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A Ratiometric Fluorescence Probe for Reactive Sulfur Species (RSS) Detection
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Abstract: Glutathione (GSH), cysteine (Cys), homocysteine (Hcy) and hydrogen sulfide (H,S) are important reactive sulfur species
(RSS) in living organisms, which play important roles in physiological and pathological processes due to their antioxidant capacity.
Herein, using N, N-diphenylamino as the electron donor group (D), thiophene as the © bridge, pyridine cation as the acceptor (A),
and 2,4-dinitrophenyl (DNP) ether moiety as the recognition group, a ratiometric fluorescent probe, 1-(4-(2,4-dinitrophenoxy)ben-
zyl) -4- (2- (5- (diphenylamino)thiophen-2-yl)vinyl)pyridin-1-ium bromide (DTP) was designed and synthesized for detecting RSS.
The interaction between DTP and RSS was studied by UV-Vis absorption spectrometry and fluorescence spectrometry. The results
found that probe DTP itself showed a fluorescence emission at 642 nm; when RSS were added, the fluorescence peak blue shifted
from 642 nm to 536 nm; and the fluorescence color of the solution changed from peach to yellow green under a 365 nm UV lamp.
The simultaneous quantitative detection of RSS could be achieved through fluorescence intensity ratio (Fssgum/Fssnm)- The high-reso-
lution mass spectrometry (HR-MS) data confirmed that the reaction mechanism between DTP and RSS was mainly based on the
cleavage of 2,4-dinitrophenylether by RSS.
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RSP i B () e EE A K AR I 4, S BN g
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(NBD) b U A7 54 T — A4~ 356 1w g i 2k
IR 7 - JF " BB OCRE i TR S
HL P56 8% (PET) i /5 5 5 A B JL-F WA %Ok
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RN PSRBT 1 7] i 9 A R G S
W B B A E S RE AT LD R T, $E A
A HEG AR T AT, BOET, B iRaE
FESR IS BRET R 2 0% 43 K GSH  Hey | Cys .
HLS 3 Hrh i A Ak B AR Akl S A s B AT
W eE T e R A ER AL, IR R 5 A SE e 1Y
AR50 G0, Wed 25655 DL TR 4 Ik S0 324 AR
FIFEA R EE T R Cys PEOCIRER , FIUHZDOEE S
558 S HAE (Fags o/ Fos o) SEBR T XF Cys 195 124600
( £k P32 [l 0.1 pmol/LL~9 pmol/L) , ¥ M B
(LOD) A 74 nmol/L . It4F, Wang " S5 4338 T F&
TR AE 4 8 (FRET ) R OGHLIEL Y b R ¢
FeRE, B 5 A YHEE (GSH/Hey/Cys ) & 4 ) i
B, R T 2 B H B S B R D R A R A
R BE L 28 Fas o/ Foss o I 5 GSH (10 pmol/L~
100 pmol/L) LM ¢ & o H §i H F [7 B 4 0l
RSS Y H 2L B4 A WARIE , Sk, &R BA
e BT I L R BUE B L R DO IR ET , HAESLHL
X GSH/Hey/Cys/H,S [R) I} K6 I 4 1 2% 80 5% 5 4%
BF ELA B R SOR S BR  FAE .

ARICBETE A T — B bR A S B A 1-
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(D), MEREFRE N B F 320K (A ), 3 2o HE Wy 3% 12
s D-n-A 3L P A R . DTP A & 7F 642 nm
b Bk gt MImARSS J5 ,RSS 5 2, 4-
T R L R AR R A AR B B A, R D
Fo L b B A, gk & A 4y N HE LTH BR RN
fiff 75 0 B (4- 0 W 3 3R 2 -2, 5- e -1
M ) B 2, e 19 B TR AL G 6, TR B & STk
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Fig. 1 The structure of DTP and its detection mechanisms towards RSS

