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ABSTRACT

The 0-2,4-dinitrobenzensulfonate of 1,3-bis(bispyridin-2ylimino)isoindolin-4-ol has been developed as a
novel red-emitting fluorescent probe for the detection of H5S. The dinitrobenzenesulfonate moiety in the
probe both prohibits the excited state intramolecular proton transfer process and produces a photo-
induced electron transfer process, which renders the probe non-fluorescent in the absence of the analyte.
In the presence of HyS a specific HpS-mediated cleavage reaction converts the probe into 1,3-
bis(bispyridin-2-ylimino)isoindolin-4-ol which exhibits a strong red fluorescence with a large Stokes
shift (218 nm) via an excited state intramolecular proton transfer process upon excitation. It's noteworthy

Ilg?éiorgzmg that this. new probe shows good select.ivity anfi sensitivity to HyS over glutathione, cysteine anfl ho-
Large Stokes shift mocysteine. Moreover successful detection and imaging of intracellular H;S in living cells was achieved.
ESIPT To our knowledge this is the first application of this type of fluorescent probe for intracellular H,S
Fluorescent probe detection.

Hydrogen sulfide © 2014 Elsevier Ltd. All rights reserved.
Cell imaging

1. Introduction

For several centuries, hydrogen sulfide (H,S) was conventionally
considered as a toxic gas and environmental hazard affecting the
nervous, respiratory, and cardiovascular system of mammals [1].
Resembling CO and NO, H,S has more recently emerged as the third
endogenous gasotransmitter and cellular signaling molecule
involved in many physiological activities, i.e., regulating the car-
diovascular, neuronal, immune, endocrine and gastrointestinal
systems [2—5]. Furthermore, H;S serves as a scavenger for endog-
enous reactive oxygen species (ROS) [6]. Due to its important roles
in human health, abnormal levels of H,S can lead to serious dis-
eases such as Alzheimer's disease [7] and Down's syndrome [8].
Therefore, interest in the role and detection of H,S has increased
during the last decade. As a consequence, qualitative and
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quantitative detection of H,S in living systems is tremendously
meaningful.

Owing to its operational simplicity, potential high sensitivity
and selectivity, fluorescent sensing as a powerful technique has
been frequently used to detect and image H,S in vivo [9]. Many
fluorescent H,S probes have been developed in the past several
years [10—14]. Generally, 2,4-dinitrobenzensulfonyl unit is used as
a recognition group to construct fluorescent probes for the detec-
tion of biothiols (Cys, GSH, Hcy) [15—17]. Since H>S is more reactive
than biothiols, it can also cleave the 2,4-dinitrobenzensulfonyl
moiety and previous DNBS-based fluorescent probes didn't show
selectivity between H,S and biothiols [ 18]. Therefore, to date and to
our knowledge, there is no DNBS-based fluorescent probe reported
to detect and image intracellular H;S in living cells due to the
interference of biothiols.

It is well known that fluorescent dyes with emission in the red
and NIR regions and large Stokes shift are favorable for fluorescence
imaging in cells because: 1) photons with longer wavelength tend
to reduce environmentally-induced light scattering, be less sus-
ceptible to the experiment noise from endogenous chromophores,
and usually cause less light-induced organelle damage [19]; 2) the
large Stokes shift can highly improve the sensitivity of fluorescence
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microscopy wherein emission photons can be detected against the
background from excitation photons [21]. Recently, Thompson et al.
reported a class of ESIPT (excited state intramolecular proton
transfer) fluorescent dyes involving the 1,3-bis(imino)isoindolediol
motif (BPI), having an emission in red region (about 600 nm), high
quantum yields (up to 45%) and large Stokes shift (>165 nm) [20].
Inspired by these traits of the BPI dyes, our group synthesized a
new BPI dye, 1,3-bis(bispyridin-2ylimino)isoindolin-4-ol (3)
(shown in Scheme 1), and deliberately studied its photophysical
properties. In aqueous solution, reference dye 3 emits bright red
lights (Amax = 585 nm) with a 218 nm Stokes shift (shown in Fig. 1)
and is photostable. Considering these advantages, we envision that
reference dye 3 might be an excellent candidate upon which fluo-
rescent probes are based.

