonstrated that the fluorescence signal remained 
stable at the temperature range of 30–45℃, suggesting its suitability for 
physiological conditions (Figure S8A). Similarly, the fluorescence signal 
was stable at around pH 7.4, which aligns with physiological environ
ments (Figure S8B). Given that CHT typically catalyzes reactions under 
physiological conditions, we observed a significant decrease in enzy
matic activity, along with the fluorescence signal intensity, when the pH 
exceeded 8, which is indicative of reduced catalytic efficiency at higher 
pH levels. Based on these findings, the optimal experimental conditions 
were as follows: a reaction time of 120 min, pH 7.4, and a temperature of 
37 ℃.

Under the optimal conditions, we further examined the linear rela
tionship between the fluorescence intensity (λem = 690 nm) of NR-CHT 
and the concentration of CHT. The results indicated a clear correlation 
between fluorescence signal intensity and CHT concentration. Specif
ically, upon excitation at 580 nm, the fluorescence intensity at 690 nm 

of NR-CHT (10 μM) progressively increased with increasing CHT con
centrations from 0 to 2 μg/mL (Fig. 3 C), reaching saturation at 
approximately 2 μg/mL. A strong linear relationship between FL in
tensity and CHT concentration was observed within the concentration 
range of 0.1–0.75 μg/mL (Fig. 3D). The limit of detection (LOD) was 
calculated to be 0.0203 μg/mL, which is a low detection threshold.

The selectivity of NR-CHT to CHT was evaluated in the presence of 
various potential interferents, including amino acids, metal ions, anions, 
thiols, ROS and RNS (Fig. 3E). The probe showed high selectivity for 
CHT, with negligible interference from the tested substances. Subse
quently, we investigated the enzyme kinetics between NR-CHT and CHT 
using Michaelis-Menten and Lineweaver-Burk plots (Figures S8C and 
Figure S8D). The maximum reaction velocity (Vmax) was determined to 
be 16.404 μM min− 1, and the Michaelis constant (Km) was 2.943 μM. 
These kinetic parameters reflect a high affinity and efficient catalytic 
interaction between NR-CHT and CHT.

These results not only validate the high sensitivity of the NR-CHT 
probe but also highlight its excellent performance across a wide con
centration range and superior detection accuracy. The linear correlation 
and low LOD (0.0203 μg/mL) also highlight its potential for the quan
titative detection of CHT activity in biomedical applications, particu
larly in the early diagnosis and monitoring of disease progression.

3.3. Fluorescence imaging of cellular CHT

The cytotoxicity of NR-CHT was evaluated using the CCK-8 assay. 
The results showed that cell viability remained above 90 % across all 
tested concentrations (Figure S9A and Figure S9B), demonstrating that 
NR-CHT had minimal cytotoxicity. Hemolysis assays further demon
strated the low hemolysis rate of NR-CHT, confirming its high biocom
patibility (Figure S9C).

Microscopic imaging revealed that NR-CHT was rapidly uptaken by 

Fig. 2. (A) MS result of the reaction solution (B) HPLC-MS result of the reaction solution (C) Electrostatic potential distribution of NR-OH and NR-CHT (D) Molecular 
docking simulation for the binding between NR-CHT and CHT.
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cells, as indicated by the progressive increase in fluorescence intensity 
until reaching its peak at 60 min (Fig. 4). This suggests that NR-CHT has 
a rapid response time in intracellular imaging. Subsequently, inhibitor 
experiments confirmed the specificity of NR-CHT to endogenous CHT. In 
control experiments, the fluorescence intensity of pancreatic cells pre
treated with PMSF (a serine protease inhibitor) followed by incubation 
with the probe was significantly reduced (Fig. 5). This indicates that the 
fluorescence enhancement in the cells is due to interaction between 
endogenous CHT and NR-CHT. According to the literature [39], CHT is a 
serine protease secreted by the pancreas and highly abundant in 
pancreatic cells. The overexpression of chymotrypsin may facilitate the 
provision of necessary nutrients for tumor cells; as a result, abnormal 
secretion of chymotrypsin is often observed in proliferating tumor cells 

[40]. As shown in Fig. 5, fluorescence signals of normal pancreatic cells 
and pancreatic cancer cells were distinctly different, with the latter 
displaying significantly brighter fluorescence, which is consistent with 
the hypothesis. This demonstrates that the probe is effective in dis
tinguishing between normal and cancerous cells.

