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A B S T R A C T

Atherosclerosis (AS) is a common disease associated with cholesterol metabolism. Cholesterol esterase (CHE), 
which is found primarily in the liver, intestines, adipose tissue, and skin, plays a crucial role in cholesterol 
metabolism; thus, it is a potential biomarker for the early diagnosis and therapeutic monitoring of AS. Traditional 
fluorescent probes for detecting AS often rely on general biomarkers such as reactive oxygen species (ROS) or 
proteases, which lack specificity. To address this limitation, we developed a novel CHE-responsive fluorescent 
probe, NR-CHE, which utilizes cholic acid as the recognition group. This probe was synthesized by an esterifi
cation reaction between cholic acid and a lipid droplet-targeting near-infrared dye, NR-OH. The NR-CHE probe 
integrated the lipid droplet-targeting capability of NR with the specific response of CHE, thus offering a unique 
affinity for cells with lipid abnormalities and enabling precise imaging of atherosclerosis. In vitro experiments 
demonstrated that NR-CHE exhibited superior optical properties, with a detection limit of 0.076 U/mL. Tests 
involving 32 common biological interferents confirmed that the recognition group cholic acid provided high 
selectivity to the probe. Cell experiments further validated that NR-CHE is an effective tool for monitoring 
endogenous CHE in live cells. Comprehensive fluorescence imaging assessments in an AS mouse model showed 
that NR-CHE delivered exceptional imaging accuracy. As an extended application, NR-CHE also demonstrated 
potential in image-guided surgical resection in a liver cancer model. Collectively, NR-CHE holds great promise as 
a tool for the accurate diagnosis of AS and for guiding tumor resection surgery.

1. Introduction

Cardiovascular diseases (CVDs), which particularly affect the heart 
and brain, pose a major health threat due to their high mortality and 
disability rates[1]. Atherosclerosis (AS) is the leading cause of various 
types of CVDs, such as myocardial infarction, ischemic stroke, and pe
ripheral vascular disease[2]. During AS development, oxidized 
low-density lipoprotein accumulates in arterial walls, forming plaques, 
and reactive oxygen species (ROS) and proteases can drive the disease 
progression[3,4]. The ability to accurately visualize the location of 
atherosclerotic plaques is crucial for improving the diagnosis and 
treatment of AS-related CVDs[5,6]. However, current diagnostic tech
niques often lack the specificity needed to distinguish atherosclerotic 
plaques from other inflammatory tissues or tumors, which also contain 
elevated levels of ROS and protease activity[7–10]. Therefore, there is a 

need to develop more specific and sensitive imaging probes that can 
accurately identify atherosclerotic plaques to enhance the effectiveness 
of surgical interventions and therapeutic monitoring.

Despite the development of various responsive fluorescent probes for 
detecting AS, such as those designed by Tang for detecting γ-glutamyl
transpeptidase and those by Zhang for detecting cathepsin B, the 
widespread expression of these targeted biomarkers across different 
diseases limits the specificity of the probes[11–13]. This lack of speci
ficity reduces their accuracy in distinguishing between atherosclerotic 
plaques and other tissue abnormalities. In contrast, cholesterol esterase 
(CHE), also known as cholesterol hydrolase, offers greater specificity in 
the context of AS. CHE plays a crucial role in cholesterol metabolism by 
hydrolyzing cholesterol esters, which are directly involved in plaque 
formation[14,15]. This enzyme is more closely associated with the 
pathological processes of AS; for this reason, it is a promising biomarker 
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for more accurate imaging. However, to date, CHE-targeting fluorescent 
probes for AS imaging have not been developed.

To address the issue of insufficient specificity in existing fluorescent 
probes, a novel probe with high specificity and sensitivity for the 
detection of CHE in AS was designed and synthesized. We selected Nile 
Red, a commercially available lipid droplet dye, as the fluorophore due 
to its intrinsic imaging capability for AS plaques[16,17]. By covalently 
linking Nile Red with the recognition group cholic acid, we developed a 
fluorescent probe, NR-CHE, that had high specificity for AS (Scheme 1). 
We systematically studied the probe’s responsiveness to AS and subse
quently applied it in imaging studies in AS models to explore its po
tential for precise plaque visualization and improved surgical 
navigation.

