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Abstract: In this study, we developed a simple, low-cost, and sensitive dynamic light scattering
(DLS) sensor coupled with nicking enzyme-based strand displacement amplification (NESDA) to de-
tect AFM1. Initially, the sequence containing the AFM1 aptamer partly hybridized with the primer
DNA, which triggered NESDA and yielded abundant single-stranded DNA (ssDNA) in the presence
of AFM1. The resulting ssDNA hybridized with AuNPs—DNA probes and thus aggregated, thus caus-
ing an increase in the average hydrodynamic diameter, which can be quantitatively determined via
DLS. To enhance detection performance, the core experimental conditions, i.e., the NESDA reac-
tion temperature and time, concentration of template DNA, and dosage of polymerase and nicking
enzymes, were systematically optimized. Under optimal conditions, the average diameter was pro-
portional to the concentration of aflatoxin M1 within 8.3—1 000 pmol/L. and the detection limit
reached 1. 3 pmol/L., thus confirming the high sensitivity and feasibility of the proposed method. Fur-
thermore, this method successfully detected aflatoxin M1 in commercial milk samples with spiked re-
coveries of 94. 3% to 107%, thus confirming its reliability. The proposed strategy demonstrates signif-
icant potential for application in food-safety assessments.
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EEMETEREREY, HlEFEEBIAFBD) &HE R Hiw REMN—F . B AZIE WG,
AFBI 7TEH ARG PR R AR R, b it & 8 E M1(AFML)™ . AFML fA7E T3 FLitFl
g, HhFEESSN TSR A miEt:, W e 2Rk RS AFM1 Y&
PEART AFBL, (BB RARFSEMEUEE, BEPREEM I TARC) I, 1 2R NZRBUEY ™ . K,
BHIEN G T 2RI AFML 97778, Q046 SRR a3 1% (HPLC) ™ | 23575 (TLC) . WA
8,3 - I FHBOR (LC-MS) ™ LR BREER G5 BRI 5 12: (ELISA) ™ VERARGE 4 7k, ik A
AREES . FRE RS, (HRAGES AR, AT En, HAMEWHANG . %l
SR B A BRE SR . AN AR S, (HREEEATR, R B X
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BRI ARG FOLEREE R AR & . FEERRM BT, B0 KR o] gids
{64 DNA 7347, i85 DNA Y HEHORIEAN , Ol R EERRRERIA . BEEE, ROy
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TEAEWTE R BUER, SDA C# 12T DNA™ . RNA® | skl ih k> b 8 1 > Sk W 45 1
BRI

BNAGHLT (DLS) A& —Fh H I S 400RE I 0k 152 AR R HR Y, & AR B AR 58 i) E
FTRP, SRR (AuNPs ) PSR CRURE , IR DLS HREH AL DNA™ | B i
Ph2 Y H P R HAth Ay 1 AR, i HREEEE RO (LCR)Y . PCR™ . SDAY | IRIRY 1Y
(RCA) ™ SN BARME &, BERE T DLS 1 R 8,

ANCHU B 5 55 B HOR Y B 0 R, ) W M T B2 . BRI
BT, BTG %, TR NG, SEE SR, AAm B AR AR AR S
HT AFM LA IR EEA i . A0 R H 3 GRS HOR B B 40 HORE I AFM1 2, {HATS
AT E L B B DL e REUEA R 5, i — A& DLS 55 SDA i AFMIAGIN 7%, BE— 24
FHREIN RELE . AL T — P T UIH B RS B 08 (NESDA) M3 G BUHME R, mH P A
AFM JGn] fil % s B 3 WG RN, RO AR ) FEAZ TR 55 1T 55 DNA-BADRRI IR AL, 5 Sa40K
WAL & AR TR A, HRIARIG R, AN bR nT i B OB BUR HE TARAE
1 SEIRERS
1.1 # 8

SEATTRFS) . DNA A HE Klenow B, WU =WIRIE &4 (ANTPs) 390 T b |5 _E A TA
Y TR AR 2 w5 DIE P UIEE Nb. BbvCl e T 32 EHT JoAs 22 AR SR00 2 ; ARM 1 bR S 5 ik
WA 2w
1.2 KEWHZE

R H JEM-3010 B33 51 B 7 B 0E A T AuNPs (3% 5 1 A8 (TEM) RAE . TEM A& & B—
TR R e B A BRI N, IR TS T . DLS MR H Elitesizer 49K BURL/ Zeta HL
Prit (AN 2R MA/R A R w)) T =R A 5. pHE R PHS-3E 24 pH #1701 € .

