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Abstract

Glutathione (GSH), an extremely important antioxidant, is a major participant in
redox homeostasis and tightly associated with various clinical diseases. Thus, accurate
and rapid detection of intracellular GSH is imperative to elucidate its role in
physiological and pathological processes. Herein, by modifying 2-(2°-hydroxyphenyl)
benzothiazole (HBT) scaffold, we developed an excited-state intramolecular proton
transfer (ESIPT)-based fluorescent probe BTFMD for tracking glutathione, which
exhibited good selectivity, excellent water solubility, a large Stokes shift (181 nm) and
fast response rate (within 10 min). Furthermore, the probe was successfully applied
for imaging of endogenous GSH in live cells and zebrafish, and probing into the role

of GSH in the development of cancer and Parkinson’s disease.
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1. Introduction

Glutathione (GSH), the most abundant intracellular biothiol, works as a cornerstone
of maintaining redox homeostasis to avoid the oxidative damage of proteins, lipids
and DNA induced by reactive oxygen species [1-4]. It is well-known that its abnormal
levels are associated with various diseases, such as cardiovascular diseases,
inflammation, cancers, Alzheimer’s disease and Parkinson’s disease [5-7]. Therefore,
developing a specific method for detecting GSH is conducive to explore its role in
pathophysiological processes.

Nowadays, the fluorescent detection method has attracted much attention for its
irreplaceable role and significant advantages in life science [8-9], including
non-destructive detection, excellent selectivity and high sensitivity [10-11]. A
considerable number of fluorescent probes for sensing GSH have been developed
based on different response mechanisms (see Table S1 and S2) [11], such as cleavage
of sulfonate esters [12-14] or sulphonamide [15-17], cleavage of disulphide bonds
followed by cyclization [18-20], Se-N bond cleavage [21-23], aryl substitution
reactions [24-31], Michael additions and so on [32-38]. Among of them, the ones
undergoing excited-state intramolecular proton transfer (ESIPT) are particularly
attractive when compared to the classic fluorescence mechanisms (photoinduced
electron transfer, intramolecular charge transfer and fluorescence resonance energy
transfer), because of their uncommon large Stokes shifts and environmental sensitivity
[39]. Moreover, most of ESIPT fluorophores can be utilized for ratiometric sensing

due to its dual-emission spectra, which is particularly useful for quantitative detection



of target analytes [40-41]. However, because the ESIPT process is usually inhibited
by the presence of polar and hydrogen bond donating solvents, lots of ESIPT-based
fluorescent probes works with the assistant of some surfactants, such as
cetyltrimethylammonium bromide (CTAB), which creates a sufficiently hydrophobic
environment to produce or reinforce a fluorescence response [39]. The use of
surfactants limits the biological application of ESIPT-based probes due to toxicity of
surfactants at high concentrations. Furthermore, the performance of ESIPT-based
GSH fluorescence probes still needs to be improved in terms of response time,
selectivity, Stokes shift and water-solubility (Table S1). Especially developing those
capable of effectively discriminating GSH from other biothiols including cysteine
(Cys), homocysteine (Hcy) and cysteine-containing proteins remains a challenge,
owing to their similar chemical properties.

Accordingly, inspired by previous works [42-43] we used 2-(2"-hydroxyphenyl)
benzothiazole (HBT), a known ESIPT fluorophore [44], to design GSH selective
probe 2-(benzo[d]thiazol-2-yl)-6-formyl-4-methylphenyl 2,4-dinitrobenzenesulfonate
(BTFMD) (Scheme 1), where 2, 4-dinitrobenzenesulfonyl group functions as the
trigger for its rapid cleavage to BTFM-OH by GSH, Cys and Hcy. To reduce the
interference from Cys and Hcy, we incorporated an aldehyde moiety that could further
cyclize with them, thereby quenching green fluorescence of BTFM-OH [45-46]. We
envisioned that the combination of 2,4-dinitrobenzenesulfonyl group and aldehyde
moiety enables this probe to distinguish GSH accurately and rapidly, without the need

of introducing CTAB (Scheme 1).



