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Abstract

In order to detect high sensitivity and selective biothiol, we designed and synthesized a NIR probe
based on a symmetrical squaraine derivative (Sq-TPE), with absorption and emission bands
beyond 700 nm. Sq-TPE exhibits high sensitivity and selectivity towards biothiols over the other
amino acids and bioanalytes. The addition of three biothiols results in significant color changes of
Sq-TPE from cyan to yellow, and meanwhile ratiometric emission changes from red to orange.
More excitingly, it shows detection limits as low as 9.8 nM for Cys, 12.4 nM for GSH and 9.7 nM for
HCy, respectively.
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BRAVEH HERT —FhET XTFR G B T BRATAEY) (Sq-TPE) KL 44 (NIR) R4 T B 3Ky W A Wi B
Sq-TPER Yt AUR 5118376700 nm Bl b, FEMRRAM ZFEERFAEN /N7, Sq-TPEXMHEESGK
B R ERSEEE. SRR I NESq-TPEMBI A RAE T NS AR AaK D ESTN, FN, %
Fe RS MR, Hoh, Sq-TPEXTCys, GSHAIHCyHIAMIFR 4 5)>59.8 nM, 12.4 nM,F19.7 nM,

KA
YRR, EMER(Cys), BMHRR(GSH), FZEBER(HCY), NIRFOEHRE
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1. 5|8

B 0 e 28R (Cys) 5 0k H IR(GSH) A [E AL~ Bt 2 BR (HCy), A& VI 2 8 15 A/ 73 1 B 20 s
5y, WREMTE AN R AN AT BRI 1] [2]0 BA0, RPNERZ PR IR 2 T LB A KGNS i
BRI EE[3] [4]. VENA A& B PR EE, 20 H K RT DA i 4 M i e e RE 77, i 4t i A KO FR 1)
FAL R ThRELE B REZIER . BHH KRS VF 2 AR 2% B A O [S]. Ak, Il
rhE AL B ER B I SR B AR R B12 s, LR G EURIGEIE6]. BRI, Alpnm R
=988

EL LT, IR TEAR S, Q8B AR5 EHPLC) (7] AL TTE[8] [9]
B HIKIE(CE) [10]. JRIEEEMS) [11AIZ [ 12] [13] [14]554 . [15] [16] [17)iX L3R jikd, *®
JEH T HRBUE S 5 THAEMR 523 772 8. R, K28 AR il w2 KT 600 nm 1)
BTG N ARG RN, IRE S MPECAIRE OGRS H S, TP o el i) R R [18]. Fk
F, FEITZLAMGEIX (700 nm BAE), AEWIRE S O S PURT RRBEAK[19] [20]. BRIE, BotE R R
TR DA K R e B PR AT 20 A0 SR A M BB A2 53 b (1)

TEATAEH, TATRILE A BRI FR I 78R 57 Sq-TPE 1] LAE A — il 4140 5 SR B SRS Il At 2
WG . JTIRE Gk T BRARMS, 08 —ANE WG 75T, IREDPERZARIHES, wn F
MERER EWEE21], PEOLYELE R SR, = A BRI 586 R S B8 . AT T
Sq-TPE 31X B B Ak S 4 iR de B e 97, 308 1k 58 A1 IR WA 1 AR 22 D1 s e o JHG A WU AT L B ARG I8 R AT 1
i F.

2. SCIGERSY
2.1. #&. A ILER

VIR JEORF R G F BT T AR B B IR A F] . H RGBT R A & A2 75 1 S 57 A 7 45
A A AR AR B VA (R 2R A DU S S5 B E AR R, VAR AR B AN F S . A, e
RN L BREFERARE AL, Y E A o AZ IR AR 20K A /Y 2 BrukerAVANCE 111 600 MHz
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WREFEIRAL, CATARE AT T, DU F R B o P b o 325 A B 80 e A H B K AT IS T8 5 1% (M AL DI-TOF)
K172 Bruker Autoflex JiUi%, LA 1,8,9- =R BN NILT . S840 m] WO HE R Bidt UV-2450 BU%¢
HMAT GTE G, HAL S 5256 7E CHI660A BY Mk 22 T AR, EEAT 9, BT a Bl sty e R
PR, PAREAARR, BL 0.1 mol/L DU T 37N Jo Bl R B 1 — S Be v BN FRB U I, R 50
mV/s.

