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ARTICLE INFO ABSTRACT

Article history A 3-hydroxyflavone-based colorimetric and fluoresme probe for hydrogen sulfide 48) ha:
Received been developed with high sensitivity and exceltstéctivity. This probe was designed base
Received in revised form the mechanism that /8 selectively cleaved the NBD (7-nitro-2,h8nzoxadiazole) etr
Accepted moiety in this probe and therefore release therélpbore, 3-hydroxyflavonerhe addition ¢
Available online H.S to the solution of probkresulted in a greeffuorescence and an obvious color change

colorless to pink, indicating that this probe camve asa colorimetric and fluorescent d
probe for HS. Furthermore, this probe displays a rapsponse and reaches to a plateau v
5 min. It also exhibits a 146 nm Stokes shift alovadetection limit (2hM, based on S/N =

Keywords in detecting HS. Importantly, practical utility of this probe ftire selective detection of,8in
Fluorescent probe living cells has been successfully demonstrated.
Flavone

Photo-induced electron transfer (PET)
Hydrogen sulfide

Colorimetric 2009 Elsevier Ltd. All rights reserved

1. Introduction dinitrophenyl ethers and NBD (7-nitro-2,1,3-benzdaadle)®
_ _ , *Due to their low cost, naked-eye mode and simplegaghent,

Hydrogen sulfide (55) with unpleasant smell is well known' cqjorimetric and fluorescent probes have receivetersive
as foxic gas which affects the nervous, respirat@yf research attention. However, most of the currentréscent
cardiovascular system of mar_nmélsRepently, it has been probes are still only respond to,$ with the changes in
demonstrated thatJ3 was the third gas signaling molecule afterg,,grescence intensity. If a probe with color changad
NO and CO, and endogenousSHcan be formed from cysteine g orescence enhancement could be developed, iblegisal

and homocysteine by enzymes catalyzation. It pldtgg roles in = 5as of HS would be expected to be clarified greatly.
many physiological and pathological processes lmralf its

remarkable cardio-, retina- and neuron-protectivel ather
biological propertie$?® It was reported that the toxic gas can
induce the inhibition of cytochrome c¢ oxidizatiom ithe
mitochondrial electron transport chain. Furthermorthe
abnormal levels of 8 are closely associated with many diseases
such as atherosclerosis, Alzheimer’s disease, isch&noke and
Down syndromé.’ Therefore, the selective and sensitive
detection of a trace amount of hydrogen sulfidenderstand its
physiological properties and functions mechanisrs gained
increasing attention.

Owing to the advantages of sensitivity, rapid respomen-
invasiveness and ease of operafiéhfluorescent probes has
been a powerful tool to detect and imageSHn biological
systems. The design of fluorescent probes fgé lis mainly
based on the reduction of azide to anfit&, nucleophilic
reaction€’?® reduction of hydroxyl amif@ disulfide
exchang®*? high affinity of $ to CU**,****the thiolysis of 2,4-

Scheme 1 Synthetic route to probkand the sensing reaction with NaHS.

3-Hydroxyflavone processes many excellent opticapprties
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such as emission in green, good photostabilityatively high
quantum vyield. Importantly, it features an ESIPdqass with a
large Stokes shift upon being excitated, which wesrdele for
the design of fluorescent probe.In this work, we designed and
synthesized a 3-hydroxyflavone-based dual probebgol) for
the selective detection of,H. The preparation of prolewas
outlined in Scheme 1. We reasoned that prbbeas essentially
none-fluorescent due to the photoinduced electiamsfer (PET)
process caused by the NBD (7-nitro-2,1,3-benzoxatéazther
moiety. We anticipated that,H would selectively cleaved the
NBD moiety in probel and subsequenlty dywas released, in
which process the solution of probk displayed a green
fluorescence and an obvious colour change fromuclass to
pink. As a consequence, prolitecan serve a colorimetric and
fluorescent dual probe for real-time detectiontgfS.

Results and discussion

1.1. Absorption properties

NaHS was used as a standargSHsource to investigate the
absorption spectra changes of prabél0 uM) in PBS buffer (50
mM, pH=7.40, 20% acetonitrile, v/v). As shown in Fig.with
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Fig. 2 Fluorescence respon§e"™ = 346 NnMAem < = 516 nm)of probe

1 (20.0uM) upon the addition of NaHS (0.0 — 20@81) in PBS buffer. Inset:
Fluorescence images of probg¢10.0uM) in the absence (left) and presence
(right) of NaHS under a 365 nm UV lamp.