Scheme 1 here

2. Experiment
2.1 Materials and instruments

All chemical reagents were purchased from Energy Chemical (Shanghai, China).
RPMI-1640 medium, 6-OHDA, GSH, Cys, Hcy, BSA and NEM were obtained from
Sigma-Aldrich (St. Louis, USA). Penicillin and streptomycin were purchased from
Solarbio (Beijing, China). Fetal bovine serum (FBS) was a product from Rongye
Biotechnology Co., Ltd (Lanzhou, China). Dulbecco's modified Eagle medium was
purchased from Thermo Scientific. Zebrafish were obtained from Feixi Biotechnology
Co., Ltd (Shanghai, China).

All reagents and solvents were commercially available and used without further
purification unless otherwise stated. Deionized water was selected during all
experiments. All reactions were magnetically stirred and monitored using thin layer
chromatography. *H NMR and *C NMR spectra were measured by a Bruker AM -
400 MHz spectrometer. High-resolution mass spectra were collected on a
High-Resolution Mass Spectrometer (HRMS, Bruker APEX II  47e mass
spectrometer). The UV/vis absorption spectra were obtained on a TU-1901
spectrophotometer.  Fluorescence spectra were recorded on F-7000 FL
spectrophotometer. The zebrafish imaging experiments were carried out using an

Olympus IX71 inverted microscope.



2.2 Synthesis of BTFMD

The probe BTFMD was readily synthesized by using simple and cheap raw
materials. The details of the synthesis procedure and the characterization of
compound were included in the Supporting Information.

BTFMD, white solid, mp: 213-215 °C; *H NMR (400 MHz, CDCls, ppm): & 10.44
(s, 1H), 8.23 (d, J = 2.0 Hz, 1H), 7.99 (d, J = 2.0 Hz, 1H), 7.87 (dd, J = 8.4, 2.0 Hz,
1H), 7.89-7.75 (m, 4H), 7.48-7.42 (m, 1H), 7.41-7.35 (m, 1H), 2.54 (s, 3H); *C NMR
(100 MHz, CDCl3, ppm): 6 186.9, 161.4, 152.6, 149.6, 146.0, 139.6, 137.4, 135.6,
133.7, 132.5, 132.0, 131.0, 128.4, 127.1, 126.6, 126.0, 123.4, 121.5, 119.6, 21.0;

HRMS (ESI) Calcd. for CxH1sNO4 (M+H)™: 500.0217, Found 500.0218.

2.3 Optical studies

The solutions of amino acids and reduced glutathione (GSH) were prepared in
deionized water. The tested species included thiol compounds (GSH, Cys, Hcy),
bovine serum albumin (BSA) and amino acids (His, Leu, lle, Thr, Ala, Ser, Met, Lys,
Pro, Val, Phe, Glu, Arg, Gly, Tyr, Trp, Asn, Asp and GIn). The stock solution of probe
BTFMD was prepared in DMSO, and then diluted to 10 uM in 3 mL PBS buffer.
Fluorescence spectra data were not recorded until 20 min after the addition of analytes.

The excitation and emission slit width were 10 nm and 15 nm, respectively.

2.4 Cytotoxicity assays



HepG2 and PC12 cells were purchased from the Shanghai Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences. In a humidified atmosphere 5% CO,
at 37 °C, HepG2 cells and PC12 cells were cultured in RPMI medium 1640 and
DMEM (Dulbecco's modified Eagle’s medium) respectively, both of which
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
U/mL streptomycin. HepG2 cells (4x10* cells/well ) and PC12 cells (6x10” cells/well )
were seeded in 96 well plate for overnight, then pretreated with different
concentrations of BTFMD and cultured for another 24 h. Subsequently, the cells were
incubated with 10 pL methyl thiazolyl tetrazolium (MTT, 5 mg/mL) and 90 pL culture
medium for 4 h, and absorbance of the solution at 570 nm was measured by using a

Bio-Rad M680 microplate reader.

