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Early disease diagnosis is crucial for human health and successful therapy. Carboxylesterase 2 (CES2), the main
enzyme found in many tumor tissues, is closely associated with many malignant diseases. Therefore, the ability
to detect endogenous CES2-associated diseases can be of therapeutic significance. In this study, we designed a
novel mitochondria-targeting near-infrared (NIR) chemosensor (YDT) to visualize the endogenous CES2. This is
the first study to track CES2 at the mitochondrial level and present the currently most sensitive CES2 detection
sensor. With various features including large Stokes shift, quick response time, excellent selectivity, and ultra-
high sensitivity, the sensor can overcome numerous limitations faced by traditional CES2 probes. YDT is an "off-
on" chemosensor that releases fluorophore YD-1 upon interacting with CES2, emits strong fluorescence at 660
nm. Importantly, YDT can dynamically monitor immediate changes in CES2 level under external stimuli.
Moreover, we used YDT to systematically study the CES2 expression in drug-induced liver injury and its
remediation model, as well as in an inflammation model. With these outstanding characteristics, YDT is a
considerably promising tool for further research on biological processes and for examining the physiological
roles of CES2 in living systems.

1. Introduction

A variety of abnormally expressed enzymes are often used as bio-
markers for monitoring cancers or other diseases, thus play an essential
role in the early diagnosis of diseases, allowing for immediate assess-
ment of human health [1,2]. Carboxylesterases (CES, E.C. 3.1.1.1)
belong to the a/p-fold serine hydrolase family, which is a group of en-
zymes responsible for hydrolyzing various endogenous and exogenous
substrates containing ester, amide, and thioester bonds, including fatty
acid esters, environmental toxins, and ester-containing prodrugs [3-6].
Many types of cancer such as hepatocellular carcinoma, colon cancer,
breast cancer, and pancreatic cancer, as well as malignant diseases such
as obesity, atherosclerosis, and fatty liver disease, are tightly correlated
with the abnormal expression of CES [7-10]. Furthermore, CES repre-
sent a multigene family that can be broadly classified into five isoforms
according to their amino acid sequences [11-13]. As one of the vital
phase I metabolic enzymes, carboxylesterase 2 (CES2) plays a critical
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role not only in the metabolism of endobiotics but also in the detox-
ification/activation of xenobiotics and metabolism of lipids [14,15].
Therefore, the development of a method to analyze CES2 in biological
system is important for a better understanding of its biological functions
and for evaluating therapeutic drugs in clinical practice.

Detection approaches including immunology, chromatography,
chemiluminescence, and mass spectrometry were relatively compli-
cated, time-consuming process and high cost [16-18]. However, fluo-
rescence imaging technology has recently gained considerable attention
and found to be crucial for the early diagnosis of clinical diseases due to
its various benefits, including visualizability, real-time monitoring
ability, good sensitivity and easy operation [19,20]. Notably, the
development of molecular imaging tools has been particularly rapidly
progressed in recent years. Several fluorescent probes used to detect
CES2 have been reported [21-25]. The current fluorescent probes for
monitoring CES2 activity have some drawbacks, including poor selec-
tivity, low reaction rate, short emission wavelength and low detection
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Scheme 1. Synthetic route of probe YDT.

limit [26-28]. These probes can also be easily disturbed by complex
biological environments. Thus, there is an urgent need for a tool that can
analyze CES2 level in vivo with ultra-high sensitivity and simplicity and
can detect CES2-related diseases to improve patient survival and reduce
morbidity.

Herein, a novel mitochondria-targeting near-infrared (NIR) molec-
ular imaging tool YDT for imaging and sensing CES2 was designed and
synthesized. Its properties were systematically investigated by in vitro
experiments and theoretical calculations. With rapid response, easy
operation, high sensitivity, good selectivity, large stokes shifts and non-
invasive features and ability to minimize self-fluorescence and light
scattering of tissues, YDT can allow for more accurate imaging or
functional assessment.

