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B AVE A | PR M ELSAR AR S — R i)
B TP R KM, Huang S8 & T H 2
b B AR SE RO TC 9 L Al 2 3 AR A s 2%
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AN RS CHA /Y il A8 TP AR, B R M
S TR T T A I/ - B DNA 87 RNA

H A 273 A A SR 22 B P R — 1 AL A A
5 O 2 R T AN R 22 A o T Ak B 25 5
(RS2 Ay 4 v A U Y o A M RN AR A, TR 2
AN ST AR A 1 LBV S A o,
PN T A B S A T A A S D Bl R AR
SAE T TR,

AHE 5T A R A 38 Be R F CHA L, JF &
— i Ll SR A B AR 2R TR Gl AR AR B . R DNA
A B HOE O T CHA S By F 47 B9 38 e 1K 1
(A1) A 3 98 4 P 3 TR ) 35 T A4 2 (A2) e [R]3U01)
TC™, il ik CHA RO #EATE S Ok s 5
F W H L (Methylene blue, MB) W[5 5
(I) FUE 553 F Fe MIEEAE S (), B &1 1L

1 (I I ) VE R RS IR, 45 31 Eb 28 (4 B Ak 2 1 107
{55, SEXF A= 5 rh TC By 2 8L emfh AR

1 MRERE
1.1 #R5EH

SALHT (KCL) S 48 7R (AuCly-HCL-4H,0) , [
RN ABR AR (1) ;1 mol/L Tris—
HCI 2% o W 1 £k 2% vh i (PBS) , b st 283 52 70
BARAW, = Q-RELHE) #iiba (TCEP-
HCL) , & N 2L 4= W R A BRTTAE 2 7 5 6 k-
1-C 8 (MCH), b se kAR RHAT FRAS 7
TC. + % % (Oxytetracycline, OXY). 4 % &
CTC) . Z V5 % & (Doxycycline,
DOX) . K AP % (Kanamycin, Kan) 2~ 75 % R
(Ampicillin, Amp), LK E RS A RA
A, AT R RZ IR P 51 i AR T AR HOR AT IR
N ()R, Ik 1 BR,

(Chlortetracycline,

x1 BREBRFINEER

Table 1 Information on oligonucleotide sequences

DNA % #k DNA #31(5°-3")
Al GTTTGTGTATTACAGTTATGTTACCCTCATTTTTCTGAAC
A2 CGTACGGAATTCGCTAGCCCCCCGGCAGGCCACGGCTTGGGTTGGTCCCACTGCGCGCTGGATCCGA
GCTCCACGTG
tl AGCGATGCTCTTTACACCCGATC
2 GGAGCTCGGATCCCAGTGGGACCAACCCAAGCCGGGCTAGCGAATTCCGGGCG
Fe-H1 SH-(CH2)6-GCCTGTGTATTGTTATGTTACCCTCACATGTGTAGAGTAACATAACAATACA-F¢
Fe-H2 SH-(CH2)6-CGCCCGGAATTCGCTAGCCCGGCTTGCATGTGTAGACGGGCTAGCGAATTCC-Fe
MB-H3 TATGTTACTCTACACATGTGAGGGTAACATAACAATACACCTCACATGTGTAGA-MB
MB-H4 CTAGCCCGTCTACACATGCAAGCCGGGCTAGCGAATTCCGCTTGCATGTGTAGA-MB

TE IR T B AR R % B0 00 DR 2 5 08 5 5 i 1 ] e P A

12 MUR5EF
FE 5 TESCAN MIRA LMS 14 8 1 i 1 s

CS350H H b2z T AR, BB R AR B A PR
NI
1.3 Ak
1.3.1 X TC UM XUEE DNA F1 % Je BRE i 45

DNA # K 8.0 J5 H JC 18 8 46 7K % % 4 10
pmol/L, 8 wL Al A1 8 uL t1 {R%),4 nL A2 Fil 4
pl €2 W51 ,2 B W4 WIAE 95 CF I 5 min,
F 37 CAL 1 h, 735 Al-tl Fl A2-t2, Fe-H1,

Fec—-H2 MB-H3 1 MB-H4 43 %] 1£ 95 °CF K v 5
min J5 Z @2 ER K KR40 . K5 Fe-HI
Al Fe—H2 239 5 S R B TCEP (10 mmol/L) 7€
37 CF R 1 h, VAR B —wikt,

