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SR I PORBICR R IR RE
A BRAR D T AN E A PR o 1 95K, H AT
V-INEZ LR R A B NS AL Il A6 Al
IR Rl E2L T R i (S D ) T N S N
ARSI AN AR I BOR AT 5 % R A S A
i 1 HT A8 AR W A I U BAT T I A T i
5=

BTG AL AR e W DG A R R
Z— W T AR R R R R, T
J7 T IS AR S R ARG A T S
TR ARFE A WY R 0990 AL B A
JHE A 54 AT A8 P s R P D e 2 AR )
RN RN BU Rk R L AR 7 i B 1
BOCR, I M S e AR SEBAR S Fe b, e &
SEBUX R A R ZEN B R S PR s v iR
TR GEH AR B 9% I3 AR ) R

1 MRERE

1.1 R 5EH

L1 W #ER AU EHRHERA . 5K
5 BT (ZEN) (% i 25 7 & A (Ochratoxin A, O-
TA) . T-2 # % . & I % % F B1 (Aspergillus
flavus,AFB 1) X it # & (Deoxynivalenol , DON) ,
B W SE T A TR A BR AW, JFHH 60%

1) F S 2 20 E 22 U0 T 7 R
1.1.2 gl A5 P LA 47 . DNA Lad-
der(50,100 bp) MgSO,, 4= ¥ TFE (K% ) A R
] ;dNTPs Mixture Nb.BsrDI N VI Bst DNA %
A ,NEB (A6 350 ) 47 BR A 7] s EvaGreen %€ 6 44k}
HEETF R RN A IR E) S EE (el 1 24
£ WA 2= R A R 2N ) o R B VS W (AP) , b
AR EARA B F] 5 10xTBE 2% 0 \PAGE
Ji2 2 458 7] (TEMSD) \30% il B (29:1) , b 3 283§
FEREABRAFA
12 UBE5E#E

MIX=-25P #ARIEAAL, BUMNKERAL S A PR 2
A ;DYY-8C HLUKAL, dbs 7S —{X#F T ;BINDA
2020D EERESARAL, A6 E B AR T H K R A A B
5H);Step One Plus 2896 7 PCR AX, #rnygA:
A B I A BRA 7 TG16A B0 ML, b I 75 X
BEOHALES A BRA A,
1.3 REH*
1.3.1 KREGMwWEt A58 T NUPACK
AT (https : //mupack.org/partition/new ) 73 B H- 15 11
TREMGIY, AT A TR (EE) BRGA
PR R iEAT G gl RIP Fan 2 1 s, &R
M ZEN F¢ 5 P& K 75 51 Nb.BsrDI P U B U 7
I EANT I 510 B ANT 5 R fil & B4 1 B R
FF AR

1 ERFIER

Table 1 Nucleic acid sequence information

(A 30 (5'-3")

A+ GACCTCCTCCTGCTCCGCGCAATGGTCTGTTGGCCATATCATCATCTATCTATGGTACATTACTATC
TGTAATGTGATATGGCCAACAGACAGGCTCAATG TGACCTCCTCCTGCTCCGC

HEZ CATTGAGCCTGTCTGTT

TE R R A5 R R AR TE S ZEN ST AAF 51, I HAT RHASR U A U0 AR 81 0 AN P 41 3 B S AR L R S I AN S,

1.32 Wk RMEST EREGIYRRE. &
BB OHLEEE A 4 000 r/min, B0 1 min 5 218 I
TIMA dd B0, W B E T E IR G
T=20 CORAEE H

i E LR R RIS AR 95 CAMF T il Ar
P£ 5 min, J5Z 2R EEE . K 1.0 WL AWK E
# ZEN 43505 2.0 pL &R (5 pmol/L) 1.0 wL 5|