2.5 Cell fluorescence imaging

HepG2 cells (4x10* cells/well), HeLa cells (4x10* cells/well) and LO2 cells (5x10*
cells/well) were seeded in a 6-well culture plate for overnight and were incubated with
probe BTFMD. Subsequently, the cells were washed three times with PBS (pH = 7.4)
before fluorescence image. After cultured in a 6-well culture plate for overnight, PC12
cells (8x10* cells/well) were pretreated with different concentrations of 6-OHDA for
12 h and then incubated with BTFMD for 20 min. Fluorescence imaging was

acquired by fluorescence microscope (Leica DM 4000B, United States).

2.6 Zebrafish imaging



For fluorescence imaging in vivo, 5-day-old zebrafish were divided into four groups
and treated in different ways. Subsequently, they were washed with medium for three

times and imaged with Olympus IX71 inverted microscope.

3. Result and discussion
3.1 Synthesis of probe

BTFMD was prepared by following the synthesis procedure shown in Scheme 2
[47-49]. Compound 1 was synthesized through cyclization of 5-methylsalicylaldehyde
and 2-aminobenzenethiol, and then was used to react with hexamethylenetetramine to
produce compound 2. Finally, we obtained the probe BTFMD via the substitution
reaction of compound 2 and 2, 4-dinitrobenzenesulfonyl chloride.

Scheme 2 here

3.2 Fluorescent response to GSH

Initially, the response of the probe to GSH was studied. As shown in Fig. 1A, the
probe BTFMD in PBS buffer (pH = 7.4) exhibited a shoulder peak at about 372 nm
after the addition of GSH. As expected, BTFMD displayed barely fluorescence, but
manifested an enhancement of fluorescence at 553 nm upon the excitation at 372 nm
when different concentrations of GSH were introduced (Fig. 1B), highlighting a large
Stokes shift (181 nm). Furthermore, we explored the linear relationship between the
fluorescence intensity and GSH concentrations (Fig. 1C), and calculated the detection

limit (330 nM) of BTFMD based on the 36/k method. Time-dependent fluorescence



spectroscopy was introduced to check response rate of BTFMD to GSH in PBS. After
addition of ImM GSH, the fluorescence intensity gradually increased and reached
equilibrium within 10 min (Fig. 1D), indicating that BTFMD could be a potential tool

for rapid detection of GSH.

Figure 1 here

3.3 Studies on pH dependency and selectivity

Moreover, we evaluated the effect of different pH values on the fluorescent
response of BTFMD to GSH. As shown in Figure 2A, the probe displayed a
maximum response to GSH under physiological conditions (pH = 7), hinting at that it
holds great promise for tracking GSH in living cells. To clarify the selectivity of
BTFMD toward GSH, we benchmarked its performance on a variety of relevant
species including biothiols (GSH, Cys and Hcy), bovine serum albumin (BSA, as the
model of the cysteine-containing proteins) and various amino acids (His, Leu, lle, Thr,
Ala, Ser, Met, Lys, Pro, Val, Phe, Glu, Arg, Gly, Tyr, Trp, Asn, Asp and GIn). As
illustrated in Fig. 2B, GSH induced a remarkable (34-fold) increase in the
fluorescence intensity at 553 nm, followed by Cys, Hcy and BSA showing only a
weak response, while various amino acids was inactive, highlighting the good
selectivity of BTFMD toward GSH. These results suggest that the probe is suitable

for selective imaging of glutathione in biological research.

