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I A (Aptamer, Apt) B A m e E M mE AL
DA B Az 77 A ARG B A5 P A A T 3 T O
IR Rl L RS G C A NS R 7 S LR LN &
DAIE R AE AR IR 0 AR R oo i, o il i 3l 1k
5N B bR 43 B 9 2Z 180 19 05 R 5k AT AR IR
A, FREE A A RIS R B AR B 9 55 5% =
WU 7, ST B AR 20 0 9 19 5 1 ok A
W AR JCREY G AR S R BRI bR il
F2 R A Gk B Ry A AT 5 B TS B 58 i X
(HCR) /2 — BB 14 T B A5 5 R B FE A
H Ar il & 91 B0 6 50,2 4~ DNA % Je 45 4 fa e 17
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TE T AL A & a8 5] A B bR i & D, &R
| H5HAG, BEE R HEE X T 5 kI 2 45
A, HE5A E R S il 2% 700 A ) ) X LT T
T2 1) e I T B K R ) WLUEE DNA, DAL R
55120 B SR ) 2 B

HHET, 5T HCR 4452 55 X 5 M e 2 e pm ic
() 9 G IE A% I 2 AR OTA A UL A 5% 4138
ABEFE K HCR 2% 28 i 2 52 0 4% R 538 AR AR A
2545, IPR G- A 51111 3 HCR & R 454
B A NMM JekHi A 2 G- E iR Z5 4, b
ERRYOGAE T I S — R | el bR
0 BB AL 2 S AR AR SR SR H OTA 1)
R R AT

1 MREFE
1.1 R 5REH

it B % 3 2 A (Ochratoxin A, OTA) | il %5
# % B(Ochratoxin B,0TB) % i1 % 5 & B, (Afla-
toxin B,,AFB,)). £ K i % /i fi (Zearalenone,
ZEN) Ak 55 % B, (Fumonisin B,,FB,), ¥ i 7 /E
WITRARAA,

L eV L (EDTA ) B £ 2% vh il (PBS)
R R FER AR AT $hER (HC) . 5L
(MgCl,) (A8 (KCD) S AL &l (NaCl) | Trition X-
100, [ 25 46 P AL 2 iR A BR A |) 5 ook &
(C:HeO) \ ZH LW (DMSO) , KT K I3 AL 2% 1K
FIHEFR 27 ;DNA Marker DL2000, £ Fi 4= 4 T 2
(Ki%E) HBR2AT ;6 x RNA/DNA Loading Bffer,
AT 1 P B AR AT R =) s N T SR Hh bk — P
2 IX(NMM) , b5t i REFH A RA F

Beit & KA cDNA J7 51 3 i 1] NUPACK %k
PEIEAT AU BT S S . ASBIESE BT 19 B DNA
FEAN Y A TAEY TR (BRI A RA RS
o
12 N&E5EE

MIX-25P AR EAL, U AR KA AT A BR 2>
Al TGL6A B0 AL, i P A B O AL AS AT FR A
Al DYY-8C HLIKAX, b at FEAL I A0 B A R A
A ;BINDA 2020D %1 EAX, LB an A= 9
BHEA RS A F-320 OG0T 5 B B
il A PR B A BR 2w s DK-8D 1H IR K i 5, 1

g —ERHE A BR A,

1.3 REHZ*

1.3.1 5 AP AT HCR A4 58 X
07 T A 7 AR AR T A 26 6 TE AL RS, TR
WS OTA MF R SEERL G5, B fil
% 4% cDNA FFfil & HCR J )i ,HP1 5 HP2 4%
H AN AP 7 R R HPL B SR 20 3t ol I &
T i G- VU 55 A 4544 (4 77 5112 cDNA 5 HP1 % b
FEZE A AT &R HPL WIRIRY , & K HP1 ' 2 5%
KB a BV LS HP2 Hh W o 6 B AN 45 4, A
5% HP2 k% KATIF HP2 FT )G, #EHA b
W[5 HP1 /Y b 4% B AN 25 612 a0 ik Je &2 i
T A-dide A = ) 2 K K Y dsDNA L
B It HIE B G-PUBEIRLE R, A NMM J& ,NMM
L w-m HERUR BAE R A6 A G— DU B 1R 45 4 B
NMM 76155 W& w1 froR, 448
TEAE OTA B GBS cDNA H bR 2 45412 cD-
NA AbF WU IR A H TG 5 5 il & A o5, JEvk fil &
HCR J B ,NMM 2 A5 334 55 189 98 6 {5 5129 4 47 78
OTA B} ,OTA 5i&i K455, Apt—cDNA XU 25 4 fif
T, Ui 2 Y BB cDNA 1T fih & HCR S b, A &
A G- VU4 R 25 4 1) BUEE 7™ ), B B NMM #di A %1
G- VUSE R Z5 R v 9 A% 5 W 3 3 o, DA T 52 3R
X} OTA M7 5347