the increasing addition of23 (0-50 equiv.), the absorption peaks to generate the 3-hydroxyflavor2 Moreover, the reaction
of probel at 370 nm gradually decreased accompanying with ghechanism was strongly supported by the mass spectru

new peak at 540 nm appeared with an isosbestic po#it6 nm
(red-shifted 170 nm). This large red-shift may he do HS-
specific cleavage of the NBD ether group in prdb® yield 7-
nitrobenzo-2, 1, 3-oxadiazole-4-thiol (NBD-SH). Upoeatment
with 50 equiv. HS, the solution of probd instantaneously
displayed a pink color, indicating the probe waseatol detect
H,S with naked-eye.
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Fig. 1 The absorption spectra of protie(10.0 uM) upon the addition of
NaHS (0.0 — 500.QM) in PBS buffer. Inset: The visual color changés o
probel (10.0uM) in the absence (right) and presence (left) oHNaunder
natural light.

1.2.Fluorescence properties and linearity

The changes in the fluorescence spectra of ptald® uM) in
the absence or presence ofSH0-200uM) was investigated in
PBS buffer and the results were displayed in Figiie probel
was essentially non-fluorescent in the absence,8f diie to the
PET process. However, the addition ofSHcaused a dramatic
change in the fluorescence spectra. A strong news@nipeak
at 516 nm appeared, and an enhancement of thes$icemce
intensity (25-fold) was observed with a concomitampearance
of green emission color under illumination with a536m UV
lamp. This may attribute toJ8-induced the cleavage of the NBD
ether group in prob#& and thereby eliminating the PET process

analysis on the reaction product of prabevith H,S. The MS
spectrum of the reaction product displayed a p¢ak/a= 239.1
(Fig. S3), which was identical to the exact weightreference
dye 2 ( [M + H]" = 239. 1). Furthermore, a good linear
relationship was obtained between the fluorescemeasity and
the concentration of 3% from 1.0 to 10.@M (Fig. 3). The linear
equation was found to be y = 4.0022 + 28.8395x (R9987)
and the detection limit was 20 nM based on S/N = [&s€
results suggested that probeould quantitatively detect,S.
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Fig. 3 Fluorescence intensity of protg10.0uM) at 516 nm as a function of
NaHS concentration in PBS buffer. Inset: The lineglationship between
fluorescence intensity and NaHS at low concentnatio

1.3.Time-dependent fluorescence spectra

The time-dependent fluorescence spectra of ptolwéh H,S
were investigated by monitoring the fluorescencerisity at 516
nm as a function of time. As shown in Fig. 4, fluoese
intensity increased with the increase of reactionetiafter the
addition of different concentration of,8 (0.7, 2, 5, 10, 20 equiv.)
to the solution of prob&. Upon the addition of 20 equiv. of,§,
the fluorescent enhancement instantaneously ieitiagind
reached to plateau within 5 min, indicating thatherd was
capable of rapidly detecting,H in aqueous media.
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Fig. 4 Time-dependent fluorescence intensity of prb§£0.0uM) at 516 nm
with different concentration of NaHS (7, 20, 5001200uM) in PBS buffer.

1.4. Selectivity and competition studies

Next, we evaluated the selectivity of probg10.0 uM) for
H,S over other relevant analytes including RO, OAC, S,05,
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Fig. 5 Fluorescence respongge™ = 346 nMAem = 516 nm)of probe
1 (10.0uM) upon the addition of different tested analytisklS: 200.QuM,
other tested analytes: 500u0 (F, NOsy, OAc, S05%, CI, NO;, HCOy,
SCN, citrate, Cys, GSH, #Q;, SQ*, C&', CW, Mg, Zr¥, HO,
ClO, CN, SOZ, Ny) in PBS buffer.
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Fig. 6 The fluorescence response of prdb¢l0.0 uM) in response to the
tested analytes (black bars) and NaHS (2Q0M) with the competition
analytes (500.qM A. F, B. NG;, C. OAc, D. SO#, E. CI, F. NQy, G.
HCO;, H. SCN, |. citrate, J. Cys, K. GSH, L. ROy, M. SO, N. C&", O.

3
CWw', P. Md, Q. Zrt", R. Oy, S. CIO, T. CN, U. SO/, V. Ns) in PBS
buffer.

CI, NO,, HCOQy, SCN, citrate, Cys, GSH, #0,, SQ7, C&",
Cu*, Mg?, Zr?*, H,0,, CIO, CN, S0,%, N5. As shown in Fig.
5, only HS induced a prominent fluorescence enhancement of
the probe at 516 nm, whereas no obvious fluoresceharges
were observed for other relevant analytes. It's wotéhy that
this probe was able to deteciSHover Cys and GSH which was
the main competitive species in biological systems.
However, there are still many challenges in opticallysis of

H,S in real biological systenf$Moreover, the fluorescence
responses of probd to H,S in the presence of typical
competition analytes were studied to confirm theecffe
application of the prob#. The test result was displayed in Fig. 6.
All of competing analytes had little interferencetire detection

of H,S. This suggested that prohewvas a highly selective 49
probe over other relevant analytes.

