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A B S T R A C T

Near-infrared (NIR) fluorescent probes have excellent properties such as fast imaging speed, non-invasive, good
stability and low background interference, and have great application potential in biological imaging and sur-
gical guidance. At present, the study of fluorescent probes with long time imaging has attracted extensive
attention to guide surgery, while some issues need to be considered, such as toxicity, long tissue residence time
and long time for metabolism. Meanwhile, fluorescent probes with rapid metabolism tend to decay fast.
Therefore, fluorescent probes need to be continuously designed and synthesized to achieve a balance of per-
formance between suitable imaging time and reasonable metabolic rate. To this end, we design a NIR fluores-
cence probe that can not only complete the needs of in vivo or cell imaging in a reasonable time, but also can
rapidly metabolize and shorten its residence time in the body. The synthesis of a rapidly metabolizable NIR
fluorescent probe Kang-CES2 were based on isophorone for enzyme-activated imaging anaplastic thyroid cancer
(ATC) in vivo. Kang-CES2 has demonstrated excellent imaging capabilities in vivo and potentiality as a spray and
biopsies tool. Meanwhile, the results of intratumoral injection in mice showed that Kang-CES2 can quickly
distinguish between normal and ATC tissues and continue to emit NIR light until the end of surgery. The results
of tail vein injection of mice showed that Kang-CES2 can rapidly metabolize in the body within 33 minutes. We
believe Kang-CES2 has the potential to be a powerful fluorescent tool capable of guiding ATC surgical resection
with rapid metabolism.

1. Introduction

At present, fluorescent probes have good application potential in
bioimaging[1,2]. Fluorescent probes can monitor many physiological
and pathological processes in real time at the cellular or even molecular
level, and play an increasingly important role in clinical surgery[3–6]. In
particular, the near-infrared fluorescent probe has excellent properties
such as fast imaging speed, non-invasive, good stability and small
background interference[7,8]. Especially, isophorone-based fluorescent
probes have attracted much attention due to their advantages of easy
synthesis, excellent performance and large Stokes shift[9–14]. A number
of fluorescent probes have been reported that can be used to guide im-
aging during surgery[11,14–17]. Among them, some fluorescent probes
that can image over a long period of time have attracted much attention,

such as, long-term specific cancer cell membrane imaging fluorescence
probe reported by Fu et al.[18], long-term cell imaging fluorescence
probe reported by Li et al.[19], ultra-high-intensity fluorescence probe
reported by Xu et al.[20]. However, there are still some limitations that
should be considered such as toxicity, long tissue residence time and
long time for metabolism, when fluorescent probes are used as
ultra-long-term imaging tools to guide surgery[21–26]. Meanwhile,
fluorescent probes with rapid metabolism tend to decay fast[27–32].
Therefore, fluorescent probes need to be continuously designed and
synthesized to achieve a balance of performance between suitable im-
aging time and reasonable metabolic rate. To overcome this challenge,
we are committed to design a NIR fluorescent probe that can both fulfill
the need for in vivo or cell imaging in a reasonable time, and rapidly
metabolize to shorten its residence time in the body. We hope to apply
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this probe to the detection and imaging of thyroid cancer to provide a
safer and more promising chemical sensor for clinical surgical guidance
of thyroid cancer.
The incidence of thyroid cancer has always been high, and severe

thyroid cancer can lead to a high mortality rate[33]. ATC as a malignant
thyroid cancer, people are exploring a variety of treatment methods,
including total resection, radiation therapy and radiotherapy combined
therapy[34,35]. Surgery is still the most commonly used treatment. If
normal tissue and malignant tissue can be accurately distinguished
during surgical resection, the recurrence of disease caused by incom-
plete resection can be effectively avoided and the function of the organ
can be preserved to the maximum extent. Therefore, it is critical to
develop a near-infrared fluorescent probe that can accurately distin-
guish ATC tumors. Mammalian carboxylesterase (CESs) is a key enzyme
in the serine hydrolase family, which is involved in important life ac-
tivities of human body[36–38]. Carboxylesterase 2 (CES2) is mainly
distributed in the small intestine, liver, thyroid and kidney, and is
closely related to many types of cancer[39–46]. It is worth noting that
the expression level of CES2 is not same in normal cells and cancer cells
in different tissues, and usually high expression level in cancer cells is
more conducive to subsequent in vivo imaging experiments[47–49]. It
has been reported that CES2 expression is higher in thyroid tumor tissue
than in normal thyroid tissue, so follow-up imaging experiments can be
designed with fluorescent probes that respond specifically to CES2
[50–52]. To date, organic small molecule fluorescent probes for thyroid
cancer detection are still in the exploratory stage[52–56], and the bal-
ance between imaging duration and metabolism has not been reported.
Here, we report the design and synthesis of a rapidly metabolizable