1.3.2 & RF1 cDNA JFFNEIT A5 B R A 1
iR e 51 vk A T A TR (B ) B A R /A
RLAlAL R P AN I 1 Frs  OTA & 74 ¢ 51 %
Guo 551 ¥E 1 OTA 5 5 M 4% R i 1R )7 51 (57 -
GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGG
ACA-3"), Wit cDNA, H 5"3f 5iE 4 3/ 03840 17
1 )2 1] H A4 (5 -TGTCCGATGCTC-3") ,

1.3.3  BfIRAHBE I fa VKR 50 B0 0IE B i o e S
HCH 2% MR BERERS , % HCR RN =95
LRGPP 19 IR R IR A, KA
B i I B 358 I FLAE P 7E IXTBE 28 0Pl
(pH =8.0) WyZ&M FHEATHIK, HIKHEIEN 120
V., Bk ] R 50 min, B 5 (8 #5E I R AR AN AR,
g,

1.3.4 PO IUE 8 T R UEAR J7 4 g
MDA WG IEREF I T AT, 43 T AE AT o
MR A KN TR 48, Ead i H2¢
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= #* Cmr Cmor— iz |
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Ei‘\ * b Ma*b PEe_ :
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B1 wlREE
Fig.1 Detection principle diagram
R1 KXHARFFAF
Table 1 Sequence used in this study
(A Jr 31 (5'-3")
¢DNA TGTCCGATGCTCTCTCCACAACTG
HP1 TAACGTGTTCAGTTGTGGAGAGAGTGGGTAGGGCGGGTTGGGAAATCAGTTGTGGAGAGAGCATCGGACA
HP2 CTCTCTCCACAACTAAACACGTTATGTCCGATGCTCTCTCCACAACTG

 cDNA 254 R RIZR 40 5 51015 310 OTA & 74 )5 ) AT

oI PR, PPN AL R ]
11
1.3.5 B R 9O IE (A% JRE% T 1k Y EE ST

1) WHESR ELAN OTA Z a5, Bk

HP1 HP2 P§ A4~ & R W 47 3 E 95 CF A& PE 5
in, ZEAHEZTEL 1h; ¥ cDNA 1 OTA
ERBR TR A, T 37 CFE 0.5 h, BURIRE
B W A K B B AS TR v BE () OTA 5 4b B3 19
RREW 7 37 CF RN 1 h; A NMM 4Lk} 5
FH & K22 th s WA 78 2 RVAR RN 150 pl, 78 37
ChEEFMFTFIEE 0.5 h,

2) Keilad A 7R A A e AR L oim A 150
WL R, AR SO 3 O EE T AR L M A
WE 5ECHR 9T B S8 RS
K 483~684 nm, ¥ A FI K B AE S 10 nm, 14
TEJE N 1200 nm/min,