1.5.Fluorescent imaging of living A431 cells

To explore the application ability of the probaowardsH,S
in biological samples, the living A431 cells wereatsatined to
monitor the behavior of the prolderecognized withH,S using
fluorescence microscopy. It can be seen in Fidhat only very
weak fluorescence was observed when cells were inalilbsie
probe 1 for 30 min at 3. In contrast, an intense yellow
fluorescence was produced when the cells were prestreeith
100uM H,S for 30 min at 3T and then incubated with 5.0/
probel for another 30 min. The above results demonsttee
probel could be used as a reliability and practicalitysgible
sensor to imagel,Sin living cells.

Fig. 7 Fluorescence images of A431 cells incubated withu® probe
1 for 30 min at 37C (bottom row) and pre-treated with 10QuM
NaHS, followed by incubation with prokefor 30 min at 3T (top
row). (a, c) Bright field images; (b, d) Fluorescerimages.

2. Conclusions

In conclusion, we have developed a 3-hydroxyflavbased
fluorescent probe,l, for the detection of 5 with high
sensitivity and selectivity. This probe can sergeaacolorimetric
and fluorescent dual probe for,$ due to the colour and
fluorescence induced by the interaction of prabeith H,S. It
also displays a rapid response, a low detection (@0 nM), and
a large Stokes shift (146 nm). Importantly, the bgrowas
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successfully demonstrated to the practical utitityhe imaging 3.

of H,S in living A431 cells.
4.

3. Experimental section
5.
3.1.Instruments and Materials

Unless otherwise stated, solvents were purified bgdstal g
methods prior to use. All reagents were purchasedn fro 7.
commercial suppliers and used as received. Twiddleliswater
was used throughout all experiments. NMR spectra were
recorded on a BRUKER 500 or 600 spectrometer, Allgate
mass spectrometric experiments were performed on

8
a
micrOTOF-Q Il mass spectrometer (BrukerDaltonik, Getya 30

UV-Vis absorption spectra were measured using a Sizma
UV-2450 spectrophotometer. Uncorrected emissiontspeeere
recorded at room temperature on a HITACHI F4600 #soence

spectrophotometer with both the excitation and epnsslit 1o
widths set at 5.0 nm. Cell imaging was performed wdth 13,

Olympus 71X microscope. TLC analysis was performedilica

gel plates and column chromatography was conduatedsilica  14.

gel (mesh 200-300), both of which were obtained f@imgdao

Ocean Chemicals. 15.
3.2.Synthesis of Probk 16.

A mixture of 3-hydroxyflavon& ** (238 mg, 1.0 mmol) and 17,

NBD-CI (199 mg, 1.0 mmol) was dissolved in 20 mL eaibla

Triethylamine (121 mg, 1.2 mmol) was added to thectien  18.

mixture, and the resultant reaction mixture wasedirat 45C
overnight. The obtained solid was isolated by fiitna, washed

with 10 mL ethanol and yielding a brown solid248 mg, 62%). 19

'H NMR (500 MHz, DMSO) 8.61 (d, J = 8.4 Hz, 1H), 8.12 (dd,
J =79, 1.3 Hz, 1H), 7.95 (ddd, J = 15.8, 11.6,Hz44H), 7.65
— 7.50 (m, 4H), 7.34 (d, J = 8.4 Hz, 1HC NMR (150 MHz,

DMSO) 171.37, 157.71, 155.82, 151.37, 145.18, 144.8%,49, 5,

135.44, 135.25, 132.45, 131.48, 129.51, 128.82,3B2d.25.66,

123.81, 119.35, 110.71. HRMS (EI) m/z calcd fos;fGiN;Os + 23.

Na]": 424.0648, Found : 424.0549.

24.
3.3.Imaging of A431 cells o5

A431 cells were seeded in a 12-well plate in Dulbecco’s26

modified Eagle’s medium (DMEM) supplemented with 10% 5,

fetal bovine serum and 1% penicillin, incubated emdhe

atmosphere of 5% COand 95% air at 3 for 24 h. g

Immediately before the experiments, the cells wershed with

PBS buffer. the cells were pre-incubated with NaHS (@A0®) 29.

for 30 min. After washing with PBS three times, A4%lls were

then incubated with the probe (fuM) for 30 min at 37 °C. For 30

the control experiment, A431 cells were incubated wWithprobe
(5.0 uM) for 30 min at 37 °C, and Fluorescence imagings wa
performed after washing the cells three times witts Rgiffer.
The fluorescence images were obtained using Olymfi$

microscope for collecting experiment images. 33
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