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A Highly Sensitive Fluorescent Probe Utilizing a Dual Quenching Mechanism
for Zn*" Detection
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Abstract: To enhance the sensitivity of fluorescence probes for the detection of Zn*", this study introduces an OFF-ON Zn®" detection
strategy. This approach utilizes a dual quenching mechanism involving fluorescein ring closure-opening and (E)-4-((4-(dimethylami-
no) phenyl) diazenyl) benzoic acid (DABCYL) as a dual quencher. The primary objective is to address the issue of high background
fluorescence associated with bis (pyridin-2-ylmethyl) amine (DPA) based Zn**recognition groups in various fluorescence probes. The
Zn** fluorescence probe 4',5'-bis((bis(pyridin-2-ylmethyl)amino)methyl)-2', 7'-dichloro-3'-hydroxy-3-oxo0-3H-spiro [isobenzofuran-1,
9'-xanthen]-6'-yl (E)-4-((4-(dimethylamino) phenyl) diazenyl) benzoate (FL-ZJ) was synthesized using a fluorescein precursor mole-
cule, with DPA serving as the recognition group and DABCYL functioning as the dual quencher. The fluorescence response of FL-ZJ
to Zn*" was investigated through fluorescence spectroscopy. Results indicated that FL-ZJ exhibited minimal fluorescence activity at

526 nm in the absence of Zn**. Upon introduction of Zn**, the fluorescence intensity at 526 nm increased to approximately 17.4-fold, ac-
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companied by a color change from colorless to yellow. The detection limit for Zn** using this probe was determined to be 14.6 nmol/L.

Further analysis via Job's Plot experiments and high-performance liquid chromatography revealed that coordination-induced ring

opening of the fluorescein moiety and intramolecular elimination of the quenching group facilitated the selective detection of Zn*".

Key words: background fluorescence; OFF-ON; zinc ion; trace
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OFF-ON HY %% A S B AE B 7 By R o 3y i
i H o T PET W26 KIFA 0058 4, 3
TE B B 4G DU BS80S T s £l 2L AT A
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1.1 FENHFESRFA

F FL AL #% . Bruker Advance—400 %I 4% w4 1%
(SEE, &5 - B RTA 7)) 5 U-2910 5840 AT L
A3 5606 EE i (B A, HITACHI) ; F-4600 %% 56
4t ( H 7%, HITACHI) ; Primaide 55 2% W A €2 3i%
X (H A, HITACHI) .
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o2, T B FE A U E SR e DL &
4= H AR E R -4 [ BT R A A
22 B HRE DL e N, N- - F 35 B g 45 ARk 771
W 1 2 45 P Ak 2 3R 0 A BR 2 WD 5 43 B D
A B4l CALR.) A 805 43 BT 52 536 40 oK R
BRI E R N T,

1.2 HETEK

BAE 45— (XL g —2— W7 L ) 45 L)
) -2, 7- & -3- RN Ewm4- (4
H 0 ) R 38 ) B /D) R H R (FL-Z)) # fan & 1
TR B4R A
1.2.1 FL-DPA #54 %,

FL-DPA &% CHk[ 17 ] & . 7F 100 mL &
JE B P A 1.590 0 g (7.99 mmol) , 2, 2~
M e B B L R T 20 mL L BEFE R
k2 A 0.224 0 g (7.47 mmol) Z B HEE , %R
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Fig. 1 The synthetic route of FL-ZJ

BV T80 “CIRIAL K2 B 30 min Ji , K5 15 A IR Uk
2, 7- %% (FL) (1.001 0 g, 2.49 mmol ) 1)
30 mL ZJERK IR G (V/V=1: 1) I A Jx
ﬁ1¢%¢,ﬁi‘?ﬂalﬂ/}m}iﬁ24h T2 W fsz oy &

