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Highlights

1. This probe exhibit high signal-to-background ratidgesponse to 5.
2. This probe was used to detect endogenous generktiSninduced by Ca
mediated cystathioninelyase (CSE).

3. This probe was successfully used to detect exogenpdrogen sulfide in mice.
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Abstract Hydrogen sulfide (bS), a new endothelium-derived relaxing factor
(EDRF), which plays vital roles in regulating intracddiu redoxstatus and other
fundamental signaling processes involved in hunealth and disease. In this work,
we designed a fluorescent probe foiSHsuccessive nucleophilic reaction with high
signal-to-background (S/B) ratio. In the probe, wtiéized 2-mercaptobenzoic acid as
the distinguish reaction site and introduced 2ptaiphenyl to provide appropriate
steric hindrance to realize specific response olttstreictured HS. Other substances
sulfur-containing do not disturb the detection gSHThe max emission with 197-fold
enhancement exhibits high signal-to-backgroundoralihe detection limit was
calculated to be 64 nM. Imaging assays in liviniscehowed that the probe could
penetrate cells membrane easily and allowed toctetedogenous generation31
induced by C& mediated cystathioning-lyase (CSE). Moreover, the probe was
successfully used to detect exogenouS k mice.

K eywords: H,S-specific; Two nucleophilic; Gamediated; Vivo
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1. Intruduction

H.S is extensively exist in a wide variety of indiedrsuch as oil exploitation,
natural gas well, tunnel and sewage disposal [1Ekposure to high level 1$
atmosphere may cause respiratory symptoms, castiolaa abnormalities and
neurological disorders [5-7]. 48 was found as the third multifunctional
gasotransmitter along with nitric oxide (NO) andbmam monoxide (CO) since last
decades [8-10]. }$ influences a wide range of physiological and ggaltlysiological
processes, including its ability to act as a nearsmitter [11], regulator of blood
pressure [12], immunomodulator [13] or anti-apoipt@gent [14], together with its
great pharmacological potential, such as cardiegtmn [15], endogenous
stimulation of angiogenesis [16] and mitochondt@benergetics [17]. However,
abnormally HS concentrations have been significant associatiéh alzheimer's
disease, down's syndrome, diabetes and liver cisHda8-21]. Physiological effects
of H,S are concentration-dependent, thus, in order toefiiefrom HS, the
concentration of BB must be maintained at the appropriate level. Bmmals,
endogenous 8 is synthesized naturally by several enzymesudhiet cystathionine
y-lyase (CSE), cystathionineg-synthetase (CBS) and 3-mercaptopyruvate
sulfurtransferase (MST)/cysteine aminotransfer@a | [22-25]. Yang et al. reported
that the activity of cystathioninglyase (CSE), an important enzyme responsible for
H,S physiological generation in animals, could bevateéd by calcium-calmodulin
pathway [26]. However, the mechanism of Taduced intracellular kS production

in living cells has not been elucidated. Therefaleyeloping selective and sensitive
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detection tools for b5 in complex biological systems is important.

Traditional methods of }$ detection, including methylene blue method [23d
acetate [28], electrochemical sensors [29], gasorchtography [30] and
monobromobimane derivatization are often limited pgor compatibility with
biosystem, limited temporal resolution or rigorqueparation requirements [31-32].
In contrast, fluorescent probes with highly semsitiselective, nondestructive are
suitable for detection of this volatile, gaseouslenole with readily available
instruments [33-36]. In the past several yeargyraber of fluorescent probes fop$
have been reported [37-41]. However, probes withh tHignal-to-background (S/B)
ratio are rare. In bio-imaging, the probe with higlB ratio is benefit for obtaining
more accurate and reliable signals. There are tagsvio improve the probe’s S/B
ratio. (1) Increase extent of fluorescence enhaeogm(2) Improve selectivity.
Moreover, the application of fluorescent probesh® HS signaling pathway is still
rare.

The 2,4-dinitrophenyl (DNP) ether moiety has beempleyed extensively as a
protecting group for tyrosines in peptide synthddi®]. Direct assemble the DNP
group onto various kinds of fluorophores have yedid series & probes [43-47].
Indeed, biothiols can also remove DNP group, tHecseity of these probes are
unsatisfactory [48-49]. In this work, we employechet DNP derivative
2-((2,4-dinitrophenyl)thio)benzoic acid as the magkgroup link to the fluorescein
and obtained the prob®@robe 1) (Scheme 1). The probe exhibits high selectivitg a

significant fluorescence enhancement up to 197-ighdn the detection of 49.
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Furthermore, Cd induced HS production in Hela cells was directly visual
demonstration use the probe.