NHEPIER ) — 48 (Pd, (dba),) . = BT 5 B U IR
W mR £ . = S A W L 4- e 2 IR ER R Eh 2R
by al S i e 3wl B sl R /N R R Wi
Sk 43 B 2l (R i — 2B gk S5 K By
hEEF K,

fdi Fi§ Bruker Avance 11T 600 MHz #% 4 $ 4% 14
AT AL A Y i H NMR F1°C NMR £ 4F (Hi -+
& v ) 5 Ml Agilent 6520 Accurate-Mass—Q-
TOF Jz i A 47 B 1% 43 #r (56 [ 2 6842 ) 5 (1 H
TU-1901 B 58 A AT UL A 335 A3 (=35 47 )
FFLS-920 % T £ 9 AL (e B & T 48 ) i
AT 58 A1 R S 1 I 5 S5
1.2 REWER SR

BEF DTP 1A B 26 WL 2.

1AW 1A 82 50 mL (55 B8 o A 4-
F2 2K B (300 mg, 2.45 mmol) , JC 7K B¢ iR B
(680 mg, 4.92 mmol) 4% ) DMF (5 mL) , =
TRIEHE S min J& , A 1-980-2, 4- il 3 2K (668
mg, 2.70 mmol) M FE 2 ho =G W ot 25 LA
NG HLA L 2853 To K B R A T 0, 23 UE , V8K e
Py A I = el e Sl O = Y = T o
afifk (VRN A B/ LR R L 8:1, V/V),
58 (0, [ 14 (650 mg, 77 %8 92.1% ) .

ka2 a1 E W 10650 mg,
2.26 mmol ) % f# 7E JC /K H % (10 mL) H, 0 CHig
F£5 min. B 7] LR T I NaBH, (86 mg,
2.66 mmol ) , {45 0 °C, N9 & FHi+E .4 h

Jei Ta) Fo P A ZE€ 48 K (5 mL) B K R, A H
Jot 2K A 2 A HLAE , JCK B R A T 2L g D
JE T B i 50, 45 BI0ORE = L R S AR 2 BT 43 B Al
b (PR A/ TR O BE, 4:1, V/V),
8 o [B 1R (590 mg, 723 90.3% ) .

B 30 E -0 °C 44, BUPBr, (159 pl,
1.68 mmol) % i in 2 1£ & ¥ 2 (150 mg, 0.56
mmol) ) T i) — S BE iR P ik 6 h ), 1l
Hop A ZE K BRI R, 4R TR A LA HL
A, A1 NaHCO, 7K 35 0 P8 ¥, JC /K Bt 1R 4 T 45
1 U8 VR B BRI, AR BRSO R AE 2T
Iy it (PR N AR/ R R, 301,
V/V) , f3  fa [E R (95 mg, =3 48.2 %) .
'H NMR (600 MHz, CDCly) &: 8.85 (d, 1H),
8.34 (dd, J, = 24 Hz, J, = 9.6 Hz, 1H), 7.52
(d, J = 84 Hz, 2H), 712 (d, J = 8.4 Hz,
2H) , 7.08 (d, J = 9.6 Hz, 1H) , 4.53 (s,
2H) ., “C NMR (151 MHz, CDCl,) &: 155.69,
153.55, 141.72, 139.75, 136.28, 131.45, 128.84,
122.13, 120.73, 118.84, 32.11,

& 4 H9A B Ar SRR, 100 mL TRy
=, A Pd,(dba);(91.6 mg,0.1 mmol) , =
AT I Y R0 R £ (58 mg, 0.2 mmol ) A K T
PRI 2R (25 mL) , B b FIR S W% 30 °C
6 <030 min, 2R & FE A K g (846.2 mg,
5 mmol ) , 2-{RWBEW; (1.630 3 g, 10 mmol ) LA KX
T HE4H (961 mg, 10 mmol) , B 1R A 4 in #4 = (9]
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Fig. 2 The synthetic route of DTP