1.3.6 BSOS IR AR R R IR RA
Ik OTA M9 4E 5%, £ OTB FB, AFB,,
ZENERTFB R H 1 A AN 4 2 M

WP N 1 ng/mL 1 OTA, 2H 3~6 435I o i vk &
¥ 1 ng/mL /Y OTB .FB, AFB, ZEN iR 541 7
JRER R EE YR 1 ng/mL B9 7 OTA .OTB . FB, AFB,
ZEN BIREY, WAEH 8 AR EWEN N 1 ng/
mL (7 OTB FB, AFB, ZEN iR 5 ¥) , 3t 8 41
XGRS, TR RMEE, A EE 3
"
1.3.7 BB G AL A AR R L 1gCon
AT 2 58 B Ry BN A b 22 A v il 4%, il
BHE S B ARASF L [ )3 7 R DT A5 2R 3 B, A
X ¢ o B i T (F =Ky Ry 1551
1.3.8 AN Thndnidge ik S 1 Bk Al o b
A A SR A AR S PR SRS I g T SE I SRR/ INEE |
WA LTV S B SR AT Y, 4 RS I
D5 AT A, AR5 L ELISA 357 &Y
25 B AT XT L

INZZ WO TR LT A g 24 DA R O SE 3
5 mir e it H Rl ELISA S50 & Al PRIERE & A
BAEH OTA, HIBFEEHLIES 5 ¢ /INAZ FummE | F
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JE 5 R i 20 B SRS B KW (1:1,V/
V) B ER R 10 mL, e R 5 AU 5
min, FE4HRA B, 5 000 r/min &L 2 min, H
0.45 pmol/L 1 5 =k g A i U8, ZJ5 , FH PBS
2% PhBCK TE WOR BE N 50 mL, H A 0k B 2115 2
TH TRV V. B A TRD VR BE Y OTA b 1IN A D8
W,

B A AR &, 0.4 mol/L 38 48t 8 B
TORLZ% T, I AR 6]V B2 1 OTA bR, 28 5 H
NaOH ¥ 1 I 3 B S 5 W Y pH (B 7.4,

2 HRS5HW
2.1 AI{THEIRIE

T8 UE HCR BN i R AR 5 1 & B 7l 47
P JEAT SRR B VK AR R IR 2 iR Tk
5.4k & JC cDNA I, B4 HP1 F1 HP2 i
K KA A28 N, TG 4y F i DNA 779 26 B
VKB 6~9: AR E cDNA J& , 42 i 1 A [FH]
K8 7 T it DNA, £ E T HCR
R H RN IEH AT 4T i DNA, i 2
RS T 3T &% K cDNA I T HCR
SR

WA 3a iR, JC OTA fFAERE LT, eD-
NA 5id R aah g4, i ’& HCR S,
JG G—DUBEAZE ¥ A= i, NMM #4555 7¢ 5% . & 3b
M iR, 74 OTA fF7EIB LT ,OTA 53& fh 45
G, T2 cDNA-Apt BUEE 45 14 ff 145, cDNA L L4
ARSAEAE , TG fitk %2 HCR SR, O 2F K &
TA G-DUFEARSE 4 B XUEE DNA ,NMM Fif B 4 A
) G-MUEE RS, Kk RPN, PONfE S B E
B BNE T A 5T HE 37 BB R SO E A R
AIA R OTA
22 EEBHRESWT

RERTCIZ T W R S VRS HOG e B
FEMPLTIME, %8 OTB AFB, FB, ZEN Jt 4
FREE RAEN T, BSr 8 I 2 174 5+
PRI A5, 8 AL RE & I B A O v TR L 1.3.6 1,
s 4 iR 4 Fi—3 R4 3,4,5,6 FHRG 7
FA 8 WL R, HILF 528 (A B 56 45
B—%, HEMT OTA Y4 2 MG T OTA (1)
REH T MPE(55 B, a8 R A Y

1200 bp
1000 bp

500 bp

300 bp

100 bp

L PKAE 1:100~1 200 bp; 3KH 2:1 wmol/L ¢DNA; 3iGH 3:1 wmol/L
HP1; VK 4:1 pwmol/L HP2; Jkif 5:1 wmol/L HP1 # 1 wmol/L
HP2; kil 6~9 23518 1 wmol/L HP1,1 pwmol/L HP2 5 1,0.8,
0.5,0.25 pmol/L 1) ¢cDNA 18 447 ; ¥k it 10:100~1 200 bp.,

B2 HCR{&EZRREIEE

Fig.2 HCR system verification diagram
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Fig.3 Fluorescence signal response verification diagram
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Fig.4 Novel fluorescent aptamer sensor specific detection

based on HCR technology
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23 MBRAEFREREB[IRAEHEZNETL