1.3 Fligit

AR T B RFH W F . a-DNA: 5°-ACT GCT AGA GAT TTT CCA CAT-3", b-DNA:
5’-AAA TTT ATC TCT AGC-3", t-DNA: 5’-TTC TTT CTT TTT TCT CTT CCC CTC AGC TAG AGA TAA
ATTT-3", AuNPs-DNA 1: 5’-TTT CTC TTC CTT TTT-3’, AuNPs-DNA 2: 5 -TTC TTT CTT TTT TTT-3 .
1.4 DNATIhgE{L & 20K Bk fy &l &

DNA- 4 44 K UKL (DNA-AuNPs ) #8 £ 2 BOCHR 7 i &, JRl g g oaife . Bk, d@d
38. 8 mmol/LFFEIRHA (2. 0 mL)IEJE 1. 0 mmol/L F AR (20. 0 mL) il & 45 2 G40 K0k

DNA-AuNPs #2EH09 4 &3 B2 0 F . 4555 254k DNA 5 /% T 10 mmol/L 8 B8 22 0 ik (60. 0 L, pH
5.0)41, A 20.0 mmol/L = (2-RZH) B (TCEP, 12.0 wL), ZiRME 1.5 h, B M 10. 6 nmol/L
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SAKRBURLA 10. 0 mL, F°25 'CFAE 16 ho FFZEL M NaCl ZEHIRE A 0. 1 mol/L, F4kEiElk 44
ho %, KIRAWELL13 800 v/min #0030 min, B 3K, BELRIRHGRLSDNA, BIEHE
A DNA-AuNPs H&EHO AL AR ITTE H 10. 0 mmol/L PBSZZMiE (pH 7.4, 0. 1 mol/L NaCl) ¥k, JFIE
BT HREIZPEY, 4 CIRRETRH .
1.5 #Hml&E

A S A R ) B SRR T, JFE i LR T AT . BRI AR RS T 4 °CL 10 000 r/min 5%
PEFEO 15 min, AR LZIENIZE, B EEEALE &M ERISEPRRH AT, b3 5 i 4
Wkt SR TR DR [ EE ) AFM bR S, AFM 1 A 240 EELE 0. 05~0. 7 nmol/LEFE Y .
1.6 ETFVIOEER 5% ESRY 18R M

T 5GMH H IXNEB 2P L IV EE Y A 1 wmol/L i a-DNA 5 b-DNA, SRIEE P LA 1 1A
BIFEZIR T 5 30 min, FEEIMIAAFEIRENHESE . KBRS -DNA(L pmol/L) . DNA 457
Klenow J B, Nb. BbvCl f2 ANTPs 7E IXNEB ZZ Pyl iR 539 2) . IR AHRE T°37 CWFE 3 h, wIGTE
80 ‘C T hIF 20 min 2 [V .
1.7  BhiSEEHHE N

BU5.0 pL NESDA & 847247, I 45.0 pL & 4. 0 nmol/L. DNA-AuNPs #2419 PBS Z vhiirp, T
37 “CHWFE 20 min, 7E25 C&A F 47 DLSALM, ~Firhfia) 10s, K2 90. 0°
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Wit A5 b-DNA AN DXI82 1 B ANF A o &G D1 H P YIS Nb. BbvCLE IR 8. X33 F XI5 4 45
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YEHF, NESDA WG BEAT, f4r A K& p-DNA, p-DNA u] [a] i} 5 #Fh DNA-AuNPs #84F 4252,
B EORTRR AR, BHRE R REW R Bl DLS BARK R 2481k, SeBl
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Fig. 1 Schematic illustration of NESDA-based DLS sensor for AFM 1
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2.2 TWA[{THIIE