T, B LA &, R RORE 58 4 N 5 R R (T2 @
kR MR R EEE . BN
IR e 75 B ), 8RB W i i CHLCL, (100
mL) H, AR R K, MR B R K PR %, Bk
Na,SO, T, o U8 , 1 U8 W I T 25 B 25 % 71
J& A5 B ™ S, FRE AR 2 AT 35 o B Al 4k
(Y M6 700 Sk A v Bk ), 15 8 £0 Ry R R A (821.7
mg, =% 65.4%) ., 'H NMR (600 MHz, CDCI,)
§: 7.246 (dt, J, = 15.6 Hz, J, = 2.4 Hz,
4H) , 7.116 (dt, J, = 84 Hz, J, = 1.2 Hz,
4H), 7.002 (m, 3H), 6.878 (dd, J, = 5.4 Hz,
J, = 3.6 Hz, 1H) , 6.716 (dd, J, = 3.6 Hz,
J,=12Hz, 1H), “C NMR (151 MHz, CDCl,)
8: 151.476, 148.026, 129.141, 125.908, 122.787,
122.340, 121.573, 120.863 .

A S MA R : Ar K83 T, 100 mL
TEG =P SN a®4(15081 g,
6 mmol ) & T T 4 i DMF (30 mL) , 7K ix % HI
20°C, %0 =& E (1.4 mL) , #k vkok
T B SR A R G2 ik 2 90 “C I B 2 h ()2
sk R ) RERHEER. K
A B 210 BN TR 9% 18 B A UKOK T, CHLCL, 2
WA VLA, A VLA, R &k sk, JEK
Na,SO, T8 , o U, F 8 I I8l s e 2% ok 2 9 771
B B W) P RE ISR )2 AT €80 A 5 At Ak (R I R R
PE/EA, 5:1, V/V) , 15 % & [A & (1.266 8 g,
FERT756%) . 'H NMR (600 MHz, CDCly) 8
9.608 (s, 1H), 7.458 (d, J = 4.2 Hz, 1H) ,
7.363 (dt, J, = 15.6 Hz, J, = 2.4 Hz, 4H) ,

7.282 (dt, J, = 84 Hz, J, = 1.2 Hz, 4H) ,
7.220 (m, 2H) , 6.385 (d, J = 4.2 Hz,
IH) . “C NMR (151 MHz, CDCl) §:
181.457, 164.271, 146.038, 138.323, 130.531,
129.847, 126.182, 125.526, 112.220.,

A 6 094 i - 50 mL RIS B L A
41 5(279.4 mg, 1 mmol) , 4- ML IE 2 B2 5 R
5 (347.2 mg, 2 mmol) , T4 9 CHCL, (10 mL)
DL JWRWE (0.8 mL ), e, fn 44 & 13 2 7 20 h
GH 25k R ) B EER. b
J& BRI I CHLCL, VR K, 48 R & 3 7K
VEUE A LA 238 JC K Na,SO, T4, 1 38 | W&
JHE 75 B 2505 7, 5% BR 0 P RE S A )2 A €80 Ay 5
afi Ak (P67 b CH.CL/CH:OH, 80:1, V/V),
15 8 A% {0 [ K (202.5 mg, 77 57.1%) . 'H
NMR (600 MHz, CDCly) ¢: 8.501 (dd, J, =
48 Hz, J, = 1.8 Hz, 2H), 7.298 (m, 5H) ,
7.221 (dd, J, = 48 Hz, J, = 1.2 Hz, 2H) ,
7.194 (dt, J, = 7.8 Hz, J, = 1.2 Hz, 4H) ,
7.092 (m, 2H), 6.889 (d, J = 3.6 Hz, 1H) ,
6.515 (m, 2H) . “C NMR (151 MHz, CDCl,)
&: 153.048, 150.099, 147.336, 144.637,
133.878, 129.380, 128.067, 126.708, 123.958,
123.543, 122.856, 120.295, 118.553. HR-MS for
Co:HisN,S™ ( [M+H]J * ) : caled. 355.126 4;
found 355.125 4,

