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Thiophenol (PhSH) is an important raw material for organic synthesis, while its high toxicity to organ-
isms makes it an environmental pollutant. Therefore, it is crucial to accurately detect PhSH and explore
its metabolic process in the living system. Herein, a near-infrared (NIR) fluorescent probe TEM-FB was
developed for sensing PhSH with a turn-on fluorescent signal at 719 nm and a large Stokes shift (198 nm)
based on generating the intramolecular charge transfer (ICT) process. TEM-FB shows high specificity and
significant sensitivity towards PhSH (detection limit: 10 nmol/L) via the aromatic nucleophilic substitu-
tion mechanism. Furthermore, it was successfully applied to image PhSH in multiple cell lines and in
zebrafish. Notably, we revealed the oxidative stress process caused by PhSH and demonstrated that the
hydrogen peroxide (H,0,) in cells would alleviate the poisonousness from exogenous PhSH for the first
time. This work provides a promising bioimaging tool for monitoring PhSH in living systems and visual-
izing the process of oxidative stress induced by PhSH.
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Thiophenol (PhSH) is a valuable intermediate in organic syn-
thesis, which is widely utilized in the preparation of pharmaceu-
ticals, agricultural chemicals, and various industrial products [1-
5]. However, owing to high volatility, irritation, and toxicity [6,7],
PhSH is listed as a priority pollutant by the U.S. Environmental
Protection Agency. In biological systems, PhSH can be automati-
cally oxidized to aromatic disulfide, and further induced oxidative
stress with the production of harmful superoxide radicals and hy-
drogen peroxide (H,0,) [8]. Prolonged exposure time (>15min) of
PhSH would cause serious health problems [9], including central
nervous system damage, breathing difficulties, vomiting, and even
death [10-12]. Generally, the median lethal concentration (LCsq) of
PhSH to fish ranged from 0.01 mmol/L to 0.4 mmol/L [13], to mice
ranged from 2.15 mg/kg to 46.2 mg/kg [14]. Therefore, it is of great
significance to develop a high-efficient method to monitor PhSH
real-time in environmental and biological samples.
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At present, some analytical methods have been reported to
determine PhSH, such as high-performance liquid chromatog-
raphy (HPLC) [15] and ultraviolet-visible (UV-vis) spectroscopy
[16]. However, these methods have the disadvantages of time-
consuming, low sensitivity, and complex pretreatment. Fluorescent
probe is a popular tool for detecting various analytes due to the
merit of its imaging capability in situ, superior selectivity, low de-
tection limit, and non-inventiveness [17-25]. Significantly, fluores-
cent probes can be applied to investigate biological processes by
tracking species in real-time within organisms [26-35]. Although
many kinds of fluorescent probes have been developed to detect
PhSH, some disadvantages still exist, such as low sensitivity, short
fluorescence emission wavelength and short Stokes shift [36-54],
which hindered their imaging application in the biological sys-
tem (Table S1 in Supporting information). Given that the near-
infrared (NIR) fluorescence features a higher signal-to-noise ratio
and deeper tissue penetration [55-65], while the large Stokes shift
can effectively reduce the interference caused by spontaneous fluo-
rescence [66-69]. Therefore, it is valuable and desirable to develop
PhSH specific fluorescent probe with both NIR emission and large
Stokes shift.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) The designed fluorescent probe TEM-FB for detecting PhSH. (b)
Schematic illustration of intracellular oxidative stress process induced by PhSH and
the endogenous H,0, alleviating the poison of PhSH. PMA, an inducer of endoge-
nous ROS.

Based on the above consideration and our previous work
[70,71], herein, we bridged dicyanoisophorone and coumarin
derivative to form a NIR fluorophore TEM-OH with a large Stokes
shift (198 nm) and designed the fluorescent probe TEM-FB to de-
tect PhSH via regulating intramolecular charge transfer (ICT) pro-
cess (Fig. 1a). TEM-FB shows high specificity and sensitivity for
sensing PhSH as well as exhibits prominent capability of visual-
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Fig. 2. (a) Synthesis route and (b) the crystal structure of TEM-FB.

izing exogenous PhSH in living cells and in zebrafish. Particularly,
this work revealed the oxidative stress process induced by PhSH
and proposed that H,O, would alleviate the poisoning of PhSH
(Fig. 1b).

To develop a NIR fluorescent probe for PhSH, the di-
cyanoisophorone and the coumarin derivative was conjugated to
form a hydroxy-substituted NIR fluorophore TEM-OH. Then, the
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Fig. 3. (a) Ultraviolet absorbance and (b) fluorescence spectra of TEM-FB (10 pmol/L) upon the existence of various species (50 pmol/L) in DMSO/PBS (4:6, v/v, 10 mmol/L,
pH7.4). (c) Photographs of TEM FB in the absence (left) and presence (right) of PhSH. (d) Normalized fluorescence and ultraviolet absorbance spectra of TEM-FB (10 pmol/L)

upon the PhSH (50 pmol/L).