In this work, we reported a DNBS-based red-emitting fluores-
cent probe, BPI-DNBS (shown in Scheme 1), for the selective and
sensitive detection of H,S. This probe is non-fluorescent in the
absence of H,S. However, the probe rapidly displays a remarkable
fluorescence enhancement (Anax = 585 nm) upon the addition of
H,S. Particularly, biothiols including Cys, Hcy and GSH only induce
weak fluorescence signal. To the best of our knowledge, this is the
first DNBS-based fluorescent probe to distinguish H,S from bio-
thiols. The capability of BPI-DNBS to visualize intracellular H,S in
living A594 cells has been demonstrated.

2. Experimental
2.1. Chemicals and apparatus

Unless otherwise stated, all reagents were purchased from
commercial suppliers and used without further purification. All
solvents were purified by standard methods. Twice-distilled water
was used throughout all experiments. NMR spectra were recorded
on a BRUKER 400 spectrometer, using TMS as an internal standard.
FT-IR spectra were recorded on a Thermo Scientific ET6700 FT-IR
spectrophotometer. All accurate mass spectrometric experiments
were performed on a micrOTOF-Q II mass spectrometer (Bruker
Daltonik, Germany). UV—Vis absorption spectra were measured
using a Shimadzu UV-2450 spectrophotometer. Emission spectra
were recorded at room temperature using a HITACHI F4600 fluo-
rescence spectrophotometer with both the excitation and emission
slit widths set at 5.0 nm. Cell imaging was performed with a Nikon
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Fig. 1. The absorption (M) and emission spectra ( A ) of reference dye 3 and BPI-DNBS
in HEPES-DMSO solution (20 mM, v/v = 4:1, pH = 7.0). Black dotted lines: dye 3; red
solid lines: BPI-DNBS. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

C1si inverted microscope. TLC analysis was performed on silica gel
plates and column chromatography was conducted over silica gel
(mesh 200—300), both of which were obtained from Qingdao
Ocean Chemicals. The solutions of various testing species were
prepared from NaClO4-H,0, NaySO4, NaF, KI, NaCl, NaBr, NaNs,
NaNO3, NayS,03-5H50, NaS03, NaNO;, CH3COONa, Nay;CO3, NaBFg4,
KSCN, Hcy, GSH, Cys, H205, NaClO in twice-distilled water. Density
functional theory (DFT) calculations with the B3LYP exchange
functional employing 6-31G basis sets using a suite of Gaussian 09
programs were performed.

2.2. Synthesis

The synthetic route of BPI-DNBS was shown in Scheme 1. 3-
Hydroxypathalonitrile was condensed with 2-aminopyridine to
give reference dye 3, which subsequently reacted with 2,4-
dinitrobenzenesulfonyl chloride to afford the fluorescent probe.

2.2.1. Synthesis of compound 2
3-Hydroxypthalonitrile was synthesized according to the liter-
ature method [22]. To a 50 mL round-bottom flask were added 3-

| X s NO,
NO, OH = OH ./
CN  K,CO,/NaNO, CN =R )N ozNGS%C'
NH
CN DMSO CN CaCl, N Et;N, DCM
n-BuOH N -
1 2 3 \ Y/

BPI-DNBS

Scheme 1. Synthesis of BPI-DNBS and the approach to detecting H,S.
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nitropthalonitrile (2.0 g, 11.6 mmol), K,CO3 (1.8 g, 12.7 mmol) and
NaNO; (0.8 g, 11.6 mmol) in DMSO (30 mL), and the reaction
mixture was stirred under reflux for 30 min. After cooling to room
temperature, the reaction mixture was diluted with water (90 mL)
and subsequently acidified with 2 M HCI to pH = 3 to produce a
precipitate. Then, the solid was collected by filtration and washed
successively with water and methanol. The pure product was ob-
tained by recrystallization in acetic acid as a brown crystal (0.8 g,
48%). Mp: 263—-265 °C.

