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Received 00th January 20xx,
Accepted 00th January 20xx

Jun Yin®*
DOI: 10.1039/x0xx00000x

www.rsc.org/

A novel naphthalimide-based fluorescent probe by employing a
sulfonamide unit as a thiol-responsive group was reported. It is
capable of efficiently distinguishing GSH from cysteine and
homocysteine. Bioimaging shows that it has highly selectivity in
living cells and can visualize the level of GSH in lysosome. It is
worth mentioning that the different group on the imide unit can
affect the selectivity and reaction dynamics of the probe towards
thiols.

Biothiols such as Glutathione (GSH), cysteine (Cys), and ho-
mocysteine (Hcy), with a wide range of cellular biological
functions, plays an important role in the body's biochemical
defense system such as redox homeostasis which maintain the
equilibrium of reduced free thiol and oxidized disulfide forms."
However, the level of biothiols too high or too low could affect
the normal physiological functions and pathological functions,
resulting in a number of diseases, such as cancer, AIDS, liver
damage, Alzhei-mer's disease, osteoporosis, heart,
inflammatory bowel and cardi-ovascular disease.” Therefore,
to maintain the stability of biothiols in body is very important.
GSH, the most abundant biothiol with a concentration in the
millimolar range in living system, undergoes many cellular
func-tions, containing maintenance of intracellular redox
activities, xenobiotic metabolism, intracellular signal
transduction, gene regulation, and liver damage.3 In these
significant functions, GSH as an important antioxidant protects
the thiol molecules in proteins and enzymes from oxidative
damage caused by free radicals and reactive oxygen species
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(ROS). Thus, exactly assessing the level of intracellular GS¥
prospectively provides some crucial evidence for clirica:
medicine to diagnose diseases that are related to GSH.**

In recent years, numerous efforts have paid to ...
fluorescence-responsive chemosensors to find the high.
selective and specific fluorescent probes of GSH due to it
simplicity, high sensitivity, high selectivity and operability 2
Owing to the fact that Cys, Hcy possess similar molec!! r
backbone and reactivity (such as SH group) as well as GSH, it i<
considerably difficult to effectively distinguish GSH from Cys
and Hcy. Despite many probes have been confirmed to be
highly selective or specific, it still suffers the challenge fro 1
few examples having high selectivity and specificity at the
same time. For GSH-responsive fluorescent probes, tf 2
mechanism of nucleophilic substitution is one of the most
widely utilized design principles.6 For example, the sulfon |
group with 2,4-dinitrobenzene unit is considered as one of the
most available systems owing to its high efficiency and defini*
mechanism.®” Accordingly, plenty of GSH-respons.:.
probes were reported by employing 2,4-
dinitrobenzene-1-sulfonyl moiety as a reactive group with thiol
group.Sb’ of Besides, the dansyl also possesses a similar sulfon 'l
moiety. However, its derivatives were often used 1>
investigate the interaction with metal ions.” Recently, Yoon
and we firstly employed a dansyl moiety as a GSH-respon: =
group to construct a near-infrared cyanine-based fluoresce: .
probes, which can monitor the level of GSH in living cells ar._.
in vivo.®® For two types of sulfonyl-based probes, they preser .
a similar strategy that the GSH in products was installed on th
2,4-dinitrobenzene and 5-(dimethylamino)naphthalene unis,
as shown in Fig. 1a. If the GSH is located on the fluorop! >re
after reaction, it would be significant to provide a strategy 1u.
labeling the GSH and its analogues with GSH backbone. Base .
on the consideration described above, we developed a nov .
sulfonyl-based naphthalimide fluorescent probe based on tt
mechanism described in Fig. 1b. Investigation on the respons
of thiols shows that it can selectively detect the GSH not on. -
in vitro but also in living cells. Furthermore, it can specifical”
visualize the level of GSH in lysosome of living cells.

fluorescent
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Fig. 1 Two types of sulfonyl-based fluorescence probe for
GSH detection.
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Scheme 1 Synthesis of probes 1a and 1b.

The synthetic scheme for the preparation of probes 1a and
1b was shown in Scheme 1. The intermediates 2 and 3 were
synthesized according to reported synthetic procedures.8 The
condensation of 3 and benzylamine afforded the probes 1a
and 1b in 60-78% yields, respectively. Their structures were
characterized by 'H NMR, >C NMR and ESI-MS.