FPERAEATT A ARM LRSI A eI 474, SR A TEM 5 DLS (7 R FRESIE 525, 23 BIAE TG AFML Al
AFMI S TRV AT IR . A8 24 0 BE/R, A& AFMIES, TEM E{&H AuNPs 73R B, 158
NESDA § 34 SOW AR YDA s TIN AFML JG, 40K L R RE . DLSE5 R (K[ 2C, D)#HH,
ATEAE AFMI I, DNA-AuNPs 4 AR T2 R AR 82 i 43 A1 X [8) 4 38. 2~38. 8 nm, “FHHi4E 4 38. 5
nm, 5TEM FWZER)H R IFHORZS—5, M AFML G, KRS0k B0RL & A2 R AT e 5
£, RS AIEEA RIE AR, FRIRARIE RS 782 nm, WUKLIR AR 1124 K042 40 A IX.[6) & 700~874 nm,
[ st 1 S I EL R M s 0 e AR I B AR, XS5 5 TEM oS B IR EM R S W . bakes
WL FEAFMITEAESRMF T, DNA RAHEES: 50 NESDA ¥ R W g A 5fim% , 774 K p-DNA, #E
M5 S AR & AR
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Fig. 2 TEM images of AuNPs without(A) and with(B) AFM1; DLS results for AuNPs without(C) and with(D) AFM1
D represents the average hydrodynamic diameter of DNA—AuNPs probes (D 278 DNA-AuNPs #5H1)F ¥ Rif)

2.3 rlEEMmL

SR ARML RGN 5 2 () SRAHRE , s NESDA S &5 S i) ek 24T 1 itk . IR As ik =
(AD=D-Do, HH1Do. D5 HERASHIEA AFM1 I DNA-AuNPs 3 H F IR A2 E IAAL SR TR
Mrdgbr. WMEBA PR, 7E20~40 CYEMHI P %22 7 SDA KWV IR ER I . AD{EREIRE T mmid ok, 1
37 CHIREIR KME ; FEE SDA RN M E— 5T, AD{EIZRE T I, B, %4537 "CEN SDA
MR E . SRAAAE T, X SDA R ST . SRAREH S . D10 S ROV 2 3T T
fbo FJEXT -DNA B EEREAT THufk, BEZE -DNAMREERIE NN, ADELZHIEM, {124 -DNARE ST
1. 0 pmol/L B}, fF 5 KRB HLLE, M -DNAWKEIET 2 2 pmol/L B}, G T BB RE(E, H
AHEETF 1 pmol/L 32 THIE EERS /AN . 25 FE R AR SLHE K t-DNA ¥ B 0] 5E 258 I B AL R DL S SR ek
HeAR LR, BRI R, IS SV B E t-DNA MR EE A 1 wmol/L, E 280 & J5 225250 % H 1 x4
M. SDARMEFEI3 h, BAFEHE 2. 5U. YIDWYIEEHE3. 0 U, t-DNAKEE 1 wmol/L,
2.4 FiEREINMERE

PER AR VAR R, TR AT, BEARENREE AFM1X) AuNPs FREPRiA2 ) 550
K 4A PR, TE8.3~1000 pmol/L AFM1 K EEVEEIN, AuNPs 9 F-Y iR 15 HARKE AFM 1K T+ 5
SRR, LR IH R A D=75. 04450. 0c (7=0. 993 2, H. ¢ g AFMI KB, nmol/L) . 5 HiFR
(LOD) il 25 LOD = 38/R 1 H5AS (8 4 20 423 A e B (B IO bR fh 22, FER kb ife i 22 1
&), 23] LOD 1. 3 pmol/L,
2.5 AEBHRMEER

PGSR T R S, SR P A (R R 1) At B A 5 3 AR AFML R 75600, A5 R 4B s .
2 AFMI R BE R 0.5 nmol/L B}, AuNPs [l F¥PRi 42294 300 nm; 11724 AFB1, #% #H %5 % 2 B2(AFB2) |
Xt # 2 (DON) , fRE;#FR BI(FBL) , A& E R A(OTA) | T2 # 3 M FRIREM T (ZEN) IR EEY)
70.5 nmol/LB}, AuNPs ) F-IRIARIIAE 50 nm 478, 525 AAEdREE, AR AFMI FE Lk
51K NESDA N, FaRZEARAENT, KGN J7 26 ARM 1 HAT 5 e ek
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Fig. 3 Optimization of reaction temperature(A), reaction time(B) of SDA, amounts of polymerase(C) and Nb. BbvCI(D),

and t-DNA concentration(E)
error bars show the standard deviations of the experiments ( %2528 3 7R ST A bR fh 25)
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2.6 At AFM1 g94&