) Fluorescence and (f) ultraviolet absorbance spectra of TEM-FB (10 pmol/L) upon the existence of PhSH (0-150 pumol/L). (g) The pH stability

of TEM-FB (10 pmol/L) and TEM FB (10 pmol/L) in presence of PhSH (50 pmol/L). (h) Fluorescence intensity of TEM-FB (10 pmol/L) in the presence of 1-24 (50 pmol/L) (1.
Blank, 2. Lys, 3. Val, 4. Ile, 5. Phe, 6. Tau, 7. Thr, 8. Glu-Na, 9. Tyr, 10. NaCl, 11. PbCl,, 12. FeCl,, 13. Na,S0s, 14. KCl, 15. NaHSO3, 16. AlCl3, 17. NaHS, 18. Na,S, 19. Cys, 20. GSH,
21. Hey, 22. H,0,, 23. NaClO, 24. PhSH) (Blue columns); the fluorescence intensity of TEM-FB (10 pmol/L) in the presence of PhSH (50 umol/L) and simultaneously existing

1-24 (50 pmol/L) (Red columns).



Z. Wang, J. Li, J. Chen et al.

typical 2,4-dinitrophenyl was chosen as the fluorescence quench-
ing unit and PhSH recognition unit to construct the target probe
TEM-FB due to its strong withdraw-electron capability and poten-
tial reactivity to hydrosulfuryl species. TEM-FB was synthesized
through a simple procedure (Fig. 2a and Figs. S1-S9 in Support-
ing information) and its crystal was obtained (Table S2 in Support-
ing information) (CCDC 2233985) in the solvent of PE/DCM=1:2.
As shown in Fig. 2b, the dihedral angle between the conjugate
part plane (&) and the recognition unit plane (8) is 70.14° (6,),
which would promote to break ICT process. While the dihedral
angle between plane y and § is measured to be 6,5=42.66°,
and the segments of dicyanoisophorone and coumarin show a cer-
tain twist configuration (6,5 = 14.51°), similarly, speculating fluo-
rophore TEM-OH would not an absolute plane structure, thus ef-
fectively prevent fluorescence quenching caused by m-m stacking
and improve its Stokes shift.

Experiments on fluorescence and UV-vis absorbance spectra of
TEM-FB were performed in dimethyl sulfoxide/phosphate buffered
saline (DMSO/PBS) (4:6, v/v, 10 mmol/L, pH 7.4), which solvent sys-
tem was selected for the entire optical test because of its high flu-
orescence intensity (Fig. S10 in Supporting information). The reac-
tivity of TEM-FB towards different analytes (including amino acids,
metal ions, reactive sulfur species (RSS), reactive oxygen species
(ROS), etc.) was tested. Encouragingly, TEM-FB exhibited a dra-
matic turn-on fluorescence emission at 719 nm with a 36-fold en-
hancement of fluorescence intensity only upon addition of PhSH.
Simultaneously, the maximum peak of the UV-vis absorbance
spectra red-shifted to 521 nm from 425nm (Figs. 3a and b).
Whereas negligible changes occurred in both in fluorescence and
UV-vis absorbance upon addition of other species, the fact that
even biothiols [cysteine (Cys), homocysteine (Hcy), glutathione
(GSH) and NaHS] could not activate fluorescence signal mani-
fests that TEM-FB endows excellent specificity for detecting PhSH.
The vivid solution images also showed obvious changes in color
and fluorescence before and after the response to PhSH (Fig. 3c).
TEM-FB has a low fluorescence quantum yield @ =0.008. Upon
the interaction of it with PhSH, the quantum yield increases up
to @ =0.076. In addition, TEM-FB processes a large Stokes shift
(~198 nm) (Fig. 3d) in response to PhSH, which can effectively
avoid signal interference and fluorescence quenching caused by
self-absorption.

To evaluate the quantitative detection capability of TEM-FB for
PhSH, the fluorescence and absorbance titration experiment were
performed by addition of different concentrations of PhSH (0-
150 pmol/L) to TEM-FB. As shown in Fig. 3e, the fluorescence in-
tensity at 719 nm were gradually increased upon addition of PhSH,
and it displays an excellent linearity (R =0.9930) against the con-
centrations of PhSH ranging from 0 to 30 pmol/L. The limit of
detection (LOD) was calculated to be 10 nmol/L according to the
equation (LOD =3 0o /k), which approximates to the half effective
concentration (ECsqy) reported in the literature [13]. Moreover, the
absorbance at 521 nm also gradually elevated to a plateau until the
concentration of PhSH up to 60 pmol/L (Fig. 3f). The results veri-
fied the promising quantitative ability of TEM-FB towards PhSH.

