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 OE. BRI HT RN U 25, HAR Y - AR -2 R (MQCA) HAW
TEMBAL T PE BRI . 1T T 0 G e AR 1500 B RE e MQCA IR LA (Apt=S2), T —Hpkt
TERYHE (RCA) BORMGEECAREREE, H TR MQCA i SAEI . MQCA 5 REBRF 1Hi % & 1Y b
PRI TE4ELE &, SEEAMES YR, Mg JEE:00 RCA RN, 74 K& DNA P2y, HIOEE5mE
5 MQCA¥EEIEASE . T %t T4 DNA E#:0 H & . BR{batE) . Phi29 DNA 5 & i i 5 dNTP I8 Il 55 50 g
SECHAT RGAAY, B T ARREMRIE R . S5, % JTEAE0. 1 pmol/L~1 mmol/L MQCA ¥ EETEHI A,
TG THRE S MQCA VR EXEE (lge) BIRIFLEMRR (2=0.9745), KR (LOD) 4100 nmol/L.
A ERNY RCA R 7 i B R E W . BUAREAR .. EREIMUERNM A, I MQCA BTt T —Fh
B

K MEOREREMY (MQCA); HIREEUE; EHY 1 (RCA); FREGHR
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Method for Detecting Olaquinal Metabolite Residues Using Aptam-
er—based Rolling Circle Amplification

HAN Long—yu, MAO Xi-ying, ZHANG Hong—yu, SHI Ming", LI Kun
(School of Chemical Engineering, Yanshan University, Qinhuangdao 066000, China)

Abstract: Olaquindox is an antimicrobial agent widely used as a feed additive. Its primary metabo-
lite, 3-methylquinoxaline—2—carboxylic acid (MQCA), exhibits potential genotoxicity and carci-
nogenicity, necessitating the development of rapid, cost—effective methods for detecting MQCA. In
this study, we constructed a novel rolling circle amplification (RCA) —based aptasensor for quanti-
tatively detecting MQCA in porcine liver using our previously selected DNA aptamer (Apt-S2) as a
highly specific recognition element. The sensor operates via a competitive displacement mechanism :
specifically binding MQCA to the aptamer (immobilized on magnetic beads) releases the comple-
mentary DNA primer (¢DNA), which subsequently initiates the RCA reaction to generate massive
single—stranded DNA amplicons. The resulting fluorescence intensity is positively correlated with the
MQCA concentration. The key experimental parameters, including the volume of T4 DNA ligase,
ligation time, dosage of Phi29 DNA polymerase, and volume of dNTP mix, were optimized to es-
tablish a robust detection platform. Under optimal conditions, a strong linear relationship was ob-
served between the fluorescence intensity and logarithm of the MQCA concentration (lge) over the
range of 0. 1 = 1 mmol/L., with a correlation coefficient (7*) of 0. 9745. The limit of detection was
calculated as 100 nmol/L. This RCA-based technique has the benefits of operational simplicity, low
cost, and instrument—free operation, thus offering a promising alternative for the on—site screening
of MQCA residues in food safety monitoring.

Key words: olaquindox metabolite (MQCA); nucleic acid aptamer; rolling circle amplification
(RCA); residue detection
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(MQCA) HAEN S AL SEMEUEE " it iFrE &5 e 4, o R 5 E R X 2
XA 2N MQCA Fe KA PR i (MRL) ™A HlE o R, %2 % MQCA W s0RG i 4 AR o {4
oS e R 5 s i i W A S

HAr, MQCA = J &% I J7 2% 0 45 7 AH o il - B il 56 (LC-MS) ™0 il g B 4 95 W Bofh ) g
(ELISA) 7', HARLC-MS ik REE S . frmthlr 1, (HEFfE s st BEE . HElbHARA
YR AL PR S B SE F R, HE DL B PO T A TR o T ELISA RS A T AE , (HHAZ O T
H—ulk, Hl&sAR . kERK, HEREESZIREEZME ", K33 —Fgr2m i ikt
DB,