2.2. R[E]Z49 2 ML) Sq-TPE BI& /K
b al4A 2 A" ¥ Sq-TPE M4 k£t & 1 fior.

2.2.1. B4 2 AR

BAEEY 1 (500 mg, 1.04 mmol)Al 1-hexyl-1H-pyrrole-2-carbaldehyde (186 mg, 1.04 mmol) & T 150 mL
PSR A, EE S 15 min BRE, I 40 mL THF %%, T 0°C F— XM A NaH (150 mg, 3.75 mmol).
B30 min J5FH R FR, REAE 65°C NEVLRBIE R . R TERUG, R BEEINUKK A, =& b
FEWEEIFANAE, KBE=k, RERTCKRBRAT 8, SRR RTEA, BN - maEd)z
Mrafifh, BRI =S R B AU BRI S VAR, AR 15, BRI AR K 320 mg, FEE 61%.

2.2.2. &) Sq-TPE &R

FAE 2 (320 mg, 0.63 mmol)F 3,4- 5334 T J#5-1,2- i (36 mg, 0.32 mmol) & T~ 150 mL #3
B, B 15 min R, I 20 mL FRZERT 20 mL 1E T EEVAMR, fERIRAEYE Ein—2 kA%, [k
SR RPLFERRE RN BIANGKK S, = R RBUS A IR N, KE=, S5 TEK
TREREN T8, IEJEHETIAR, SR M. MRk ENT o, MRoeih =& HEACA ik TR A
WA, ARG 101, SRR B E 158 mg, =% 46%.

3. FER5WiL
3.1. AL =R SRS S

1) Fa=4 2: '"H NMR (600 MHz, CDCl): 8 7.17 (d, J = 8.4 Hz, 2H), § 7.15-7.01 (m, 15H), § 6.97 (d, J
= 8.4 Hz, 2H), § 6.87 (d, J = 16.2 Hz, 1H), § 6.76 (d, J = 15.6 Hz, 1H), § 6.65 (t, J = 1.8 Hz, 1H), § 6.44-6.43
(m, 1H), 8 6.13 (t, J = 3.0 Hz, 1H), 5 3.91 (t, J = 7.2 Hz, 2H), 5 1.73-1.70 (m, 2H), & 1.33-1.26 (m, 6H), 5 0.87
(t, J = 6.6 Hz, 2H). °*C NMR (150 MHz, CDCl;):5 143.86, 143.80, 142.45, 140.92, 140.73, 136.04, 131.69,
131.44, 131.38, 127.79, 127.68, 127.63, 126.47, 126.40, 125.62, 125.24, 122.53, 116.88, 108.23, 106.56, 47.02,
31.55,31.39, 30.90, 29.72, 26.48, 22.54, 13.99.

2) #7749 Sq-TPE: '"H NMR (600 MHz, CDCl; ): 8 7.83 (s, 2H), 8 7.37 (d, J = 8.4 Hz, 1H), § 7.25 (d, J =
8.4 Hz, 2H), § 7.17-6.95 (m, 38H), & 6.85 (d, J = 4.8 Hz, 2H), 5 6.78 (d, J= 9.0 Hz, 1H), 8 4.79 (d, J = 6.6 Hz,
4H), § 1.74 (t,J = 6.0 Hz, 4H), & 1.37-1.27 (m, 12H), § 0.86 (t, J = 6.6 Hz, 6H). °C NMR (150 MHz, CDCL): &
168.88, 145.95, 144.96, 143.58, 143.53, 143.44, 141.85, 140.33, 134.79, 134.35, 132.02, 131.39, 131.36,
131.32, 130.55, 127.86, 127.80, 127.67, 126.73, 126.65, 126.61, 126.42, 123.98, 114.76, 113.82, 46.66, 32.08,
31.56,29.69, 26.13,22.51, 13.98. HRMS-ESI m/z: caled for CgoH,,N,0, [M+H]" 1093.5667, found 1093.5652.

