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ABSTRACT: An ESIPT-based fluorescent dye, 3-hydroxyflavone, is
chemically masked with an electrophilic cyanate motif in order to
construct a fluorescent probe for cellular sulfur species. This novel
probe structure, displays an extremely fast, highly sensitive and selective
“turn-on” type fluorescent response toward H2S. We have also
documented its utility for imaging of H2S in the living cells.

Hydrogen sulfide (H2S), the smallest member among
cellular sulfur species, plays critical roles in the

functioning of living organisms. The compound is produced
in biological systems from various sulfur-containing biomole-
cules and through a range of particular enzymatic pathways.1

Similar to nitric oxide (NO) and hydrogen peroxide (H2O2),
H2S serves as an important gaseous signaling molecule in the
nervous, inflammatory, and cardiovascular systems.2−5 Cellular
H2S is furthermore involved in an array of physiological events,
including the preservation of blood flow and pressure,6−8

regulation of cell growth and death,9 reduction of ischemia
reperfusion injury,10−12 regulation of inflammation,13 suppres-
sion of oxidative stress14,15 and antioxidant effects caused by
reactions with free radicals.16−18 At the same time, an abnormal
level of H2S is attributable to a range of diseases such as chronic
kidney disease,19 liver cirrhosis,20 and Down’s syndrome.21,22

The assessment of H2S levels in the cellular milieu is clearly
vital to investigations of cell function and the early diagnosis of
some diseases. Understanding the diverse contributions of H2S
to physiology and pathology therefore first requires the
development of efficient methods of visualizing H2S production
and distribution in living systems. In related research, sustained
attention has been paid to the development of molecular tools
for probing cellular sulfur species.23−30 Among known
analytical tools; fluorescence-based assays are particularly
attractive, for they allow the real-time visualization of target
species in cellular milieus. During the last several decades,
numerous types of fluorescent H2S probes have appeared in
scientific literature on the topic, most of them involving the use
of specific chemical reactions to exploit the reactive and
reductive nature of H2S.

31−41

In general, the construction of any reaction-based H2S probe
relies on modifying a fluorescent reporter with a reactive
masking moiety, which splits away by interacting with H2S. To
attain high selectivity over other relevant sulfur species, these

masking moieties are necessarily highly specific to H2S (Figure
1).42−48

There are several important issues that have to be taken into
account when designing a H2S recognition system. At the heart
of the matter lies the discrimination of H2S over other
biological sulfur species such as cysteine and glutathione. Low
sensitivity and prolonged response times are other significant
stumbling blocks that require attention. Moreover, most
masking groups used in probe structures are relatively large
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Figure 1. Selected sulfur-sensitive masking groups utilized in
fluorescent probe design.
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organic molecules that have to be prepared individually. In fact,
throughout the sensing process, these large masking groups are
delivered to the sensing system as organic waste, raising a
concern of toxicity. In response, new sensing molecules that use
easily accessible and biologically compatible recognition units
with improved sensitivity, response times and analyte specificity
are needed.
To address these challenges, we have developed a quickly

responsive, highly sensitive fluorescent probe for imaging
cellular H2S with excellent selectivity over other potentially
competing species. For our probe design, we used an excited-
state intramolecular proton transfer (ESIPT)-based fluorescent
dye, 3-hydroxyflavone as the signal reporter due to its
outstanding photophysical properties, and for the first time in
the literature, an electrophilic cyanate (RO−CN) as the H2S
recognition motif.

■ EXPERIMENTAL SECTION
General Methods. All reagents were purchased from

commercial suppliers (Aldrich and Merck) and used without
further purification. 1H NMR and 13C NMR were measured on
a Varian VNMRJ 400 nuclear magnetic resonance spectrom-
eter. UV absorption spectra were obtained on Shimadzu UV-
2550 Spectrophotometer. Fluorescence emission spectra were
obtained using Varian Cary Eclipse Fluorescence spectropho-
tometer. Cell imaging was performed with Zeiss Axio
fluorescence microscope. Samples were contained in 10.0 mm
path length quartz cuvettes (2.0 mL volume). Upon excitation
at 415 nm, the emission spectra were integrated over the range
435 to 700 nm (Both excitation and emission slit width 10 nm/
10 nm). pH was recorded by HI-8014 instrument (HANNA).
All measurements were conducted at least in triplicate.
Synthesis of 3-(cyanooxy)-hydroxyflavone (FLVN-