MR FC AR @S R AR AR (SELEX) 3RAFI)—ZRBE BRI . SR P4 A bR o 110 B
BEDNA B RNA ", Mok, ERARA 5 TR AR Bty . fH T80 5 s
o, BN R R WAL RS A ISR C i 1 I, ARIRALE S Capture—SELEX $ AR i 2h
i e 6 MQCA HA B )1 (K, =25. 63 nmol/L) 5 K IFER P AU EE LA Apt—-S2 ', ST #t
TSI J7 v BE R T Rl

RCA (ERIRYHE) 2 —FhEs SRR R HOR ™70 R ERR DNA BRI E A 55 B 3E P
DNA RAHE, LLsIPhie i, TR TReEE N, WAERIRT B N P~ 508 R E A e
BB ICELEE DNA P21 1 IZBORBAY RS | BERIE . BFEERERE S0, HHHT
P R A R s

BT, AFOE TR MQCA K SPGB Apt—S2 55 RCA {55 IR HARZ A, A G A
HHUFRMQCA 455 5 2 AEMM R AL, Y RCA RN 5 W, PRI B (5 5 b T gl 38 5 g ik
RIEMET . AR ARGEMAL T RCA KB CEESEL, WAL T I @ ik R ERE . %7 R AR IR
TR, AREREA—MEH T . AU Pkl MQCA BRI A .

1 SRIGERSY

1.1 #MR5XF

MQCA ., WEWEMK-2-FR% (QCA) ., ML FFhrifEsh (i IEHAEMBHA R A A FRERETERER
(REE D ; SR, 51 FEEN 1Y (LR TAY TEAR AT sEEEME (b
RIERBRAT); Gelgreen, 50bp DNA maker, DNA loading buffer (Jb s 22 R R AR AN T
Phi29 DNA ZE& M . T4 DNA EH#:E . R AL Wlgbrid s kMR ( LiFE R REDBAGR
AP

BENAE (BT G A R AR A ) s BEROSUE RS (LG AERHCAR AW s 2T RERFHR
X (ZE[E Molecular Devices R ) 5 BEFEHEIRT415220 ( LifFFRE SO R RAR A TF]) %,

LI PR BRI A 1,

#1 RCAHDNA S

Table 1 DNA sequences used for rolling circle amplification

Name Sequence (57 t03’ )
FRRASE AR ATGCTTTTTTTATATATCGTGTATATGTGTGTGTTGCAGT
&AL Apt-S2 TAGCAGTATGCTT
H4b ¢cDNA AAAAGCATACTG

1.2 RCAMEHMK
1.2.1 TADNAEEMRERMENTHTE WIRBERRE. BT IRENEHY WA R, 2T
AN B, AL R B AR RS, LISOCAX SR (RFU) HIEMFERR, 703755 T4 DNA
R R BE MU R . Phi29 DNA ZE A B IIE S ANTP H 2563 9 B R AG 5200
1.2.2 TADNAZEEEAEMMA FEE10 Ll 1 pmol/LAEIEE . 10 pL 1 wmol/LY ¥E5147. 10 pL T4
R M ROV R R, N0 1, 0.2, 0.3, 0.4, 0.5 pL T4 DNA &40, 25 CHEILEE
1.5 hSEEE M, 65 CHLTR 10 min JH EHERGE LY

BU15 L BRAE =4 Ak, I 2 L Phi29 DNA A EEZZ 0P . 1 wL 10 mmol/L ANTP {E-& 1l 1
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pL 10 U/pL Phi29 DNA SR451E, TR21ET 30 CHMY G 1 h, 65 CHALH 10 min 2 L3 1,

10 pnLy 38778, 24200 pL@2KFEEE NS nL2OE Yk, iREEIEE 30 min, W@ #4540
& & RFU{H,

1.2.3 IR UBEEEL BEERRVAR: 10 pL 1 pmol/LAEEEE . 10 wL 1 wmol/L5[#7. 10
pL T4 ERERFLZ MR . 0.3 wL T4 DNA ERERE . 25 CHM4FaliEaE 15, 30, 45, 60, 75, 90 min, JX
ML G 65 ‘CHKIE 10 min.,