Studies were performed to evaluate the application of
fluorescent probes 1a and 1b to detect amino acids containing
a thiol group. We firstly explored the selectivity of probes 1a
and 1b to different amino acids by UV-Vis absorption and
fluorescence spectra in HEPES buffer (0.02 M, pH = 7.4)
containing 10% DMSO. Analysis of UV-Vis absorption
spectroscopic changes of 1a showed that there were no
obvious changes observing from the UV-Vis spectra (Fig. Sla,
ESIT). Meanwhile, upon excitation of 356 nm, only a little
enhancement of fluorescence intensity at 450 nm was
observed in fluorescent spectra when 10 equivalents of GSH
were added (Fig. S1b, ESIf), compared with 1a, probe 1b
replaced n-butyl with 2-morpholinoethyl obtained high
selectivity. Despite probe 1b did not exhibit obvious changes in
UV-Vis absorption spectra under the same condition (Fig. S2b,
ESIT), the addition of GSH (10.0 equiv.) induced an obvious
green emission (Fig. S2a, ESIT) with a dramatically increasing of
fluorescence intensity at 495 nm due to the formation of
product of nucleophilic substitution (Fig. 1b), as shown in Fig.
2a. However, no obvious changes took place when other
amino acids including thiols Hcy and Cys were added. The
attachment of partially protonized moieties such as 2-
morpholinoethyl in physiological conditions made probe 1b
possess good water-soluble and excellent selectively detection
for GSH due to the sequestration effect of positive charges in
physiological pH value.® Subsequently, we exploited
competitive fluorescence assay of 1b toward GSH in the
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Fig. 2 (a) The fluorescence spectra of 1b (10 uM) with variou.
amino acids (100 uM) in HEPES buffer (0.02 M, pH = 7.4
containing 10% DMSO. (b) The titration fluorescence spectre
of 1b (10 uM) with GSH (0 - 200 pM). (c) Time-depend ..
fluorescent spectrum of 1b (10 uM) with 10 equiv of GSH. (d)
Time dependence of fluorescence intensity of 1b (10 uM, __
495 nm with 10 equiv of GSH, Cys or Hcy, respectively. A, =
370 nm.
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presence of variety kinds of amino acids. The result suggeste i
that the interference from other amino acids was negligible
(Fig. S3a, ESIt). All these data demonstrated that 1b had h.g
selectivity for GSH and could be utilized to discriminate GS .

from other amino acids, especially for Cys and Hcy.
Next, we evaluated the absorption and fluorescenc~

titration performance of 1b to different concentration of GSi
Upon the addition of GSH (0 - 200 uM), the weak fluorescenc
emission at 425 nm gradually emerged red-shift along with a
increasing of fluorescent intensity in Fig. 2b while no obviot
color changes were observed in UV-Vis absorption spectra (Fig
S3b, ESIT). Next, we investigated the kinetics of probe 1b
toward three biothiols such as GSH, Cys and Hcy. The resuli. -
an experiment probing the time-dependent fluorescence
response of probe 1b (10 uM) to GSH (100 uM) in HEPES
buffer (0.02 M, pH= 7.4) containing 10% DMSO showed th.t
the intensity increased with time, reaching a maximum in 5

In comparison to GSH, the other thiol-based amino acids, Cys
and Hcy, did not promote as rapid a fluorescence response « t
probe 1b (Fig. 2c and 2d). Compared with those response-fa ¢
probes mainly in 10~30 min,** € probe 1b has enough time 1
enter the detection position of living system, which w :
with  GSH
some efficient approach such as using  .ie

assumed to reach and react completely.
Nevertheless,
interior hydrophobicity of supramolecular micelles can alsc e
used to advance the reactivity.10

To assess the biological application of probe 1b, studie-
were carried out to investigate the utility in fluorescenc>
imaging of cellular thiols. To achieve this purpose, HepG2 cells
were grown in DMEM medium supplemented with 10% (v/ )
calf serum, penicillin (100 U/mL) and streptomycin (100
mg/mL) and were maintained in a humidified atmosphe. 2

containing 5% CO, at 37°C. All the cells were washed by ice-
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cold PBS thrice and then incubated with FBS free fresh media
for subsequent cell imaging. As presented by viewing the
confocal fluorescence microscope, bright field and merged
images displayed in Fig. 3a, a significant green image was
generated when HepG2 cells were incubated with probe 1b
(20 uM) at 37°C for 1.5 h. The result indicated that probe 1b
was capable of permeating into cells and reacting with
endogenous thiols to generate the green fluorescence images.
As described above, probe 1b possessed high selectivity for
GSH in vitro. Subsequent control experiments were performed
to investigate the selectivity of probe 1b in living cells. When
HepG2 cells were pretreated with the thiol-blocking reagent N-
ethyl maleimide (NEM) for 0.5 h and then incubated with 1b
(20 uM) for 1.5 h, the green fluorescence was completely
quenched in Fig. 3b. Subsequently, addition of GSH (100 uM)
to this NEM-pretreated HepG2 cells and then incubating
another 1.5 h, gave rise to a markedly stronger green
fluorescence while addition of Cys or Hcy (100 uM) did not
result in obviously green fluorescence observing (Fig. 3c-e).
This experiment further confirmed that probe 1b is a GSH-
selective fluorescent probe and can be used as a biomarker to
monitor the intracellular GSH.