3.2. ABESF Sq-TPE BISHIBE4E iR

K 2 FIRH Sq-TPE 73 11E — 5 HH e 8 rh 58 Sh-m] IR ISC e 1 R % 016 A 5 o6 8 o 211 7 » Sq-TPE
Iy i AR 714 nm AL, ARRIR TR 7T 1501 A BT A2 (ICT), AP IIFK) TPE-pyrrole % [4]
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Figure 1. Synthetic routes for the squaraine dye Sq-TPE
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Figure 2. UV-vis absorption (black line) and the emission spectra (red
line, A¢ 665 nm) of Sq-TPE (2 uM) in CH,Cl,

2. Sq-TPE ZEZ R RRFA R T VS50 -7 IR (B L) Rt & 5t
P {EARE9)

[ P [R) 77 BR 45 44 B Ui AT MU 6 o Sq-TPE 3 TEIL LA G X R BLHH SR ZU I SOC AN BRI A SR
KN 740 nm. Sq-TPE 731 (IMSONUA SR 7 #RAR A, TR FAE 2040 X, Bt e #% th A A 18 nm,
IR T3 TR A SR RRAE

3.3. BIMNTRSTEE

FRATTE S FE (1 22 Sq-TPE FRE 43— X BRI (140 175 100 o [4] 3 A2 5 SR Xo B 2 1) 45 AN 5 6 o 1
R 2 SEES 2 AE DMSO-H,0 VA E I AT 1, AWARRLE N 9:1. Wil 3(a) s, B Cys I,
Sq-TPE ¥REHE 714 nm Kb ) 5 K IR R BT A . 5 LRI, 7E 425 nm AbHBL— S8 iy, IEiz
Wrsgam . AN, HH P 3(a) PSR T LAE B, WA T — AN RER T B E AR, SRS A A
WA B, Cys BIIMAE43 Sq-TPE 4 T HISLHESE M R A T 48 k. SO IE B K8 665 nm,
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Figure 3. The changes of absorption spectra of Cys, GSH and HCy by Sq-TPE probe molecules (a) and emission spectra (b,
excited at 665 nm) of Sq-TPE (2 uM) with addition of Cys (0~20 uM). Inset: (a) the color change of Sq-TPE after addition
of Cys; (b, d, f) the change of emission spectra (excited at 425 nm)

[E 3. Sq-TPE #R%t 53 FXf Cys. GSH #1 HCy HUESMNZLTRERE . #EE: a /M Cys f5, Sq-TPE BIEIETEL; by d
T EUAR A A 425 nm BRI E B

R T AR R B RS ) e B VA FH B KR K (710 nm) Bk . Wil 3(b), BEE Cys HIIN, Sq-TPE
PREF S T1E 740 nm FIPOGRE IR E 28 2% K. 5H—H, MK 425 nm B, #5451
1E 575 nm Kb HI5EEFE HZHE R, M 3(b) b B B AT DR S #0822, X B 53 40 AR B R
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ISR L. AN Cys Ja, SRANBCRZOE RS A 5E 4 — 20, IEW] T Sq-TPE 7> T HISLHE 45 ) 32 21
W AREF 7 7R TXF GSH A1 HCy FIATINIG, 115 3 i o-f BWT LIE . 895R 55X Cys R IIRL
REMh CAEEERERY], Sq-TPE #REF 737 7T [l i3 e 7 €0 A2 A AT EE 2 5 S M S SRAS: B B 5

3.4. KMIBRE Job HiZ%

R PR (LOD) 2 i & — MREH R I VE R po b e . 1L, FRATINR T Sq-TPE J3 T X il R MR . LA
Cys Al RGN E ], BATHUR KRR (714 nm)si L AR B Cys R, Wilsl 4(a)
iR o 7E Cys MIURELE 0~2 pM JEH Y, 714 nm AE AR FE ARG LT/ R HE I (R = 0.9946), ARHELE
PEILE 2 A = 0.57924 — 0.19719 [Cys] (WM HRAEHIZEIIALR k, R HIE AR 3ok (o HEH
R IIbRHE R ZE) [22], VA3 2] Sq-TPE X Cys MIRACKNIFR Yy 9.8 nM. FIAHIFI 77015, Sq-TPE X
GSH 1 Hey HIRGIIZE 5054 12.4 nM A1 9.7 nM, #1455 B2k LI 4(b) AT d(c)o % 1 A H T ROEHRIER —
SO T Bt B A PR R 0 T IR R, AHEE 2N, ZEAR AR EE T, AT ZOERET 73 T Sq-TPE X
R RGP SR ABUPE B 23] [24] [25]