A HIRF=Y) 15 pl, DI 2 pL Phi29 DNA R ABEEZ M . 1 pL 10 mmol/L dNTP & 1 pL 10 U/

pL Phi29 DNA B4, 30 ‘CH 441 h, 65 ‘CKIF 10 min, F =AM, 2N E s, Wl
EVERRFUH.
1.2.4 Phi29 DNAREGEEREMML RTINS 554 T4 SR E R
T 25 CHFAE 1.5 h, 65 CKiE 10 min, HL1S pLEALF=Y, MK 2 pL Phi29 ZZ0P . 1 wL 10 mmol/
L dNTP, Zr#M0.2, 0.3, 0.4, 0.5, 0.6, 0.7 wL Phi29 DNA B &, 30 CEHRY B 1 h, 65 CK
75 10 min Z& 11 W

WS ALY W=y, SRR, PO Rl b Y b P 5, Kl RFUZE(ES, %€ Phi29
DNA &g fEH &=
1.2.5 dNTPAEMN FERPIRE IR R RN 50 Tl &SRt 815 pLer=y, A
2 pL Phi29 DNA B-AMEZZ h R, 43 HIARMO0.2, 0.3, 0.4, 0.5, 0.6, 0.7 wL 10 mmol/L ANTP {& & ,
PRAHMA 1 wL 10 U/pL Phi29 DNA RAEFHES). 30 CHEIEY 1 h, 65 CHALHE 10 min £ LY 38 %
N, PYEFERae . SRS, WE AL RFUAE, Ak ANTP BSAERINE
1.3 RCA®MAEMEERFR

% EDC/NHS i%AK 25 ~ 80 um 4Bk : BIFUE 150 pL #EEEZ 2-MBIk 2 k8 (MES) ¥Ei&JE, 239
M 500 wL EDC, NHS ¥ E0MF A 30 min; MES PEAFR EZFEARTEIAF, HIMNESE EMRIEH
37 ‘CHFE 30 min LB E , ZZoP BRI GRS B HER R R B RER

SRR JRIGRLR 5 E AN DNA JR2), BREIR KB RAGER A1y, &4 -5 5 A 248 H 3T
WEPR W o IMNBREEIR FE MQCA FiRIRZ MR 3 h, broodr BBy s EAbhe, I8 L& H .

B0 pL EES SN, R ESIY . SR T4IERRE SRV Z M, 25 “CIFE 90 min,
65 ‘CIIF 10 min KiF EHEREZL E AL,

PLISpL 6= AR i i RCA R R, 30 “CEHEY 4 1 h, 65 CRIERAHE. ¥ 14 = Wfike)ahn
NG HEEIF 81 ARG AH X6 9 N5 B S MQCA & &

1.4 fnERE LI

BERE AL S B SRR, SEIRET R A 20K A o MEBRFREL (1.00+0.01) gfERFAIHRFENET
10 mLZ.0E Y, NS mLZHE-/KIRAHRIUE (9. 1), @AAR10 min 5, T4 000 r/min 5%
PEF B0 10 mine B0 KRR SZIENT, L2 AZHE-KEIM. P2 NEABKZ. TENAL05E
i, W AV . B LiE A A LR BRI | mL, PR AR EBSWRERS
mL, FEEIFAESIREOR, BT 4 COKFSIATE . &

SHIAIEAR 5 1 %5 SE R S MQCA SRS INGEE P 5 i, 1) b i TR B w23 ) VR AR [ ik
FER MQCA PRUEIFIL, SR AR SCHEST A R BRI L R — TR IR A DGR 5 i 6 A i MQCA & = 31 7
TE o MRABRINZE ST B SIIARIICR , THEAR: bR = CRE SR - S AR /bRifE
s I EEX100%, LT AR 5 VR AR S A AW 5L TR il v () SE B AL IR RE
1.5 HIELIE