The kinetics experiment displayed that the fluorescent inten-
sity (719 nm) of TEM-FB in the presence of PhSH increased rapidly
from O to 30 min and then tended to be stable for approximately
60 min. Moreover, there almost no obvious changes of TEM-FB at
719 nm within 90 min, which indicates it possesses good stability
(Fig. S11 in Supporting information).

To examine the practicability of TEM-FB in complex biologi-
cal systems, the pH stability and anti-interference property were
tested. As shown in Fig. 3g, there were slight changes in fluores-
cence intensity of TEM-FB, indicating high stability of TEM-FB in
a wide pH scope (2.0-12.0). The TEM-FB+PhSH showed a signifi-
cant fluorescence enhancement during pH = 7.0-9.0, which demon-
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Fig. 4. (a) Proposed reaction mechanism of TEM-FB towards PhSH. (b) Ultraviolet
absorbance and fluorescence spectra of TEM-FB (10 pmol/L) upon the existence of
PhSH (50 pmol/L). (c) HRMS analysis of the mixture solution of TEM-FB+PhSH. (d)
The electrostatic potential and the HOMO/LUMO gaps of TEM-OH and TEM-FB.

strated that TEM-FB is effective at the physiological condition. The
anti-interference ability of TEM-FB+PhSH upon addition of various
other analytes were checked (Fig. 3h). Unexpectedly, the fluores-
cent intensity fluctuated indistinctively coexisting with all analytes
but H,0,, which decreased remarkably. In this regard, we hypoth-
esized that H,0, may be a scavenger of PhSH.

Afterwards, the recognition mechanism was explored. As shown
in Fig. 4b, the fluorescence and UV-vis absorbance spectrum of
the mixture solution of TEM-FB + PhSH were overlapped with the
TEM-OH, indicating that TEM-OH is the production of TEM-FB and
PhSH. This result is consistent with the peak at 3571232 that an-
alyzed by mass spectroscopy (Fig. 4c). Thus, we deduced the sens-
ing mechanism is that PhSH attacks the carbon atom of TEM-FB
through nucleophilic aromatic substitution reaction (SyAr) and
removes the recognition unit 2,4-dinitrophenyl group, which pro-
cess would recover ICT characteristic accompanied with a dra-
matical fluorescence enhancement (Fig. 4a). Subsequently, the
responses of TEM-FB to PhSH derivatives were evaluated. The re-
sults demonstrated that TEM-FB exhibited a significant response to
thiophenol derivatives with electron-donating substituents, while
demonstrating a weak or negligible response to those with
electron-withdrawing substituents (Fig. S12 in Supporting informa-
tion). This phenomenon would be attributed to the enhanced nu-
cleophilicity of the sulfhydryl group of thiophenol derivatives with
electron-donating substituents, as well as the diminished nucle-
ophilicity of the sulfhydryl group of thiophenol derivatives with
electron-withdrawing substituents.

Additionally, the electrostatic potential (ESP), the highest oc-
cupied molecular orbital (HOMO), and lowest unoccupied molec-
ular orbital (LUMO) distribution of TEM-OH and TEM-FB were
calculated to examine their ICT properties by density functional
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Fig. 5. (a) Fluorescence imaging of different living cell lines: 239T cells, A549 cells, HeLa cells, and HepG2 cells treated with PhSH (50 pmol/L) for 30 min before staining
with TEM-FB (30 pmol/L) for 30 min. (b) Average fluorescence intensity. Data are presented as the mean + SD (n=3). (c) Fluorescence imaging of HepG2 cells treated with
different concentrations of PhSH. (0, 25, 50, 75 pmol/L) for 30 min before staining with TEM-FB (30 pmol/L) for 30 min. (d) Average fluorescence intensity. Data are presented

as the mean =+ standard deviation (SD) (n=3).

theory (DFT) [72,73]. As shown in Fig. 4d, the ESP of TEM-FB
is negative to negative, destroying the push-pull electron system.
While this pattern of TEM-OH is negative to positive, exhibiting
excellent charge separation (negative in red and positive in blue)
and thus it is in accord with ICT process. Furthermore, the HOMO
of TEM-FB is merely distributed in the fluorophore unit, while its
LUMO distribution are dispersed in fluorophore unit and recogni-
tion unit. Differently, both the HOMO and LUMO of TEM-OH are
distributed in the conjugate unit, and the gaps of TEM-OH is lower
than that of TEM-FB, manifesting that TEM-FB could serve as an
ICT-based fluorescent probe.