¥ (5 wmol/L) 2.0 pL dNTPs (2.5 mmol/L).2.0
L ThermoPol Reaction Buffer (10x) #1 2.0 wL
Cutsmart Z% W (10x) 121, # A dd H,0, 1k %
316 pL, 76 37 C T ELHFF 30 min,
PSR, EREREAERRETINA 2.0 pL
Bst DNA B4 (8 U/nL) 1.0 wl. Nb.BsrDI N 1)
fitf (10 U/L) F1 1.0 pL. EvaGreen %¢ Y6 ek}, &4k
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Table 2 Pre-reaction system of amplification

PR A I N AR L
ZEN 1/0
& F (5 pmol/L) 2.0
514 (5 pwmol/L) 1.0
10xThermoPol Reaction Buffer 2.0
10xCutSmart Buffer 2.0
dNTPs (2.5 mmol/L.) 2.0
Bst DNA R 48 (8 U/uL) 2.0
Nb.BsrDI A 328 (10 U/uL) 1.0
EvaGreen % 5k % #+ 1.0
dd H,0 6/7

F 4 20 L, WEZOLE T PCRALIRE N 65 C
FE N 30 min, BEFE 1 min SRE—RZENME T, I
30 MR, AN, T ZEN B R M F 5 2
PSR B0 M, T BB RN IS PR R IR AT
WEGELN
1.4 $HRESHT

N T WAL AW TN ZEN A I 85 S 0 )
THESFEM TP ITRE S ZEN L7 4 M EEH R
BEATREMY , €045 OTA \[T-2 AFB 1 il DON,ZEN %
SRS AL SRR N O S H R R T A A
BB 1, TR R M RIE T AR O 2k B R S L ASHIE
GEAE i SRR, R B E N 1 ng/mL 1
ZEN 5 1 ng/mL () OTA . T-2 AFB 1.DON D) KR
A4 1(%H ZEN OTA [ T-2 AFB 1.DON H.¥ &
¥Ih 1 ng/mL) JRE4 2(%H OTA . T-2 AFB 1,
DON HJ& i 0 1 ng/mL) 7EAHEK R T it
A% H S 6, DT 56 UE AR AIF 52 114 4 S 4
1.5 REEHSH

ASHFEAE Fe 3 AL S5 PR B SR AL L, X AS ] ok
FERY ZEN #4752 I 926 i & 5 A0 I 30 % Ct
B, 2% 132 R TE, BU1 ul A EHE
ZEN $EAT 9O CAF 5 Rl | Aok B E 2 A 3 9K
RN Mk L is A Origin fEE, I E A
[F] v B2 ZEN (9 5 X ECh B AL bR, C {9 AL Rl
AR AE M2 o345 B [0 )3 77 # DT o AR
WFSE A6 H FR
1.6 hnRE RN E

ARBFFEEIU/INAE | KR S5 4 5 1EA T 0

P 101 0T 3000 2 [v) s FH 9 A €33 72 D ZEN PR s
K ELISA 3857 & 0E 47X e o /INZE | T K A i
fitn B SR T AR A T T PR E T ) o

AT GEHIAL R T7 00 BRSBTS BE AL
B3 0, /N2 B KA b B R R W MLRS 1, ) 3
i 1 mm IO 0 B2 g b S A /N R ROk
FESh B AEAE 10 mL 19 70% B R B ZUR %
3 min, #EIEREW, IF 10 000 r/min &> 10
min, B35, @S LR 0.22 wm A4kt
TEAR VAT L UE L 1) UE I A [R] VR BE () ZEN K
A, FEOMRAT . 4 CIATE R,

P T MR A R S A AR, BT AR A A
4 CUKFHAR-AF 30 min, 2R J5 R 7 I B <, B 10
mL B MU RE S, I AR R VR BE (7 ZEN B
i, ANFT 40 mL 2288 F KB B, M 2R 3% 3 min 7T
IHRA T 4 CHRAF L,