2. Preparation and characterization of compounds

2.1. Preparation of Probe 1.

The Probe 1 was synthesized from the compoundid an ester moiety link to
fluorescein (Scheme 1). The compound 1 was syrbesise the same methods as
previous literature [50].

<Inserted Scheme 1>

Compound 1 (1.0 mmol, 0.32 g) and fluorescein (irfol, 0.33 g) were dissolved
into 25 mL dichloromethane, added N-(3-dimethylampiropyl)-N-ethyl carbodi
imide hydrochloride (EDC) (1.0 mmol, 0.19 g) andifethylaminopyridine (DMAP)
(0.20 mmol, 0.01 g). Surrounded by Ar, the reacttited overnight (r.t.). Then
solvent was evaporated and resulted residue wascseith to column chromatography.
Probe was obtained ayallow powder (0.19 g, yield: 30 %).

2.2. Characterization of Probe 1

'H NMR (600 MHz, DMSO#dg) 5 8.88 (d,J = 2.5 Hz, 1H), 8.34 (t] = 8.0 Hz, 3H),
8.05 (d,J = 7.6 Hz, 1H), 7.85 (d] = 5.7 Hz, 4H), 7.80 (t = 7.5 Hz, 1H), 7.75 (] =
7.3 Hz, 1H), 7.37-7.34 (m, 2H), 7.15 @= 9.0 Hz, 2H), 6.96 (dJ = 8.7 Hz, 2H),
6.91 (d,J = 8.7 Hz, 2H).3C NMR (150 MHz, DMSOds) & 163.4, 151.5, 150.6,
144.9, 144.4, 144 .3, 137.5, 134.4, 133.5, 132.1,313130.2, 129.9, 129.3, 127.6,
124.9, 123.9, 121.0, 118.3, 116.5, 110.3. ESI-M$: nfprobe + H] Calcd for

635.07604, Found 635.07525; [probe + Naalcd for 657.05804, Found 657.05683.
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3. Resultsand Discussion
3.1 Specta properties of Probe 1 response to H,S.

Firstly, we evaluated the UV-vis spectra properaéBrobe 1. As shown in Fig. 1,
in 2 mL DMSO : PBS (v/v, 7 : 3, pH = 7.4) solutiofiProbe 1 (25 uM), gradually
added HS (0-300 uM), the absorbance at 338 nm increased with corteoni
appearance of absorbance at 475mmnshort time frame (10 min). Similarly, we also
studied the reaction beweé&mobe 1 and biothiols (Cys, Hcy and GSH) in UV-vis
spectrometer (Fig. S6 a, b, c). Under the sameittong, the addition of Cys (500
uM) caused a neglectable absorbance enhancemenB88atn@®, and Hcy (500
uM)/GSH (500uM) couldn’t cause obvious changes in UV-vis spectra

<Inserted Figure 1>

TheProbe 1 is considered to be a high S/B ratio probe. Orotie hand, high S/B
ratio probe depend on the extent of fluorescendemrement. As predicted, the
incremental addition of H0-70xM) to the solution DMSO : PBS (viv, 7 : 3, pH =
7.4) of Probe 1 (5 uM) resulted in a dramatic enhancement of the emgittband
centered at 538 nm in 10 min (Fig. 2a). Finallye tlmax emission has 197-fold
enhancement. On the other hand, the high selgcts/ivery important condition for
high S/B ratio probe. ThBrobe 1 was treated with HSand various relevant analyte
(100 eq.) in DMSO : PBS (viv, 7 : 3, pH = 7.4). &{®wn in Fig. 2b, therobe 1 was
highly selective for HSversus biological relevant thiols or HSOThese results
demonstrate the excellent selectivity of the prtbéd,S. These above experiment

results, the emission d¥robe 1 has a large enhancement (197-fold) and the high
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selective of thé’robe 1 fulfilled the requirements of high S/B ratio prolb¢éence, the
probe is a HS-specific fluorescent probe with high S/B ratio.
<Inserted Figure 2>

3.2Wbrking curve and time dependents

Furthermore, a plot of fluorescent intensities 28 Bm versus the concentrations of
H,S showed a good linearity {R 0.991): F-g = 94.24 - 293.60 (Fig. 3a). With the
definition: Detection limit = a/k, the detection limit evaluated as 64 nM. In ortter
evaluate the response speedPobbe 1 towards HS, we examined the reactivity of
probe (5uM) towards the HS(10 eq.) through time-dependent fluorescence
spectroscopy in DMSO : PBS (viv, 7 : 3, pH = 7A% the Fig. 3b depicted, the
reaction could be completed within 10 min.