Drug-induced liver injury (DILI) can cause liver failure or death in
severe cases and may be developed into cirrhosis or liver cancer that
gravely threatens human health [29,30]. Besides, acetaminophen
(APAP) overdose is the most common cause of acute liver damage
[30-32]. However, the complex clinical phenotypes and vague clinical
symptoms of DILI cause difficulty in early diagnosis and may exacerbate
the dysfunction of enzyme system. We found for the first time that CES2
can be used as a biomarker in combination with a sensitive assay to
detect DILI. Due to the antioxidant properties and hepatoprotective ef-
fects of GSH, we conjecture that GSH can alleviate liver damage [33,34].
Thus, by using our designed probe YDT, we monitored the expression of
CES2 in DILI and remediation model, demonstrating that the probe YDT
is an effective tool for studying the pathogenesis of DILI and evaluating
its pharmacological treatment effects.

Inflammation is also prevalent during the early stage of malignant
disease in humans. It can reduce CES2 expression, causing the lowering
of drug activation and metabolism and the increase of drug concentra-
tion, which are harmful to the body [9,35]. We also performed imaging
analysis of CES2 expression during the inflammatory process. Above all,
developing a molecular imaging tool that can monitor CES2 during the
early diagnosis of diseases is a desirable approach for drug development
and clinical practice.
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2. Experimental section
2.1. Materials and instruments

Related equipment and materials used in this study are described in
the Supplementary material.

2.2. Synthesis

The synthetic route of probe YDT is given in Scheme 1. Compound 1
and 2 were synthesized according to the method in the previously
literature [36,37].

Synthesis of YD-1 and YDT were shown in the Supplementary
material.

2.3. General procedure for CES2 detection

YDT was dissolved in dried DMSO to prepare a 1 mM stock solution.
CES2 dissolved in sterilized water was diluted to 5 pg/mL and used to
prepare test samples. Initially, YDT (3 pL, 1 mM) was added into a 2 mL
centrifuge tube containing 10 mM phosphate buffer (PBS, pH 7.4) and
used for in vitro CES2 detection. After CES2 solution at different con-
centrations was added, the mixture was incubated in a shaker incubator
at 37 °C for 10 min to activate the reactions. The reaction volume was
300 pL, and the reaction comprised probe (containing 1% DMSO),
enzyme, and PBS solution. The mixture was transferred to a quartz
cuvette and then subjected to UV-Vis absorption and fluorescence
measurements. For comparison, a control group without CES2 was also
prepared and analyzed by the same methods. The excitation slit and
emission slit were set at 5 nm and 2.5 nm, respectively (Aex = 498 nm,
Aem = 660 nm, PMT = 700 V).

3. Results and discussion
3.1. Design and synthesis of chemosensor

In this work, the NIR chemosensor YDT consists of two components:
a fluorophore YD-1 and a specific CES2-recognition group, benzoyloxy.

Fig. 1. (A) The frontier molecular orbitals and energy level transition of YD-1 and YDT. Space representation of hole and electron distributions for S;—S, excitation.
Green and blue isosurfaces correspond to electron and hole distributions, respectively. (B) Simulation of the interactions between YDT and CES2.
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The typical D-n-A structure of YDT exhibits weak fluorescence because
the benzoyloxy group is bound to the hydroxyl group of the fluorophore
YD-1, reducing the electron donor capacity and inhibiting the intra-
molecular charge transfer (ICT) process. This triggering group can be
selectively recognized by CES2 and cleaved in an enzyme-catalyzed
reaction, resulting in the release of fluorophore YD-1 that generates
fluorescence as the ICT progress resumes. In order to further verify the
hydrolysis of CES2, we analyzed the reaction substance by HR-MS
(Fig. S7) and HPLC (Fig. S8). The HR-MS spectrum of YDT displayed a
single peak at m/z 448.1908 and a retention time t; = 4.25 min. After
incubating with CES2 (0.1 pg/mL) for 10 min, a new peak appeared at
m/z 344.1232, and the probe produced YD-1 appeared at a new reten-
tion time ty = 3.74 min

TDDFT theoretical calculation (Fig. 1A) further showed that the
S1—Sy transition of YDT and YD-1 occurred at the LOMO—HOMO en-
ergy levels with the energy level differences of 2.42 and 2.03 eV,
respectively. Compared with YDT, YD-1 has a stronger push-pull elec-
tronic effect. The charge transfer distance (Dct) of YDT and YD-1 was
7.82 and 0.78 A, respectively, demonstrating that the effect of ICT
caused by the first excited orbital of YD-1 is far more significant than
that of ICT caused by YDT. For this reason, YD-1 was able to exhibit a
stronger fluorescence emission.