2. Experimental methods

2.1. Synthesis of probe

Detailed information regarding reagents, instruments, and other 
materials utilized in the synthesis is provided in the Supplementary 
Material. The synthesis pathway is depicted in Fig. 1. The key in
termediates and final synthetic products were thoroughly characterized 
using 1H, 13C-NMR and MS, as shown in Figure S1-S6.

Synthesis of NR-OH. Compound 1 was synthesized according to the 
method reported in the literature[18]. 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 the solution to extract the organic layer. The 
mixture was purified by silica gel chromatography (petroleum ether: 
ethyl acetate = 3:1). The resulting compound, 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), 7.97 (d, J = 8.6 Hz, 1 H), 7.88 (d, J = 2.5 Hz, 1 H), 7.56 (d, J =
9.0 Hz, 1 H), 7.09 (d, J = 11.1 Hz, 1 H), 6.78 (d, J = 11.8 Hz, 1 H), 6.62 
(d, J = 2.7 Hz, 1 H), 6.14 (s, 1 H), 3.49 (q, J = 7.0 Hz, 4 H), 1.16 (t, J =
7.1 Hz, 6 H). 13C NMR (151 MHz, DMSO-d6) δ 182.02, 161.06, 152.05, 
151.13, 146.86, 139.19, 134.21, 131.26, 127.91, 124.32, 118.81, 
110.35, 108.58, 104.55, 96.50, 44.88, 12.92. MS data (LC-ESI-MS, m/z) 
for C16H10NO3

+ [M+H]+: calculated, 335.1390; found: 335.1399. 
(Figure S1 – S3)

Synthesis of NR-CHE. Cholic acid (408 mg, 1 mmol) was dissolved in 
15 mL of anhydrous DMF, and while stirring, triethylamine (100 μL, 
0.7 mmol) was added. After HBTU (378 mg, 1 mmol) was gradually 
added, the mixture was stirred for 3 h. Subsequently, NR-OH (117 mg, 

0.4 mmol) was added, and the reaction mixture was further stirred at 
room temperature overnight. Upon completion, the mixture was diluted 
with saturated NaCl solution and then extracted with ethyl acetate. The 
organic layer was separated, dried over anhydrous sodium sulfate, and 
then concentrated under reduced pressure. Purification was carried out 
by silica gel column chromatography (dichloromethane:methanol =
20:1), which yielded NR-CHE as a purple-black solid with a 21 % yield. 
1H NMR (600 MHz, DMSO-d6) δ 8.20 (d, J = 2.3 Hz, 1 H), 8.16 (d, J =
8.5 Hz, 1 H), 7.60 (d, J = 9.1 Hz, 1 H), 7.44 (dd, J = 8.5, 2.3 Hz, 1 H), 
6.82 (dd, J = 9.2, 2.5 Hz, 1 H), 6.66 (d, J = 2.6 Hz, 1 H), 6.27 (s, 1 H), 
4.32 – 4.30 (m, 2 H), 4.16 (d, J = 3.4 Hz, 1 H), 4.10 (d, J = 3.4 Hz, 1 H), 
4.02 – 3.99 (m, 2 H), 3.77 (d, J = 2.6 Hz, 1 H), 3.50 (d, J = 7.2 Hz, 4 H), 
2.20 (dd, J = 15.2, 9.4 Hz, 3 H), 2.03 – 1.96 (m, 2 H), 1.88 – 1.78 (m, 
6 H), 1.65 (dd, J = 16.3, 8.0 Hz, 5 H), 1.43 (d, J = 13.1 Hz, 6 H), 1.16 (d, 
J = 7.1 Hz, 6 H), 1.03 (d, J = 6.0 Hz, 4 H), 0.81 (d, J = 10.1 Hz, 5 H).13C 
NMR (DEPTQ) (151 MHz, DMSO-d6) δ 181.59, 172.59, 153.46, 152.56, 
151.54, 147.08, 137.98, 133.58, 131.46, 129.20, 127.52, 124.72, 
124.28, 116.39, 110.85, 104.80, 96.50, 71.46, 70.91, 66.72, 51.65, 
46.54, 46.23, 44.99, 42.00, 41.85, 35.79, 35.50, 35.35, 34.86, 31.27, 
31.02, 30.89, 29.01, 27.80, 27.74, 26.69, 23.28, 23.08, 17.50, 17.38, 
12.92.MS data (LC-ESI-MS, m/z) for C44H56N2O7

