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Competitive Fluorescence Sensing for Paraquat Based on Methylene
Blue/Water-Soluble Phosphate Salt Pillar[5]arene
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Abstract Using water-soluble phosphate salt pillar[5]arene (PP5A) as the host and indicate dye methylene blue (MB) as the
guest, the MB/PP5A host-guest inclusion complex was constructed. The fluorescence properties, complexation constants,
complexation ratios and binding modes of PP5A and MB were studied. The inclusion complex was applied to competitive
fluorescent sensing of paraquat (PQ). When MB is complexed with PPSA receptor, its fluorescence is quenched. When PQ is
added to the MB/PP5SA sensing system, PQ competes into the cavity of PP5A and MB is detached from the cavity of PPSA,
which led to fluorescence recovery. This enables competitive fluorescence sensing of PQ. Therefore, the MB/PPSA
fluorescence sensing system can detect PQ sensitively with a minimum detection limit of 3.6X 10~ "molsL~'. The probe has
the advantages of strong selectivity, simple and fast preparation, response in a wide pH range and good anti-interference
performance, and can provide the basis for the sensing detection of PQ in organisms and environments.

Keywords water-soluble phosphate salt pillar[5]arene; methylene blue; inclusion complex; competitive recognition; paraquat
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Scheme 1 Structures of PP5SA, MB and PQ, and the schematic
diagram of competitive fluorescence sensing of MB/PP5A for PQ

1 &R54Fe
1.1 PP5A 5 MB & HEEMR

AERAECH] 0.2 mmolsL ™' MB £l 0.5 mmolsL ' PP5A
(KK, 53 AFEEL 250 L MB A1 20~1000 uL PPSA
T 10 mL &, @aAKER. 4, #E 30 min J5
M A, FIHREAN IS HOE N BOREK
625 nm. PR IREER K G 54%15°4 10 nm. PPSA 5 MB
(1 Jei e & 1A Fiow, BE%E PPSA MUK 135
Jn, MB 7E 684 nm Kb [5G 5m fE B85, I
ARl MB 5[5 184 K3F PPSA 2 [ EE 580 A A B
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T B R E ARG VEY I HE— B i 5 MB 5 PPSA
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s, TR E 3 s SERK. EHGHE ZE WK 2 R, PPSA
5 MB 37 2 B i< — A0 S I LS, 15
F| PPSA 5 MB KIS 4&HEN(1.98+0.501)X 10" Le
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Figure 1 Fluorescence titration diagram of MB and PP5A (A)
and Job’s plot (B) of MB/PP5A inclusion complex

Huang 25 H ITC #2533 PPSA 5 PQ %% 4
WHON(2.3540.225)X10° Lemol !, 1] PPSA Xt PQ 1)
G ReI T MB. It i PPSA 5 31 ITC £id
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YIRS £ KE[6]75 R (WP6A)XT MB 145 &5 %1
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Figure 2 Microcalorimetric titrations of PPSA with MB (A) and
PQ (B) in water at 298.15 K

1.2 MB/PP5A B1&4%} PQ KRS IR R,

PPSA 5 MB [FEFARE AT TR T PPSA fits
MB JERE 111 BaTaY). UL MB/PPSA A4REr, it
— BT PQ MISE IR RLN,. HEMELH 0.2
mmolsL"' MB. 0.5 mmolsL "' PP5A A 10 mmol-L "' PQ,
I3 B FEEL 250 p MB Al 500 pL PPSA & T 10 mL 25 & i
o, SRIGIZHTINN 5~2500 uL () PQ VAW, FAZE/KE %
PEAIIEERE 30 min J5 I 5E HOOLOkiE. 3A N
MB/PP5A X} PQ HIuti e th4k, HEl 3A nlkn, Mg
PQ IR, MB/PPSA 7% i & AN Iy 184 o B %8 1K
52, WHIIMAR PQ Se4+#E N T PPSA =, MB I
MCPPSA P75 i i BB AR, AT MB/PPSA 14 &R 7€
JEHR LRI . (B WL N, WIS PQ
WEBA RIFMAMIE LR, WA 3B Fiw, HET
N y=3.47X10%+117.19, R=0.9961. MB/PP5A X}

£ 1 MB 5AFRKIEYIRIEE & F B

Table 1 Comparison of binding constants between MB and different macrocyclic compounds

Host Guest Stoichiometric ratio

Binding constant

Solution conditions Ref.