Molecular docking simulation showed that YDT binds to CES2
through a hydrogen bond formed between a carbonyl group of YDT and
an amino acid SER-191 (Fig. 1B). YDT better fitted with the cavity of
CES2 with the binding energy of — 10.0 kcal/mol. This indicates that
YDT can strongly bind to CES2.

3.2. Spectral response of YDT to CES2

The spectroscopic study of the chemosensor YDT in the presence of
CES2 was investigated in vitro. The spectral properties including

0.1 02 03 04 05

[CES2] (ug/mL)

changes in absorption and fluorescence were evaluated. As can be seen
in Fig. 2A, the characteristic UV absorption peak of the chemosensor
YDT was concentrated at 480 nm. After incubating CES2 with YDT, the
intensity of the absorption peak at 480 nm gradually decreased, and a
new red-shifted peak appeared at 510 nm, which coincides with the
maximum absorption wavelength of YD-1 fluorophore. The solution
color observed by the naked eye instantly changed from orange to pink,
which is the same as the color of the fluorophore. YDT emitted weak
fluorescence. However, in response to CES2, a new fluorescence emis-
sion peak at 660 nm appeared in accordance with fluorophore YD-1
(Fig. 2B). The NIR chemosensor YDT with large stokes shift (150 nm)
can effectively eliminate the interference of spectral overlap and self-
absorption, thus improve the signal-to-noise ratio of imaging signifi-
cantly. The results proved that YDT could serve as a “naked eye”
colorimetric tool and an “off-on” fluorescent chemosensor for detection
of CES2 activity.

3.3. Quantitative linear response of CES2

The concentration dependency of the enzymatic reaction was per-
formed (experimental conditions were optimized in the Supplementary
material). Fig. 2C shows that the fluorescence intensity of YDT at
660 nm increased significantly with CES2 concentration, and the fluo-
rescence intensity was enhanced by approximately 30 folds. The reac-
tion between YDT and CES2 in the buffer system at 37 °C was completed
rapidly and reached a plateau within 10 min (Fig. S9). Additionally, the
inset of Fig. 2D shows a strong linear relationship between the fluores-
cence intensity and CES2 concentrations at 0-0.15 pg/mL. YDT had a
detection limit of as low as 0.165 ng/mL. Compared with the detection
limits of other CES2 detection probes (Table S1), the detection limit of
YDT is the lowest. Thus it is the most sensitive CES2 probe to date, and
can be employed in a wide range of applications.
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Fig. 3. (A) Confocal fluorescence images of endogenous CES2 in HL-7702 cells and HepG2 cells: (a) non-treated HL-7702 cells; (b) HL-7702 cells incubated with YDT
(10 pM) for 30 min; (c) non-treated HepG2 cells; (d) HepG2 cells incubated with YDT (10 pM) for 30 min; (e) HepG2 cells treated with BNPP (1 mM) for 1 h, followed
by YDT for 30 min; and (f) HepG2 cells treated with LPA (1 mM) for 1 h, followed by YDT for 30 min. Scale bar: 50 um. (B) Fluorescence intensity of (a-f) in (A). From
top to bottom: brightfield, fluorescence, and overlay images. (C) Western blot analysis for CES2 expression levels in the above corresponding cells. (****P < 0.0001,
data analyses were performed with an independent samples test with equal variances, means + SD, n = 7. hex = 488 nm, Aem =630-690 nm).

3.4. Quantification of CES2 in HLMs and correlation studies

To further explore the practical application of YDT, we evaluated the
hydrolytic activity of CES2 on the substrate probe YDT in 12 individual
HLM samples. As shown in Fig. S14A, there was approximately 4.5-fold
individual variation in the CES2-mediated catalytic activity of YDT hy-
drolysis by CES2, which is consistent with previous reports in the
literature [38-40]. Furthermore, a strong correlation with high coeffi-
cient parameter (R2 = 0.9579, P < 0.0001) was obtained between the
hydrolysis rate of YDT and that of irinotecan (CPT-11, a type of anti-
cancer agent that can be activated by CES2) (Fig. S14B). These findings
strongly suggest that YDT can be used to measure the true activity of
CES2 in complex biological samples with multiple human enzymes with
high reliability of quantification.