N THEF Sq-TPE SEREE AR ILAEH], FATIE T Sq-TPE SHiEE 7> F1EF i Job #hZk. LA Cys A,
Sq-TPE Al Cys FILEIKFEE €4 2 pmol/L, (7% Sq-TPE 5 Cys FIMKFELL 737104 0:104 1:9. 2:8. 3:7. 4:6,
5:5. 6:4. 7:3. 8:2. 9:1 A1 10:0, ARJGHEATERAMBHOEIE RN, LL Cys FIWKEENMAADR, Ag-A J9LA
PR(A FREMIFE Sq-TPE fEHIA Cys I IR E (714 nm &), Ay 221 Sq-TPE ¥ B i KRS #EAT
fEEL. W 5a), 4 Cys BIREEN 0.5 I, ApA FIRAME. B4h, KBk B Sq-TPE 4> T4 T 53 b wifh
ilE A6 570 GSH Al HCy FIWA R SR Cys &I ttbAFth, Sq-TPE L5 JUMM e Al ELAE FH A4k 21t
=N 101,

R2=0.9946
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Figure 4. Plots of absorption intensity change of Sq-TPE (2 uM) at 714 nm against va-
ried concentrations of GSH and Hey from 0 to 2 pM

[ 4. Sq-TPE R+ F 7 714 nm SRR S A REIR B RIFREZ(Cys. GSH #1 HCy)7E
0~2 uM SEEINHIZ L& 2k
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Table 1. A summary of recent developed fluorescent probes for Cys

= 1 EERRBETIRET XS Cys BIRINIPR

Ref. Anayte LOD Solvent
24 Cys 1.96 umol/L DMSO/H,0
25 Cys 64 nmol/L DMSO/H,O
26 Cys 31 nmol/L DMSO/H,O
27 Cys 20 nmol/L DMEF/H,0O

This paper Cys 9.8 nmol/L DMSO/H,O
0.6
0.5
0.4+
<03
<
0.2
0.17
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of Cys
(@
0.6 0.6 4
0.54 | 0.5
1
0.44 X 0.4
1
< 0.3 | 0.3
< :
0.24 ! 0.2+
1
0.1 | 0.]-
1
1
0.0 . —— : 0.0 T . r r
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of Hey Mole fraction of GSH
® ()

Figure 5. Job’s plots for the complexation of Cys, GSH and Hcy with Sq-TPE. A, and A represent
the absorbance intensities at 714 nm in the absence and presence of GSH and Hcy, respectively
5. Sq-TPE &%t 9 F 52 (Cys. GSH ¥ HCy)4Z&E&HY Job Bk

3.5 EMHE

T kb F I L G M R — A R B TR, AR G E R R i, R, Fy
CN55 . FHE DU SCHRIRGE, BRIEE(Cys) M i 22 BEBUT BRI 03, il 6 Fin. Cys 5| NS EUEA
THIILHEWIZE, I S T N AT R RS . 12 S S ATLER 5 N 2 i S 32 2 I PR SO R ¢ e B )
NG B, ATLAER R, B Cys IRFEZRWHIE I, 7F 425 nm A HIRSCRT 575 nm A 5O6 K
SIHE AR, WA 3 Fros. JE R R A TR (Z 400 nm)F1 526 K 55 (550 nm 3 K)K H TPE-py #.7G.
28R, Sq-TPE 7 TTE BB &4 5 WAR BA W11, 1 HIL A+ N A B R 25 T TPE-py
Hot. Kk, BEEREMIN, Sq-TPE-Cys H/rE#ii%, fEe Mz LRI —EMak.
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Natural