We established models of acute pancreatitis (AP) and chronic 
pancreatitis (CP) and subsequently performed imaging of the models 
using the probe. According to the literature [39], chymotrypsin in acute 
pancreatitis is prematurely activated and excessively secreted, leading 
to inflammation. In contrast, chronic pancreatitis involves different 
pathological mechanisms, including cellular damage that reduces 
enzyme synthesis and secretion [39,41]. As illustrated in Fig. 5, AP cells 
exhibited more pronounced fluorescence signals compared to CP cells, 

Fig. 3. (A) Schematic diagram of enzymatic hydrolysis. (B) Temperature-dependent fluorescence intensity (λemmax = 690 nm) of 10 μM NR-CHT in the presence or 
absence of CHT. (b represents the plot at CHT=1 μg/mL). (C) Fluorescence spectra (λemmax = 690 nm) a solution consisting of 10 μM NR-CHT and 0–2 μg/mL CHT. 
(D) Linear relationship between fluorescence intensity at 690 nm and CHT concentrations (0.1–0.75 μg/mL). (E) Fluorescence intensity of 10 μM NR-CHT in the 
presence of various interferents (1 mM, unless otherwise stated). 1–12: different anions (Br-, ONOO-, Cl-, ClO4

- , CN-, F-, H2PO4
- , HPO4

2-, HSO4
- , I-, SCN-, SO3

2-); 13–30: 
cations (Ag+, Al3+, Ba2+, Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Ni2+, Pb2+, Zn2+); 31–48: amino acids and proteins (Asp, Cys, GSH, 
Hcy, His, Ser, Tyr, Val, Phe, Ala, Met, Gly, Glu, Arg, Lys, Leu, NAC, Thr); 49–52: ROS (H2O2, O2

–, ONOO–) and RNS (NO)；53: 1 μg/mL CHT were added to the 
solution as a disturbance group.
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which exhibited markedly reduced signals. These results confirm that 
CHT is overexpressed in acute pancreatitis cells but underexpressed in 
chronic pancreatitis, consistent with the hypothesized mechanism. In 
summary, NR-CHT is a potent tool for monitoring CHT and the patho
logical status of pancreatic cells.

3.4. In vivo fluorescence imaging-guided surgery

Building on the promising results from cellular experiments, the 
application of NR-CHT was extended to in vivo bioimaging. The above 
studies have demonstrated that the probe can effectively differentiate 
between normal and tumor cells, as well as between AP and CP cells. 

CHT, a serine protease secreted by the pancreas, plays a crucial role in 
pancreatic function and pathological states. In pancreatic cancer, the 
high proliferation and metabolic demands of tumor cells may drive 
abnormal secretion [42]. This elevated activity is closely linked to the 
metabolic requirement of cancer cells and their aggressive growth 
characteristics.

To investigate the pancreatic cancer mouse model, we first estab
lished an orthotopic tumor in mice. The probe was injected in situ, and 
fluorescence imaging was performed over time. As fluorescence signals 
progressively intensified, a prominent signal was observed within 
30 min post-injection (Figure S10). This demonstrates that NR-CHT is an 
excellent imaging probe for imaging pancreatic cancer. We then 

Fig. 4. Fluorescence images of pancreatic and pancreatitis cells (A: pancreatic cancer cells, B: normal pancreatic cell). (a) Mean fluorescence intensity of cells in (A) 
(****P < 0.0001, data analyses were performed on independent samples with equal variances; data are means ± SD; n = 3). (b) Mean fluorescence intensity of cells 
in (B) (****P < 0.0001, data analyses were performed on independent samples with equal variances; data are means ± SD; n = 3). Scale bar = 50 μm.