3.5. Cell imaging experiments

3.5.1. Cytotoxicity test
The viability of HepG2 cells exceeded 85 % after 24 h of incubation

with YDT at a concentration of up to 20 uM (Fig. S15). This indicated
that the chemosensor has good biocompatibility and is suitable for use in
the following bioimaging experiments.

3.5.2. Sensing endogenous CES2 in cells

The capability of YDT in imaging endogenous CES2 in living cells
was investigated. As shown in Fig. 3, when YDT was incubated with HL-
7702 and HepG2 cells, respectively. Compared with the control group,
there emerge fluorescence in both cells. In addition, the fluorescence
intensity of HepG2 cells was significantly higher than that of HL-7702 by
2 folds. This suggests that the CES2-overexpressing HepG2 cells can
react with the probe with good cell permeability and release the fluo-
rophore. Subsequently, the HepG2 cells were pretreated with inhibitor
BNPP (a generic CES inhibitor) or LPA (a specific CES2 inhibitor) before
being treated with YDT. As expected, the fluorescence signals were
dramatically reduced, indicating that YDT can only be hydrolyzed by
CES2. Western blot assay (Fig. 3C) show that HepG2 cells incubated with
YDT show an increase of band signals; this means that probe YDT can
selectively label CES2. However, the band signals increased slightly in
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Fig. 4. (A) Dynamic monitoring of CES2 in HepGz2 cells: (a) cells incubated with YDT (10 uM) for 30 min; (b) cells treated with 5-FU (1 mM) for 1 h, followed by YDT
for 30 min; (c) cells treated with LPA (1 mM) for 1 h, followed by YDT (10 pM) for 30 min; (d) cells treated with 5-FU (1 mM) for 1 h, followed by LPA (1 mM) for 1 h
and YDT for 30 min (e) HepG2 cells treated with LPA (1 mM) for 1 h, followed by 5-FU (1 mM) for 1 h and YDT for 30 min (B) Fluorescence intensity of (a-e) in (A).

(C) Western blot analysis for CES2 expression levels in the above corresponding cells. (****P < 0.0001, data analyses were performed with an independent samples

test with equal variances, means + SD, n = 7. Aex = 488 nm, Aem = 630-690 nm).
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Fig. 5. (A) Fluorescent imaging of GSH-treated APAP-induced hepatotoxicity in living HepG2 cells: (a) cells were treated with YDT (10 pM) alone; (b) cells were
treated with GSH (1 mM) for 8 h, followed by YDT; (c) cells were treated with APAP (1 mM) for 8 h, and then incubated with YDT; (d) cells were treated with APAP
(1 mM) for 8 h, followed by GSH (1 mM) for 8 h and YDT; and (e) cells were treated with GSH (1 mM) for 8 h, followed by APAP (1 mM) for 8 h and YDT. (B)
Fluorescence intensity of different treatments in (A). Scale bar: 50 um. (ns = no significant, *P < 0.1, ****P < 0.0001, data analyses were performed with an in-
dependent samples test with equal variances, means + SD, n = 7. Aex = 488 nm, Aem = 630-690 nm).

HL-7702 cells incubated with YDT. In sum, HepG2 cells contain a higher
level of endogenous CES2 than HL-7702 cells, and YDT can be a useful
tool for detecting CES2 activities in living cells and can distinguish
cancer cells from normal cells with good selectivity.

Afterwards, we chose a commercial organelle tracker to track the
subcellular organelle localization of YDT. As previously reported, YDT’s
indole group can target mitochondria, where CES2 is expressed. Hence,
we evaluated the localization of YDT in mitochondria. In this experi-
ment, fluorescence images and intensity profiles were carried out
(Fig. S16). As expected, the red fluorescence signal of YDT and the green
fluorescence signal of mitochondria-targeting dye, Mito-Tracker Green,
were overlapped to a large degree with a Pearson’s coefficient of 0.98.
Based on the above findings, YDT can be used as a specifically
mitochondria-targeting probe to determine the changes in endogenous
CES2 level.