Figure 2 here



3.4 Mechanistic investigation

To further verify our assumption, HRMS spectroscopy was used to explore the
reaction mechanism. After the reaction of BTFMD with GSH, Cys and Hcy
respectively, the key peaks of BTFM-OH (m/z = 270.06, [M + H]"), GSDN (m/z =
474.09, [M + H]"; m/z = 496.07, [M + Na]*) and BTMTA (m/z = 373.07 and
387.08, [M + H]") were observed (Fig. S1-S3). In addition, when BTFMD was
treated with Cys or Hcy (1mM), the fluorescence intensity increased firstly and then
decreased at 553 nm which was accompanied by the gradual increment at 463 nm (Fig.

S4-S5). These results are in line with our expectations (Scheme 1).

3.5 Fluorescent imaging

Prior to fluorescence imaging, the cytotoxicity of BTFMD was examined by the
MTT assay from which 10 uM was found to be non-cytotoxic and thus used in the
following experiments (Fig. S6). Next, the time-dependence of the fluorescence
intensity of BTFMD toward endogenous GSH was investigated. When HepG2 cells
were directly incubated with probe BTFMD for different time, the fluorescence
intensity of green channel presented a time-dependent enhancement and reached a
decent intensity at 20 min (Fig. 3A). In contrast, when the cells were pretreated with
NEM (a thiol-trapping reagent), the fluorescence fainted over green channel (Fig. 3B).
However, the NEM-pretreated cells were incubated with GSH, the fluorescence signal
was observed again, implying that the probe could act as a sensitive detector of

endogenous GSH.

10



Figure 3 here

Subsequently, with the aid of BTFMD, we evaluated the endogenous GSH levels
of different cells (Fig. S7). It was found that the concentration of GSH in cancer cells
(HepG2 and Hela cells) was obviously higher than that in normal cells (L02 cells).
The above result suggests that the probe is capable of effectively distinguishing
cancer cells from normal cells in terms of GSH levels. This is also in tune with
previous finding that compared with normal cells, cancer cells up-regulate GSH
synthesis to cope with their inherent oxidative stress and maintain their malignant
phenotype [50]. The abnormal GSH levels of cancer cells have opened a window for
developing pro-oxidative anticancer agents to deplete their GSH [50-51]. We
previously found a piperlongumine analog (PL-CL) that could induce more
significantly the GSH depletion than its parent molecule (PL) [51]. This conclusion
was verified again by using the probe (Fig. 4), supporting that it can help us screen
pro-oxidative anticancer agents rapidly and facilitate pro-oxidative anti-cancer

mechanistic investigation.

Figure 4 here

Parkinson’s disease, a chronic progressive neurodegenerative disorder, is closely
related to GSH level [52-53]. To explore the relationship, the PC12 cells treated with
6-hydroxydopamine (6-OHDA) were used to establish a cellular model of Parkinson’s

disease. Based on the cytotoxic results (Fig. S8), we adopted different concentrations
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of 6-OHDA and BTFMD (5 uM) to carry out the following experiments. As shown in
Fig. 5A and B, PC12 cells incubated with the probe displayed the dramatic green
fluorescence. However, after PC12 cells were pretreated with 6-OHDA, the
fluorescence intensity over green channel declined significantly (Fig. 5A and B) along
with the death of partial cells (Fig. 5C), indicating that the pathophysiological

processes of Parkinson’s disease are closely associated with the GSH depletion.

Figure 5 here

Ultimately, to investigate the feasibility of BTFMD for monitoring GSH in vivo,
we employed it to track GSH in living zebrafish. As shown in Fig. 6, zebrafish was
directly incubated with the probe for 20 min and exhibited green fluorescence. In
contrast, upon pretreatment with NEM, zebrafish exhibited faint green fluorescence.
When the NEM-pretreated zebrafish was incubated with GSH, the green fluorescence
signal appeared again. These results support that the probe holds promise for detecting

endogenous GSH in living systems.