1.3.2 WAL B T il & Besk il (GCE)
AR LR MG vk . o BB Al %Mﬁ 2t
FA R 2 7K T 2 B Al KR A T UE 5 min™, PR
GCE it A & 0.1 mol/. KNO; #1 1.0 mmo]/L
HAuCl, B3, 0.2 V AYE B A7 F 52 80 s,
58 W4 49 KR F (AuNPs ) ULEL K5 B TCEP 4b 2
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Ji i Fe—H1 (5 wL, 1.5 wmol/L) #ll Fe-H2(5 pL,
1 pwmol/L) BRI AL K THT ,37 CH LI 4
ho FRRFHAE 25 CCA4F T 7E 2 mmol/L. MCH
#2110 min,,

1.3.3  CHA W MHl 4 % 16 L Al-t1 .8
pl A2-12 .12 pl. MB-H3 8 pl. MB-H4 .10 ML
TC FRifER A 26 WL 258 vhil, FEIr iR L1
#| CHA SR # 1.3.2 715 il 45 4 1Y EE)F&&
AR, 37 “CabE RN 120 min, 17 1 A1 8
Je AR S AR B AR AT FL A SR A

1.34 Wil &= 25 K TAE R Ay
AgCl 2 LY HL AR ORI 22 %8 Bl F AR 20 B, 2 PR 916 346
k2% (Cyclic voltammetry, CV)F1HL fb 2% FH$T i
(Electrochemical impedance spectroscopy, EIS)#E
5 mmol/L [Fe(CN )1 0.1 mol/L. KCI 3] 2
WP HEATP, CV RN -0.2~0.6 V, F1HE Ry
100 mv/s, EIS B34 107~10° Hz, I 16 98 5
5.0 mV*, 7 AR % (Square wave voltamme-
try, SWV)#£ 0.01 mol/L. PBS 2& whifg b 47, HL K
H-0.6~0.6 V, Hil 4 H 25 Hz, k08 H 25 mV

1.3.5 ARG IATEAPERE A A R
Bi (SEM) RAEMOE I 1Y B ik B A% DL S AB M | 1Y
AuNPs [TE 45 ;CV A1 EIS W T 4% Jg% 25 1 il £ 5t
T2 SWV S HEAL ARG I TC 19 ™ A7 1 5 78 e ik 4%
PN SWV 3 A% Jds 1) RS F etk (TEE
RS EYE

1.3.6 AN TInAsten kil 20l iz 07 kA (&
it A [ GEARUE B b D PR R 2R 2 )k
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B BN E R O (3 95 ) (GB-31658.6 -
2021) 1 1) 755 A0 AR 5 3 (High—performance lig-
uid chromatography, HPLC) %S TC ) 4175
BEdh, PO 2 R OT I BOINAR [ A LAV 325 1%
AT AF L

2 BR55W
21 ERBBUFREEFREEFBNIEITRE
A 58 Y LE R R F b 24 TR O IR AR R
B JEFRUE 1 FiR , Fe—H1 I Fe—H2 i id Au-S
1 7 A 4 HUR R T IR MCH I, TC AT
FERT e Fl 02 ToH R, Fe H23 LR 1T, 1, Fi%
/N ,MB-H3 F1 MB-H4 Jif B fE 3 W, Ly K, UL
W L/, B2/, TC AEFERE, TC 65 A1 A2 557
PESE A B o R 2, HR A el 2 R T X S
t1 Fl 2 20 915 Fe—H1 1 Fe—H2 24258, B 645
HAMAY BUEE (11-H1 Al 12-H2) , 3 Fe i & B
FEU, LTRSS RPN Iy, VRS L ML Fe-H1 5
MB-H3 H.4p &R 53 1y 51 2 5 11K, Fe-H2 5 MB-
H4 T AMNGER 5 175 52 68 ok, KA 438 RN, TP
A t1-H1-H3 =2 &9 2-H2-H4 2 58 5k
Jo  AEAE B A M BEAYIR BN R ol Bk H3 B ROk
IR 12 B HA B4 TR IR, 11 112 1 M i
RIREF A 95 Fe—H1 A Fe—H2 232, T 1S
3fi CHA g PRI d5 26 7= A Kb H1-H3 #l H2-
H4 ,MB fEir i Al R 1, H PR BRI 1y, 1
5 BERS B I, B0/7N Ly TR Tl Iy, 2K

MB-H3 MB-H4

1 EFCHAMLLLEBBHUFRESERERSRZKRN TC

Fig.1 Ratiometric electrochemical mixed aptamers sensor based on CHA detect TC
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K H SEM Xt GCE il AuNPs [ & i #F 47 %
fE, W 2a 7R ,GCE M+ 5L . T & 2%
i, FW GCE #Zh#ot . anl&l 2b irzs , AuNPs
YIS o A fE R GCE £ifi , A T — & R BHEW
[ 72 Pk A1