R PR UEECHE P SEVE , BT A SEIR LA R S A T B3EAT 3 UCPATINE L 45 SR DLV Y (B b i R 22
(mean + SD) F7R, EARALEL R H Excel 2024 F1SPSS 19. 0 47454347, F:481H Origin 2024 #EAFIE £
gl
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2 RS
2.1 RCA#MFEEE

ARTFERRCINHLER NI 1 B R, B e E Y R LD MQCA &L {k 5 H AN cDNA 4% ([EBHE A RCA
S19) 238, B EYE-HEENERGKE S YN E TRERFE . EAFERRMQCA R, &
Th-51YE SMEHFaE, DNA S22 iR PR, JeiRiFE Bshy RN, R SRR,
VAL AELE MQCA B, i 0 P PR B o 3 ) SR A i e AR AR S e TR 51 & HA) G e 8 I A Bk
FE RS, IR I ) cDNA 511 E NS WL, (£ T4 DNA EHEEHEIL T, 555 cDNA 5191 58K
RCA BN B FE T P B BRIR G5 # o 7E ANTPs FEFE A T, Phi29 DNA 2R A1l LA BRIRARAR Ay e a5 it
TTERY 1, AR E oA AL S 5 2T AN EE ot SR DNA P28 . IINZEE ekt
SYBR Green I, H5HEE DNARERIEL A TEAEVEES . M TE S 0RERUL Tl RCA RV 5 49150
B, RREH PO SRS MQCA WREE B IEASE, AT B FEARI & S

& | ~ooooog B
;@&+ MIV00C0NE &

s~
without Q. O anTPs ()__, .
w & & o/

weak

4 20-020=0

strong

‘-"!

JAVAVAVAVAN B
@Streptavidin Beads "\ NE Bio-Aptamer »~—~, CDNA/RCA Primers ﬁﬂ? Target

O RCA Template Chain Phi29 DNA polymerase @ T4 DNA ligase Sybr green |

El 1 RCA I Ty ik R R
Fig. 1 Schematic of the detection principle based on rolling circle amplification

2.2 EMRCAKZRHHE

ORBE RCA KE IR RESE VT 5E, ASWFS0 R F SRS B R IS HL Uk S ik R WA THEBRIE . HAME R B

g 5 AR O 238 MU LR, IRIBEXSHL T8 10 bp PIFh B AME: P Iy2A45 R B /R 8 bp HLAN

BERRASRREE S, MELLSE AR EFERME s 10 bp BAME v S8R EH R B BOAT, BRI A5 T4 DNA &3
IR (E2A), BOESE 10 bp HAMEVE N RCA 5141, %FFIBEREE MQCA SiE R 45 5 TG Rai s |
Y, XTSRRI Sk, S R SRR . R R R HIKEE R (B2B) KB (U
HHAAERRIRAEAR 5 B A5 P, 7 B> T2 RCA P50 (B e A 51 B A Te i1
PR, TonI Rk . AR B ES IR RN, T IIE T A RCA MR R i v S S bR 5 2
A%
2.3 S|k EX RCA KRR Z B 20

AT LGS BN EERL Yk 57O E BRI, IE AR TEARI cDNA FF BB RCA Y 3" 15
S AT (B3) . HIKEER (3A) EB, cDNA HKJE 15~62 nmol/L B 5[4¥ A2, RCA ¥ 344y
555 WREETEE 125~500 nmol/L JG & 4> T4 W &ty i 0m, IERH ¢ DNA 580 RCA (1) BRI 7.
PN RLER (E3B) B/R: 15.625~125 nmol/L XM ZENAE 5 F2&, XV ARMAR = AR 575 125~
500 nmol/L X[ 5 HRH cDNA #REPE EF-, 0IK AN H MQCA SEFREN) cDNA ZKF-. “fRIHK B cDNA
Ty (KR 7 5 P EREE cDNA BRI R, (B REE) 7 BRI O, BRI T AR Rk
BT, OSSR SETE R bR i 2SR T SRR BRI A A
2.4 T4ADNAEZBEMRKER