Fig. 5. Fluorescence images of pancreatic cell models (Control: normal pancreatic cell AR42J, PMSF: inhibitor of CHT, Cancer: pancreatic cancer cell Panc-2, AP: 
acute pancreatitis model, CP: chronic pancreatitis model) (****P < 0.0001, data analyses were performed on independent samples with equal variances; data are 
means ± SD; n = 5). Scale bar = 50 μm.
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explored the applicability of NR-CHT in guiding tumor resection. By 
uniformly spraying the probe onto the tumor site, we observed that the 
fluorescence signal was first stable but became more prominent after 
30 min. Guided by this fluorescence signal, the tumor was surgically 
excised. The fluorescence signal of the excised tumor was stable, 
whereas that of areas outside the tumor was minimal. This confirms that 
as directed by the probe’s fluorescence, the cancerous region was 
completely removed (Fig. 6B). To characterize the tumor margins in 
mice, hematoxylin and eosin (HE) staining was performed on the excised 
tumors. The staining revealed that minimal normal tissue remained at 
the tumor margins, demonstrating the precision and efficacy of NR-CHT 
probe-guided tumor resection (Figure S11A).

3.5. In vivo fluorescence imaging of mice with pancreatitis

To explore more functions of the probe beyond imaging malignant 
tumors, we examined the expression of CHT in pancreatitis models in 
vivo. We established both AP and CP mouse models, Then HE staining 
was used to verify the model. As is shown in Figure S11B, HE staining 

results showed that pancreatic acinus showed different degrees of cell 
necrosis, the space in the tissue was enlarged, and the interstitial was 
loose. The above results demonstrated the successful establishment of an 
acute pancreatitis model. To confirm the successful establishment of the 
chronic pancreatitis model, histological staining of the pancreas was 
conducted. HE staining results showed steatosis, local hemorrhage of 
pancreas and loss of acinar cells, which proved the successful estab
lishment of chronic pancreatitis (Figure S11C). The probe was then 
injected through the tail vein and then imaged with a small animal 
imaging system. For in vivo toxicity evaluation, we measured serum and 
whole blood biochemical indices in both healthy mice and inflammation 
model mice. Liver function analysis revealed that total bilirubin levels 
remained within the normal physiological range (1.7–15 μM), with no 
significant fluctuations observed after probe injection. Additionally, 
alkaline phosphatase (ALP) activity, a key marker of hepatobiliary 
function, remained stable within the reference range (62–209 U/L), and 
no significant differences were detected between groups after probe 
administration (Figure S12). Blood routine tests showed that the red 
blood cell (RBC) count and red blood cell pressure (HCT) were elevated 

Fig. 6. (A) Schematic diagram showing the diagnostic imaging of pancreatic disease model. (B) Fluorescence images of tumor and tumor resection. (C) Fluorescence 
images of inflammatory mice and control mice. (D) Organ anatomy of mice with acute pancreatitis and chronic pancreatitis (a: spleen, b: pancreas, c: lung, d: heart, e: 
kidney f: liver). (E) Quantitative comparison of imaging data (****P < 0.0001, data analyses were performed on independent samples with equal variances; data are 
means ± SD; n = 3).
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in the inflammation model group, consistent with the expected hemo
concentration effect of acute inflammation. Importantly, no significant 
differences in RBC or HCT levels were observed between the probe- 
treated and control groups, indicating that the probe did not affect 
these parameters (Figure S13). These results confirm that the NR-CHT 
probe exhibits low biotoxicity and good biocompatibility. According 
to the literature [43], acute inflammation causes pancreatic acinar cells 
to release precursors such as chymotrypsinogen. During inflammation, 
chymotrypsinogen in pancreatic tissue is prematurely activated to 
chymotrypsin, resulting in high expression levels of chymotrypsin in AP 
mice. As shown in Fig. 6 C, the area adjacent to the pancreas exhibited a 
significant fluorescence signal. Upon dissection, the pancreas clearly 
exhibited strong fluorescence (Fig. 6D). To confirm the successful 
establishment of the acute pancreatitis model, histological staining of 
the pancreas was performed. In acute inflammation, CHT is overex
pressed, which is consistent with our hypothesis. We also established a 
chronic pancreatitis model, which differs from acute inflammation. 
Chronic pancreatitis involves long-term repetitive inflammation and 
fibrosis, leading to gradual fibrotic changes in normal tissues that 
significantly impair the secretory capacity of the pancreas. As depicted 
in Fig. 6D, we injected the probe into both normal mice and chronic 
pancreatitis mice. The area near the pancreas in normal mice exhibited 
prominent fluorescence, whereas chronic pancreatitis mice exhibited 
weaker fluorescence. Upon dissection, fluorescence in the pancreases of 
chronic pancreatitis mice was markedly reduced compared to normal 
mice. To further verify the above results, we measured the enzyme levels 
in the pancreatic tissues of mice using an ELISA kit, as detailed in the 
Supplementary Material. As shown in Figures S14B and C, the enzyme 
level in the control group was 540 μg/L. In mice with chronic pancre
atitis, the enzyme level significantly decreased to 67.98 μg/L, consistent 
with the observed pancreatic damage and impaired enzyme synthesis 
and secretion due to prolonged chronic inflammation. In contrast, mice 
with acute pancreatitis exhibited an enzyme level of 1640.86 μg/L, 
substantially higher than that of the control group, further supporting 
the experimental findings.