SRR E R, R KRG R L

J%IJ%{%F@W%‘LE% C, I A 30 mL )
75 CE’J&%,% AP 1.5 he BEJS K WA
T —20 “CHY VK FH  #% B 12 h, A3 00 38
AR B DT TE o DT hIE , KoK BRI UEDE 31K,
Bt 15 B8 A [E K 1.500 0 g, 77 2% R 38.46% .
'H NMR (400 MHz, Chloroform—d) & 8.60 (d,
J=48Hz, 4H), 8.04 (d, J = 7.3 Hz, 1H),
7.75~7.60 (m, 6H) , 7.36 (d, J = 7.8 Hz,
4H), 7.24~7.14 (m, 5H), 6.64 (s, 2H), 4.20
(s, 4H), 4.09~3.92 (m, 8H) . “C NMR (101
MHz, Chloroform-d) ¢ 168.98, 157.6, 155.89,
151.60, 148.80, 148.71, 137.22, 135.27, 130.15,
127.70, 127.06, 124.10, 122.52, 117.53, 111.79,
110.01, 83.30, 59.05, 49.15,

1.2.2 FL-ZJ#54%

1 20 mL [B % B i H im A 0.190 0 g (0.99
mmol ) 1- 2 K& - (3- Z B JE & L 9 56 ) ik ik — 7
JHiz $h B2 £h (EDC) ,0.024 5 g (0.20 mmol ) 4- — i
’ﬁ%ﬂttﬂﬁz 0.250 0 g (0.93 mmol ) 4- — W1 Jiie 8 %

K-4-¥ 1R (DABCYL) , ' ixX 28 ) i, ) 1 5 mL

T W ke (DCM) TN, N- OF g O
(DMF) ¥4 ¥ (DCM 3.4 mL, DMF 1.6 mL) %
fi# 50 CR M2y 12 h, e Wi 5e B Ji , B Hl 2 =
o A 0.336 4 g (0.41 mmol) Hr A f& FL-
DPA , #k%E 50 ‘CJ v 12 h J5 , 45 1k & B, ‘/Azr@
o N DCM i BE N R 2818 7K U U bk

EN 1—5%—(3—9Eﬁ9§§§u%ﬁ%)ﬁmﬁ¥m§

SRER AL L A- W G R E U 28 B S IR
Mo AP bk BEE=15:1) 4

1k, 15 2 21 {5 [E 4K 0.076 0 g, 7= &y 14.26% .
'H NMR (400 MHz, DMSO-d6) ¢ 8.32 (dd,
J =152, 74 Hz, 7TH), 8.06 (d, J = 7.5 Hz,
1H), 7.98 (dd, J = 86, 2.3 Hz, 3H), 7.89
(d, J = 88 Hz, 4H), 7.80 (t, J = 7.5 Hz,
1H), 747 («d, J = 9.1, 7.7, 2.6 Hz, 3H) ,
731 (d, J = 8.1 Hz, 3H), 7.08 (d, J = 6.3
Hz, 4H), 7.01~6.95 (m, 1H), 6.89 (d, J =
9.0 Hz, 4H) , 4.42~4.28 (m, 2H) , 4.05 (d,
J = 15Hz, 2H), 3.82 (s, 8H), 3.11 (s,
6H) . MS (ESI) : m/z calc. for Cs;HyuClLNOy:
1073.318 3 ; found : 1 074.330 4 [M+H] "
1.3 ##R$tFL-ZJigit R

BT DPA 5B AR 09 72 58 6 Ar @ i T
PENCHE RS 58 A1 A 808 1 T 52 9800, M DL 3k
15 05 M L RS o A SCRL, T- Pt
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FAE R DOE I, B 9O R R K
F A DABCYL 2 g 8 5] A B E BEAK, & B
PRI AT B - T R OBE 9% 5 8
OFF-ON AU 8 58 7R 41, 770 5 7 5 B & B A7
JEE S T BRI N, i — 215k 5 OL E T
PRV R 2 (B 2) o B T8 K 3 A 9 5
A i — 20 AR 0O, AR I IR B A A PR
X T4 K 2500 B 1 Zn* DL 4 .
1.4 SEigaENE

B3R FL-Z1 3% T — H 35 3 0 (DMSO )
H BE K 1.0 102 mol/L By fif #5 W, il & T K
FE PGS o BEREMESCIR P, AR BT L PH S
T K FE R Y & B F K B B 1.0X 102 mol/
L 06825 W o B AR R U8 B, X Zn™" 0 A T 3
A 10% HOEE Y B R 2% vP W (PB) (Vieon':
Ves = 1:9, 10 mmol/L, pH=8) W # 17 . H
Ao = 485 nm MY I K G IF 4R 500 nm~
630 nm % K 161 B