<Inserted Figure 3>

3.3. Proposed mechanism

The proposed mechanism Bfobe 1 was depicted in the Scheme 2. ThgSH
nucleophilic substitution the carbonyl group Rrfobe 1, result in the protect group
cleaved and released the fluorescein and compoun®lP Furthermore, the
mechanism was proved by the ESI-MS spectra analygg S9). ESI-MS of a
solution mixture ofProbe 1 and NaHS exhibited m/z peaks at 331.0611, 198.4816
accordance with the fluorescein and compound Zctsely.

<Inserted Scheme 2>

3.4 Cytotoxicity experiments

HepG2 cells were cultured in 96-well plates. Thikrmember was determined and a
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serial dilution onProbe 1 was performed in culture medium (without serum),
incubated for 5 or 10 h. Subsequently, CCK-8 (1n%erum free culture medium)
was added to each well, which was washed with R&Stimes and the plate was
incubated for another 1 h. Then measure opticatites at 450 nm. Cytotoxicity
assay demonstrating tfReobe 1 was benign to cells and has the potential to leel us

in biological applications (Fig. S8).

3.5. Imaging of living cells

The HepG2 cells incubated withrobe 1 (5 M) only for 20 min showed no
fluorescence in the green channel (Fig. 4 al)ohtrast, treatment d¢¥robe 1-loaded
cells with 20 uM NaHS for 20 min triggered an obvious increasedgneen
fluorescence signal (Fig. 4 b1l).

<Inserted Figure 4>

Encouraged by its good sensing performances $6rihl vitro, we appliedProbe 1

to image the endogenously generatess by exogenous compound stimulation.
S-Nitroso-N-acetyl-DL-penicillamine (SNP) was udedstimulate the generation of
endogenous (6 in HepG2 cells. As we expected, after incubawah 10 xM SNP
for 1 h, the fluorescence intensities from the grelbannel clearly increased, which
are similar to that of the addition of exogenousHSa(Fig. 5 d1),. These results
indicated thatProbe 1 capable of visualization of endogenougSHgeneration in
HepG2 cells. These cell experiments showedPtiube 1 can thus be used to imaging
ex/endogenous 4% in living cells.

<Inserted Figure 5>
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3.6. Imaging the Ca*"-dependent H,S

Cd" is the second messenger and involved in a vadeiptracellular signaling
pathways. According to reported, that calcium-calolim regulating the activity of
cystathioniney-lyase (CSE) responsible for8l physiological generation in animals.
To demonstrate the mechanism of Taduced intracellular b production in cells,
we conducted imaging experiments wiRhobe 1 in Hela cells under conditions of
both negative and positive controls. No fluoresceighal was observed in green
channel when the cells were pre-incubated with Dapprgylglycine (PAG, which
suppresses CSE) along winobe 1 and C4&". In contrast, obvious fluorescent was
observed when the cells were pre-incubated witi* Gand Probe 1, or cells
pre-incubated with aminooxyacetic acid (AOAA, aqutinhibitor of CBS) along
with Probe 1 and C&'. This indicated that CSE contributes to the obmerihS

generation upon Gastimulation.
<Inserted Figure 6>
3.7. Imaging of living mice

Furthermore, we applieBrobe 1 imaging in mice. The Kunming mice were fed
commercial mouse chow in individual cages andttefteely wander in their housing
for two weeks with 12 h dark/light cycles for acaditization before the experiment. A
living animal imaging system is used in imaging thiee. After all the preparatory
work was completed, the mice were under anesthegia 100 mL pentobarbital

intraperitoneal injection. As Fig. 7 shows, the eniwere injected with 50 mM of
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Probe 1 in the abdomen, HSvas carefully injected into the same location. A,itbe
fluorescence images were recorded at differentogerof time (0, 5, 10, 15 min).

These results displayed tHatobe 1 could visualize the endogenous3Hn vivo.
<Inserted Figure 7>

4. Conclusions

In conclusion, we prepared a fluorescein-base8-specific probeProbe 1 with
high S/B ratio. The results of UV-vis spectrum dhmrescence emission spectrum
studies showed thderobe 1 had good selectivity for $$ and having a 64 nM
detection limit for HS. Kinetics studies showed that the response caoreleted in
10 min. Furthermore, this probe was used to diyetttlage C&'-dependent b5

production, and in vivo imaging.
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Figure captions

Scheme 1 Synthesis oProbe 1.

Figure 1 UV-vis responses d?robe 1 (25uM) in DMSO : PBS (v/v, 7 : 3, pH = 7.4)
solution, added H0-300uM).