Inspired by the above results in vitro, we further evaluated the
capability of TEM-FB to image intracellular PhSH. First, MTT assay
confirmed that TEM-FB almost caused no noticeable toxicity (Fig.
S13 in Supporting information). Subsequently, fluorescence imag-
ing in living cells (including normal cells (293T) and cancer cells
(A549, Hela, and HepG2)) were performed (Figs. 5a and b, Fig.
S14 in Supporting information). Upon addition of TEM-FB, their
displayed significant red fluorescence signals in living A549, Hela,
and HepG2 cells pretreated with PhSH (50 pmol/L). However, the
fluorescence intensity in 293T cells were slight and lower than that
in other cancer cells, which may be attributed to the low intake ca-
pacity of TEM-FB and PhSH by normal cells. Subsequently, HepG2
cells were stained with TEM-FB (30 umol/L) followed by incuba-

Living cells

tion with PhSH (0, 25, 50, and 75 pmol/L) for 30 min. As shown in
Figs. 5¢ and d, an increased fluorescence intensity was observed
with the increased PhSH concentration, which illustrates that
TEM-FB could image different concentration of PhSH in living can-
cer cells.

Considering that the fluorescent intensity of TEM-FB for PhSH
was greatly decreased in the presence of H,0, in vitro experi-
ments, and to validate our hypothesis mentioned above, we uti-
lized TEM-FB to visualize the distribution of PhSH in the presence
of exogenous H,0, and endogenous H,0, in living cells, respec-
tively. In contrast with Fig. 6b, there are slight fluorescence sig-
nal observed when HepG2 cells treated with exogenous H,0, or
phorbol myristate acetate (PMA, an agent to induce endogenous
ROS, including H,0,) in Figs. 6¢ and d, which similar to cells in-
cubated with TEM-FB only (Figs. 6a and f). It suggested that H,0,
may eliminate PhSH in the living cells and alleviate PhSH poison-
ing. To investigate whether the toxic PhSH could trigger stress re-
sponse by oxidative stress process, we examined the fluorescent
signals of TEM-FB for PhSH in the living cells and the fixed cells,
respectively. The fluorescence intensity in living cells (Fig. 6b) was
observed lower than that in fixed cells (Figs. 6e and f), indicat-
ing that living cells occurred oxidative stress in the presence of
PhSH accompanied with generating endogenous H,0,, while the
fixed cells were difficult to occur this process. Consequently, it

Fixed cells
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Fig. 6. Fluorescence imaging of HepG2 cells in different conditions (a) HepG2 cells were incubated with TEM-FB (30 pmol/L) for 30 min. (b) HepG2 cells were pretreated
with PhSH (50 pmol/L) for 30 min before staining with TEM-FB (30 pmol/L) for 30 min. (c) HepG2 cells were pretreated with H,0, (50 pmol/L) for 30 min and treated with
PhSH (50 pmol/L) for 30 min before staining with TEM-FB (30 pmol/L) for 30 min. (d) HepG2 cells were pretreated with PMA (10 pg/mL) for 30 min and then treated with
PhSH (50 pmol/L) for 30 min before staining with TEM-FB (30 pmol/L) for 30 min. (e) Fixed cells were pretreated with PhSH (50 pmol/L) for 30 min before incubating with
TEM-FB (30 pmol/L) for 30 min. (f) Average fluorescence intensity. Data are presented as the mean + SD (n=3).
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Fig. 7. Confocal fluorescence images of zebrafish in different conditions. (a) Ze-
brafish were pretreated with TEM-FB (30 pmol/L) for 30 min. (b) Zebrafish were
pretreated with PhSH (50 pmol/L) for 30 min before incubating with TEM-FB (30
pmol/L) for 30 min.

revealed that H,0, could alleviate PhSH poisoning by an oxidative
stress process.

Given the promising imaging performance in live cells, the
TEM-FB was further applied to image PhSH in zebrafish. All of an-
imal experiments have been approved by the Animal Ethics Com-
mittee of Northwest University. It shows significant increase of flu-
orescence when zebrafish was incubated with TEM-FB and PhSH
(Fig. 7b), while that incubated with TEM-FB only almost no fluo-
rescence (Fig. 7a). Moreover, the liver and the intestine of zebrafish
present higher fluorescence intensity than other regions, which
may be related to TEM-FB/PhSH metabolism. The results demon-
strated that TEM-FB could be used to perform PhSH imaging in liv-
ing specimens with a high signal-to-noise ratio, and TEM-FB/PhSH
is metabolized by the liver and digestive system of zebrafish.

In summary, we constructed an ICT-based NIR fluorescent probe
TEM-FB for monitoring PhSH with large Stokes shift (198 nm) and
high sensitivity (LOD =10 nmol/L). TEM-FB displayed excellent ca-
pability of visualizing PhSH in living cells and in zebrafish with
negligible cytotoxicity. Significantly, by using TEM-FB, we revealed
that the oxidative stress process caused by PhSH and demonstrated
that H,O, in cells would alleviate the poisoning of PhSH for the
first time. This work would provide a valuable tool for monitoring
PhSH in physiological processes.
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