2 HZHRE5HH
21 ARIE

A A T TR R AR Y
PG AR | X K oA M W E A7 B AN 4 &
1 FiR, H 5k ZEN kR T 37 CAMF I IRE
30 min, fff ZEN 5 % R FER R 7 A AR P 91 45 5
NTTFT A S0, & 85 51 W 46 5 0 a5, 2R 51 )
YR RBERL . JETHEZE 65 °C,7E Bst DNA %
BEFRERTN  5IN 5° =3 e A Jf 7= A P U il
PO AL 76 Nb.BseDI P UJ A T U0 20 i K
fil A ARET (TP) TP o] L5 &R 37 i 8 B AMO i 45
EIFAEM JE R ds DNA, A B2 5 ds DNA ¥
37 3 FLAM A A HE R O B — % ss DNA,
BT OkA ss DNA WIS & K44, Bl ds
DNA, AT 52 B ER 4 1S L 45287 £ R i ds DNA,
S AR B RN EvaGreen 22 Y6 ge k) Hitk 576 ds
DNA I, FIHSEEF 26 PCR AT 29 615 5 R
8 A E BRI
2.2 TFAM{TMHEIIE

HIRFEARITE R AT, #1717 K Raitk
fIE ZE A1 AT DL W' 3 BT 43 A S I 2 it e Fn R
TN I T e %5 JE L K (Polyacrylamide Gel Elec-
trophoresis , PAGE ) B 1iE , 25 5 an 1] 2~4 FioR

A NUPACK K #0596 0k 2 |
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E1 #irsE
Fig.1 Detection principle diagram
A37°C R4S
£\ 30
P4
25 Hp
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‘/ ) 3
] N
N 2z
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CJ
E
| i w 2o 20 20 0 0 320 40
/"" ‘\\_ WK
./ \§ Wavelength/nm
\ / 3 ESMRUA I
N - )

B 2 NUPACK ##831% k&34 #& 37 C(a
65 C(b)R/NEHEEEN
Fig.2 The minimum free energy structure of hairpin
and primer at 37 °C (a) and 65 °C (b) was obtained
by NUPACK analysis

PITE3T CHI 65 C T I a5ty IR —#H 5 A5
SO0, K 2 fis . SRR AN T
MR-R S5 RS RAF, TEREH MY B b
REDR 5% A 5 MR E AL,

LU T 5 0 Wi 1% 18] 53 A 3 56 W AT
4 FE A 500 nmol/L 1) & K .500 nmol/L 51 ¥ }
50 ng/mL [ ZEN #ECHEE 30 min, 470G EE

Fig.3 UV absorption spectrum

FE QL3 FR Y R R RATER TE 257 nm Ak
FELEM I . B ST, A1 B8 B 3k i3 i 348 %2
W 6 BE B, B A ZEN J5 |, W% BE FRAR 3 S i
T ZEN 5 R 45 54T kK450, 5195 & R 45
B I8 R RUEE | B 7R OURE 1, A1 8 B DL
A TS B0 ' B BRI 5 28 AN O B 3 el 4
BRI AT BRI T & R X3 197 50 i 4 3

IS FEAN [ 2 T 6 LA 15 45 SR R A7 S ef 28
S iy 28 43 B 01 58 TR s T i 6 JE F Uk (PAGE) 43T,
ME 4a Fios, BERTEA KR G HEHA
ZEN fE7En}  feag /il 25 th 2, 4 ZEN ANFF
PRI, WA R 21 2 e il 2k
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KM PAGE 7§ 34k 72, Bk — L Bk A iF
FERIATAT IR, Gk 4b B WKGE 1.2 20519 514
LR RIS E . TKIE 3.4 ZR 00 B R & AR
b, RWIRA RN KA, B R R PARTETE ZEN
W, R RERBATIT , SISk RE 5,
N TG VE FEAT S5 S2 SO, YK3E 5 77 A2 T B 4601, 3R

g5ty [F BTG Rt 5 & R B EAMY S A A UK
6 EHR A, RUIRAEY BN, B ZEN
H5EERME GRS T E R4, H Bst DNA
A B A1 Nb.BsrDI N Y) g 34 Sk 47 18 )52 07 o 22 554
IREE IR AR T & 0 9 S AR AT
Ik AT,