T4 DNA BN S HAGE MY, BRA IS RIS R 5k R 5. AFRTIKE 0. 1~0.5



55 XX BT ST AR, SRR S BAR A 2R A 5% BRI 7 TR T 5

wLHOEEH SRR, SRIUHS RCAYIEERERE A (1 4). 455REBY], B 0. 3 pLIFT AR IS |
SORE T BRI S PR R R MG SR 2HTIA, 0.3 wL B SCBLRE 53 31
o, o BEHRE S SEIR A AR RS, S0 Phi2o BATEHERE Ml ZEAYHIVERE 5 IR,
BEFEO. 3 wLAFh T4 DNA SRRt 08 i

A

BopH M
100pE4ME + +
Padlock + + + +

2 8bp Al 10bp HAME SGREMREER HAMER (A); FERfifARIZIERIKER (B)
Fig. 2 Complementarity verification between 8bp/ 10bp complementary strands and the padlock probe/ template strand (A ) ;

electrophoresis for validating the basic RCA system (B)
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51 e i (n M)

3 ARSI RCA R IKEESIE (A); A5 I9IKE RCA BRI (B)

Fig. 3 Electrophoresis results (A) and fluorescence results (B) of RCA reactions with different primer concentrations

250

li..l Otl 0‘..\ Otl D‘.S
T4 DNAH R iluL)

4 T4 DNA EHREHR IR AL
Fig. 4 Optimization of T4 DNA ligase volume
2.5 IMEEHEMELER
PRI I B SR R 5 RCAY S5 0 AAWETTBE 15~90 min B8 BEIE F N 18],
R W R (ES) o 2645 REIR 15 min {5 S0 e, Sl I & 2R LT vk
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SR, SIS T) A B RTAE p e IR  ; BEE M R ITRAE R, SOGE TR P REAR, nIRE AR I (o) e i &
JRERARAGAN 3 i 85 252 Phi29 BRGNP 40 Z5 IKIEIRE 70T, 15 min I 90 L fH 5 32 i EEAS
¥ MR ZERTHE; 30 min 9GS50 ARG MRS IF . SR RS ik REE M, ik
B30 min Ay s EEMUINTR] , - LLORER S AL BORE i i SRR AR E

920 75 60 45 30 15

15000

5 W 4 w7 w
BRALI ] Cmin)

250

s It
Fig. 5 Optimization of the circularization time

2.6 Phi29 DNARSEHEMLER

Phi29 DNA &l H AT o el B 400G v S (R S, & RCA IO A9 O, oW = B
PR S B E ., HAEMAA R R, BEHEO0. 5 pnLBY 8 & s B i s . SRHLX R) 5E
RHAFFHRE TG ART 0.5 pL @y WA R, Kiss; 80,5 pLE S Bl ERA, O =
B FERARR Y3 IS R SAT PR 5B, EH0. 5 pLYESh Phi29 DNA R &R
T,
2.7 dANTPHRmMEMULER

dANTP /& Phi29 S Al DNA G AR, R HE2W RCA Y W= r= g 5l Bk . AFT ik
0.2~1.2 wL ANTPBEEEBEATH 5% WK 5ENEREW, ZIX BN TCIEY IRy, ¥ 5= i se
I SORME S RE ANTP F BT HEEe T, IR AT R S A R N 3R R AR R A5 5 58
AR, B 1.2 WL At ANTP N .
2.8 RCA#M MQCA BRI E T

