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Glutathione (GSH), an abundant non-protein thiol, plays a crucial role in numerous biotic processes. Herein,
a mitochondria-targeted near-infrared GSH probe (JGP) was synthesized, which displayed desired
properties with high specificity and sensitivity, appreciable water solubility, and rapid response time. In
the presence of GSH, nearly a 13-fold fluorescence emission growth appeared at 730 nm and the
solvent color changed from blue to cyan. The sensing mechanism of JGP and GSH was confirmed by
a high-resolution mass spectroscopy analysis. Moreover, good cell penetration enabled JGP to be
successfully used for imaging biological samples such as Hela cells, C. elegans, and especially rat brain

R 48D ber 2021 slices. Imaging experiments showed that JGP could monitor the GSH concentration changes with
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Accepted 5th January 2022 a dose-dependent direct ratio in all the tested samples. The successful application of JGP in brain

imaging indicates that JGP is a suitable GSH optical probe, which may have wide application value in

DOI: 10.1039/d1ra08917j fields of brain imaging. It also lays a theoretical and practical foundation for the further application of
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1. Introduction

Glutathione (GSH) as a ubiquitous endogenous bio-thiol, is
indispensable for keeping a suitable redox balance in living
cells." Besides being involved in signal transduction, xenobiotic
metabolism, and gene regulation, it has also been considered
a biomarker of the tumor microenvironment and acute liver
injury. GSH levels are also closely related to various serious
diseases including Alzheimer's and Parkinson's diseases and
liver diseases.>” Therefore, developing an effective detection
tool for qualitative and quantitative analysis of GSH in vitro and
invivo is significant and urgently needed in clinical diagnosis.®’

Selectively detecting GSH from several coexisting bio-thiols
(cysteine, homocysteine, selenocysteine, etc.) is difficult
because of their analogous molecular structures and similar
reactivities.®*** Compared with the traditional detection
methods, fluorescent probes afford a variety of testing advan-
tages such as real-time spatial and in situ imaging, high
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fluorescent probes in brain sciences.

sensitivity, non-invasiveness, and low damage for bio-
samples.”>"® In recent years, some mediocre designs of fluo-
rescent probes for testing GSH mostly imitate the antiquated
mechanism such as Michael addition,***” nucleophilic substi-
tution,’®* and disulfide or Se-Se bond break,**? etc.3%*
However, most of them have the disadvantages of slow response
time or poor selectivity, and these problems remain a challenge.

Brain science has always been a compelling research field,
and has become more and more popular in recent years. The
content and distribution of some substances in the brain are
closely related to common brain diseases.**** In particular,
GSH, as a reductive substance, can effectively fight against
reactive oxygen species in the brain. In previous reports,
hippocampal GSH levels in human postmortem brain samples
have been reported to decrease with age.** Besides, the previous
study using the MPTP mouse model of Parkinson's disease (PD)
showed GSH depletion with increased oxidative stress and
EAAC1 dysfunction in the midbrain.** All these observations
indicated that the content of GSH in the brain had a potential
relationship with neurodegenerative diseases such as Alz-
heimer's disease (AD) and PD. However, research focusing on
brain GSH imaging is very limited due to the problem of poor
anti-interference or unspecific selectivity.***” Therefore, we
believe that developing a near-infrared, highly selective GSH
probe for brain imaging is of great significance.

Fluorescence imaging is a common method of biological
analysing,***® based on the previous works,* we chose the
typical fluorescence mechanism of intramolecular charge

© 2022 The Author(s). Published by the Royal Society of Chemistry
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transfer (ICT) to regulate the fluorescence switch. Meanwhile,
a positive nitrogen ion was introduced into the probe to ensure
the mitochondrial localization ability.***** Thus, an ICT-based,
2,4-dinitrobenzenesulfonyl group modified near-infrared fluo-
rescent probe JGP for the detection and bio-imaging of GSH was
synthesized. As anticipated, the probe showed high specificity
and sensitivity, an excellent linear relationship with the analyte,
and good mitochondria colocalization ability. Moreover, stable
optical properties and good penetration provided JGP with
biological imaging capability in complex biological samples
such as C. elegans and rat brain slices.