300 bp
200 bp

100 by

50 bp:

W R R AT AR ZEN I 5 BRSSO TR A R
1400000 L
1200000 |-
1000000 |-
—1
i = 800000 - I
k= —3
R < 600000 [
#® 5
400000 |- 6
200000 |-
0
_200000 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
76 R
Cycle

(a)

(b)

::M,:50 bp DNA Ladder;M2:100 bp DNA Ladder; 1.5 ;2.%% ;3.8 F+519 ;4. % £ +51 ¥ +Nb.BstDI 4 V) +Bst DNA R4

fitf ;5. % R +51+ZEN;6.% £ +5| ¥ +ZEN+Nb.BsrDI P VI fii+Bst DNA R4

fiff ; ZEN ¥ J¥ . 50 ng/mL; 51 ¥ & J¥ : 500 nmol/L; & K ¢

J& :500 nmol/L; Bst DNA 3R 4 li§ i {5 /1 .8 U/pL; Nb.BsrDI P4 VI 7% 77 .10 U/pL; EvaGreen ¥ % . 1x.,
4 LA K PAGE RIATHEIE
Fig.4 The feasibility was verified by real-time fluorescence curve and PAGE

2.3 R4

R T B UEAHEFE X ZEN A ) R S 1
T OTA.T-2 AFB 1 #l DON 4 #h%5 # 2 K vt 17
I, A IR S dd R A T KR EE T 1 ng/
mL ) ZEN 5 1 ng/mL ) OTA T-2 AFB 1 ,DON
DIRIRGH 1, WEH 2 EAHRY M IAR T 17
X LS, T S TEAS B 58 A e ek o S5 SR anl&l 5
JiR. LA b 4 Fpxd R LR G4 2 MR 5%
0T HR AL 25 AR R) B8 A R A= 7 14 B A SR
B gk B (K 5a), R &H ZEN 2 5 7
PIL = T 9 M 28 ,3~6 55 8 B oK H B3t
2k, 1E PAGE 3 &l (18 5b) ™ 28 T [A) A i 45
ROEF257WARAETY H, WER T HBR
o AR R, AW KT T
ZEN & RE S s i
24 REE

e )s , B E A WE 5T 8B E I E 30

LB RRREIN 1:8, RVEE KR 65 C,
Bst DNA R A B it 4 2.0 pl Nb.BsrDI Y] ZI
YIRS N4 1.0 pl,

1E R G AR R T, RO E &
PCR A7 AR ZEN W B2 R 1) Cefd, M PF
ZOTE R IMERE, B R . 5 RWE 6 fF
o BlFE ZEN JT R EE (0.2 pg/ml~100 ng/mL) 1Y
B, R ROR S Ce E B/ 2 ZEN W E KT
100 ng/mL B}, Ct {HICHA AR 1L, SKEF-H 01, 1t
Ah, 4 ZEN JiEE IR EE A 0.2 pg/mL B, AT LU I )
LI (H 2k 252 B 2 0.02 pe/ml 1, G #6031 2
W PRI A R i R R BR R 0.2 pg/mL (&
6a),

Ph—~1gComn N BE AR B , Ct H S N AR b 4 3 2 1
TFER Ct=-1.195 1gCpy + 14.082, M1 K R EL R? =
0.9975 (&l 6b), th &5 S rl %1, ZEN Ji & 4 & 7 0.2
pg/mL % 100 ng/mL 71 Fl Y , ¥ & % 500 -5 % R
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3R < 1000000 [ 7]
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TEAEL
Cycle
(a)

TE: L 25 FO0 IR

(b)

;2. ZEN;3. OTA;4. T-2;5. AFB 1;6. DON;7. i G 41 1 (ZEN+OTA+T-2+AFB 1+DON);8. 541 2

(OTA+T-2+AFB 1+DON);M1:50 bp DNA Ladder;M2:100 bp DNA Ladder Jf A it & 7€ J£ 5 4 1 ng/mL,
5 ZEN % ¢ iE 1% B 25 45 R 4G U