K CV WL 28 i sk B, anil 3
/N, AuNPs &1 J5 i GCE (i1 4k b, AuNPs/GCE) 5
B GCE (H14k a) #H bt 3 o B g 06 {1 P 30 355
Sy ke bRic Fe Al MB X AL 3 A E BE A% 52 0, SR A
KARICH H1 H2 H3 H4,H1 1 H2 [# 5 7 AuNP/
GCE % (#h£k ¢,H1&H2/AuNPs/GCE) ,DNA #
B Al 1R ik A 55 0 W TP 1 [Fe (CND) o= 2R
i FEL R 7, DA PR I D 0 AR IR 9236 MCHL V5
(M £k d, MCH/H1&H2/AuNPs/GCE) J& , % 4% B 1%
PR AR PAT A 0 PR E — 2D R AR AARAE &
TC ) 5N V5 W 0 8 5, e A F JE B 3 I (ot
2 e,H3&H4/MCH/H1&H2/AuNPs/GCE), 2 W fih
KT CHA iy, MR IE R & H1-H3 1
H2-H4 i B F 5 s A 6L, CV 4521 s A% %
50 A e AR S U — 2, AT PR TC,

K EIS 38 i f Al 3R 1A A A% B A BE
(Ret) By 48 fb 1 — 25 B0 UF A% 8% 25 1) il &5 3 e il 2
Hh 2 [ A BE S S B Ret™, 4 &l 4 FF 7R, AuNP/
GCE(H4k b)5 GCE(MZk a) M Lt S pE 4y | 2
B AR B/ Ret W/, #E N oK, Bl RS M A
CHA J% B B k4T, HI&H2/AuNPs/GCE (14 ¢) .
MCH/H1&H2/AuNPs/GCE ( #ii £k d) .H3&H4/MCH/
HI1&H2/AuNPs/GCE (% e) 0915 15428 3% W 1
K, Ret B K, EISZ5R 5 CV 451 —F, R W
FA 8 1) % B FH AR TC 2 W AT 11

FH SWV B IF L 6 AU o fb 24 5 A 38 IR AL A%
Kl TC BRI A4, i 5 iR, TC RAELERT, H
BT ) Iy, FNP] BB Ly, R Fe #2300
i W% ¢ 1, MB—H3 11 MB-H4 17 B 723 W, HL st
I/ Ie AE 5/ TC FEAERT BT8R A I, FIER 5
) Ly, KA CHA R, Fe 6 B L 00, ™
A KA H1-H3 Fil H2-H4 ,MB ¢ 3T 5 # & 1
DU Ly/le (3G K, BRI, UE B T 3% 05 36 F T A6
TC BA RAFHaT 17k,

() BB (b) 4 98 KA F
B2 HfmFREMEER

Fig.2 Scanning electron microscopy images
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Fig.3 CV characterization of electrode modification process
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Fig.4 EIS characterization of electrode modification process
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0] T A DA [8] 5 1 Wk B2 19 TC, Gnf&l 6b o,
£ 50 fg/mL #] 100 ng/mlL LM FE N, 2 TR A
TE FCR AL RS (2R a) (0 LI (5 1g(pre) 2k P
KFR R, L AE I N L/ I.=0351481gpr+
2.25082(R*=0.991), & it 545 i LOD 4 77 fg/mL,
HT AL LG (IR b) MZPELRA 100 fe/
mL #| 50 ng/mL, Z R H T BHA Le!/l=
0.38111gpTC+2.01616 (R*=0.995) ,LOD J 0.666 pg/
mL, HET A2 B (2R o) B APETE R 24100
fe/mL #] 100 ng/mL, £&¥: 10 J57 #2 R L/ le=
0.37512lgp+2.05427 (R?=0.994) ,LOD A 0.469 pg/
mL, DA 2RI, TR A I Be A 9 15 AR 1Y
LOD [ 2 it i B — 38 Bic R 19 45 1R 25 19 LOD 43 31
Ik 8.6 5 R 6.1 4%, 5 LR B iy, HL 2R M3 16 3 5

a Dwlle=0.351481g(p, ) +2.25082(R*=0.991)

IS
—— b IwIr=038111g(p 1) +2.01616(R=0.995)
361 © fwli=0.375121g(pr )4 2.05427(R=0.994) A
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Fig.6 SWV responses of the ratiometric electrochemical mixed aptamers sensor to different mass concentrations of TC (a)

and the linear relationship of lgpy. and I/l (b)