Figure 6. Structure of Sq-TPE and proposed reaction mechanism

6. Sq-TPE R $t 53 FHI U F L5410 K IR A A AT 22

3.6. RE- D FRHRER RO E—H

BANAREEW 5T T Sq-TPE #REF 70T X AN [F) R R BR 1R I $ 4 o 7E Sq-TPE ¥9(5 wmol/L) ' I 50 umol/L
&P AR, BFEEERR. AR, ElER. GEER. NER. HER. 08K, BER. &
2. AR, WER. AR8KR. 298, HEAR. KREER. S8R, RRaBRnAER. W& 1)
LUES, HAEMASHENEILR, WiNAA Cys. GSH Fl HCy ] Sq-TPE 94 K 24E T VK
FALZ N, HA A R I G R 5OGsR B B B k. 14 8 EINEM, FE%E Cys. GSH
HCy I, @R IIBEAa — AW B NSRS AR A B, X —4 & RIRAT LK. FE, 7E 365 nm
BRT, WOt N, S5 REY], Sq-TPE H4H0 TR Bk &9 B A IR A R Bk

Y b, RV NEATRIANAAE —Fh ), TR RAER. Bk, AT P8R
Sq-TPE &Ik #ME, BATHEAT 7 LR IR: 76 Sq-TPE ¥&Wi(5 pmol/L)F N 150 pumol/L & Fh AN [ i)
TR IR U B s T A — BB B 4%, 45 Na', KT APTL Ca’f. Fe’'. Fe''. Mg®t. Zn™,
H,O, FIEI & HE, SAJ5 A 50 umol/L ] Cys, £ XTI AE DL T 5 740 nm Ab%% 6 5 B (1A AL HE 47 b,
ZERANE 7). AR, AT ISES )G 740 nm Ak 9658 I TSR KIIARAL . 4R1, ¥ Cys
INENEAYIH, W DOERERIR A K . X Eegt TR W], Sq-TPE XHREE LA RIF MM, ERT
FEAR S 2 BIX LAY T3 . HeAh, FeA15E Sq-TPE Xt F, S A CON"25 32 4% 13l 71 i vy S A% 00t 3k 4T 1
WFT, HERROR L WA SERGARIM T4, ik 9 FioR, F, S™A CN RN FFANREEL A Sq-TPE 14 %,
A B EREEAAERIEO R, Sq-TPE MI9eA &R ANAE . FIfidE—BEM T Sq-TPE R4 71X i i
STy e Bt — 1k
4. &5ip

2E ERTR, BAIBHE T B TR > T Sq-TPE, JFWESE 7 H AR EE R 5 L, 45 B & 1% 9¢
HAREHEIT LU A6 X B AR SRS AN 28 K . Cys. HCy A1 GSH AN Jim, 1A TR (0 B 3 M S8 0 2
NEEE, RHRSR AT SR 1 H Sq-TPE #4573 76 i B R I B AT w8 B 1 & — I e 1, A2 oA
IR UL PH B T2 TR . Sq-TPE $REF 43X Cys« HCy F1 GSH il PR 4> %14 9.8 nM., 12.4 nM
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Figure 7. The fluorescence intensity changes of Sq-TPE at 740 nm: (a) different amino acids;
(b) other various analytes. The red bars represent fluorescence intensity of Sq-TPE in the
presence of competing substances, the green bars represent the fluorescence intensity upon
addition of Cys to the solutions containing Sq-TPE and competing substances

7. Sq-TPE #R$t 3 F AR EEBLAMMER : A EFHERRMAZMIZFIIAIR
FHBETE, FEEFEXTHNEMAZSHZTFIEBEIRM Cys BHBEEN

blank Ala Met Gly

blank Ser Thr Asp

(®)

Figure 8. The photoimages of Sq-TPE upon addition of different amino acids (50 pM): (a)
under natural light; (b) excited at 365 nm

8. [@ Sq-TPE iF &P MAF R EERFARAEHNTNRIFR, BI: (2 BRAXT; (b)
365 nm WA T

4004 Sq-TPE

g 3004 Sq-TPE+S* and F-
5

2
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|
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Figure 9. The responses of S, F~, CN~ and Cys (20 uM) to Sq-TPE (20 uM) at 740 nm
[& 9. Sq-TPE #R$ 4> F3F F v S #1 CN RNE R &5
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9.7 nM, AR T il R IE ) — L5 TR AT (PRS2 T BRI BR o ISR, Sq-TPE #R%H 701/ LA

H—

T ZEAM LR PR B RO B 45 P R ER . R  BR AN A JOE H AR BEAT R, O H R B AN

SRR
E&ME

% AR 74 (5 51203046 5).
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