2 iR 5N

2.1 1FR$TFL-ZIX Zn* B EE
AN [a) v B2 1Y Zn® " A% 0.5 pmol/L R &

FL-ZJ-Zn?*
Highly Fluorescent

B2 HEFFL-ZI R4 St Zn® mi AL
Fig. 2 The structure of FL-ZJ and its detection mechanism towards Zn**

)% W, IR 2 h 5, 7 485 nm i34
BT HEAT 90 R LK, I R 4 500 nm~
630 nm YOG EFHE . R 3 (a) i, BRE7E
PB & s il th LA 9 . B A Zn® (13
W oA, 7€ 526 nm AL RSB HT G TR . 2 Zn”
() e B 48 hn %) 2.0 pmol/L I, 4K 2 4 % )t 9 i
R T 17AGE, R TR E W REE . X
S W B A B 5 R B FL-ZJ () DPA iR
LA 25 A IRt — 2 5 3 B RIS LAY LA,
HEMA S K5 DABCYL & 24 |, [F i 98 % & R
TF#, % e o 1F 0 nmol/L.~750 nmol/L M iz
U Y, BE RS T U 5 526 nm kb 1 ¢ O o E R
AR R (B 3(b), R*==0.9944) .
2.2 ¥R$TFL-Z) 3t Zn® o Rz Bk 5t

J TV ERER o R IR R — 1
R AR IT T AR B 1%k FL-ZJ (6w iy 398 44
BRAEF FL-ZJ 093 2 ¥ 4 5.0<1077 mol-L. ™, Zn*" ¢
4 2.0X10 ¢ mol-L ', HiAh [ | PHES 7 M 2 B 1R
FR | B 21 4 510 moleL ' Bt il — 2R 91 & ik JiE
4 5.0<10°" mol-L " 1y 4 £ PB-MeOH #
(Vaeon * Veg = 1:9,10 mmol/L , pH=8) , 43 5l in
ALY BE R 2.0X 1076 moleL ™ 1y Zn2", Bk B 1 Ry
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(a)7E PB-MeOH(MeOH: VPB = 1:9, 10 mmol/L, pH=8)¥F "W A [ Zn** (0.00 pmol/L~2.00 pmol/L) X84 FL-ZJ
(500 nmol/L) A ZIEI 2 i ih 2 5 (b) 4%+ FL~ZJ (500 nmol/L) %} PB-MeOH(MeOH: VPB = 1:9, 10 mmol/L,
pH=8) i Zn*" (0.00 pmol/1.~0.75 pmol /L) B¢ B (526 nm Ak ) 5 Zn® e BEAILRPESE R .
Fig. 3 The fluorescence response of probe FL-ZJ to Zn?>" ions
(2) The fluorescence titration spectral of probe FL-ZJ (500 nmol/L) to different concentrations of Zn*" (0.00-2.00 pmol/L) in
PB-MeOH (MeOH:VPB = 1:9, 10 mmol/L, pH=8) solution; (b) Linear relationship between the fluorescence intensities of FL-ZJ
(0.50 pmol/L) and Zn** concentrations (0.00 pmol/L-0.75 pmol/L) at 526 nm.

5107 mol-L™" iy HAth BH . FH B 7 M S HL 1R, #2250
FEEER TR 2 hJ5, A, = 485 nm [ & 6
Wk, IR TE 526 nm P A GIG BdE . 45 a0
B 4 Fi 7R, FL-Z) X} Zn*" & 80 H B () 1 Bk, H:
b B 7 JL-F X R &7 A4 T4

A A0 |r=mmmmsrmme s i e e
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S
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FSSS S S E 8 e P8 FLFeP s
B4 #HEFL-ZT (0.50 pmol/L)%} Zn** (2.00 pmol/L.) 4%
ol J 1 - RN ERR 5L L (526 nm Ak, 453 8 85 5 I
FEPR A4 5.00 pmol /1)
Fig. 4 Fluorescence response of FL-ZJ (0.50 umol/L) to
Zn** (2.00 umol/L), various ions and amino acids
(5.00 pmol/L) at 526 nm