Fig.5 ZEN fluorescent aptasensor specific detection

0.02 pg/mL
0.2 pg/mL
1800000 - —— 1 pg/mL
1600000 - —— 10 pg/mL
P e — 50 pg/mL
1400000 | // " — 100 pg/mL
/ / 1 ng/mL
M 1200000 + / //; 10 ng/mL
2 | ( 100 ng/ml
o S 1000000 - /] ‘
g et | i NC
=2 < s00000 - / //‘
b 600000 [ { I/
[
400000 / /]
/
200000 - 111/
1 11/
/4
of gl s NC
-200000 L . L
0 10 20 30 40
TR
(IR
Cycle
(a)

Ct=-1.195LgCpp\+14.082
R*=09975

Ct

~lgCon/ (pg/mL)
(b)

1 ZEN Bt vk FEEAR IR :0.2 pg/mL, 1 pg/mL, 10 pg/mL., 50 pg/mL., 100 pg/mL, I ng/mL., 10 ng/mL, 100 ng/mL,
6 WREGEBRFHRBESHR

Fig.6  Sensitivity analysis of fluorescent aptamer sensors

Ct fH 8 RGP R R
2.5 fnER[E =R

R T T A SR R AR SR AR A S PR
i R P 3 /N AE | T A R ML A B 2R AT
o I Ag S50 5 [ ol P YRR €233 75 R ZEN e
Kl ELISA X570 & b F5 5t b, 78 B fedik e 4
R, F 5 ng/mL F1 10 ng/mL # ZEN 43 5 A 1
ARG B /NAZ B OK RO R b Y B 3 vk
E o SR 3 PR, AT IR 93.4%~
99.6% , I F WA 038 325 (92.5%~99.0% ) 2 ELISA
771 (93.1%~98.4% ) 11 [T 3 7 Ty 0 R X s

22 7E 2.33%~3.91% 22 1] , X $e 45 RS T AR B
FE T K 098 638 AL SRR AE L PR A I p A7 — 5
(1 52 FAN A

Wit

AT T 2T R R R S AR A

G RAL A R T 36 K o 5 0 T 4 7

LRIl
KRBAHEARM TP ZCEE, AR

BEEAR PSS AN B il TR AN S

A DI P 50 B BN A, AR T R

3
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AR ONi TR A TR R il ST o S 4 8 N
17 bp, 519K B 19 bp, B AR AL AE 75 R A7 A2 1915
LR BT S R R A G il IR S SR PRIE
T SOV B HER T

NERG VM IZIOCIE L AT, LSRR
DAL A KL ZEN BB 58647 1 R (W
4), AWFFEE HEH SR LB, BA T ST 2Pk
B | BECARG R Hh IR LA 1 G 00 ], 5K 45 45 T

AR BT ROIT A RS54, —F N
WAL VT e B LU R &R R BOR , RIE
TY Y IERTE . EvaGreen A JoFRIC I 2¢O
Jukl, 5 ds DNA A R4 G50, B A &%
Jt, A5 ds DNA S54 I & 589t . AE5EiE
I il e BRET A SE IR T R AR
T YRR AR T R I B R] (AR A 5T B R
UL STRASS = g /e

®3 ANImirs¥HERD ZEN 2K SRBERIEER ELISA FiELLR
Table 3 Determination of ZEN content in artificially spiked cereal samples and comparison with liquid chromatography

and ELISA method

Bk ATk HPLC ELISA
o (gmiy  BMER ke msome N e N
(ng/mL.) (ng/mL) (ng/mL)

N E 5.0 4.93 98.6 2.38 4.79 95.8 492 98.4
10.0 9.96 99.6 391 9.67 96.7 9.67 96.7

E 5.0 4.93 98.6 3.38 4.63 92.5 4.89 97.8
10.0 9.34 93.4 2.33 9.41 94.1 9.31 93.1

] 5.0 4.89 97.8 3.52 4.83 96.7 4.75 95.0
10.0 9.86 98.6 2.88 9.90 99.0 9.82 98.2

x4 AEFAEHEEFERFTERD ZEN BLILR
Table 4 Comparison of different fluorescent aptamer sensor methods for detecting ZEN
i e 7k KT Hr i R #0819 /h HF IR