S EAEZ T VEXT H AR MQCA BORIPERE, SR 0.1, 1. 10, 100, 1000 wmol/L MQCA Frifk 556
WEAR T 100 € S A I PR RE IR A ST ARl 28 0 FRIRE IR, R MQCA M S 77 A K& RCA B0 T
BY WSO FERIARR RS, PAEZ e, IRIKEE AL WARHT, A R e B S ik
FERRIARAE . BTG5 (Y) 5 MQCAMRERE (X) IGHREFREIMZTTFEY = 0. 1414X + 7992,
XK ZRE (P=0.9745), #HE (LOD) 4100 nmol/L, %Zit, i%RCAKZRU[FEQ. 1~1000 wmol/L i [l
P MQCA SEBILE SRS , (HESHR B AR ARSI R B REe Tt
2.9 RCA%SZMISIE

LIMQCA i HARIM AT, HEELQCA, MQCA., FKFE A (TIL), MLFE (OLA) LLEK (ZEXt
HE) TR A RCA AR IR REF 0 Rt 58 . 45 R Rl 6 BT, ANAE MQCA TEAERT, BElEHEEEI H
WP 4 R 40, [N PEORE S T M T3 523 o BRZH IS SR P2 AR B i
YIS, TG THEFFEARAK T o RIIZIE R R X MQCA B B UM, A RIX 5 H
by 5L S I E T, B A2 MQCA I E PRI SR (4 1 v 58 (i
2.10 fnER[EIY SLTG

SR AR 7 1 5 i it MQCA ELISA SR G [P IR g ARG, R — 3500 SEbrkitl e Re (38
2). FE18.8. 94.1, 941 pgtkg = MIFRAKF T, AJFiEENCE A 92. 4%~98. 7%, ELISA K5 &R
195, 7%~111%; KA ELISA fEAE Ml B IE 25, A7k mCR LM IS b . BiRP 7 a9 FH T



55 XX R SEFIBRLIRSS & R ORI R R 5 BRI 7 7
brifefi 22 (RSD) IRT 15%, HEER QRN ER; IRRE FAT AR LT ELISA, HiRE T

ELISA R AL, SikE_ERWRER . BEME, Ak awbi . #EEEERA TR, &
00 A e R ELISA SRR AR, B S P b RS 2 A4

MQ QCA QLA TIL 0
CA

50000

0 QCAOLA TILMQCA
FRH b

250

Bl6  RACTRRIFRIERIES R
Fig. 6 Results of the specificity validation for the RAC system

2 FEIHFREAR T MQCA Y [l sesh:

Table 2 Recovery test for MQCA in porcine liver samples

Added (pmol- =) This method ELISA

R (%) RSD (%) R (%) RSD (%)
0.1 (18.8 pg-kg™) 92. 4 10. 87 111.2 12.03
0.5 (94.1 pg-kg™) 94.5 6. 88 98.9 3.17
5 (941 pg-kg™) 98.7 1.53 95.65 2.38

3 & &

AT T — PR IR0 5 RCAME SR FEARA LS A1 MQCA R 77 o FEsmetfSe i 4%
PEF, ZJTEAE0. 1 pmol/L~1 mmol/L iR BEVEEI Y, ZEG(5 -5 50 B 5 MQCA ¥R B R AU E S 90 R B i &
PEXRZR (2=0.9745), fHFRIL 100 nmol/L. AJ7i%IGTT B vt AURE B ER 5 2 MRS AT AL BE , {55
FELTELIOT 7 BV RT S ek, SRR TR I A SHRAE T IR . SRS R STk, 1R R R AL
S AL IR E BRI, A T Uikl &5 R . MR ER R IR E EZEN S, B85
T RCA BRI ENAS S HOREE S, RIS AR St R AR RE . RV 1Z 07 1 7E MQCA 58 5 it
HE Rt E R 7, {H BRI 100 nmol/L 14 22 505 ) J6 7216 12 B A AE 1 256 5 v e R i 5% B A ) 2 L 22
Ko ARBIWFFTHS B Tl 5 I A5 5 OR SRS B — P P AR I R, JF S R SE PR L )
IR T 5 2 B S I B F T, LA B IZ 0 e Ak — R C A A2 e W\ ST 25 B 31 78 15] S () B0 475 B S A T
W o
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