enzyme-activated NIR fluorescent probe based on isophorone. Kang-
CES2 can respond specifically to CES2 in vitro and in vivo, image fast,
metabolize rapidly and emit NIR light. Kang-CES2 also has good pho-
tostability, selectivity, low cytotoxicity, good biosafety and can quan-
titatively detect CES2 in the range of 0–0.40 μg/mL. The sensing
mechanism of Kang-CES2 to CES2 was investigated by HPLC analysis,
LC-HRMS analysis, cyclic voltammetry (CV) test and molecular docking
simulation. Through the experimental results of the above tests, we
demonstrated that CES2 can cut the ester bond of Kang-CES2 and restore
it to fluorophore DIPCl-OH. Besides these, Kang-CES2 also demonstrates
excellent imaging capabilities in vivo imaging and its potential as a
spray tool and biopsies tool. The results of intratumoral injection in mice
showed that Kang-CES2 can quickly distinguish between normal and
ATC tissues and continue to emit NIR light until the end of surgery. In

addition, by injecting Kang-CES2 into the tail vein of normal mice, im-
aging results showed that Kang-CES2 can be rapidly metabolized in vivo
within 33 minutes. The performance of Kang-CES2 achieves the balance
of imaging ATC tissue at a reasonable time covering surgical duration of
ATC[57] and enabling rapid metabolism. We believe Kang-CES2 has the
potential to be a powerful fluorescent tool capable of guiding ATC sur-
gical resection and rapid metabolism.

2. Experimental section

2.1. Synthesis route

Fig. 1A shows the synthesis route of Kang-CES2 (refer to support
information for detailed synthesis methods). In addition, Fig. S1-8 shows
the necessary spectra of compound 1, DIPCl-OH and Kang-CES2
(including 1H NMR, 13C NMR and MS spectra).

2.2. Recording of spectra

Ultraviolet-visible (UV–VIS) spectra and fluorescence spectra of
different concentrations of CES2 and Kang-CES2 were recorded after
incubation at 37 ℃. Among them, it includes condition optimization,
performance testing and selective testing. The probe concentration in
the mixture used for testing was 10 μM. The preparation method was to
prepare 1.0 mM cell mother liquor by adding Kang-CES2 to dimethyl
sulfoxide (DMSO), and then dilute it to 1.0 mL in PBS. The UV absorp-
tion peaks and fluorescence emission peaks of DIPCl-OH and Kang-CES2
were obtained in the spectral test at first (Fig. 1B and C). The UV ab-
sorption peak of DIPCl-OH was 420 nm, and the fluorescence emission
peak was 698 nm. The UV absorption peak of Kang-CES2 is 390 nm, and
there is no obvious fluorescence emission peak. The fluorescence
quantum yield of DIPCl-OH is 5.11 %.

3. Results and discussions

3.1. Performance test

The reaction between Kang-CES2 and CES2 was preliminarily
analyzed by spectroscopic method. The UV absorption spectrum of
Kang-CES2 and CES2 mixture has a UV absorption peak at 420 nm,
which is the same position as the UV absorption peak of fluorophore
DIPCl-OH (Fig. 1B). The fluorescence spectra of the mixture showed a