+ [M+H]+: calculated, 
725.4160; found: 725.4156. (Figure S4 – S6)

2.2. Detection of CHE in solution

A 1 mM NR-CHE stock solution was prepared by dissolving the 
synthesized NR-CHE in DMSO. To optimize the enzymatic reaction 
conditions, various parameters were systematically adjusted. The pho
tophysical properties of the NR-CHE probe were thoroughly examined 
under different reaction times, temperatures, and pHs.

2.3. Imaging in cells

To investigate the behavior of CHE at the cellular level, LO2, HepG2, 
and RAW 264.7 cell lines were used. These cells were cultured on glass- 
bottom dishes for 24 h to allow for real-time imaging of CHE activity. 
Specifically, to mimic the cellular environment associated with athero
sclerosis (AS), RAW 264.7 cells were induced into foam cells using 
oxidized low-density lipoprotein (ox-LDL)[19]. The successful induction 
of foam cells was verified by measuring the expression level of CD40 
using an appropriate assay kit[12]. For cell imaging experiments, a 
Nikon AX laser scanning confocal microscope was employed, and the 
imaging was conducted using an excitation wavelength of 580 nm.

CHE Dynamics in RAW 264.7 Cells and Foam Cells. To model foam 

Scheme 1. Mechanism in enzyme digestion response of probes.
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cells, RAW 264.7 cells were treated with 20 μg/mL of oxidized low- 
density lipoprotein (ox-LDL) and cultured for 24 h[13]. Morphological 
changes, which are indicative of foam cell formation, were observed 
under a microscope. Subsequently, time-lapse imaging of RAW 264.7 
cells and foam cells treated with 10 μM NR-CHE was performed to 
monitor CHE dynamics at various time points. This enabled the detailed 
study of CHE activity during the transformation of macrophages into 
foam cells, which is a critical process in atherosclerosis development
[20].

CHE Dynamics in HepG2 and LO2 Cells. Initial experiments involved 
time-lapse imaging of HepG2 and LO2 cells treated with 10 μM NR-CHE 
to monitor CHE dynamics. Using Donepezil as an enzyme inhibitor, cell 
imaging experiments were performed. Cells were first pre-treated with 
1 mM Donepezil for 8 h, washed three times with PBS (10 mM, pH 7.4), 
and then incubated with 10 μM NR-CHE before imaging. This approach 
allowed for the real-time observation of CHE activity within these cell 
lines to provide insights into the differential behavior of CHE in 
cancerous versus normal liver cells.

2.4. Establishment of mouse model

All animal experiments were conducted in accordance with the 
ethical guidelines set by the Institutional Animal Care and Use Com
mittee (IACUC) of Jilin University, under the ethical permit number 
SY20230631. The disease models were established using ApoE− /− /HF 
and BALB/c-nu mice.

AS mouse model. A mouse model of AS was developed based on the 
methodologies documented in the literature[12,21]. The induction 
involved a 12-week regimen of a methionine and choline-deficient diet 
to simulate high-fat dietary conditions. Histological analyses, including 
Hematoxylin and Eosin (H&E) staining, were used to confirm estab
lishment of the AS model.