P A 5 1 5 AR BN 4% F . cDNA ¥ 2l 60
nmol/L; & K 9 75 nmol/L; HCR 4% 52 it 6]
60 min;k * ¥ £ & 20 mmol/L;NMM ¥k & K 1.5
pwmol/L; NMM % & B [4] 27 30 min,

N RR S S AR L ol N U B s 9 1Y - 3
T E AR OTA Jit 9 BE T 1Y 20615 5w i, #R
it A X 2 ' i B T AN AR T ik R T R R 2

6000 10 ng/mL
S ng/mL

5000 |-

4000 |-

3000

2000

PN
Fluorescence intensity

1000

0k

L L A

600 610 620 630 640
e I

Wavelength/nm

(a) AR T ot BE 1 OTA AEZ AL J5 B (8 9617 5w BL7Z Ak

WKl 5a fits  TES LR 500 T BE%E OTA it &
W (0.1 pg/mL~10 ng/mL) 3, 7P 610
nm Ab ) 5 IR I B 0, X RARES OTA I
B BN, SEOAE S B G R . WK S5b PR,
Ph 1gCony R AL BR  ARRT 550 5 BE (B g AL b, 2%
bR 2k 45 R0 OTA i vk 3 (i X # (i 5
AH XS 2 H 58 BEAE 0.1 pg/mL~5 ng/mL 5 [l 4 422 3
RIFMEMXCR, BIHT R Y =0.711331gCon+
3.21383, #H 3¢ 2 5 R?=0.9942 , 38 11 ¢ S 1 14 1% Jak
T R BR S 0.1 pg/mL,

4
=0.71133X+3.21383

R*=0.9942

HHX 9

Relative fluorescence intensity

2 g
e JiE X A
lgCory/ (ng/mL)

B 5 ETFHCRMHBERELEFERZTREESW

Fig.5 Sensitivity analysis of novel fluorescent aptamer sensor based on HCR

2.4 ANImntrikie

N T BEIEA Ty 1 i i 4 L 9 ' 3 AR A% Jk
i E SRR P A R LTI e AN 2 AR
NS R EE T, ST T bR IR s mhl
R FERAL W B A0 A T, 26 AL B O FE S
HOIMA OTA FRUETR, $i BEAR 7 36 TF K 108 R 9
T PR AL AR A I T 2 M OTA ZKSF [ B A

ELISA Bk ek, A g ¥ E R 3 Ik, 45
Rk 2 Fros, RS PONnAR OTA 1y [l i 22 A
92.46% % 97.88% A % ,RSD & T 5% ., W&AL T
ELISA 755 (91.45%~96.82% ) /) [ WL R  [H 1L A 1F
I8 F & B R B OGS AR AR K OTA HA 8K
R 4 I A P 0 S A

2 AImizEmHERP OTAEEKRNKRE ELISA AR
Table 2 The content of OTA in artificially labeled food samples was detected and compared with ELISA

.. PN 2 A7k ELISA
U JE/(ng/ml)  #l 25 R/ (ng/mL) ERE I RSD/% Heml 2 R/ (ng/ml) =K /%
b 5 491 95.84 257 487 93.52
10 9.75 92.46 3.73 9.75 91.45
4138 5 48 96.51 1.95 4.86 94.83
10 9.86 97.88 241 9.72 95.35
o o 5 478 97.53 2.86 4.80 96.82
10 9.71 96.75 3.55 9.82 94.79
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3 iig

AT T — BTG | S R iC HARE
T H AR A 5 T OTA Y3 1 56 56 15 M 14 7%
FIFH NMM 32 kLmT 4l A G- DUBE RS54 v | b 2 3
SRR S IR 8 PO R S AR AL T O-
TA R, ZAG R X T 0.01 pg/mL~5 ng/
ml ()4 PER IS [, A PR AA 2 0.1 pg/mL, 5 H
BRI OTA A% IR AR 7 1k % L, A48 05 1k s ) R
U B P VR R AU ARG 80 R S v i

e 8 ALk, WA 2 418 OTA Mk 4l 2 B
FHPEZE S HoE 6 413 R BAPESS SR BA RS
R RN TAR S b AR SO I T B 9T
T AR SR IR FE 92.46%~97.88% 22 1] ,RSD
8T 5%, R Z 7 L HER , HAT SC FHMME

AW FE I 0 BRI A i A 2 A T A
POLE WAL By, 5 5 MAOLR MM EER A
(97 LT LU, a3k 3 TR .