2.2.2. Synthesis of reference dye 3

To a 25 mL round-bottom flask were added compound 2 (288 mg,
2 mmol), 2-aminopyridine (385 mg, 4.1 mmol) and CaCl, (46 mg,
0.41 mmol) in n-BuOH (6 mL). The reaction mixture was refluxed
under an argon atmosphere for 5 days with stirring. After cooling to
room temperature, the precipitate was collected by filtration and
washed with water (3 x 20 mL). The obtained solid was further
purified by silica gel column chromatography (dichloromethane as
eluent) toyield the pure reference dye 3 as an orange yellow powder
(68 mg, 12%). Mp: 200—202 °C. 'H NMR (400 MHz, CDCl3)  13.70 (s,
1H),8.62 (m, 2H),7.78 (t,] = 7.9 Hz, 2H), 7.60 (s, 1H), 7.52 (d,] = 7.3 Hz,
2H), 7.38 (d, J = 8.0 Hz, 1H), 7.19—7.09 (m, 3H). *C NMR (101 MHz,
CDCl3) 9 160.10,159.34,155.81,155.59, 153.70, 147.98, 147.76, 138.12,
138.08, 135.66, 133.58, 123.43, 122.31,120.50, 120.27, 118.98, 118.29,
114.52. IR (KBr) vmax cm™': 3446,1631, 1580, 1550, 1459, 1431, 1309,
1226, 1151, 1057, 790. HRMS (EI) Calcd. for C1gH14N50 ([M + H]™) :
316.1198; Found: 316.1197.

2.2.3. Synthesis of BPI-DNBS

A solution of reference dye 3 (32 mg, 0.1 mmol), 2,4-
dinitrobenzenesulfonyl chloride (53 mg, 0.2 mmol) and triethyl-
amine (26 mg, 0.24 mmol) in dichloromethane (5 mL) was stirred at
room temperature for 2 h. After the removal of solvent under
reduced pressure, the resulting residue was further purified by
column chromatography (silica gel, dichloromethane as eluent) to
give the target compound, BPI-DNBS, as a light yellow solid (16 mg,
30%). Mp: 184—187 °C. '"H NMR (400 MHz, CDCl3) 5 13.83 (s, 1H),
8.57—8.52 (m, 2H), 8.49 (d, ] = 9.9 Hz, 2H), 8.37 (d, ] = 8.6 Hz, 1H),
8.17 (s, 1H), 7.80 (t, ] = 7.7 Hz, 1H), 7.73 (t, ] = 7.9 Hz, 2H), 7.55 (d,
J=8.1Hz,1H), 7.50 (s, 1H), 7.18—7.10 (m, 2H), 7.04 (d, ] = 7.9 Hz, 1H).
13C NMR (101 MHz, CDCl3) 5 159.6, 150.3, 148.8, 148.0, 147.7, 144.2,
138.3,138.1,135.1,133.7,133.2,127.1,126.8,126.1,123.4, 122.6, 120.8,
120.7,120.0. IR (KBr) ymax cm™~': 3453, 3034, 1630, 1579, 1558, 1458,
1391, 1357, 1262, 1200, 1171, 1097, 1047, 962, 800, 732. HRMS (EI)
Calcd. for Co4H1gN707S ([M + H]™): 546.0832; Found: 546.0817.

2.3. Absorption and fluorescence spectroscopy

The stock solution of the probe, BPI-DNBS, was prepared at
1 mM in DMSO. The test solution of BPI-DNBS (5.0 uM) in 2 mL of
20 mM HEPES buffer (20 mM, pH = 7.0) was prepared by placing
0.01 mL stock solution of BPI-DNBS and 0.39 mL DMSO in 1.59 mL
HEPES buffer. The resulting solution was shaken well and incubated
with 0.01 mL appropriate testing species for 60 min at 37 °C before
recording the spectra. For all measurements of fluorescence
spectra, excitation wavelength was set at 368 nm and the scan
speed is 1200 nm min .

2.4. Cell culture and fluorescence confocal imaging

A549 was gifted from the center of cells, Peking Union Medical
College. Cells were grown in McCoy'5A, supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin, incubated under
5% CO, at 37 °C. Cells were seeded on confocal dish for imaging 24 h
prior to conducting the experiments. Before the experiments, the

cells were washed with HEPES buffer solution. A549 cells were then
incubated with a solution of BPI-DNBS (5.0 uM in HEPES buffer
containing 1% DMSO) at 37 °C for 30 min. After washing 3 times
with HEPES buffer, the pretreated A549 cells were then incubated
with NaHS (200.0 uM) for another 30 min. Fluorescence imaging
was performed with excitation wavelength at 405 nm using Cy3
channel. For a control experiment, A549 cells were incubated with
the solution of BPI-DNBS (5.0 uM) in the culture medium at 37 °C
for 30 min, and the fluorescence imaging was carried out after
washing the cells with HEPES buffer 3 times.