Fig. 1. (A) Synthesis route of Kang-CES2; (B) UV–VIS spectra of 10 μM DIPCl-OH, 10 μM Kang-CES2 + 1.00 μg/mL CES2, 10 μM Kang-CES2; (C) fluorescence curves
of 10 μM DIPCl-OH, 10 μM Kang-CES2 + 1.00 μg/mL CES2, 10 μM Kang-CES2.
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strong fluorescence emission peak at 698 nm, which was the same as
that of the fluorophore DIPCl-OH (Fig. 1C). The results show that the
reaction of Kang-CES2 with CES2 can be reduced to DIPCl-OH.
Subsequently, we optimized the reaction conditions of Kang-CES2 to

detect CES2. In the optimization of reaction time, we found that the
fluorescence intensity of Kang-CES2 and CES2 reaction mixtures
increased with the extension of incubation time and stabilized after
60 min (Fig. 2D). Therefore, 60 min was determined as the incubation
time for subsequent experiments. Notably, the reaction time of Kang-
CES2 was significantly higher than that of a probe with similar struc-
ture without chlorine atom (Table. S1). This result may be due to the
addition of chlorine atom, which reduces the molecular electron cloud
density and makes the structure more stable. In summary, Kang-CES2
has the potential to maintain reasonable imaging times, including the
duration of ATC surgery.
In the light stability test, the fluorescence signal of Kang-CES2,

DIPCl-OH and reaction system (Kang-CES2 + CES2) did not change
significantly after continuous laser irradiation, indicating that all sub-
stances in the experiment have good light stability (Fig. 2F). In addition,
the effects of pH on Kang-CES2, DIPCl-OH and reaction system were also
tested (Fig. 2G). When pH is less than 6, the fluorescence intensity is
lower. When the pH is greater than 6, the reaction system is gradually
affected with the increase of pH. The fluorescence intensity of DIPCl-OH
and the fluorescence intensity of the reaction system reached a balance
point at pH 7.4. Therefore, considering the experimental results and the
pH value (7 or 7.4) of the currently accepted in vitro detection, the pH of
in vitro test was determined to be 7.4. In addition, the pKa of DIPCl-OH is
8.1 by Boltzmann constant fitting (Fig. S9).
We analyzed the fluorescence spectra of Kang-CES2 and different

concentrations of CES2 after incubation at 37℃ for 60 min. The fluo-
rescence intensity of the mixture at 698 nm increased with the increase
of CES2 concentration (0–1.00 μg/mL), as shown in Fig. 2A, and the
curve relationship was shown in Fig. 2B. There was a good linear

relationship between CES2 concentration at 698 nm and CES2 fluores-
cence at 0–0.40 μg/mL (R2 = 0.9949) (Fig. 2C). Kang-CES2 can detect
and quantify CES2 at 0–1.00 μg/mL, and the detection limit can be
calculated as low as 0.0014 μg/mL by LOD= 3σ/k, indicating that Kang-
CES2 has high sensitivity in CES2 detection. Compared with other re-
ported CES2-activated probes, Kang-CES2 has the advantage of low
detection limit and large Stokes shift (Table. S2). Finally, we evaluated
the selectivity of Kang-CES2 to CES2. Selective testing includes more
than 40 potentially interfering substances such as cations, anions, pro-
teins and enzymes. We found that there was no significant fluorescence
enhancement between each group of interfering substances and the
blank group (Fig. 2E). The results show that Kang-CES2 has strong anti-
interference ability and high selectivity to CES2. At the same time, the
results indicate that Kang-CES2 has the potential for further application
in vivo.

3.2. Sensing mechanism

The sensing mechanism of Kang-CES2 and CES2 inspires us to
explore the interaction between Kang-CES2 and CES2. We inferred
through spectral experiments and experience that CES2 can cut the ester
bond of Kang-CES2 and restore it to fluorophore DIPCl-OH (Fig. 3A).
Firstly, the retention times of each substance were analyzed by HPLC
(Fig. 3B). The results showed that the retention time of Kang-CES2 and
DIPCl-OH was 3.33 min and 1.63 min respectively. After CES2 is added,
two retention times appear in the system, which are 1.63 min and
3.33 min respectively, corresponding to Kang-CES2 and DIPCl-OH. In
order to further verify the sensing mechanism, we verified it by LC-
HRMS analysis (Fig. S10). LC-HRMS analysis showed that the mass
spectrum peaks of Kang-CES2 and CES2 reaction systems at different
retention times were consistent with those of Kang-CES2 and DIPCl-OH.
By testing the CV curve, we found that DIPCl-OH has a characteristic

oxidation peak, but the signal of Kang-CES2 is not obvious (Fig. 3C).