OCN). Compounds 1 and 3-hydroxyflavone were prepared
according to literature procedures.49 A solution of cyanogen
bromide (130 μL, 0.4 mmol) in anhydrous tetrahydrofuran (1
mL) was cooled to −10 °C (dry ice/acetone bath). Then, a
solution of 3-hdroxyflavone (1) (104 mg, 0.4 mol) and
triethylamine (58 μL, 0.4 mmol) in anhydrous tetrahydrofuran
(1 mL) was added dropwise with magnetic stirring under argon
atmosphere. A white precipitate of triethylammonium bromide
salt was observed. The mixture was allowed to stir for 1 h. The
solution was separated from the salt by filtration and
concentrated in vacuo and purified by column chromatography
(Hexane:EtOAc 4:1) to afford the compound FLVN-OCN as a
white solid. (% 80 isolated yield). 1H NMR (400 MHz, CDCl3)
δ: 8.11 (d, J = 8.4, 1H), 8.04 (d, J = 6.8, 1H), 7.91−7.90 (m,
1H), 7.64−7.56 (m, 1H), 7.50−7.42 (m, 4H), 7.34−7.28 (m,
1H). 13C NMR (100 MHz, CDCl3) δ: 172.0, 157.5, 156.5,
155.5, 154.8, 134.3, 134.0, 131.8, 128.9, 128.6, 125.8, 125.4,

125.0, 123.5, 118.1. Anal. cald. for C16H9NO3: C, 73.0; H, 3.45;
N, 5.32 found; C, 72.5; H, 3.06; N, 5.03.

Cell Imaging. Human A549 lung adenocarcinoma cell lines
were grown in DMEM supplemented with 10% FBS (fetal
bovine serum) in an atmosphere of 5% CO2 at 37 °C. The cells
were plated on 12 mm cover glasses in 6 well plate and allowed
to grow for 24 h. Before the experiments, the cells were washed
with PBS buffer, and then cells were treated with 2 mM N-
methylmaleimide (NMM). After 30 min of NMM-treatment at
37 °C, cells were washed with PBS three times. Then FLVN-
OCN (10 μM) was added and incubated for 30 min at 37 °C
then washed with PBS three times. After incubating with Na2S
(50 μM) and CTAB (3 mM) for 30 min at 37 °C, cells were
rinsed with PBS three times, and DAPI was added and
incubated for 10 min at 37 °C then washed with PBS three
times. The fluorescence images were acquired through
fluorescence microscope.

■ RESULT AND DISCUSSION
A cyanate (RO−CN) can be used as a reactive nitrile readily
added to sulfur species with the formation of thiocarbamates
that in aqueous environments rapidly hydrolyses to its hydroxyl
derivative. We anticipated that the oxygen-nitrile bond of the
prefluorescent dye would undergo selective cleavage in the
presence of reactive sulfur species (RSS) and thereby deliver
the free hydroxyl derivative of the dye (Scheme 1), which
would in turn induce a turn-on type fluorescence response.

The procedure followed to prepare the probe is outlined in
Scheme 2. In a single synthetic step, 3-hydroxyflavone was

treated with commercially available cyanogen bromide in the
presence of Et3N to form the title compound, FLVN−OCN, in
a good yield. FLVN−OCN remained quite stable throughout
the purification process, and its identity was confirmed by
NMR and elemental analysis (see Supporting Information for
more details).
The spectroscopic behavior of FLVN-OCN in response to

the addition of a range of reactive sulfur species together with
other biologically relevant metal and ionic species was
investigated by using ultraviolet (UV)-visible and fluorescence
spectroscopy in an aqueous solution at pH 7.4. We commenced

Figure 2. Molecular structure of FLVN-OCN.

Scheme 1. Proposed Mechanism for the Detection of H2S

Scheme 2. Synthesis of FLVN-OCN
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our investigation by screening the responses of the probe to a
series of RSS, including cysteine, homocysteine, glutathione,
and H2S. As typical of most ESIPT-based turn-on molecular
sensors, the masked form of the dye was silent in terms of
fluorescence emission. Specifically, FLVN-OCN exhibited no
emission in the visible region.
However, with Na2S or NaHS as the sources, the addition of

H2S to the solution of the probe immediately induced the
cleavage of the masking group and concomitantly triggered the
formation of the free hydroxyl group, thereby prompting the
probe’s “off−on” type of spectroscopic response. In the
fluorescence spectrum, a new emission band appeared at 525
nm due to a characteristic ESIPT-modulated fluorescence
response. At the same time, H2S could easily be monitored by
the naked eye due to its distinct color as well as under the UV
lamp due to its changed emission of solution. To our delight,
FLVN−OCN showed exceptional selectivity toward H2S, for
no significant changes were monitored in the presence of other
competing biothiols such as cysteine, homocysteine, and
glutathione.
With the systematic addition of H2S to FLVN−OCN, the

emission band at 525 nm increased linearly over a wide
concentration range of H2S (Figure 3b). Meanwhile, the
addition of H2S prompted the appearance of a new absorption
band at 425 nm, with a concomitant decrease in the band at