2.3 R$FL-Z) Xt Zn* MR HY Job's Plot SL4&

Iy 9 R BUER & FL-Z) B 3 f Zn? " 38 W T
1 mL /) PB 2 vh g b, PR FE 4R & FL-Z) #1 Zn™
() i v E A 5.00 pmol/L, H [FL-ZJ]/[FL-
ZJ+7n*" T HAE 0.0~1.0 35 BBl A2 4k, id st 1k R 7E
526 nm 4k A 9¢ 5 B 5 R ANE S fr s . B

B E FL-Z) 5 7Zn*" L 0 09 3% 5 A8 1k, 1R &R 7E
526 nm Ab B9 2O 0 B AL B 2 A AR AR L . B IR
% [FL-ZJ]/[FL-ZJ+Zn*" 1k 0.5, B4R 4 7 T
SEEE TR BN 1 1R, 56650 B ik 2 i
B, XEWRE Zn* e 5 & A DABCYL X A —
M i) DPA 3% A 25 & 9F i — 2 5 FL-Z) T (% I
O WA, 1 BE & 7 K50 DABCYL & 2%, 1
FRE 56 . MERE FL-ZT 5 Zn® LA 1: 1 9 L)
g5 4 iF, DABCYL 43 & 2%, i A1k R 586
VAT 5 B KB, W B 22 1) Zn® " S5 8 L A7, 2%
HEAFKE
2.4 $RETFL-ZJ 3t Zn® " Ho0m 547 s 3

HE— B R T HRE FL-Z) X 2ot R 0 98
W 12 ML, 4308 B s DABCYL FLDPA (£
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Fig. 5 Job's plot of probe FL-ZJ and Zn** in PB buffer solution
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 FL-ZJ UL K345 FL-Z1 5 7n*" )0 2 h 5 B )2
PR ZR , W50 L A 2] & RO AR B A,
I 490 nm 38 18 ) (a3 i 1 2k, 45 5 an1El 6 B .
FL-ZJ 5%8F 5 [ b7 I e A% W I 1) 0 2R i 25 1Y)
¥E K K DABCYL , 454 Job's plot 25 3, mT L ¥k
W R X B B 1 (R W R 28 D7 T B S T S5 A KL A
— M DPA %5 & P75 5 09 431 N TH B R, 2F T i
B R DABCYL 3£ 71, 2ot SHEHE R 1: 119
B A5 0 [ B A Bifi 2 26 6 38 BRI I I 38 3R 5950k
LI .

FLDPA
Dabcyl!

FL-ZJ+Zr?*

7 FL-ZJ+zZre*
FLZJ FL-Z)

10 12 14 16 18 20 22 24 26 28 30
t/min

1 :probe FL-ZJ and Zn*'
B6 J5k DABCYL FLDPA HHREF FL-Z) K Zn* A4
R R T2
Fig. 6 Chromatographic efflux curves of raw materials DAB-
CYL, FLDPA and the reaction systems between

2.5 RETFL-ZIESEBEFHRN AN
251 KEFHERTNE

FH B e e 20 ¥ K S A 2ot TC BRI
102 mol/L, BF 5% & &1 FL-ZJ & 1 Zn®" () 7] 47
P£ ., 78 FL-ZJ (5.00 pmol/L) 9 2 000 p1. PBS 2%
M (pH=9.0) f& & o, K K in A 1.00 pmol/L,
1.50 pmol/1.,2.00 pmol/1., 3.00 pmol/1.,4.00 pmol/1.
Zn*" M 5 FL-ZJ 7F 526 nm 4k 59 %€ % 58 )% .
EERMF VR o SEBRAKAE T Zn® (1 A5 0]
R SR 99.4%6~106.5% , & B A SC T A B Y B
BT OO HE A R e B, v LA TR
B K BE I Zn® R
2.5.2 SEEIIF P B T M

IR FEWE e, AR, 25 1, Wi, PRI 30 g FH 46
FOKI R B0 IRV T E 2 %2 500 mL A&,
W20 pL I ARSI W AT 90, 2k
FCRE TR N 2 AT LUAS Y 8 U0 X6 B
B 1R (1.8740.09) mg/100 g, X — 25 5 5 5k

R KA PIRA FL-ZI 3+ Zn> 690
Table 1 Response data of probe FL-ZJ to Zn*" in purified

waters (n = 3)