Fig. 2. Kang-CES2 performance test. (A) Fluorescence spectra of 10 μM Kang-CES2 with different CES2 concentration (0–1.00 μg/mL); (B) fluorescence spectra of
10 μM Kang-CES2 reacting with different concentration of CES2 (0–1.00 μg/mL); (C) linear curves of 10 μM Kang-CES2 with different CES2 concentration
(0–0.40 μg/mL); (D) fluorescence intensity curves of 10 μM Kang-CES2 + 1.00 μg/mL CES2 at different times (0–90 min); (E) fluorescence intensity of different
interfering substances reacting with 10 μM Kang-CES2. 1. blank (10 μM Kang-CES2); 1 mM cation: 2.Al3+; 3.Ba2+; 4.Ca2+; 5.Cd2+; 6.Co2+; 7.Cu2+; 8.Fe3+; 9.K+; 10.
Li+; 11.Mg2+; 12.Na+; 13.Mn2+; 14.Pb2+; 1 mM anion: 15.ClO4-; 16.HSO4-; 17. AcO-; 18. CN-; 19. I-; 20. F-; 21. H2PO4- ; 22. Br-;23. Cl-; 24. SCN-; 25.SO32-; 1 mM amino
acid: 26. Ile; 27. L-Leu; 28. L-Ala; 29. Val; 30. Lys; 31. Asn; 32. Gly; 33.AsA; 34. Glu; 35. Phe; 36. L-His; 37. L-Pro; 38. L-Thr; 39. L-Arg; 40. L-Cys; 41. DL-HCY; 42.
protein; Enzyme (1000 U/L): 43. β-glu; 44. β-gal; 45. APN; 46. LAP; 47. AChE; 48. BChE; Enzyme (1.00 μg/mL): 49. CES1; 50. CES2; (F) photostability test of 10 μM
Kang-CES2, 10 μM DIPCl-OH, 10 μM Kang-CES2 + 1.00 μg/mL CES2; (G) fluorescence intensity curves of 10 μM Kang-CES2, 10 μM DIPCl-OH, 10 μM Kang-CES2 +

1.00 μg/mL CES2 incubated for 60 min at different pH (3− 9). All samples were incubated for 60 min. The error bar represents calculating the mean ±SEM in three
measurements. λex/em = 555/698 nm.

W. Kang et al. Sensors and Actuators: B. Chemical 419 (2024) 136299 

3 



When Kang-CES2 reacted with CES2, the system also showed an
oxidation peak similar to that of DIPCl-OH. When Kang-CES2 reacted
with CES2, the oxidation peak of Kang-CES2 was similar to that of DIPCl-
OH, which verified the sensing mechanism again. It is worth noting that
Kang-CES2 showed no obvious signal in CV test, while the fluorophore
DIPCl-OH and reaction system showed oxidation signal, suggesting that
the probe has the potential of electro-fluorescence dual signal detection
in vitro. In addition, we also explored the CV curve of DIPCl-OH in
different solvents, which showed that DIPCl-OH exhibited similar
characteristic oxidation peaks in both water and acetonitrile mixtures
and ethanol. Finally, we demonstrated the binding of Kang-CES2 and
CES2 with a binding energy of − 10.7 kcal/mol through molecular
docking simulation (Fig. 3D). This result shows that CES2 can effectively
recognize Kang-CES2. All the above results expounded themechanism of
Kang-CES2 interaction with CES2 is that the ester bond is severed and
the fluorophore DIPCl-OH is restored.

3.3. Biosecurity test

The cytotoxicity of Kang-CES2 was evaluated by CCK88 method
before applying it to live cell CES2 imaging. When the concentration of
Kang-CES2 was increased to 100 μM for 24 h, the cell viability was still
higher than 92 % (Fig. S11A), indicating that Kang-CES2 has low cyto-
toxicity and can be used for cell imaging. Subsequently, we confirmed
that Kang-CES2 had low toxicity to red blood cells and good blood
compatibility through hemolysis experiments. As shown in Fig. S11B,
the deionized water group showed red transparency, while the other
groups showed clear and transparent supernatant. Although the

hemolysis rate increased with the increase of Kang-CES2 concentration,
even when the concentration was increased to 50 μM, the hemolysis rate
was only 1.5 %, below the standard threshold of 5 %. These assay results
demonstrated that Kang-CES2 has excellent biosecurity.