AFMI A= 07% F Hopthy 2L ) ot P B35 DL Y5 ey o O BREAR T 7 372 HE ARG 7 v A S, o 2 i
s AT PR IENSCSE S o e 1 s, 1) 2R Al AR I 0. 05~0. 7 nmol/L ) AFM 1, [H]ISe 2R 54y 94. 3%~
107%, FXFFREMZE(RSD, n=3)4 1. 7%~4. 1%, FRZ5RE0, %77 gl 140k S b AFM 1O
W, AR R S E A TERTHA, WME 2R, AR IELIETEE T, Hom R AR a4k
SDA SN[ 4 HE RO 5 18 R B DLS AR M B FIVE H o AR J7 7 1) 22 S35 B AR IR [l S 238 24y m] ik J S s
BESR , HER 48R T B J7iE, FEoEl AR i T SR AN 5 S BR  F AEL

F 1 APIES T ARML B IR R
Table 1~ Spiked recoveries of AFM1 in milk samples

O mE

Milk sample Added/(nmol - L1.") Found/(nmol - 1.”") Recovery/% RSD/%
1 0. 05 0.049 6 99. 1 3.4
2 0.1 0. 096 96.2 4.1
3 0.2 0.19 94.3 3.6
4 0.3 0.32 107 2.3
5 0.7 0.71 101 1.7
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Table 2 Comparative analysis of methods based on actual samples

Analytical method Sample type Linear range LOD Recovery/% Reference
AR L R 445 8.3~1000 pmol/L. 1.3 pmol/L(0. 43 pg/mL)  94.3~107 A Jyik
A ] G G2 S BT i 41 0~500 ng/ml. 0.21 ng/mlL 92~104.35  [42]
DEFCHE R A1 1~100 ng/mL 0.5 ng/mL 93.4~101.3  [43]
R SRR S rt N (g -1 0. 03 pg/L~2. 00 pg/mL 0.015 pg/L 94.4~97.2  [44]
H AL 220 AT IR A1 1~100 pg/mL. 0. 6 pg/mL 106~109 [45]
Lo 38 A I A4 0. 005~0. 100 ng/mL 0. 002 ng/mL 80.5~89.7  [46]
o (3T A IR A1 0. 2~300 ng/L 0. 05 ng/L 95~108.23  [47]
IR S v A1 10~2 000 pg/mL 5.0 pg/mL 87.5~108  [48]
TR 15— BRI T 1/ e SR WAL, W 0. 05~5 ng/mL 0. 005 wg/kg - [49]
AHEED: FUB . RRBREE AN . Wil 0. 02 pg/kg
iR
it K B 92 I B i 9 AT 0. 1~0. 5 nglkg 0.01 pgkg 50~120
LN FURRRR G £ £ 0.1 pg/kg
ik 0. 02 pg/kg
R 43 0.076~11. 08 ng/mL 0. 008 ng/mL 88.3~93.0  [50]
2 GIE P ARG IR A0 1~100 ng/mL 0. 20 ng/mL 99~101 [51]
P SRR €5 1 — P I T S -1 0. 05~5. 0 ng/mL. 0. 05 ng/mL. 95.6~98.4  [52]
N
3 & it

BWFRIFK T —FhLh & SDA FI DLS F AN I A4 Wik S AFM 1 ) i REBUE 71k . 545 T SDA UV

B HEOR e DLS AR & REBUE, Z 7RI RIRE 1. 3 pmol/L, EART R Z S MUE ) AFMI
BRARAVFRIE(0. 05 pe/kg) ™o MAh, FRRELIRALN], M0 APM1 BA RSB NE, TENFREE
P RBLEL U, BIE 7 OHAESEPRIE S B RS o IR, A SR H A, AR S R
AR, RIVRT SIS A 3 0 55 5% 00 AR, A B i g 4 A B N S b BLAT AR 1) P A L
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