Figure 2 (a) fluorescent responses Bfobe 1 (5 uM) toward HS; Inset: Visual
fluorescence change photograph Roobe 1 only and upon addition of NaHS under
illumination with a 365 nm UV lamp; (b) the seleeiof Probe 1 (5 «M) towards HS
and various relevant analyte (100 ef),= 512 nm, slit: 5 nm/5 nm.

Figure 3 (a) The working curve oProbe 1 (5 uM) in the presence of various
concentrations of H®-70 uM); (b) Time dependent dProbe 1 (5 uM) to HS (10
€q.).Aex = 512 nm, slit: 5 nm/5 nm.

Scheme 2 The mechanism of theérobe 1 responsing to HS

Figure 4 Confocal fluorescence imaging the3Hin HepG2 cells oProbe 1 20 min:
(al-a3) Incubated with therobe 1 only: (al) green channel; (a2) brightfield image;
(a3) Overlay. (b1-b3) Incubated with tReobe 1 20 min, then treat with HZ0 min:
(b1) green channel; (b2) brighfield image; (b3) @ae Excitation at 488 nm, the
green channel was set at 545 + 15 nm scale banpan20

Figure 5. Confocal fluorescence imaging the endogenoushegded HS in HepG2
cells of Probe 1: (c1-c3) Incubated with thBrobe 1 only: (c1) green channel; (c2)
brightfield image; (c3) Overlay. (d1-d3) Incubateith the SNP for 1 h, and then
incubated withProbe 1 for 20 min: (d1) green channel; (d2) brighfieldage; (d3)

Overlay. Excitation at 488 nm, the green channed gt at 545 + 15 nm, scale bar =
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20 um.

Figure 6. CLSM images of Cd regulated HS production pathways. (el-e3)
Incubated with theProbe 1 only: (el) green channel; (e2) brightfield image3)
Overlay. (f1-f3) Incubated with Cag£{200uM, 1 h), then incubated withrobe 1 20
min: (f1) green channel; (f2) brighfield image; Xf@verlay. (g1-g3) pre-incubated
with AOAA (100 M, 3 h), incubated with Cag(200xM, 1 h), then incubated with
Probe 1 20 min: (gl) green channel; (g2) brighfield imagg3) Overlay. (h1-h3)
pre-incubated with PAG (100M, 3 h), incubated with Cagl(200 M, 1 h), then
incubated withProbe 1 20 min: (hl) green channel; (h2) brighfield imade3)
Overlay. Excitation at 488 nm, the green channel g&t at 545 + 15 nm scale bar =
20 um.

Figure 7. Thein vivo imaging of HS in a nude mice model & obe 1 (20 uM). (a)
Control group; (b, c, d) First injected 40 Probe 1 solution, then injected 50M
HS solution for 5, 1015 min. Excitation at 475 nm, the green channel eddlected

at 52045 nm.
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Supporting Infor mation

Table S1: Compare of reported fluorescent hydrogen sulfidebes in

recent years.
| Material and Methods
Il (Fig.S1-S5): Copies of NMR and ESI-MS of related compounds.

11 (Fig. S6-S9): Spectroscopic studies.
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Table S1:

Properties of the reported fluorescent hydrogefideuprobes in recent years.

probes S/Bratio | detection limit response time Ref.
S@ 60 10.5 nM 2.5 min [1]
[I SN
Ns@f& - 18 nM 30 min [2]
|
(€]
o -- 50 nM <1 min [3]
40 120 nM 15 min [4]
O "O”ﬁ
200 90 nM 15 min [5]
o pN:Q/
Nd
0 -- 29 nM 5 min [6]
AL
U,
" b - 30nM 60 min [7]
”CNGN%
This work 197 64 nM 10 min
(probe 1)

[1] Lin L, Zeng XQ, Shen YN, Zhu HL, Qian Y. An uisensitive fluorescent probe for rapid

determination of thiophenols. Talanta 2017;165:32%-

[2] Qiao Z, Zhang HY, Wang KW, Zhang YR. A highlgrssitive and responsive fluorescent probe

based on 6-azidechroman dye for detection and mgagf hydrogen sulfde in cells. Talanta

2019;195:850-856.

[3] Yang Y, Feng Y, Jiang Y, Qiu FZ, Wang YZ, SoA{, Tang XL, Zhang GL, Liu WS. A

coumarin-based colorimetric fluorescent probe fpid@aesponse and highly sensitive detection of
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hydrogen sulfde in living cells. Talanta 2019;1224129.