3.5.3. Dynamic monitoring of CES2 expression in HepG2 cells

5-FU is a vital anticancer drug due to its broad antitumor activity and
synergism with other anticancer treatments [41,42]. CES2 metabolizes

(A)  on

Overlay Fluorescence Brightfield

an anticancer prodrug CAPE to a toxic active substance 5-FU, which is a
particularly important substance for the treatment of gastrointestinal
cancers [43]. In addition, 5-FU is an inducer of CES2 and can increase its
expression [28]. As exhibited in Fig. 4, when cells were treated with only
5-FU, the content of CES2 increased, as confirmed by the highest fluo-
rescence intensity. When cells were treated with only inhibitor LPA, the
fluorescence intensity was lowest. After CES2 expression was promoted
and then the inhibitor was added, the fluorescence intensity decreased
significantly, but remained slightly higher than that of only treating
inhibitor. When the CES2 expression was inhibited and then promoted,
the fluorescence intensity was also lower than that of the control group,
but was slightly higher than the group in which the CES2 expression was
promoted and then inhibited, and western blot assay results further
confirm this result (Fig. 4C). The fluorescent response is required for the
precise assessment of actual enzyme activity; thus, this reveals that YDT
is sensitive to the change in cellular CES2 level. Monitoring the dynamic
changes of CES2 under different external stimuli is beneficial to the
understanding of CES2-associated physiological processes.
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Fig. 6. (A) Time-dependent fluorescence imaging of LPS-induced inflammation in HepG2 cells. Cells were pretreated with 1 pg/mL LPS for 0, 2, 4, 8 or 12 h and then
incubated with YDT (10 pM) for 30 min (B) Fluorescence intensity at different times of (A). (C) Western blot assay of CES2 in normal and inflammation cells.
(****P < 0.0001, data analyses were performed with an independent samples test with equal variances, means + SD, n = 7. Aex = 488 nm, Aem = 630-690 nm).
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Fig. 7. (A) In situ fluorescence images of HepG2 tumor-bearing mice. Mice were intratumorally injected with 50 pL of PBS (top) and LPA (down) for 1 h and then
subjected to intratumoral injection with 50 pL of YDT (200 uM) for different periods of time. (B) In vivo fluorescence images of mice intraperitoneally preinjected
with PBS (left) and 300 mg/kg APAP (right) before being intravenously injected with 100 pL of YDT (200 pM).

3.5.4. Investigation of the fluctuation of CES2 in APAP-induced
hepatotoxicity and remediation in cells

APAP is an important method for constructing liver injury models.
According to earlier research, APAP can cause endoplasmic reticulum
(ER) stress both in vivo and in vitro [44,45]. This is a deleterious con-
dition that can contribute to liver cell death and can generate the redox
imbalance that severely inhibit the functions of ER oxidoreductases.
Since ER is the main site for CES2 synthesis, ER stress leads to the
decrease in CES2 expression. Therefore, we speculate that
APAP-induced liver injury may lead to abnormal CES2 expression.
Glutathione (GSH) is a major intracellular reducing agent that protect
hepatocytes from oxidative damage, as well as to protect hepatocyte
membranes and promote liver detoxification and synthesis. GSH can
greatly reverse or lessen the redox imbalance caused by oxidative stress
and can restore the cell damage caused by liver injury to a certain extent
[46]. Theoretically, using exogenous GSH supplements could aid in
protecting against and healing from liver damage.

Based on these characteristics, the fluorescence response of the probe
to CES2 in APAP-induced acute liver injury at different times and in
remediated cells was measured. As depicted in Fig. S17, the fluorescence
intensity decreased with the increase of APAP incubation time, thus
predicting more severe cell damage. Statistical analysis showed that
APAP could cause damage to cells after only 2 h of incubation.