2. Results and discussion
2.1. Spectral responses of JGP toward GSH

First, the optical response of JGP toward GSH was investigated
in phosphate buffer (0.02 mM, pH 7.4, PBS : EtOH = 3 : 7). As
shown in Fig. 1A, JGP alone displayed extremely weak fluores-
cence. A fluorescence emission growth appeared at 730 nm after
incubating JGP with the increasing concentration of GSH, and
the solvent colour changed from blue to cyan. Free JGP exhibit
two absorption maxima around 555 nm and 610 nm. The
absorption band at 555 nm disappeared with the addition of
GSH, whereas a new absorption band appeared at 715 nm
(Fig. 1B), suggesting JGP responds to GSH.

The fluorescence intensity at 730 nm was linearly propor-
tional to the GSH concentration in the range of 0-15 uM with
a limit of detection (LOD) of 6 x 10~’ M (Fig. 1C). Intracellular
concentrations**¢ of Cys (30 uM), Hey (12.5 pM), GSH (1 mM),
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Fig.1 (A) Fluorescence responses (Aey/em = 680 Nnm/730 nm) of probe
JGP in the presence of the increasing amount of different concen-
trations of GSH (0-15 uM) in the solutions. (B) UV-Vis absorption
responses of probe JGP in the presence of increasing concentrations
of GSH (0-15 uM). (C) The linear relationship between probe JGP and
increasing concentrations of GSH (all solvent system was CHsCH5-
OH : PBS, v/v = 7.3, pH = 7.4). The detection limit (LOD) was calcu-
lated to be 0.6 uM based on the expression 3S/K. (D) Fluorescence
responses (Aey/em = 680 NM/730 nm) of probe JGP with the addition of
various substances ((0) blank, (1) Cys (30 uM), (2) Hey (12.5 uM), (3) Leu,
(4) Ser, (5) Val, (6) Pro, (7) Glu, (8) H,O,, (9) H,S, (10) NOs™, (11) ClO™,
(12) Ni%*, (13) Cr®*, (14) Fe®*, (15) HSO, ™, (16) SO42~, (17) HSO3™, (18)
SO35%7, (19) GSH (1 mM)). JGP concentration: 20 pM.
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thiol-lacking amino acids (200 pM) and other analytes (10 pM)
were selected as interference potential materials to test the
selectivity of probe JGP (Fig. 1D). The probe had little response
to all compounds other than GSH. Considering that sulfites are
toxic to organisms and are present in very small quantities in
vivo,*® it can be recognized that JGP had an excellent selectivity
towards GSH. As shown in Fig. S5, probe JGP was stable
between pH 2.0 to 11.0 and worked well between pH 6.6 to 10.0
in response to GSH. Therefore, JGP can be used in physiological
conditions such as in living cells.

2.2. Study of mechanism

ESI-MS was carried out to verify the reaction mechanism, as
demonstrated in Fig. S3.1 After the reaction of JGP with GSH,
a new peak at m/z 448.2303 was assigned to the product of
compound 4 ([M]" caled 448.2271) formed after the bond
breaking reaction between JGP and GSH. It indicates that the
response mechanism of JGP to GSH is based on the removal of
2,4-nitrobenzene sulfonate and JGP could be used for GSH
detection as a fluorescent probe.

2.3. Cell labeling and intracellular colocalization studies

According to the cytotoxicity study (Fig. S61), the inhibitory rate
of the probe JGP on normal cells was much lower than that on
tumor cells at the same concentration. In order to further verify
the detection capability of JGP for GSH in cells, fluorescence
imaging studies were carried out using HeLa cells, in the
presence of NEM (N-ethylmaleimide) to get rid of GSH in some
bio-samples. The acquired fluorescence images revealed that
the fluorescence intensity in the wuntreated HeLa cells
(Fig. 2Aa3) was greater than that in NEM-treated -cells
(Fig. 2Ab3). The fluorescence imaging results showed in Fig. 2B
demonstrated that JGP could monitor the GSH concentration
changes in a dose-dependent manner.

Further, we explored the intracellular localization ability of
JGP in Hela cells using commercial mitochondria-specific
tracker-Mito Tracker Green. The extent of fluorescence overlap
for JGP with mitochondria was codified in the form of the
Pearson's overlap coefficient (PC) of 0.94, an average over at
least 3 independent experiments (Fig. 3). As anticipated, the
presence of the positive ion on nitrogen in the probe JGP
afforded an excellent ability for staining mitochondria. There-
fore, probe JGP can be potentially applied to analyse exogenous/
endogenous GSH content in vivo qualitatively.