1 RA+ER+ET T A 9.99~199.93ng/mL 2.39 ng/mL 35 [32]

2 R H+iER+Exo Tl 0.01~100 ng/mL 0.004 ng/mL 1 [33]

3 R +E R+ K FT 0.005~500 ng/mL 0.001 ng/mL 1.5 [5]

4 R F+1E AR +MOF 0.01~100 ng/mL 0.36 pg/mL 2 [6]

5 R H+iE R +AuNPs 2.5~100 ng/mL 0.98 ng/mL [34]

6 R F+1E A +HIAmp 0.2 pg/mL~100 ng/mL 0.2 pg/mL 1 KB

AN AW 5T HE T ZEN FF 5 P AR R g i i
A ZEN E A TN 5l TR AR AR A
R, (L HG R b A S I B AR o RT3 A A IR
S AR B AR o PRI A RE AT S 2 — P R TER
IS 42
4 Hig
ABTFER T T AR R S AR
DN T A g S e G I 3 K Ol g O I ) 7 92
TEFRE S LA PE T, %07 AR BR g 0.2 pg/mL,
I T 5w o BT L E B9 BR 42 . 7 0.2 pg/mL~100

ng/mL KL N, ZevEC R R4, RIETTREN
Ci=—1.195 1gCyun+14.082(R*=0.9975)

ZOTEREA AR E R RN T, RAK
i HY ZEN KI5 £E 4, O B8 A AT B A P R
ZEN, TSR AE 93%~99.6% 2 1], HA 3 1 55 H
.

B AR TIT KW ZEN 565 R AL B
HATRR S Vot | B0 Ry FR IR R A IS
IR PR AL R . e Ah O R kR
PR AT B T AR AR, AR B R
R rp B A R B T A
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Detection of ZEN Using Hairpin Probe Mediated Isothermal Amplification
of Fluorescent Aptamer Sensor
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Abstract Zearalenone

(ZEN) is mainly produced by Fusarium graminearum and widely exists in wheat, soybean and

other grains and their derivatives. It has estrogen effect and a variety of toxicity, which can cause nervous system excite-

ment. In this study, a fluorescence aptamer sensor based on Hairpin probe-mediated Isothermal Amplification (HIAmp)
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was established to detect ZEN in food. Firstly, a new hairpin probe was designed according to the ZEN aptamer se-
quence. Secondly, the hairpin structure was opened to initiate the amplification reaction by using the specific binding
property of ZEN to the aptamer. Finally, a quantitative detection method of ZEN was established by combining with fluo-
rescence technology, and the method was evaluated. The results showed that this method can complete the detection in
about 1 h under the optimal reaction conditions, and the detection limit can reach 0.2 pg/mL. The linear equation con-
structed by —lgCuy and Ct value was Ct = —1.195 IgCpy + 14.082 (R?*=10.9975), and the linear relationship was good. The
results of specific analysis showed that only two groups of samples containing ZEN produced signals, and the other five
groups of samples without ZEN did not produce signals. The recoveries obtained by this method were 93.4%-99.6% ,
higher than those obtained by liquid chromatography (92.5%-99.0%) and ELISA kit (93.1%-98.4%). In summary, the
fluorescent aptamer sensor based on hairpin probe mediated isothermal amplification constructed in this study has the ad-
vantages of strong specificity, short time consuming, simple operation, high sensitivity and high accuracy, and its detec-
tion limit is much lower than those of national standard liquid chromatography (5 pg/kg) and ELISA kit method (0.5 ng/
mL). It provides a new strategy for the quantitative detection of ZEN in cereal foods and has a good application prospect
in the field of food safety detection.

Keywords zearalenone (ZEN); aptamer; isothermal amplification; detection