When cells were incubated with GSH followed by YDT, indicating
that GSH had almost no effect on the expression of CES2. However, the
fluorescence intensity of cells treated with GSH before inducing liver
injury or cells treated with GSH after inducing liver injury significantly
increased compared with that of cells in the APAP-only group. The CES2
expression was rebounded but could not fully recover to the normal
level. The results illustrated in Fig. 5 confirm our hypothesis.

Consequently, it is clinically important to establish APAP-induced
cellular liver injury model and determine the changes of CES2 expres-
sion in cells by YDT. GSH can act not only as a hepatoprotective agent,
but also as a detoxifying agent to remedy the damage caused by liver
injury and keep CES2 within a normal level.

3.5.5. Inflammation in living cells

In pathological conditions such as inflammation and infection, the
secretion of various cytokines is significantly increased, and the hy-
drolytic metabolism of prodrugs is reduced. Therefore, inflammation is
closely related to CES2. Correspondingly, when LPS pretreated the cells,
the remarkable time-dependent fluorescence signal gradually weakened
to disappear in the inflammation model (Fig. 6). This reflects the down-
regulation of intracellular CES2 concentration in inflammatory cells,

which we clearly confirmed in western blot analysis with the classical
inflammatory indicator TNF-a (gradual increase) (Fig. 6C).

These time-effect relationships manifest that the expression and ac-
tivity of CES2 is reduced due to inflammation or liver injury, which has
important significant pharmacological and toxicological implications.
Overall, it is possible to diagnose early diseases and assess the healing
effects of hepatoprotective medications on DILI by using probe and
fluorescence imaging technologies.

3.6. Mouse imaging experiments

To evaluate the imaging performance of YDT in vivo, the probe was
further applied to image in mouse model. As shown in Fig. 7A, before the
intratumoral injection with YDT, the background fluorescence signal of
the mouse was very low. After YDT were intratumorally injected in mice
of the experimental group, an obvious fluorescent signal appeared at the
tumor site, and the signal could sustain for 3 h. In contrast, when mice in
the control group were injected with LPA, 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 fluorescence
signal observed in the tumor site was caused by the enzyme activity of
CES2 and YDT were capable of detecting CES2 in vivo. Furthermore, we
imaged the in vivo CES2 activity in drug-induced injury mode using
YDT. As shown in Fig. 7B, the fluorescence signal of mice with intra-
peritoneal injection of PBS and tail intravenous injection of YDT, was
strong after 12 h post-injection. However, the fluorescence signal of
nude mice intraperitoneally injected with 300 mg/kg APAP, followed by
YDT, was distinct weakening after 12 h post-injection. This implies that
CES2 was down-regulated in the drug-induced injury model. These re-
sults suggest that the probe suits for in vivo imaging of CES2 and has a
significant clinical value.

4. Conclusions

In summary, the first mitochondrial-targeting NIR fluorescent che-
mosensor YDT was developed and used for detecting CES2 activity.
According to in vitro tests, YDT could be easily hydrolyzed by CES2,
resulting in notable changes of color and fluorescence spectrum. The
changes were clearly distinguishable by both visual inspection and
fluorescence analysis. YDT was successfully applied to detect endoge-
nous CES2, from which the data showed that CES2 was more abundant
in HepG2 cells than in normal liver cells. Moreover, this is the first report
that the dynamic monitoring of CES2 activity upon the presence of
different external stimuli. Both cellular and in vitro experiments
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demonstrated that the "smart" imaging tool YDT has high selectivity
(based on a test using 69 interferences) and high sensitivity with a
detection limit of 0.165 ng/mL (the lowest among all CES2 detection
probes). Remarkably, the successful imaging of CES2 in APAP-induced
liver injury and its remediation using YDT suggests that detection of
CES2 may serve as new, accurate monitoring measure sign of DILI in the
living body. We were the first to uncover that liver injury led to a
downregulation of CES2 expression, and GSH-treated liver injury led to
the upregulation of CES2 expression. Besides, we also uncovered that
LPS-induced inflammation caused a significant decrease of CES2 level.
Therefore, YDT may have a broad range of applications from discovering
novel therapeutic mechanisms and assessing therapy outcomes to early
diagnosis of liver-related diseases associated with CES2.
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