3. Results and discussion
3.1. Spectroscopic evaluation of reference dye 3 and BPI-DNBS

The photophysical properties of reference dye 3 and BPI-DNBS
were investigated in HEPES-DMSO solution (20 mM, v/v = 4:1,
pH = 7.0). As shown in Fig. 1, reference dye 3 absorbs at 367 nm and
emits at 585 nm. The extremely large Stokes shift (218 nm) was
ascribed to the effective ESIPT process from the hydroxyl proton to
the imine nitrogen. The fluorescent quantum yield of reference dye
3 was 3.8% in HEPES-DMSO solution (coumarin 1 in EtOH with
@r = 0.73 as a reference) [23]. However, BPI-DNBS displays an
absorption band centered at 396 nm with a faint yellow color. In
BPI-DNBS, the ESIPT process was inhibited by the DNBS protection,
which can strongly quench the fluorescence. Moreover, the density
function theory calculations showed that the LUMO energy level
(—0.084 eV) of reference dye 3 is higher than that of dinitrobenzene
(—0.134 eV) moiety (Fig. 2). Thus, the photo-induced electron
transfer (PET) process from the excited reference dye 3 to the
dinitrobenzene moiety is thermodynamically favorable, which also
leads to the effective fluorescence quenching. Due to the inhibition
of ESIPT and the effective PET process, BPI-DNBS is essentially non-
fluorescent (not detectable).

3.2. Sensing response of BPI-DNBS to HS

First, we investigated the UV—vis absorption spectral changes of
BPI-DNBS in response to H)S. The addition of H,S with an
increasing amount to the solution of BPI-DNBS (5.0 uM) gradually
elicited a blue shift to 367 nm in its absorption spectra, which is
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Fig. 2. Frontier orbital diagrams of reference dye 3 (the dye scaffold) and dinitro-
benzene (the PET switch) for the probe BPI-DNBS. Orbital energies were calculated by
using Gaussian 09 program in B3LYP/6-31G level.
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Fig. 3. A) Fluorescence spectra of BPI-DNBS (J.x = 368 nm, 5.0 M) upon the addition of NaHS (0.0—20.0 uM) in HEPES-DMSO solution (v/v = 4:1, pH = 7.0). Inset: a) fluorescence
intensity at 585 nm of BPI-DNBS (5.0 uM) as a function of NaHS concentration; b) fluorescence images of BPI-DNBS in the absence (left) and presence of NaHS (right). B) Fluo-
rescence intensity ratio (F/Fo) at 585 nm of BPI-DNBS (5.0 uM) as a function of NaHS concentration in HEPES-DMSO solution (20 mM HEPES, v/v = 4:1, pH = 7.0).

quite similar to the absorption spectra of reference dye 3 (Fig. S2).
The emission spectra of BPI-DNBS toward H,S in HEPES-DMSO
solution (20 mM, v/v = 4:1, pH = 7.0) are displayed in Fig. 3. The
solution of BPI-DNBS rapidly exhibits a strong red fluorescence
enhancement (up to 55-fold) upon the treatment of H,S. The
fluorescence spectrum of the reaction product is identical to that of
reference dye 3. The UV—vis and fluorescence studies clearly indi-
cated that H3S could effectively cleave 2,4-dinitrobenzensulfonate
unit in BPI-DNBS, generating reference dye 3 which displays a
strong red fluorescence upon excitation (shown in Scheme 1). In-
spection of Fig. 3 shows that the fluorescence intensity at 585 nm
increased with increasing the H3S concentrations (0—15 ¢M) with a
good linearity, R = 0.9983. Specifically, the addition of 1.0 uM H3S
could result in a fluorescence enhancement more than 3 folds
(Fig. S3). The detection limit was calculated to be 1.5 x 10~8 mol L~
under experimental conditions (S/N = 3). Thus, it can be concluded
that BPI-DNBS is highly sensitive to H>S.