E DTP 894 1% 50 mL B B, S )
A AL & ¥ 3(282.5 mg, 0.8 mmol) , k& ¥ 6
(141.8 mg, 0.4 mmol) , LA & T8 L5 (8 mLL) ,
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P FE B IR A W E B, kS W 8 h, T
JE} 58 42 N 58 B (T2 £ 3 % W 4 RN
) A B R RN R E 78 bR L
I, 5% EA Y R AR 2 BT 3 B gl ik (kA
%% CH.CL/CH,OH, 15:1, V/V) , 15 5 % (1
[ K (271.2 mg, 77 % 95.8%) . 'H NMR (600
MHz, CDCly) ¢: 9.121 (d, J = 7.2 Hz, 2H) ,
8.810 (d, J = 2.4 Hz, 1H), 8342 (dd, J, =
9.0 Hz, J, = 24 Hz, 1H), 7.852 (d, J = 8.4
Hz, 2H), 7.763 (d, J = 15.6 Hz, 1H), 7.630
(d, J=72Hz, 2H), 7.360 (td, J, = 7.8 Hz,
J,=18Hz, 4H), 7.227 (m, 7TH), 7.099 (dd,
J,=19.6Hz, J,=30Hz, 3H), 6.372 (d, ] =
3.0 Hz, 1H), 6.272 (d, J = 15.6 Hz, 1H) ,
6.151 (s, 2H) . “C NMR (151 MHz, CDCl,)
8:  160.042, 155.158, 154.591, 153.649,
146.056, 143.227, 141.873, 139.720, 136.327,
135.924, 132.037, 131.991, 129.760, 129.075,
128.566, 125.935, 125.108, 122.022, 121.008,
119.481, 115.503, 114.200. HR-MS for
CyHN,OST ([M+H] 7)) : caled. 627.169 7;
found 627.169 1.
1.3 StiEiaErymzE

DL AR (DMSO ) R % 751, Bie il ik 5 R
2.0X10 % mol/L W& £ DTP % % W , Fii Hl A 7]
pH B () 85 2 22 vh % i (PBS ) , 18 Ao

L DMSO/PBS (V/V = 1:1,pH 7.4) A%
FIHC ) 249 BE S 10 wmol/L 19 DTP I 38 75 W,

(@ 0.40
— — 1-DTP+Cys
035 -+ - 2.DTP+GSH
= - - 3-DTP+Hcy
0.30 - === 4DTP+H,S
8 025 —— 5DTP
g ........ 6
€ 020
8
< 0.15
0.10
005 | \
0.00 - T ps e e e s

300 400 500 600 700 800 900
Wavelength/nm

MRS R R 2 mL . s, 2
BT K B ) A5 R B L BH T R A a3 R
e FE 3554 10 mmol/L (4 6if £ ¥ . pH 52 Y ¢
S 52y 22 whilg (DMSO/PBS, V/V=1:1) ff
e pH 3 il 8 pH 3.0~10.0. JIF 47 56 3% 52 56 44 7
37 CHM T AT . eI BT R O
WA 405 nm, 3 AR S B 8% 55 B 448 2 nm .

2 iS58

2.1 #F$TDTP XF RSS B¢ 0w R
WIS T DTP £ DMSO/PBS(V/ V=
1:1,pH 7.4) Ml K & b 5 RSS 2 i /i J5 1Y 55
AW RN S & B R R . W 3 (a) B R,
DTP 7E 522 nm &b A & KW, im A RSS J5
W Wi 0 5 A% 28 404 nm, I &b B W i 0 o7 5 Ak
AW 6 F—3 . DTP 5 RSS I I fif J& i %€ 6
JEIE AR L an B 3 (b) FraR , S A RSS J& L %
B DTP 7 642 nm Kb (1) 5¢ 58 B FEAR , I FEBE &
536 nm Ab 1 7 5 3 BH 3G 5, I Ab 19 & i
e 5bAY 6 —3 . X—BE UL DTP
5 RSS & WA G 7= W A TR A S 6, JF B
Al LLIE S 2Ot R G O 1 B 298 O 5 B L R AE
(Fgs un/ Foso o) M7 RSS &
2.2 #$TDTP 3t RSS I KM E LI
b5, Fe i1 4T T DTP XF RSS B9 %¢ Y63 &
SEH . N 4 N, Bl RSS W RS O, SR EF
T 642 nm b 1 5 ' 3% % W REAIC, JF 1E B E

(b) 180 000
AN — = 1-DTP+Cys
150 000 | I,'G ' - 2.DTP+GSH
' — - =3-DTP+Hcy
= ':' \ = 4.DTP+H,S
Q 120 000 | : “. ——5.DTP
~, 90000
[T