3.4. Cellular endogenous CES2 imaging

In this study, two human cell lines were used, being ATC cells (C643)
and normal thyroid cells (Nthy-ori3–1). The fluorescence of Kang-CES2
in normal thyroid cells was observed over time to optimize the cell
experiment time, and fluorescence appeared almost immediately after
intracellular incubation with Kang-CES2 (Fig. S12). The intracellular
fluorescence intensity increased gradually with the increase of time, and
basically reached the plateau at 4 h. At the same time, 4 h was selected
as the best incubation time. Next, we explored the ability of Kang-CES2
to display endogenous CES2 in vitro. The Nthy-ori3–1 and C643 cells
could be divided into four groups for processing and the imaging results
compared. The first group was a blank control group with only Nthy-
ori3–1 cells and C643 cells. The second group was the probe incubation
group in Nthy-ori3–1 cells and C643 cells. The third group of C643 cells
was incubated with 1 mM 5-fluorouracil (5-FU, CES2-activator) for 1 h,
washed with PBS and incubated with 10 μM Kang-CES2 for 4 h. In the
fourth group, C643 cells were incubated with 1 mM loperamide (LPA,
CES2-inhibitor) for 1 h, washed with PBS and incubated with 10 μM
Kang-CES2 for 4 h.
Fig. 4A shows the cell imaging results. First, the fluorescence signal

of the cells after adding Kang-CES2 was compared with the control
group (a) and (c), Nthy-ori3–1 cells group (b) and C643 cells group (d).

Fig. 3. Sensing mechanism. (A) Possible sensing mechanism; (B) HPLC analysis of 10 μM Kang-CES2, 10 μM DIPCl-OH, 10 μM Kang-CES2 + 1.00 μg/mL CES2; (C)
CV curves of 10 μM Kang-CES2, 10 μM DIPCl-OH, 10 μM Kang-CES2 + 1.00 μg/mL CES2 in the mixture of water and acetonitrile (left) and 10 μM DIPCl-OH in
different solvents (right); (D) molecular docking simulation of Kang-CES2 and CES2.
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The results also showed that the fluorescence intensity of C643 cells was
significantly higher than that of Nthy-ori3–1 cells, indicating that the
content of CES2 in C643 cells was higher than that of Nthy-ori3–1 cells.
It demonstrates the imaging capability of the probe in the cellular
microenvironment. After adding enzyme activator 5-FU, the fluores-
cence intensity of C643 cells (e) was significantly improved. Subse-
quently, we noticed that the fluorescence intensity of the C643 cells (f)
decreased significantly after adding enzyme inhibitor LPA. These results
confirm that the intracellular action of Kang-CES2 is directly related to
the content of CES2, and the fluorescence intensity can reflect the con-
tent of CES2.

3.5. Visualization of endogenous CES2 in vivo

In view of the ability of Kang-CES2 to visualize CES2 in vitro was

satisfactory, we further imaged endogenous CES2 in vivo. The tumor of
C643 tumor-bearing mice was injected with Kang-CES2 and imaged at
various periods of time (Fig. 5A). The fluorescence appeared in the
tumor of C643 tumor-bearing mice as early as 15 min, and the fluores-
cence intensity gradually increased over time, reaching a peak at
60 min, and then gradually weakening. It is worth noting that the im-
aging time covers the duration of most thyroid surgeries and can support
the completion of thyroid surgery[57]. The fluorescence intensity of
C643 tumor tissue is much higher than that of other normal tissues,
which indicates that Kang-CES2 has excellent in vivo imaging ability.
Subsequently, to further investigate the tissue imaging capabilities of
Kang-CES2, we performed fluorescence imaging of C643 tumor-bearing
mouse organs using spray (Fig. 5C). Fluorescence imaging results
showed that C643 tumor tissue could be accurately distinguished from
normal tissue after 30 minutes of spraying. These results also further