In Situ Imaging and Fluorescence-Mediated Surgical Resection. To 
induce tumor growth, a suspension of HepG2 cells (approximately 
1 ×107 cells in 50 μL of PBS) was subcutaneously injected into the right 
flank of each BALB/c-nu mouse, and tumors were allowed to develop 
over the course of approximately two weeks[22]. For in situ imaging, 
mice bearing HepG2 tumors were administered NR-CHE (50 μM, 
200 μL) via intratumoral injection[23]. Fluorescence imaging was con
ducted at 5-min intervals following the injection. A control group was 
also injected with NR-CHE injections, and imaging was performed using 
a small animal imager to monitor the fluorescence signals. To facilitate 
fluorescence-mediated surgical resection, the tumor-bearing mouse was 
dissected after the intratumoral injection before being subjected to 
fluorescence imaging. Guided by the fluorescent images, the tumor was 
surgically excised, and the mouse was re-imaged to confirm the resec
tion. Additionally, main organs including the heart, liver, spleen, lungs, 
and kidneys, as well as the HepG2 tumor, were collected post-surgery for 
further fluorescence imaging to assess the distribution and specificity of 
the NR-CHE probe.

3. Results and discussion

3.1. Design principle of NR-CHE

The development of AS involves a persistent inflammatory response 
that ultimately leads to lipid accumulation and plaque formation[24]. 
Cholesterol is essential for maintaining vital body functions, but 
elevated cholesterol levels can contribute to the development of AS[25]. 
Therefore, we aimed to assess the progression of AS through the fluo
rescence detection of CHE in vivo. To construct a strong AS-specific 
probe, NR was first selected a fluorescent dye due to its lipid droplet 
targeting ability. We tried to introduce hydroxyl groups in the NR aro
matic ring at position 2, which further strengthened the original ICT 
effect of the molecule and significantly enhanced the fluorescence in
tensity of the molecule (Figure S7). However, since the active group of 
cholesterol molecule is hydroxyl, it cannot form ester bonds with NR-OH 
that cannot be severed by esterase. Cholic acid lies in one of the meta
bolic pathways of cholesterol, and the two molecules are very similar in 
structure[26]. Additionally, the exposed carboxyl group of cholic acid is 
highly suitable for constructing our probe. In summary, the organic 
fluorescence probe was constructed using cholic acid as the recognition 
group and NR-OH as the fluorophore. The two molecules were linked by 
ester bonds to allow for the specific detection of CHE in AS imaging.

To validate the reaction mechanism of NR-CHE in detecting CHE, the 
reaction solution was characterized by HPLC and MS. Initially, HPLC 
was employed to observe changes in the presence and absence of CHE. 
As shown in Fig. 2B, the retention times for NR-CHE and NR-OH were 
1.2 min and 4.7 min, respectively. Upon interacting with CHE, a sig
nificant decrease in the peak at 4.7 min was observed, accompanied by 
the appearance of a new peak at 1.2 min. The characteristics of the peak 
at 1.2 min were identical to those of NR-OH, an indication that NR-CHE 
was hydrolyzed by CHE to produce NR-OH. Furthermore, the enzymatic 
reaction was analyzed by mass spectrometry, as illustrated in Fig. 2 C. 
Both NR-CHE and NR-OH were detected in the mass spectrum, which 
corroborates the HPLC results. These findings are consistent across 
HPLC and MS and confirm that NR-CHE was hydrolyzed by CHE, 
resulting in the formation of NR-OH. In addition to these experimental 
validations, molecular docking studies further provided evidence that 
the probe could effectively recognize the recognition site on CHE. As 
depicted in Fig. 2D, the molecular docking simulation demonstrated that 
NR-CHE forms three hydrogen bonds with ARG-63 and TYR-103 of CHE. 
The calculated binding energy of − 9.9 kcal/mol suggests a strong af
finity between NR-CHE and CHE, which underscores the probe’s capa
bility to effectively engage with its target enzyme[27].

3.2. Optical properties of NR-CHE

To further investigate the photophysical properties of the NR-CHE 
probe, we first optimized experimental conditions, including time, 
temperature, and pH. Following the optimization, the absorption and 

Fig. 1. Synthetic route of NR-CHE probe.
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fluorescence spectra of NR-CHE, both before and after the reaction with 
CHE, were analyzed under optimal conditions (Fig. 3 A).