®3 WREBEEABRB[EAKRN OTAEEEFENIE

Table 3 Comparison of OTA detection methods based on fluorescence aptasensor technology

B 5 Ho i) 7 ik &R o th 1R H i) e 1) Kk Lk
1 3% %.+i& /R +PDANSs 0.05~100 ng/mL 45 pg/ml. 130 min [27]
2 3% % +FRET+AuNPs 0.09 ~3.12 ng/mL 20 pg/mL 2h [31]
3 % %+TMSD+/ThT 10 pg/mL~50 ng/mL 8 pg/mL 55h [32]
4 % %.+i& A+ FL-SERS 5~250 pg/mL 1.03 pg/mL 4h [33]
5 R H+EAR+GO 0.04~30 ng/mL 11 pg/mL 85 min [22]
6 3% F+HCR+NMM 0.1 pg/mL~5 ng/mL 0.1 pg/mL 125 min AR

A ST N 0 e VAl R e B Ay R e
Ee, FERS A B, H R U B

AHFFERITC G | o 2 ChR i K  TTREE =
QN5 NI [ { e 5 Ml 1 | U L B I
fE T OTA A I % 4 S5 M3 R T NMM 2% ki A
B G-TUFEIR A th 1 SR 9O S W Re k2 T
BRSO EhRC o B WA 1T 2 BR | [R] ERE
IR T AR RS AS | A6 T A I ]

4 Hig

Li BRTIR AP EA T B OO IE AL IR
e HA PR R SR SRR R AN S
R, AR IS, ne A AR R S R
HAR ZARICATAT IO 5 0 T o A, b 1
FEB R ) e 3 T ARG D AR |
Eracoy SRUIRTRE B2 WE R E3 SRIDDNA S LT B9

2 % X M
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A Novel Fluorescent Aptamer Sensor Based on Hybridization Chain Reaction for Detection
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Abstract Ochratoxin A (OTA) is a common mycotoxin that often contaminates food and causes different degrees of
harm. In this study, a novel fluorescent aptamer sensor based on hybridization chain reaction (HCR) was developed for
the rapid and sensitive detection of OTA in food products. Firstly, OTA binds to the aptamer and releases the trigger
strand ¢cDNA, which then triggers the HCR reaction between the hairpin HP1 and HP2, resulting in the formation of a
G-—quadruplex structure of G-quadruplex sequence in HP1, and at the same time, the N-quadruplex structure of G-
quadruplex sequence in HP1. Sequence to form a G-quadruplex structure, while at the same time N-methylmesoporphyrin
IX (NMM) dye is inserted into the G—quadruplex structure (G-—quadruplex), which significantly enhances the fluorescence
signal. The enzyme—free and fluorescence—free quantitative detection of OTA was achieved by the change of fluorescence

signal intensity. The results showed that the method was highly specific, and among the seven groups of tests, the re-
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sults of the two groups containing OTA were positive, and the results of the other five groups without OTA were nega-
tive. The linear regression equation was Y = 0.711331gCo\+3.21383 with the correlation coefficient R?=0.9942, the linear
range was 0.1 pg/mL — 5 ng/mL, and the limit of detection was 0.1 pg/mL. The recoveries of this method applied to the
detection of artificially spiked samples of wheat, red wine and coffee were all in the range of 92%-97.88%, which were
higher than those of the recoveries of the ELISA kits (90.5%-95.78%) indicated that the method was superior to the na-
tional standard method. Therefore, the novel fluorescent aptasensor developed in this study can realize the rapid, sensi-
tive, specific and accurate detection of OTA in food, and also provides a new idea for the rapid detection of other tox-
ins as well as other chemical contaminants affecting food safety.

Keywords ochratoxin A; hybridization chain reaction (HCR); G-quadruplex; fluorescent aptamer sensor; detection