Sample Added/ Detected/ Recovery

(pmol/L) (pmol/L) /%

0.0 0.02 £ 0.003 107.4

1.0 1.06 + 0.02 106.4

Purified water 1.5 1.51 +0.01 100.5
2.0 2.06 =+ 0.02 10.1

3.0 3.18 £0.01 105.8

4.0 3.98 £ 0.01 99.4

— AT Wy QA X B | R 98 100 MR AT H AR P v
BN EE RS e UL B FL-Z)
RENE H TR AR e g i B AT
F2 ARAFL-ZI X% T3P Zn® 5509 M (n =3)
Table 2 Determination of Zn** content in Penaeus

huanghaiensis by probe FL-ZJ

ot o ok dopmE L
AL BB MM WIEM T .
B

/au) /lauw) /(au.) /(a.u.)

yis3 (1.87 +0.09)
. 7524 7178 77.68  75.2341.45
LN mg/100g

B

X

pcad

2.5.3 SR PHEB T RL

B = 3[R bR 46 45 1 B /NEA L o iR
£ 0 mol/L, 5X107° mol/L, 1X10™° mol/L
Zn* EE R 48 b R A D f /N R HR AR 5 )
4 1X10* mol/L FREF 5 W 3% %€ 3] 30 mL A9 5§ 47
Hh FE B AL B3 A 2 mL 100 pmol/L f#5
B, A1 365 nm 1958 AN KT HE AT BG4 LU O
KBR300 L

Bifl 155 % W A R B R K, VAl 2 Y
P10 A8 e B0 AR TR (R 7 (a) ), AE R 5 5 15 5%
W A E ., XBEWRE T EIKRE 2 1
KR Wb 2 A TR 22 10 B B T 08 i 2 R R
o [RIES, W 7 (b) frzs , 78 365 nm 48 A1l IR
SR IR U AE AN [E) W Zn T B B 9% U A Al 2
A6 75 6 8 B W 25 Zn " 2 R B B0 A AR 1 b 1
R o XS5 BRI AR SO K R BT FL-Z)
AT LLAE A PR i S Zn® A B A SR AS T
2.6 IRETFL-Z) 5EMEHEFIRFTEE

DPA B:WE BB 7 e e R 26 2R AT,
THAR S B o) 2 H T8 8 72Ot e
MR FER3IT,RAEARTIESH M
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(a) #EF FL-ZJ(100.00 pmol /L) AbHR IS, Afk: 56 A6 A 0 (4Bt Zn™ i B 1978 4k.(0.00 pmol/1.(1) .50.00 pmol/1.(2) .

(0.00 pmol/L(1") ,50.00 pmol/L(2") .1 000.00 pmol/1.(3")).
Fig. 7 Imaging of Zn* distribution in daisy petals
(a) Color changes in daisy petals following treatment with the probe FL-ZJ (100.00 umol/L) at varying Zn** concentrations
(0.00 pmol/L (1), 50.00 pmol/L (2), 1 000.00 umol/L (3)); (b) Fluorescence changes in daisy petals under 254 nm ultraviolet light after
treatment with the probe FL-ZJ (100.00 umol/L) at varying Zn** concentrations (0.00 umol/L (1'), 50.00 pmol/L (2'), 1 000.00 pmol/L (3")).

I T DPA W88 THREFHEAT R L &2 B, 3 458

T FL-ZJ #REH i A AUA7 A8 DPA U3 3 A1, (7] i

F 51T 3R 6 K ) DABCYL , M T i 3 ZRLPTIER ASCE AT RSO R B

FEBE B TR R ORUBE K BL, B B R e T VR DPA SRy BURBAE T 3 28 5008 3T 71 38

COIRIE M TAE, FL-Z) M e TR M b o 4r iy R KR DABCYL XUHEE 44 K AL i 4 42 9 OFF -

o R AR A A R ON H Zn*" 9¢ Je R 4F FL-2J . 3 i3 4% 8 7 i {1
R3 FL-Z) 5 ik ey kT DPA #94F B FTIR4H M Ak b Ak

Table 3 The comparison of Zn*" detection performance among FL-ZJ and other reported probes based on DPA in the literature

Prob Agmax A,max  LOD Reaction Ref Prob AMax A, max LOD Reaction Ref
robe ef. robe ef.
/nm  /nm /(nmolL.™!)  media /nm /nm /(nmolL.™!)  media
(E\,{‘ o
G HEPES R Tris-HCI
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