Time Optimization. The reaction time was first optimized. As depicted 
in Figure S8, in the presence of CHE (0.6 U/mL), the fluorescence in
tensity of the NR-CHE solution (λemmax = 690 nm) increased progres
sively as the reaction time was extended, until eventually reaching an 
equilibrium. To ensure the completion of the enzymatic reaction, 

120 min was selected as the optimal reaction time.
pH Optimization. The pH of the NR-CHE solution was optimized. As 

shown in Figure S9, under acidic conditions, the NR-CHE solution 
exhibited high fluorescence intensity at λemmax = 690 nm. This high 
intensity persisted even as the solution pH approached the neutral pH. 
However, when the solution was alkaline, the fluorescence intensity 
decreased significantly. These results indicate that CHE activity is not 

Fig. 2. Characterization of enzymatic reaction mechanism and theoretical calculation. (A) Schematic diagram of enzyme digestion response. (B) Characterization by 
HPLC-MS. (C) Characterization of enzymatic reaction solution by mass spectrometry. (D) Molecular docking simulation of the binding between NR-CHE and CHE.

Fig. 3. (A) Diagram of in vitro reaction. (B) Fluorescence spectra (λemmax = 690 nm) of reaction between 10 μM NR-CHE and 0–0.6 U/mL CHE. (C) Ultraviolet 
absorption spectrum of NR-CHE, NR-OH and reaction solution. (D) Fluorescence intensity of 10 μM NR-CHE in the presence of various analytes (1 mM, unless 
otherwise stated).
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significantly affected by a non-alkaline environment. Therefore, to best 
simulate the physiological conditions and guide subsequent cell exper
iments, a pH of 7.4 was chosen as the optimal pH.

Temperature Optimization. The solution temperature was optimized. 
As shown in Figure S10, in the absence of an enzyme, the fluorescence 
intensity of both the NR-OH fluorophore and the NR-CHE probe 
remained relatively stable across different temperatures. A slight 
decrease in the fluorescence intensity was, however, observed at high 
temperatures. In the presence of the enzyme, the fluorescence intensity 
fluctuated within a certain range as the temperature was varied, which is 
similar to the trend of the fluorophore alone. This suggests that higher 
temperatures lead to reduced fluorescence intensity and decreased 
enzyme activity. Based on these findings, 37◦C was selected as the 
optimal temperature for subsequent experiments.

Spectral Response to CHE. First, the UV absorption spectra of the 
probe and its reaction with CHE were measured. As can be observed in 
the absorption spectrum (Fig. 3 C), the absorption peak at 580 nm of the 
probe in the presence of CHE was significantly enhanced, and the peak 
type and intensity were also consistent with those of the fluorophore NR- 
OH. This observation demonstrates that the NR-CHE probe could be 
recognized by CHE and hydrolyzed to produce the fluorophore. Then, at 
an excitation wavelength of 580 nm, the fluorescence intensity at 
690 nm of the probe in the presence of CHE was significantly enhanced 
(Fig. 3B). This further verifies that using a spectroscopic method, the 
probe NR-CHE could detect CHE. Then, the sensitivity and the selectivity 
were evaluated. The fluorescence intensity exhibited a strong linear 

relationship with CHE concentration in the range of 0–0.6 U/mL 
(y = 1825.6x + 126.9, R2 = 0.995) (Figure S11). The detection limit 
concerning CHE was determined to be 0.076 U/mL. These results 
demonstrate that NR-CHE is highly sensitive to CHE and therefore is 
suitable for the quantitative detection of CHE activity.

Selectivity of NR-CHE to CHE. To evaluate whether NR-CHE can 
selectively image CHE in complex biological systems, we examined the 
fluorescence spectra of NR-CHE after being co-incubated with various 
bioactive molecules. As illustrated in Fig. 3D, following the incubation 
with NR-CHE, a significant increase in fluorescence intensity was 
observed only when CHE was present; other analytes caused no sub
stantial change. This indicates that NR-CHE has excellent selectivity for 
CHE, confirming its potential for selective fluorescent imaging of CHE in 
biological systems.

3.3. Fluorescence imaging of CHE in cells

Encouraged by its in vitro fluorescence imaging capabilities, the NR- 
CHE probe was further employed to detect intracellular CHE activity. 
Prior to the imaging, the cytotoxicity of NR-CHE to RAW 264.7 
macrophage cells were evaluated using a standard MTT assay 
(Figure S12). Additionally, a hemolysis test was employed to confirm 
that NR-CHE had a low hemolysis rate and high biocompatibility 
(Figure S13).