60 000

30000

0

800

Wavelength/nm

B3 DTP(10 pmol/L)7E DMSO/PBS(V/V = 1:1, pH 7.4) "5 RSS(500 pmol /L) W A J& 9 5 MR IO (a) Bt
JEIEE ()
Fig. 3 (a) Absorption spectra and (b) fluorescence spectra of DTP (10 umol/L) in the absence and presence of RSS (500 pmol/L)
in DMSO/PBS (V/V=1 : 1,pH 7.4)
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c d
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2 80000 f =
2 2 / \
g g \
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- - \
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15000 | ~
20000 | /

0 = L L L L
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Wavelength/nm

B4 DTP (10 pmol/L)7EDMSO/PBS(V/V=1:1,pH 7.4) sf 5K [F]# B RSS I (5 663 £
(a) GSH; (b) Hey; (¢) Cys; (d)H,S
Fig. 4 Fluorescence spectraof DTP (10 pmol/L) in the presence of various concentrations of RSS in DMSO/PBS (V/V=1: 1,pH7.4)
(a) GSH; (b) Hey; (c) Cys; (d) H,S

536 nm 11 5¢ )G 3R BE 2 W7 1Y 5, 7R AR B A I 3
Bl N, RSS 1Y ¥k B2 5 48 &1 %€ 06 5 BE LG Fags o/
For o Z 0] BAT B U O 2R PR R (D 5) , R HE £
M5 0] LLAS 454 DTP % GSH/Hey/Cys/H,S
1 A BR 43 %) o 0.179 01 pmol/L (0 pmol/L~
100 pmol/L) , 1.078 82 pmol/L (0 pmol/L.~400
pmol/1.),0.366 70 pmol/L (25 pmol/1.~300 pmol/
L), 0.792 68 pmol/L (0 pmol/L~500 pmol/L)
(LOD=30/k) , 45 K& W , F H & £ DTP 7] 52
X RSS 1 AW . 5 C HE R SR AR
o7 ¥R 5 DTP % RSS (GSH/Hey/Cys/H.S)
8 ¢ ' W 7 2 (] — [ 5 R K SR T i AT
1Y, X A A F] F RSS (GSH/Hey/Cys/H,S ) 11
) B dE A . b, FRATTIE $EAT T DTP X
RSS i Sy B 8] #4905, W& 6 B . 24 DTP th
A RSS J& , DTP 198 658 BE L Fs o/ Foao o B
5 RSS S T 8 48 i s 14 im, B ik 3
— PG I F KA DTP 5 HS 9 2 B
I [) 45 G2 1

2.3 pH3HE$TDTP 5 RSSEAHIR M

=2l R T AFEpHME %KM T DIP 5
RSS J I 9 A5 5 224k . an &l 7 iR, 78 pH
9 3.0~10.0 75 F A, DTP 78 3R 4k & b A &
() 9 Fe 58 BE LAY Fass an/ Foso o JLTP- AR 150 B 15
5 DTP 7€ 1% pH . Bl N o M8 47 s A
RSS Ji , 7 pH {E7E 6.0~10.0 36 Fl N %€ St 58 & L
(B Fsss am/ Flosz w30 TF 187 o 3 80 25 L 000 BH 32 8 51
DTP JF & i A T4 B85 T RSS ARG .
2.4 #R$TDTP 3t RSS BIE R MM R

FATERFE T DTP XF RSS Ay & £ 1 31 %1 B
71 o FE DTP %W 43 30 m A K [R] vk B2 1Y RSS
(GSH, Hcy, Cys, H.S) . & J& FH & + (Sn™"
Cd*",Mg*" ,Ba®",Ca” ,Cu*" ,K",Fe” ,NH,",
Fe'") B ¥ (ClO ,Br ;Cl ,HCO, ,HPO;/ ,
COy" ) Fl— L B iR 4> F (L- & 2 2 (Tyr) , L-
o Z R (Try) , L- 5 &R (Leuw) , L- & & 2
(Glu) , L-RA& R R (Asp) , L-4H &AW (His) , L-
K2R (Arg) ), I oot k Gtk . 45k &k
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