3.3. Selectivity studies

To evaluate the selectivity of this probe, we then measured the
fluorescence response of BPI-DNBS to typical anions and other bio-
logically relevant species. As shown in Fig. 4, the fluorescent probe
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Fig. 4. Fluorescence intensity ratio (F/Fo) at 585 nm of the probe BPI-DNBS (5.0 uM) in
response to various anions, reactive oxygen species, reducing agents, biothiols and
NaHS (20.0 uM for AcO~, BFg, Br-, Cl, ClOz, CO3 ™, F-, I, N3, NOz, NO3, SO3 ", SCN",
S$,0%7, 5,03 and SO%~; 50.0 uM for CIO~ and H,0,; 200.0 uM for GSH, Hcy and Cys;
20.0 uM for NaHS).

exhibits negligible fluorescence in response to the representative
anions (AcO~, BFz, Br, CI~, ClOz, CO3~, F~, I, N3, NO3, NO3, SO3 ™,
SCN™), reactive oxygen (ClO~, Hy03), and reducing anions (S,0%-,
S,03%~, SO37). It's noteworthy that biothiols (Cys, Hcy and GSH) only
produce a weak fluorescence signal even at a high concentration
(200.0 uM for Cys, Hcy and GSH). The results demonstrate that BPI-
DNBS can be used to detect H,S with good selectivity over biothiols,
which makes it capable of detecting H,S in living cells. This selectivity
might be attributed to the differences of molecular size and pKa be-
tween H,S and biothiols. First, due to the steric effect by the adjacent
pyridinyl group in BPI-DNBS, H,S can effect the thiolysis of 2,4-
dinitrobenzensulfonate more effectively than biothiols owing to its
smaller size. Second, the pKa of HoS is 6.9 in aqueous solution whereas
itis approximately around 8.5 for biothiols. Thus, at physiological pH
value, H,S mainly exists in the more reactive form, HS™, and can
readily react with the probe [24,25]. Ongoing studies are being per-
formed in our laboratory to prove this postulation.

3.4. Effect of pH on fluorescence detection of HS

In order to confirm the practical applicability of BPI-DNBS, we
further investigate the influence of pH on the fluorescence of this
probe. It can be seen in Fig. 5 that BPI-DNBS shows little
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Fig. 5. pH effect on the fluorescence intensity at 585 nm of BPI-DNBS (5.0 uM) in the
absence (black line) and presence (red line) of NaHS (20.0 uM) in H,O-DMSO solution
(v/v = 4:1). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



600 W. Chen et al. / Dyes and Pigments 113 (2015) 596—601

Fig. 6. Confocal fluorescence contrast images of living A594 cells incubated with 5.0 xM BPI-DNBS for 30 min at 37 °C (top row) and further treated with 200.0 M NaHS for 30 min
at 37 °C (bottom row). (a, d) Fluorescence images; (b, e) bright field images; (c, f) fluorescence and bright field overlay images. Scale bar = 10 um.

fluorescence within a wide pH range (1—10), indicating that this
fluorescent probe is stable between pH 1—10. When treated with 5
equivalents of H,S, BPI-DNBS displays a strong fluorescence be-
tween pH 6—8. This result suggested that BPI-DNBS could work
effectively under physiological condition.

3.5. Cell imaging

Finally, we applied BPI-DNBS to capture H5S in living A594 cells
(human lung cancer cells), as shown in Fig. 6. When A594 cells were
incubated with 5.0 uM BPI-DNBS for 30 min at 37 °C and then
washed twice with PBS buffer, only weak fluorescence was
observed due to the weak response to biothiols. However, intense
red fluorescence in cells emerged when similar treated cells were
further incubated with NaHS (200.0 uM) for 30 min at 37 °C. This
result indicated that BPI-DNBS was permeable to cell membrane
and able to response to endogenous H>S in living cells.

4. Conclusions

In summary, we have successfully developed a novel red-
emitting H,S fluorescence probe employing a 2,4-dinitrosulfonyl
moiety as the sensing group (Amaxem = 585 nm). This probe dis-
plays a large Stokes shift (218 nm) in response to H,S that is
beneficial for signal detection in fluorescence microscopy. It's
noteworthy that this DNBS-based probe is highly sensitive and
selective toward H)S against biothiols and other relevant ions.
Importantly, BPI-DNBS displayed good cell permeability and was
successfully applied to visualize intracellular H5S in living cells.
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