Fig. 4. (A) Fluorescence images of 10 μM Kang-CES2 in different treated cells: (a) Nthy-ori3–1 cells (blank); (b) Nthy-ori3–1 cells+10 μM Kang-CES2 for 4 h; (c)
C643 cells (blank); (d) C643 cells+10 μM Kang-CES2 for 4 h; (e) C643 cells+1 mM 5-Fu for 1 h, followed by 10 μM Kang-CES2 for 4 h; (f) C643 cells+1 mM LPA for
1 h, followed by 10 μM Kang-CES2 for 4 h; (B) Fluorescence intensity of different treatments in (A) (t test; ****, p < 0.0001). The error bar represents calculating the
mean ±SEM in three measurements. λex = 450 nm, λem = 600–800 nm.

Fig. 5. (A) Fluorescence images of CES2 in intratumor injection of Kang-CES2 (200 μM, 100 μL) in C643 tumor-bearing mice captured at different times; (B) changes
in fluorescence over time at the C643 tumor site in (A); (C) fluorescent images of major internal organs and C643 tumor tissue (a. liver; b. heart; c. spleen; d. lung; e.
kidney; f. muscle tissue containing C643 tumor tissue); (D) fluorescence imaging of normal mice by tail-vein injection at different times (Kang-CES2, 200 μM,
300 μL). λex = 450 nm, λem = 600–800 nm.
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suggest that Kang-CES2 can be used to locate cancerous tissue using a
spray method during surgery and as an imaging tool for C643 tumor
biopsies.
Kang-CES2 has a tendency to reduce fluorescence in tumors and

shows good photostability in spectral and cell experiments, which in-
spires us to explore whether Kang-CES2 can be naturally metabolized in
vivo. We gave normal mice a tail-vein injection (Fig. 5D). CES2 is re-
ported to be present in many organs in the abdomen of mice. Strong
fluorescence signals appear soon after Kang-CES2 injection (about
5 minutes). With the increase of time, the fluorescence intensity in mice
decreased gradually (basically no fluorescence in the body for about
33 minutes). In conclusion, Kang-CES2 can respond to CES2 in mice and
finally be excreted rapidly with metabolism in vivo. These results sug-
gest that ATC tissue can be surgically removed by intratumoral injection
of Kang-CES2 during ATC surgery, and the remainder can be excreted by
rapid metabolism in the body. Kang-CES2 has the potential to be used as
a minimally invasive intraoperative imaging tool with rapid
metabolism.

4. Conclusion

We designed and synthesized of a rapidly metabolizable NIR fluo-
rescent probe Kang-CES2 based on isophorone for enzyme-activated
imaging ATC in vivo, which has good photostability, selectivity, low
cytotoxicity and good biosafety. The experimental results show that
Kang-CES2 can respond specifically to CES2 in vitro and in vivo, and
then emit NIR light. The sensing mechanism of Kang-CES2 to CES2 was
investigated by HPLC analysis, LC-HRMS analysis, CV test andmolecular
docking simulation. Through the experimental results of the above tests,
we demonstrated that CES2 can cut the ester bond of Kang-CES2 and
restore it to fluorophore DIPCl-OH. In cell imaging, Kang-CES2 can
distinguish between normal cells and C643 cells by fluorescence imag-
ing. Kang-CES2 also demonstrates excellent imaging capabilities in vivo
imaging and its potential as a spray tool and biopsies tool. The results of
intratumoral injection in mice showed that Kang-CES2 can quickly
distinguish between normal and ATC tissues and continue to emit NIR
light within a reasonable time required for surgery. In addition, by
injecting Kang-CES2 into the tail vein of mice, imaging results showed
that Kang-CES2 can be rapidly metabolized from the body (the whole
process is 33 minutes) without accumulation in the organism. The per-
formance of Kang-CES2 achieves the balance of imaging ATC tissue at a
reasonable time and metabolism rate. We believe Kang-CES2 has the
potential to be a powerful fluorescent tool capable of guiding ATC sur-
gical resection with rapid metabolism.
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