2.4. Confocal imaging of C. elegans and rats brain slices

In order to further validate the imaging ability of JGP in more
sophisticated biological samples, the in vivo imaging of gluta-
thione was evaluated in C. elegans and rat brain slices. C. elegans
were randomly divided into four groups: the first group was
blank; the second group was only treated with probe JGP (20
uM); the third group was first treated with NEM (20 pM) to get
rid of the endogenous GSH and then incubated with probe JGP
(20 uM); the last group was incubated with NEM, JGP, and GSH
in turn. As evident from Fig. 4A and C, there was almost no
fluorescence response from the blank group. In group 2 and
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(A) Confocal fluorescence images of Hela cells. (al)—(a4) The cells were incubated with probe JGP for 1 h only. (b1)—(b4) The cells were

incubated with NEM (50 puM) for 30 min and then treated with probe JGP for 1 h. (c1)-(e4) The cells were incubated with NEM (50 uM) for 30 min,
treated with probe JGP for 1 h, and further treated with GSH ((c1-c4) 1 uM, (d1-d4) 2 uM, (el-e4) 3 uM) for 1 h. (B) Relative pixel intensity of red
channels of Hela cells. Objective lens: 10x; scale bar: 20 um; incubation temperature of Hela cells: 37 °C; JGP concentration: 5 pM.

Fig. 3 Hela cells were incubated with JGP (5 uM) for 30 min, then
incubated with Mito Tracker Green (0.4 uM) for 30 min. (a) The red
fluorescence image of JGP, red channel = 650-750 nm. (b) The green
fluorescence image of Mito Tracker Green, green channel = 520-
620 nm. (c) Bright field image. (d) Merged images of (a)-(c). (e)
Colocalization coefficient of JGP and Mito Tracker Green was calcu-
lated to be 0.94.

group 4, significant fluorescence could be observed, indicating
the presence of GSH in nematodes. The fluorescent intensity in
group 4 was higher than that in group 2, which indicated that
the concentration of GSH in nematodes increased after exoge-
nous treatment (Fig. 4C). In third group, fluorescence intensity
was significantly lower as compared to group 2 and group 4,
which confirmed that NEM removed endogenous GSH in C.
elegans. We further investigated the imaging ability of JGP in rat
brain slices. In previous studies,”** it was found that the
content of GSH in the brain environment contributed to the
balance of the content of reactive oxygen species (ROS) partly.
The insufficient content of GSH can interrupt the brain
REDOX balance and result in the risk of stroke diseases. If the

2670 | RSC Adv, 2022, 12, 2668-2674

probe JGP can successfully image GSH in rat brain slices, it will
have the possibility to monitor the changes of GSH in the brain,
which is of great significance for the detection of various
diseases caused by the decrease of GSH content. Frozen brain
slices were chosen for confocal imaging and divided into four
groups: blank group, endogenous GSH group, NEM-
preincubated group (since NEM is a GSH scavenger, the lower
fluorescence intensity of NEM group than that of the exogenous
group would indicate that the probe JGP can detect exogenous
GSH), and exogenous GSH group. As exhibited in Fig. 4B and D,
we found that the fluorescence intensity values of the endoge-
nous GSH group and exogenous GSH group were much higher
than that of the other two groups, which directly demonstrated
that the ability of probe JGP to image GSH in the brain envi-
ronment and its potential for imaging GSH in other complex
biological models. Due to the advantage of near-infrared fluo-
rescence emission of the probe JGP, even the rat brain slices
showed strong green autofluorescence in the confocal experi-
ments, the bio-imaging by JGP can still clearly chase the GSH
concentrate changes in the biological samples without any
interference. Thus, JGP was proved to be a unique probe that
can be used for monitoring and visualizing the GSH fluctuation
in the internal environment of complex biological samples.