CB7 MB 1:1 3.60X 10° (Lemol ") pH=3, HCI aqueous solution [44]
CB7 MB 1:1 (4.2£0.3)X10* (Lemol ") pH=4.7, NaOAc-HOAc buffer solution [45]
CB7 MB 1:1 (1.26£0.28)X 107 (Lemol ") pH=5.5, Water solution [46]
CB8 MB 1:2 (1.06£0.53) X 10'® (molsL ™" pH=5.5, Water solution [46]
SC4A MB 1:1 1.41X 10° (Lemol ") pH=17.5, Water solution [47]
SC6A MB 1:1 6.61X10° Lemol ™ pH=7.5, Water solution [47]
BCD  MB 1:1 4.46%10° (L\mol ™" pH=17.2, Tris-HCI buffer solution [48]
WP6A MB 1:1 (1.15£0.30)X 107 (Lemol ") Water solution [49]
PPSA MB 1:1 (1.98+0.501) X 10* (Lemol ") Water solution This work
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Figure 3 Fluorescence titration diagram of MB/PP5A inclusion
complex (A) and the relationship between the fluorescence inten-
sity of MB/PP5A inclusion complex and PQ concentration (B)
PQ I AGK R A 3.6 X107 molsL™" (SIN=3)". &%
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Hp Al Hp 0658 5 5 35 98055, H A1 Hp I X IEH 2%, He
MR A5 59 BRi. 11 MB/PPSA 44 & T N &840 53 (1)
=1 PQ I, PQ 5 MB/PPSA 1k & kA 7 4+ 45 A5 1EH, PQ
5 PP5A K44, MB M PP5SA HIZS s i 55, MB )
H, AT Hp R R IE(E 52, H Hp W75 5t 24k
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Figure 4 'H NMR spectra of PP5A with PQ and MB (400
MHz, D,0)
PP5A (20 mmol-L '), MB (20 mmol-L '), MB/PP5A (20 mmol-L
MB+20 mmolsL ' PP5A), MB/PPSA+PQ (20 mmolsL ' MB-+20
mmolsL ' PP5A+20 mmol-L ' PQ), PQ (20 mmol-L '), PQ/PP5A (20
mmolsL ' PQ+20 mmolsL ' PP5A). The cartoon illustration is con-
sistent with the corresponding structure in Scheme 1

F2 PQMIEEMN TR

Table 2 Comparison of different methods for quantitative detection of PQ

Linear range/ Detection limit/

Material Meth - _ Ref.
ateria ethod (L) (L) €
Phosphate salt pillar[5]arene/Graphene oxide Fluorescence spectroscopy 0.01~50.0 0.0035 [30]
. . 0.2~2

Phosphate salt pillar[6]arene/Graphene oxide Fluorescence spectroscopy 2~18 0.06 [31]

Citrate-coated silver nanoparticles UV spectrum 0.19~195.0 0.19 [51]

Screen-printed carbon electrode Differential pulse voltammetry 0.54~4.3 0.17 [52]

Pyranine Fluorescence spectroscopy 1.0~20.0 0.20 [53]

Emitting diode-light dependent resistor Flow injection colorimetric system  0.78~38.9 0.58 [54]

Squaraine and surfactants Fluorescence spectroscopy - 0.37 [55]
MB/PPSA Fluorescence spectroscopy 1.0~50.0 0.36 This work
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Figure 6 Kinetic curves of MB/PP5SA complex system (A) and
MB/PP5A recognition PQ (B)
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Figure 7 Effect of pH on MB/PP5A inclusion complex fluo-
rescence intensity and PQ detection
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Figure 9 Molecular docking conformation diagram of PP5A
with PQ and MB
PQ-1 and MB-1 represent front view, and PQ-2 and MB-2 repre-
sent top view

2 Zhig

ACHIF PPSA 1ENTAR, MB 1ENEAER, MH T
MB/PP5A F-EAAGEY), PPSA 5 MB B E-BiA% &

1686 http://sioc-journal.cn/

© 2020 Chinese Chemical Society & SIOC, CAS

SR, MB 5 PPSA GeJEL 1 1 A, 4iaFE
J9(1.9840.501)X 10* Lemol !, H MB #} PP5A f, 4 J5 1
PR K. H—PRE T MB/PPSA AR PQ 5%
R, K PQ I F| MB/PPSA £ R 4, PQ
et N PPSA B fEH, T MB M PPSA {1973 i H it
BFREOOEIKE. it 1 MR, 20 FPEERR. 13
FROIES T 10 P& @7 H 2 B A RERE R AL T
MB/PP5SA R 4R B PQ W i T T #L MEfg, K I
MB/PP5A ¥4 — MR A PQ. b4k, MB/PPSA %
HAE KRG LLAE pH=5~11 JEHE KN A BR% PQ.
MB/PP5A AR IR RS PQ B MIPR 3.6 X
1077 mmoleL ', W LA 2k R k&I PQ. 4% L FTid,
MB/PP5A % eAE I R 4% PQ IR A1) AT e k53 | i)
R REE. pH T8 e BN K IF Pt TS
s, AUALEY R RS PQ A% B I 2 A S il