Previous studies have demonstrated that during the development of 
AS, CD40 is commonly expressed in arterial plaques within various cell 

Fig. 4. (A) Diagram showing cell imaging procedures. (B) Cellular colocalization imaging of NR-CHE (λex = 580 nm, λemmax = 690 nm) and commercial lipid droplet- 
targeting dye BODIPY(λex = 493 nm, λemmax = 503 nm). (C) Time-dependent fluorescence imaging (0, 5, 10, 20, 30, 60 min). (D) Mean fluorescence intensity of RAW 
264.7 cells. (E) Mean fluorescence intensity of foam cells. (F) Colocalization scatter plot. (G) Content of CD40 in RAW 264.7 and foam cells. (H) Images of LO2 and 
HepG2 cells. Scale bar = 20 μm.
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types, including foam cells, smooth muscle cells, and T cells[28]. To 
replicate this environment, the transformation of RAW 264.7 cells into 
foam cells was induced using oxidized low-density lipoprotein (ox-LDL)
[12]. The successful transformation was verified by measuring CD40 
expression levels using a commercial CD40 detection kit. As shown in 
Fig. 4 G, the CD40 content in the foam cells significantly increased, 
which confirms that the macrophages were successfully transformed 
into foam cells.

Subsequently, we utilized NR-CHE to image endogenous CHE in 
cells. The probe NR-CHE (10 μM) was added to the foam cells, and 
fluorescence imaging was conducted using a confocal microscope. The 
fluorescence intensity of NR-CHE increased significantly with increasing 
incubation time and was stabilized after 30 minutes (Fig. 4 C). This es
tablishes 30 minutes as the optimal incubation time for NR-CHE in cells. 
The fluorescence intensity was significantly higher in foam cells 
compared to that in RAW 264.7 cells, which is indicative of elevated 
CHE levels in foam cells. To further confirm the lipid droplet-targeting 
capability of NR-CHE, colocalization imaging was performed using the 
commercial lipid droplet-targeting dye BODIPY[29]. Fig. 4B shows that 
the regions of interest for NR-CHE and BODIPY coincided, and this re
gion was completely different from the region of the blue nuclear dye
[30]. According to the calculations, the Pearson’s coefficient was as high 
as 0.977. As can be seen in Fig. 4 F, the co-localization scatter plot 
showed that the two dyes were very close to the diagonal[31]. This 
result proves that the degree of co-location of the two dyes is very high, 
affirming the probe can effectively target the lipid droplets.

Finally, to explore the broader application of NR-CHE, normal liver 

cells (LO2) and hepatoma cells (HepG2) were incubated with NR-CHE 
for 30 minutes before fluorescence imaging. As shown in Fig. 4H, the 
fluorescence intensity of HepG2 cells significantly increased, demon
strating that NR-CHE can be used for the imaging of hepatoma cells. In 
order to further verify the specificity of NR-CHE to CHE，donepezil was 
selected as an inhibitor of CHE. The experimental results proved that the 
fluorescence intensity was no longer obvious in the experimental group 
adding the inhibitor, while the blank control group was consistent with 
the original experimental results (Figure S14).

3.4. Application of NR-CHE in AS diagnosis

Apolipoprotein E-knockout mice on a high-fat diet (ApoE− /− /HF), 
with feeding durations of 0, 4, 8, and 12 weeks, were used as a model for 
AS. The expression level of CD40, a conventional biomarker of early AS, 
was measured using a mouse CD40 ELISA kit and used to monitor the 
progression of atherosclerotic plaques[28]. As shown in Fig. 5 C, the 
CD40 levels gradually increased with increasing feeding time, which 
confirms the successful establishment of an early-AS mouse model. This 
was further validated by hematoxylin and eosin (H&E) staining, as 
shown in Fig. 5b1 and Fig. 5b2. The H&E-stained sections revealed a 
substantial presence of foam cells with vacuolated cytoplasm on the 
surface, along with necrotic material, deposited lipids, and cholesterol 
crystals in deeper layers; all of which are indicative of the successful 
establishment of an AS model[32].