3. Experimental
3.1. Materials and instruments

All solvents and reagents were purchased commercially and
used without further purification. Flash column chromatog-
raphy was performed using silica gel (200-300 mesh). Mass

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) CLSM imaging of C. elegans (N2). (al) and (b1) Blank. (a2) and (b2) C. elegans were incubated with probe JGP for 2 h. (a3) and (b3) C.

elegans were first incubated with NEM for 30 min before incubated with probe JGP. (a4) and (b4) C. elegans were first incubated with NEM for
30 min. Next, C. elegans were treated with probe JGP for 2 h and further treated with GSH (400 uM) for 2 h. (B) Confocal imaging of rat brain

slices. (c1)—(c4) Blank. (d1

)—(d4) The brain slices were treated with probe JGP for 1 h. (el)—(e4) The brain slices were first incubated with NEM for

15 min before incubated with probe JGP. (f1)—(f4) The brain slices were first incubated with NEM for 30 min. Next, brain slices were treated with
probe JGP for 1 h, and further treated with GSH (50 uM) for 1 h. (C) Relative pixel intensity of red channels of C. elegans. (D) Relative pixel intensity
of red channels of rat brain slices. Objective lens: 10 x; incubation temperature of C. elegans: 20 °C; incubation temperature of brain slices: 37 °C.

JGP concentration: 20 uM, NEM concentration: 500 mM.

spectra were recorded on cation SpecHiResESI mass spec-
trometer. NMR spectra were recorded on a 400 MHz spec-
trometer (Bruker, Germany).

3.2. Design and synthesis of probe JGP

Cyanine derivative was selected as the fluorophore due to its
excellent photophysical properties, and the positively charged
moiety of indole ammonium cation was chosen for mitochon-
dria targeting. 2,4-Dinitrobenzenesulfonyl group was intro-
duced at the hydroxyl site of the fluorophore as both a GSH
responsive group and a quencher. Synthesis methods of

Compound 3

Compound 1

Compound 2

Scheme 1 Synthesis and recognition mechanism of probe JGP.

© 2022 The Author(s). Published by the Royal Society of Chemistry

compounds 1, 2, 3, and 4 are according to the previous litera-
ture.”* The synthetic route of JGP is illustrated in Scheme 1, and
it was characterized and confirmed by "H NMR and '*C NMR
spectroscopy (Fig. S1t). To synthesize JGP, compound 4
(287.75 mg, 0.5 mmol) was dissolved in anhydrous dichloro-
methane. To this, triethylamine (0.10 mL, 0.75 mmol) and 2,4-
dinitrobenzenesulfonyl chloride (265.94 mg, 1 mmol) were
added, and the mixture was reacted at room temperature for 3
hours. After completion of the reaction, the resulting solution
was extracted with deionized water three times (3 x 20 mL). The
organic layer was dried over Na,SO,, and then the solvent was
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evaporated. The crude solid was purified by silica gel column
chromatography with methanol/dichloromethane (1 : 100, v/v)
to afford a cyan powder of JGP. Yield: 42% (169.07 mg). 'H
NMR (400 MHz, CDCl;) ¢ (ppm) 8.886 (d, J = 2.8 Hz, 1H), 8.537
(m, 1H), 8.198 (d, J = 8.4 Hz, 1H), 8.049 (m, 2H), 7.677 (t, ] =
7 Hz, 2H), 7.654 (m, 1H), 7.511 (t, 1H), 7.370 (m, 1H), 6.968 (m,
1H), 6.791 (m, 1H), 6.766 (m, 1H), 4.819 (q, J = 6.4 Hz, 2H),
2.8885 (m, 2H), 2.762 (m, 2H), 2.076 (s, 6H), 1.972 (m, 2H), 1.639
(t,J = 1.2 Hz, 3H). *C NMR (100 MHz, CDCl;) é (ppm) 197.80,
158.18, 152.98, 151.12, 149.47, 148.83, 148.23, 147.43, 145.42,
138.23, 137.08, 134.36, 133.12, 131.83, 131.56, 130.21, 128.76,
128.45, 127.39, 126.86, 125.19, 122.65, 121.69, 120.46, 118.18,
115.52, 111.65, 110.09, 106.44, 53.05, 42.01, 29.51, 27.54, 27.43,
24.12, 20.11, 13.39. HEMS (ESI): calcd for C;,H3,N3058" [M]" =
678.1905, found m/z 678.1902.

3.3. UV-Vis and fluorescence spectroscopy

UV-240IPC spectrophotometer (Shimadzu) and F97XP spectro-
fluorometer were used for acquiring the absorption spectra and
fluorescence spectra, respectively, using 1 cm standard quartz
cell. The emission spectrum was recorded at the excitation
wavelength of 680 nm, and the excitation spectrum as moni-
tored at the wavelength of 730 nm. The stock solution of probe
JGP (5 mM) was prepared in ethanol.