297 nm. Under well-established sensing conditions (pH 7.4,
cetrimonium bromide (CTAB) 3 mM), we evaluated the
detection limit to be 0.25 μm based on S/N = 3 (Figure S9).
The use of CTAB, in agreement with other reports35,40 showed
a dramatic contribution to the sensitivity of the sensing system
(Figure S8). Notably, under these conditions the response of
FLVN−OCN to H2S at varying concentrations was exception-
ally fast (<1 min), and the signal intensity reached its maximum
in about 5 min for varying equivalents of H2S, which marks one
of the fastest reaction-based probes developed for H2S (Figure
S2).
In addition, we investigated the possible effects of pH

fluctuations in the detection of H2S. Remarkably, FLVN−OCN
showed exceptional stability over a wide pH range (pH 2−9)
while remaining nonemissive over the same range. Even in
acidic and basic environments, there were no indications of any
decomposition of the probe structure. Meanwhile, the response
of FLVN−OCN to the addition of H2S also remained
insensitive to changes in the pH. We have also inspected the
impact of the added analytes on changing the pH of the sensing
media. Systematic control of the solution pH, before and after
the incubation of H2S, proved that the pH of sensing
environment remains constant at pH 7.4. Consequently,
FLVN−OCN operates efficiently toward H2S over a wide pH
range (pH 4−9), especially under physiological conditions,
which is of course imperative for imaging studies of living cells
(Figure S7).
To further establish the selectivity of FLVN−OCN, we

screened a host of other potentially competing species for their
biological significance. As Figure 4 shows, we detected no
changes in fluorescence emission in the presence of an excess of
other reactive species such as H2O2 and HOCl and natural
amino acids lacking sulfur functionality, including alanine,
arginine, histidine, lysine, methionine, and proline. Moreover,
other counterions such as F−, Cl−, CN−, SCN−, S2O3

2−, S2O5
2−,

PO4
2−, and SO4

2−, as well as some metal species, including
Pd2+, Hg2+, Cu+, Ag+, Zn2+, and Fe3+ induced no distinct
spectral changes. All of these findings indicate the exceptional
selectivity of FLVN−OCN to H2S.
We also examined the possible interference of other species

in the selectivity of FLVN−OCN by treating the probe with
H2S (5 equiv) in the presence of excess biologically relevant
analytes (50 equiv). Nevertheless, FLVN−OCN maintained its
selectivity toward H2S without any perturbation in the
fluorescence signal, even in the presence of a high
concentration of other competing analytes. These results
clearly suggest that FLVN−OCN can accurately detect H2S
in the mixtures of other related species (Figure S6).
We propose that the mechanism of detection is analogous to

what has been reported in the literature.50 Accordingly, H2S
readily adds to the electrophilic carbon atom of aryl cyanate to
yield a thiocarbamate derivative that rapidly hydrolyses in the
presence of water to its highly emissive hydroxyaryl derivative
(Scheme 1). We consider that the rate of addition determines
analyte selectivity. As such, with stronger nucleophiles (e.g.,
H2S, pKa = 7.0), addition to the carbon triple bond occurs at a
far higher rate than with weaker nucleophiles (e.g., cysteine and
glutathione, pKa = 8.4), which clearly accounts for the probe’s
exceptional selectivity toward H2S.
The promising results of sensing H2S in the solution

encouraged us to further assess the feasibility of the probe to
detect H2S in living cells. To this end, human lung
adenocarcinoma cells (A-549) were first treated with 2 mM

Figure 3. (a) Absorption titration curve of FLVN-OCN (10 μM) and
H2S (0−10 equiv) at pH 7.4. (b) Emission titration curve of FLVN-
OCN (10 μM) and H2S (0 to 10 equiv) at pH 7.4.
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N-methylmaleimide (NMM), a sulfur-trapping agent, to
eliminate physiological sulfur species from the cell. The cells
were then incubated with FLVN−OCN (10 μM) for 30 min, to
which were added Na2S (50 μM) and CTAB (3 mM) and
incubated for another 30 min. The cells were stained with a
nucleus staining dye (DAPI) for another 10 min, and
fluorescence images were taken before and after the addition
of Na2S (50 μM).
As Figure 5 shows, the human lung adenocarcinoma (A549)

cells incubated with FLVN−OCN did not display any
fluorescence in the absence of Na2S species, yet began to
emit strongly after incubation with Na2S. Based on the nucleus
counter stain and the characteristic green fluorescence emitting
from the cells, we thus conclude that the probe passes through
the cell membrane and detects exogenous H2S from within the
cell. The fluorescent microscopy measurement clearly estab-
lishes that the probe can be used for imaging H2S in living cells.

■ CONCLUSION
In sum, we have developed a fluorescent probe for H2S by
modifying an ESIPT-based fluorescent dye with a cyanate (O−
CN) unit as an H2S-specific recognition motif. The probe

displayed remarkable fluorescence enhancement (>200 fold),
low detection limit (0.25 μM), and relatively quick response
time (<60 s), as well as excellent selectivity toward H2S over
other biological sulfur species such as cysteine, homocysteine
and glutathione. In addition, this probe can be used to detect
H2S in both solution and living cells, providing a potentially
powerful approach for probing H2S in biological systems.
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