3 S
31 MBS

Aglient Cary Eclips K67 66T, Aglient 8453
S HN=T] W48 %% FE i, Microcal VP-ITC & #it,
Bruker Avance 400 #Z IR, =HALTH 2 ®E. 1, 4-—
Q-FELEIL) IR, VIR, =AM 2R Hm.
TR = 2 H5. DU EmaEbe . ZUK. EEA,. T3
W I ETRE (glucose) FIE Ml (sucrose); 1 FlE F AL AL
4,4-BRMEIE(PQL); 20 MEEETR: NAMR(Ala). WAMR
(Val). TZ K (Lew). F AR (le). Mz (Pro). KN
ZAMR(Phe). HAIRMet). HZFR(Tyr)s RKA&WiE(Asn).
BRI (Gln) BUE R (Lys)« ¥ 2 B2 (Arg)« 4 & R (His)-
RARAIR(Asp)- 25 R FR(Glu) F & FR(Trp); 13 Fii WA
ETFER: BRALEAI(NaBr). BALEI(Nal). FALEI(NaF).
SALBI(NaCD). FALEN(Na,S). FEREN(NaNOs). IE AN
FH(NaNO,). BRFR4N(Na,SO,). TEHiEHI(Na,SO5). BRI
%W(Na2C03)\ ﬁﬁ@g‘i%%ﬂi(NaHCOQ\ @i@ﬁ%mN%POO*ﬂ@f
R & — 8 (Na,HPO,); 10 Fh 4 J8 FH & ¥ 6 BZ B
(Na,SO,) TL/KFRER4A(CuS0,+5H,0). SALEH(KC]). L
IKFREREF(ZnS04TH,0) . L% (CH,CHMnO,). LK
fiKf B2 %5 (AI(NO3);°9H,0) « fild BR &Y [Pb(NOs), ]~ ik % %t
(Cs,CO5). THERER(AGNO;). 757K =54k 2k (FeCly+6H,0)
Bt aiilsn, T BEREAHEERAR, R
T A T AR, SREs K O Rtk
32 ZWHE

ZWEOTHR[591 5 i PPSA, 440 Scheme 2 JT7x.

& 2 W& FREEEY 1 (10.00 g, 50.4
mmol). PPh; (32.0 g, 120 mmol) -5, I 200 mL
CH;CN, SRJGTER SRS FZM A CBry (40.0 g, 120

Chin. J. Org. Chem. 2020, 40, 1680~1688



Chinese Journal of Organic Chemistry

ARTICLE

J/OH j Br ir
0 PPh3 Q Paraformaldehyde 0
CBr4 BF3 . (OEt)Z .
CH3;CN CICH,CH,CI \
s s
: S
HO ' Br
1 2

’ y
O $
TMSBr o) 9 NH; aq.
o
‘O ¢ «l
&
P. S oPs
1™ HO™ ||"OH
H P |
07 IToH" |1 5e Pom O|
0
0
5

0 S SO 0
Br
RP
Br 1 RP 4 J
3 o) 1l
(0]
R = (OEt),
(0]
- (0]
Lo oo soilo
p=C _ e}
\IA,O P

S
P S P
,”\O_ _,P _ O,” (0]
o o”1M 0
o)
PP5A

B2 PPSA M4 ik
Scheme 2  Synthetic route of PPSA
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114~116 COCHRE 114~115 C).

&Y 3 G FREBUEAY) 2 (1.62 g, 5 mmol).
(CH,0), (0.4504 g, 15 mmol)#1 20 mL 1,2- ~5 LKE, &
SR IER I =AY 2 7£(0.70 g, 5 mmol), KM
6 h JE 7KK, WA EhKPEE(50 mL X 2), LT 2
AHUAH, ToKBREREN T, WURIRYE, A EN eV ch
WE) C AR R)=1 1 113 A ARE A 3 0.81 ¢,
F2E 50%. m.p. 95~97 ‘CCCHRE 95~97 C).

&Y 4 &R FREUEEY) 3 (2.50 g, 1.49 mmol)
AV R = 2.5 (24.71 g, 149 mmol), 7E & A HE T
165 CHit: 72 h, W45, HEWVFE) - (LR
BE)=1 : 2)fF IR CIHPRY) 4 3.02 g, 7% 90%.

&M S G /£0 C, BHET, ¥ TMSBr
(14.25 g, 93.1 mmo)MAZEMLEY) 4 (3.0 g, 1.33 mmol)
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HEEAk 5175 g, 7% 78%. m.p.>300 C.
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&Y PPSA W& Fib&EY 5 (500 mg, 0.3
mmol) I AR 7K (30%, 200 mL)FE ¢ 12 h 5 e T BN 159%
B (AL[E /4 PPSA 603 mg, 77% 98%. m.p.>300 C. PP5A
FALHEAZ NMR RAF, 3 B3R S SCk[59]— 3.
3.3 oFXEEN

KR4y PR — B W 7T PPSA 5 MB. PQ
TR AR, PPSA.MB Al PQ K454 3i@ it MM2
TH AL E R R ME. K PPSA W B NI RZ K% 1,
MB. PQ NI/ENELARS; T RVF T, % & PPSA %
PRI r R & 7 RSE e 25 /5 X025 55X 40 /1, BT
O A BR N (—0.776, —0.016, —0.502), M #% [a] 5y
0.0375 nm, PPSA 43 FH1 JLfAT o0 R &1 I LA L.
FF D 5% 5% (Lamarckian, GA 4.2)% MB. PQ 4>
AIXTHER] PPSA s b, $UT 50 MR R, BRI
¥ 2.5X 107, HAb S HE FHEBRVE. X85S,
BT Z /N T 0.2 nm BRI N — R TR
Mr. 45T 0HER R AutoDock 4.2 F2/70158 B

4 Bh#4 &l (Supporting Information) {L&4%) 2~5 A
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