3.4. Determination of the detection limit

The lowest detection limit was estimated by following regres-
sion equation as adopted in previous report.>

3.5. Cell imaging experiment and colocalization study

The HeLa cells were provided by the Kunming Institute of
Zoology, Chinese Academy of Sciences. First, the cells were
washed three times with PBS buffer (0.01 M, pH 7.4). After
washing the cell culture dish twice with PBS buffer, HeLa cells
were transferred, and 1 mL of PBS buffer was added. Next, the
HeLa cells were incubated with probe JGP (5 pM) for 1 h, treated
with a large amount of NEM (glutathione scavenger, 500 M),
followed by the addition of GSH. The Olympus laser confocal
microscope (FV10i) was used to test the red channel. In the cell
colocalization study, after incubation with probe JGP (5 pM) for
30 min, group 1 were washed twice with PBS buffer and then
incubated with DAPI for 15-30 min. Then cells were then
washed twice with PBS buffer and incubated with mitochon-
drial dye (Mito Tracker Green (10 nM)) for 30 min. The red
channel (670-760 nm) fluorescence was again detected using
Olympus laser confocal microscope (FV10i). Channel selection:
DAPI (Ao, = 461 nm); green (A = 500-580 nm); red (Aem =
670-760 nm).

3.6. C. elegans fluorescence imaging

C. elegans were divided into four groups for CLSM. The first
group was the blank group. The second group was incubated
with 4% formaldehyde for 30 min and then treated with JGP for
2 h after washing with de-aerated M9 buffer three times. The
third group was incubated in de-aerated M9 buffer with NEM

2672 | RSC Adv, 2022, 12, 2668-2674
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(1.0 mM) at 20 °C for 1 h, and then treated with GSH (200 puM)
for 2 h. After fixing with 4% formaldehyde for 30 min, C. elegans
were finally stained with 20 pM of JGP for 2 h. Analogously, the
last group was incubated in de-aerated M9 buffer with NEM (1.0
mM) for 30 min but without GSH treatment. After the same
process, the nematodes were stained with 20 uM of JGP for 2 h.
C. elegans were washed with de-aerated M9 buffer three times
before each step. Finally, fluorescence imaging was performed
by the Olympus BX51 fluorescence microscopy.

3.7. Rat brain slices confocal imaging

All animal studies were approved by the Committee on Animal
Research and Ethics of Yunnan University (yuncare20200353).
We chose 9-11 day old C57BL/6] mice after birth. Rats were
deeply anesthetized by intraperitoneal injection of 10% chloral
hydrate (0.3 mL/100 g, IP). Brain tissues of the rat were taken
out and then immersed in 2% paraformaldehyde solution for
fixation overnight at 4 °C. After fixation, the brain tissues were
transferred into 15% and 30% sucrose solution for dehydration.
The mice brain tissues were frozen in liquid nitrogen with an
embedding agent and then stored in a refrigerator at —20 °C.
Frozen rat brain sections were prepared by the frozen section
mechanism with a thickness of 20 um. These slices were divided
into 4 groups, which were incubated successively with 4,6-
diamidino-2-phenylindole (DAPI) (all groups) for 30 min, 1 mM
N-ethylmaleimide (NEM) (group 3, in PBS buffer) for 30 min, 20
UM JGP (group 2, 3 and 4, in PBS buffer) for 1 h, and 20 pM GSH
(group 4, in PBS buffer) for 1 h. All incubation processes were
carried out at 37 °C, and samples were washed thrice with red
channel PBS buffer at the end of each treatment. After
mounting with glycerol gelatin aqueous slide mounting
medium, brain slices were transferred to Olympus laser
confocal microscope (FV10i) for observation. Channel selection:
DAPI (Aer, = 461 nm); red (A = 670-760 nm).

4. Conclusions

We have designed and synthesized a near-infrared probe JGP for
detecting GSH in biologic samples. The optical properties of the
probe showed that it had obvious colorimetric change, fast
response, excellent selectivity, good linearity with the analyte,
and a low detection limit (600 nM). The probe JGP showed
excellent cell penetration and successfully detected exogenous
and endogenous GSH in HeLa cells, C. elegans, and the rat brain
slices, with noticeable fluorescence changes. Therefore, we
believe that this newly developed probe JGP may have potential
in a wide range of applications in monitoring GSH content
changes in brain science-related research and clinical medicine.

Ethical statement

All animal procedures were performed in accordance with the
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