[4] Ma C, Wei C, Li XY, Zheng XY, Chen B, Wang MhZang PZ, Li XL. A mitochondria-targeted
dual-reactable fluorescent probe for fast deteatiod2S in living cells. Dyes and Pigments 2019;

162:624-631.

[5] Ismail I, Wang DW, Wang ZH, Wang D, Zhang CYj Y, Xi Z. A julolidine-fused
coumarin-NBD dyad for highly selective and sensitietection of k5 in biological samples.

Dyes and Pigments 2019;163:700-706.

[6] Chen HH, Gong XY, Liu XW, Li Z, Zhang JJ, Yaxd-. A nitroso-based fluorogenic probe for
rapid detection of hydrogen sulfide in living cellSensors Actuators: B. Chemical

2019;281:542-548.

[7] Huang XT, Liu HY, Zhang JW, Xiao BR, Wu FX, Zhg YY, Tan Y, Jiang YY. A novel
near-infrared fluorescent hydrogen sulfide prohelifee cell and tissue imaging. New J. Chem.,

2019;43:6848-6855.

l. Materials and apparatus.

Reagents with analytical grades were purchased é@mmercial and used without
further purification.

UV-vis spectra were taken on a HITACHI U-3900 spmghotometer and
fluorescence spectra were recorded using a HITAERMD00 spectrophotometeH
NMR and**C NMR experiments were measured by a Bruker AVANSDB- MHz

spectrometer (Bruker, Billerica, MA). Electrospiiapization (ESI) mass spectra were
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acquired using an AB Triple TOF 5600plus System @BIEX, Framingham, USA).

The cell imaging experiments used Zeiss LSM880 CLSM

I maging Experiments

HepG2 cells and Hela cells were cultured in dulb&scmodified eagle’s medium
(DMEM, Gibco) in an atmosphere of 5% ¢@nd 95% air at 37 °C. Before the
CLSM imaging, the cells were plated on 14 mm glasgerslips and were incubated
overnight. The cells were washed with PBS and timenbated withProbe 1 in
DMSO/PBS (0.5 %, v/v) for 3 h at 37 °C. After waslpithree times, the cells were
subjected to CLSM imaging.

Imaging procedures were conducted with adult nute mnder general anesthesia
by injection of sodium pentobarbital (0.5 mL/0.03%nages were taken using an

excitation of 475 nm and emission was collectedt52tm.



10u
150
140
130
120
110
100

30
80
70
&0
a0
40
30
20
10

-0

II: Copiesof NMR and ESI-M S of related compounds

Fig. S1

565
566
567

-
= 3
06'8 ]
- ! 269
S
s S6'9
e a) 96'9
£ LB
- e it
= 9L
Y - 551,
a8 S8l
£ LEL
« 8 nLl
m SLL
e ez = %L
m:.v T 1 Mgy g 5 BLL
i~ ——— -L0g[ = @ 08%
86L— — T Ul fee 3] 8L
Ly — — =0 g y81L _
55’8 _ /001 @ :
0/ I e 8L
688 = .
N 58L
T .
- s 58L
= 3 981 )
S 981 . BEEy
o : — 95 |
= = 08 - ,|Ww :
x 9084 1L
s i — ~907
258 A
= Z ee'g ﬁ on
T A — = 950
T nEg — - olF
e £ 7g'g 107y
e — — =l i 588 EE— 5 060
e O 58'8 Logy
o LEdy '
o : = 8¢
B 28’8 “ 5
- LL
0 o O
O O N~
mn wn

40 35 30 25 20 15 10 05 00

%]
l (ppm)

Figure S2. ThéH NMR (600 MHz) spectra of therobe 1 in DMSO-dg.

Fig. S3

85 80 75 70 65 60 55 5.0

571
572
573



574
575
576

577
578

579

580
581

Desktop/dd FZ4UU
e SRS NI S SNER IS s
O MNN O T T T TN~ om™uwm T oo = = 8
OB ITITIomemeoeeneNNNNNNNRERET
T T — =" —— — 2200
2000
+Hgoo
HB00
400
200
Hooo
800
+600
400
200
. \ . Ll
~200
400
- . r . . . - - : ' . . - - . ; ' .
170 B0 150 40 B0 120 w0 f00 90 80 70 60 a0 40 30 20 10 0
fl (ppm)
. 3 .
Figure S3. Thé3C NMR (150 MHz) spectra of tHerobe 1 in DMSO-ds.
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Figure S4: ESI-MS of thErobe 1: [Probe 1 + H]+ Calcd for 635.076, Found 635.076; [probe Naj+ Calcd for

657.058, Found 657.057.
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III. Spectroscopic Studies
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