Figure 6 here

4. Conclusion

In summary, we designed a new GSH probe BTFMD by modifying the HBT
scaffold based on the incorporation of the 2,4-dinitrobenzenesulfonyl group and
aldehyde moiety. The probe is characterized by good selectivity, large Stokes shift,
fast response rate, easy preparation and excellent water solubility, supporting that it is

12



suitable for tracking endogenous GSH. Subsequently, the probe was successfully
applied to explore the role of GSH in the development of cancer and Parkinson’s
disease, as well as the activity and mechanism of pro-oxidative anticancer agents.
Furthermore, the probe showed the satisfactory performance of fluorescence imaging
in zebrafish. We anticipate that the probe would be a promising candidate to dissect

the pathophysiological processes mediated by GSH.
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Figure legends

Scheme 1. Design of fluorescent probe BTFMD for selective tracking GSH.

Scheme 2. Synthesis of BTFMD

Figure 1. (A) Absorption spectra of BTFMD (10 uM) with and without GSH (1 mM)
in PBS buffer (pH = 7.4). (B) Fluorescence response of BTFMD (10 pM) upon
addition of GSH (0-1 mM) for 20 min in PBS (kex = 372 nm). (C) The linear
relationship of fluorescence intensity at 553 nm against the concentrations of GSH
(0-15 uM). Incubation time: 20 min. (D) Time-dependent fluorescence spectra of

BTFMD (10 uM) in the presence of 1 mM GSH at Aery = 553 nm.

Figure 2. (A) Fluorescence intensity of probe BTFMD (10 uM) with 1 mM GSH in
PBS with different pH conditions at 553 nm. Incubation time: 20 min. (B)
Fluorescence response of BTFMD (10 uM) at Aem = 553 nm, in the presence of
biothiols (Cys, 1 mM; Hcy, 1 mM; GSH, 1 mM), BSA (100 uM) and various amino

acids (100 uM) after incubating for 20 min in PBS (pH = 7.4).

Figure 3. (A) Fluorescence images of probe BTFMD (10 uM) in HepG2 cells under
different time. Scale bar: 20 um. (B) (b, f) HepG2 cells were incubated with BTFMD
(10 uM) for 20min. (c, g) HepG2 cells were pretreated with NEM (1 mM) for 30 min
and incubated with BTFMD (10 uM) for 20 min. (d, h) HepG2 cells were treated with
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NEM (1 mM) for 30 min, GSH (1 mM) for 30 min, and then incubated with BTFMD

(10 uM) for 20min. Scale bar: 20 um.

Figure 4. (A) Fluorescence images of GSH in HepG2 cells pretreated with 5 uM PL
or 5 uM PL-CL for 12 h followed by incubation with BTFMD (10 uM) for 20 min.

(B) Relative fluorescence intensities in panel A. Scale bar: 50 um.

Figure 5. Practical application of BTFMD. (A) PC12 cells pretreated with different
concentrations of 6-OHDA for 12 h, and then incubated with BTFMD (5 uM) for 20
min. Scale bar: 50 pum. (B) Relative fluorescence intensities in panel A. (C) MTT

assay of PC12 cells with different concentrations of 6-OHDA in 12 h and 24 h.

Figure 6. Fluorescence images of exogenous GSH in 5-day-old zebrafish. (b, f)
Zebrafish was incubated with BTFMD (10 uM) for 15 min. (c, g) Zebrafish was
pretreated with NEM (100 uM) for 20 min and incubated with BTFMD (10 uM) for
15 min. (d, h) Zebrafish was treated with NEM (100 uM) for 20 min, GSH (200 uM)

for 20 min, and then incubated with BTFMD (10 uM) for 15 min. Scale bar: 200 um.
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Graphical abstract

Highlights
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BTFMD is readily synthesized with using simple and cheap raw materials.
BTFMD is an ESIPT-based fluorescent probe for rapidly distinguish GSH.
BTFMD has good selectivity, large Stokes shift and fast response rate.

BTFMD has been successfully applied for imaging of endogenous GSH.
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