To further validate the sensitivity of the probe in diagnosing 
pancreatic diseases, ustekin treatment was applied to the established 
pancreatitis model. Ustekin is a peptide drug clinically used for both 
acute and chronic recurrent pancreatitis [38]. As shown in Figure S15, 
the acute pancreatitis model exhibited a strong fluorescence signal, 
while the treatment group displayed a significantly reduced fluores
cence signal, similar to that of the control group. This indicates that the 
NR-CHT probe was highly sensitive in monitoring the therapeutic pro
cess of pancreatitis. To further validate the therapeutic effect of the 
drug, histological analysis was performed using hematoxylin and eosin 
(HE) staining. As shown in Figure S16A, pancreatic tissue from the acute 
pancreatitis group displayed prominent inflammation. In contrast, tissue 
from the treatment group (Figure S16B) showed signs of inflammation 
reversal, closely resembling the blank control group (Figure S16C). 
These results further confirm the effectiveness of the drug treatment and 
highlight the sensitivity of the NR-CHT probe in monitoring the thera
peutic outcome.

To investigate the metabolic time of the fluorescent probe, in vivo 
fluorescence imaging was performed over a 6-hour period following the 
injection of the probe into mice. As shown in Figure S17, within the first 
hour, the probe quickly accumulated in the pancreatic region, exhibiting 
a strong fluorescence signal, indicating effective enrichment in the tis
sue. Over time, the fluorescence signal progressively shifted to the liver, 
suggesting that the probe was metabolized predominantly by the liver. 
By the fourth hour, the fluorescence signal had substantially decreased, 
and by the fifth hour, significant fluorescence was observed in the me
tabolites, confirming the probe’s metabolism. By the sixth hour, the 
fluorescence signal was almost undetectable in vivo. To validate these 
observations, we conducted in vitro fluorescence imaging of the major 
organs, which showed no significant residual fluorescence. These find
ings confirm that the probe possesses excellent in vivo metabolic 

properties, is efficiently cleared post-imaging, and demonstrates strong 
biological safety and application potential. Thus, NR-CHT proves to be 
an effective tool for monitoring CHT activity and evaluating the path
ological status of pancreatic cells in vivo.

4. Conclusion

We successfully developed NR-CHT, a high-specificity and high- 
sensitivity CHT-targeting near-infrared fluorescent probe. The design 
of NR-CHT involved the incorporation of 4-bromobutyryl as the CHT- 
recognition moiety to enable high-precision detection of CHT activity 
in complex biological environments. Comprehensive in vitro and in vivo 
experiments validated the probe’s performance, revealing that it had a 
low limit of detection, a wide linear detection range, and exceptional 
selectivity, sensitivity, and stability. Under pathological conditions, NR- 
CHT exhibited a significantly enhanced fluorescence signal and was 
employed to affirm the clinical relevance of CHT as a potential 
biomarker for pancreatic diseases. The NR-CHT probe was able to 
distinguish normal pancreatic tissue and pancreatic tumor tissue and 
effectively differentiated between chronic pancreatitis and acute 
pancreatitis. This demonstrates its versatility in diagnosing various 
pancreatic conditions. Overall, these findings highlight the crucial role 
of NR-CHT in disease diagnostics, showcasing it as an innovative tool for 
the early detection and diagnosis of pancreatic disorders.
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