Following the model validation, the fluorescence intensity of NR- 
CHE in the aorta of ApoE− /− /HF mice fed at different feeding 

Fig. 5. (A) Diagram representing the establishment of the disease mouse model. (B) Imaging and H&E staining of mouse aorta: (b1) the pathological staining of the 
aorta of normal mice, and (b2) the pathological staining of the aorta of mice fed with a high-fat diet for 8 weeks. Scale bar = 100 μm. (C) Content of CD40 in the blood 
of mice. (D) Images of HepG2 tumor-bearing mouse. (E) Comparison of images before and after tumor resection. (F) Images of main internal organs and HepG2 tumor 
(f1 is an actual picture, and f2 is a fluorescence image).

J. Li et al.                                                                                                                                                                                                                                         Sensors and Actuators: B. Chemical 427 (2025) 137150 

6 



intervals was monitored using an AniView SE small animal imaging 
system. As shown in Fig. 5B, the fluorescence intensity in the athero
sclerotic regions of the aorta significantly increased with the increase of 
high-fat diet feeding durations. The conspicuous red fluorescence areas 
indicated the presence of plaques, which is demonstrative of the severity 
of AS. The use of NR-CHE, a lipid droplet-targeting molecular probe, 
enables more accurate imaging of AS and provides more precise pre
dictions of plaque formation. With an ability to specifically detect the 
increase of CHE activity in the blood vessels of ApoE− /− /HF mice. The 
distinct red fluorescence at plaque sites allows for the monitoring of the 
formation of atherosclerotic plaques.

3.5. Application of NR-CHE in liver cancer diagnosis

To explore the broader applications of NR-CHE, we utilized it in 
imaging of liver cancer and further evaluated its potential for image- 
guided surgical resection (Fig. 5E). Initially, fluorescence imaging on a 
tumor-bearing mouse was performed. After 20 minutes, a distinct fluo
rescent signal was observed at the tumor site (Fig. 5D). Guided by the 
fluorescence, the tumor was surgically removed (Fig. 5E). Following the 
excision of the fluorescent tissue, no residual fluorescence was detected 
in the mouse, an indication that the tumor was successfully resected. 
Furthermore, as shown in Fig. 5 F, the tumor exhibited strong red 
fluorescence, whereas the heart, liver, spleen, lungs, and kidneys did 
not. This contrasting observation suggests that the CHE activity is 
significantly higher at the tumor site, thereby allowing NR-CHE to 
effectively distinguish cancerous tumors from normal tissues. In sum
mary, the NR-CHE probe demonstrates significant potential as a 
powerful contrast chemosensor for assisting in the surgical resection of 
liver cancer in clinical settings. This probe can be utilized as a tool for 
enhancing surgical precision and outcomes.

4. Conclusion

This study introduces NR-CHE, which is a novel lipid droplet- 
targeting fluorescent dye specifically designed to detect CHE. Our 
findings demonstrate that NR-CHE is a new highly sensitive and specific 
method for identifying AS. The fluorescence response of the probe was 
linearly correlated with CHE concentration, and the detection limit was 
as low as 0.076 U/mL, which highlights the potential of NR-CHE in 
quantitative analysis in both research and clinical settings. The data 
showed a strong correlation between fluorescence intensity and AS 
progression in ApoE¡/¡/HF mice. NR-CHE was successfully used for 
image-guided surgical resection in liver cancer models, which un
derscores its broader applicability. NR-CHE was able to distinguish be
tween cancerous and normal tissues through different fluorescence 
intensities, an indication that it can be a powerful tool for enhancing the 
precision of oncological surgeries. Future work could involve expanding 
the application of NR-CHE to other lipid metabolism-related diseases 
and investigating its potential role in monitoring therapeutic responses. 
Additionally, studies could further explore the utilizability of the probe 
in detecting early-stage disease markers. Overall, this study offers a new 
avenue for the early diagnosis and intervention of CHE-related 
disorders.
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