Numerous researches have shown that morpholine has a
capability of targeting lysosome of living cells."’ Next, we
investigated its specificity of lysosome. To better gain the
fluorescence especially in subcellular organelle
lysosome, a commercially available probe
LysoTracker Red was employed as a reference for lysosome
staining. Probe 1b was incubated with NEM-pretreated HepG2
cells at 37°C for 1.5 h, and then followed by further staining

images,
lysosome

NEM+Cys+1b NEM+Hey+1b NEM+GSH+1b

NEM+1b

Fig. 3 Confocal microscope images of 1b in HepG2 cells (a)
Fluorescence image of HepG2 cell incubated with 1b (20 uM) for
1.5 h. (b) Fluorescence image of HepG2 cell pretreated with NEM
(1 mM) for 0.5 h, and incubated with 1b (20 uM) for 1.5 h. (c)
Fluorescence image of HepG2 cell pretreated with NEM (1 mM)
for 0.5 h, treated with 1b (20 uM) for 1.5 h and then incubated
with Cys (100 uM) for another 1.5 h. (d) Fluorescence image of
HepG2 cell pretreated with NEM (1 mM) for 0.5 h, treated with
1b (20 uM) for 1.5 h and then incubated with Hcy (100 uM) for
another 1.5 h. (e) Fluorescence image of HepG2 cell pretreated
with NEM (1 mM) for 0.5 h, treated with 1b (20 uM) for 1.5 h
and then incubated with GSH (100 uM) for another 1.5 h.
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LysoTracker Red Merge

Fig. 4 The first line: confocal microscope images HepG2 ce"
pretreated with NEM (1 mM) for 0.5 h, and then incubater’
with 1b (20 uM) for 1.5 h and LysoTracker Red (10 uM ) fo.
0.5 h; (a) in green channel; (b) in red channel; (c) merged
image of (a) and (b). The second line: confocal microscop
images of HepG2 cell pretreated with NEM (1 mM) for 0.5 h
and then incubated with 1b (20 uM) for 1.5 h, GSH (100 piv.,
for 1.5 h and LysoTracker Red ( 10 uM ) for 0.5 h; (d) in gr«

channel; (e) in red channel; (f) merged image of (d) and (e).

with LysoTracker Red (10 uM) for 0.5 h. Before addition of GS.*
no obvious green fluorescence was observed. A remarkab)
green fluorescence image took place when GSH (100 uM) we °
added to the above system and incubated for 1.5 h. T+ »
merged fluorescence images as shown in Fig. 4 implied that
probe 1b can be efficiently localized to the lysosome of livir 2
HepG2 cells. Results arising from the data describe above
suggested that probe 1b not only had high selectivity for GS 1
and remarkable lysosome-specificity.

To further investigate the recognition mechanism, tim -
dependent density functional theory (TD-DFT) calculations at
the B3LYP/6-31G* level using the Gaussian 09 program we 2
carried out. The absorption spectra and the molecular orbita:
containing the main electronic transitions with the large-
oscillator strength of 1b and 1a were listed in Fig. 5 and Taw.
S1 (ESIT). An intense transition for 1a was predicted at about
339 nm with larger oscillator strength of 0.2659 (HOMO-2—
LUMO). The HOMO-2 was mainly assigned to naphthalimic >
moiety and benzyl group whereas in the electron density « f
LUMO orbital was predominantly located over naphthalimiae
moiety, implying that probe 1a had a weak fluorescence owir 3
to an electron transfer. The result was well in agreement wi’ .
an experimental data (Fig. S4a, ESIf). For 1b, an inten<_
transition was predicted at 340 nm with larger oscillate
strength of 0.2319 (HOMO-3—LUMO). The HOMO-3 we
chiefly delocalized over the entire molecule while LUMO
orbital was on the naphthalimide moiety. Accordingly, pr ‘be
1b involved in a process of stronger proton electron transic,
(PET), resulting in fluorescence quenching compared wi’ .
probe 1b, which kept in step with experimental result (Fig. S ,
ESIt). After treatment with GSH, probe 1b displayed an inten:
transition at 362 nm with larger oscillator strength of 0.230°
(HOMO-1—LUMO). The frontier molecular orbital profiles ¢
HOMO-1 and LUMO were mainly localized at th
naphthalimide moiety, suggesting that there was no obvio:. -

Chem.commun., | 3
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Fig. 5 The main contribution frontier molecular orbital of 1a,
1b and 1b+GSH involved in the absorption processes.

electron transfer as a result of new turn-on fluorescence at
495 nm. Results of theoretical calculation further confirmed
the experimental data. To gain further support for the reactive
product, the ESI mass spectrometry was employed to follow
the reaction of the probe 1b with GSH, Cys and Hcy. The peak
at m/z = 615.1 (GSH), 430.1 (Cys) and 444.1 (Hcy) can be
assigned of nucleophilic substitution,
respectively, which strongly confirmed the mechanism of
probe described in Fig. 1b (Fig. S5, ESIt). We can refer that
GSH, Cys and Hcy can react with the sulfonamide unit of
naphthalimide, but Cys and Hcy can’t induce the turn-on
fluorescence.

to the products

In summary, we have developed an efficient probe
containing a naphthalimide fluorophore linked to sulfonamide
functional groups which is capable of selectively monitoring
GSH and efficiently distinguishing GSH from Cys and Hcy in
vitro and in vivo. Further, confocal images shows that it has
highly selectivity in living cells and can visualize the level of
GSH in lysosome. It is worth mentioning that the different
group on the imide unit can affect the selectivity and reaction
dynamics of probe towards thiols.
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Wuhan Municipality (201271130441).
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