HHE TC K 7 b A7 1 g, sk 2 o
IR ABFFER) LOD B, 7EAR 5T & ik B2 Y L N 1Y
LAY, 5 DNA 4738 5 AR gkl 77
DA L, AR 58 BT F A A I B[R] 4 5 4 ] CHA
TSI B ARG 5 3 R A T ) 5
24 ERBFHFE.EEMMREESHF

¥E#E OXY .CTC .DOX Kan Al Amp 1E R T4k
Wi, AR TR 2T, SWV X452 9 s ik A T A
TC Fii W FE R 5 ng/mL, £ TH04 i i i vk B ok

50 ng/mL, 4n1& 7 Fros , BT 4 ot A o o vk
b TC Jf 8 & B K 10 %5 ,0XY .CTC . DOX Kan
Amp AT IR A 4109 L/l (E55 25 (5T I8
PR —F, T TC HMEL S TC MR A 4
L/ I AEEBA T3 15 7KV, 36 W12 A% A% g 4 7 Mk
PUIN TC X HEPiAE R A RIFMBTTHi6e 7.
TEAR TS, 6l T 6 M FRATHUES
(Iy/Ir.) AL IR A TG ARAL B AT 6 AP AT 10 515
5 (L) AL IR A 18 IR 1% R Y TG 5 ng/
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Table 2 Comparison of the performance for methods of TC detection
DNA ¥ 3% A ] B 1A/
55 I . #l 56 B/ (ng/mL) A& H R/ (ng/mlL) : B
Ik min

1 HPLC - 5.0x10°~5.0x10° 5.0x10° 43 [30]
2 EE SRk - 1.0x10°~1.0x10° 1.0x10? 20 [31]
3 Yo &3 AR A RS - 2.0x10°~2.0x10? 3.9x10' 36 [32]
4 R E AR - 5.0x10'~4.4x10? 1.64x10' 10 [33]
5 KA R B - 5.0x10°~1.0x10? 5.0x10° 35 [34]
6 WAL 3 kA R 5 - 1.0x107~1.0x10° 7.3x107 30 [14]
7 WA F R R B CHA 2.0x10°~1.0x10° 1.3x10? 210 [35]
8 o B AL b A R A 1E AR R B CHA 5.0x10°~1.0x10? 7.7x107 120 A BT S

30

=
251
20
< st

1.0 -

05+

ool B o [ e 1 [ 1L L

%1 OXY CTC DOX Kan Amp Mix TC TC+Mix

LY RN
Substance name

7 HEBBAZREEMEEBIX TC KM R

Fig.7 Specificity analysis of ratiometric electrochemical mixed aptamers sensor for TC detection

mL ) TC, &l 8a i, B AES R 6 U A7k
B BIME DR 22 bR 25 BUE T iR A IS
PR AL IR B R X AR o 22 (RSD) 4 4.203% ., 4n &l
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Al H4 L krid MB,H1 Al H2 £ 45 ,RSD K
8.838% ., Z5HFE UG5 1 i Ak & IR fL
JERER LS 5 B HL AR A 1 AR RS 1
I8 S ool )

2.0 - RSD=8.838%

15F
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~ 10F
=

05
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1 2 3 4 S 6 7
T AR AR R AR B
Number of aptamer sensor
(b)

8 WESHALFRAEMRERRIN TCHRMHESHITM (a)MBFESEBUFREEREES
Xt TC il EE T (b)

Fig.8 Repeatability analysis of double-signal electrochemical mixed aptamers sensor for TC detection (a),

and repeatability analysis of single—signal electrochemical mixed aptamers sensor for TC detection (b)
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KVENZ DT B RS YE  TE 4 CTF IR A7 BUR
il £ G 0 H A, 4 I FE S 0,3,6,9,12,15,18 K
A ERCH R S ng/mlL TC A SN %W, aniEl 9
B 55 9 RIS L/l (AR FFTERI AR ME Y 92%
5515 REF, L/l (BT REARFEAE R GG A 1Y 87%
15 d JEm R AE S B AR, R BB A g0 oK okL
T Ak DNA B AT 3 A, 20 B0 7E nl 422
ZAaFEN
2.5 AT inAREE A&

A= 15 AL RS I A [R) 5 R EE 1 TC, 43
FURZ DT M HPLC A, gk 3 s % i ik
(K AR 18] W% A 87.1%~107.2% ,HPLC 1 il #x
LR N 92.1%~100.4% ,2 Fh 7 45 By —
o, RWZ T L AE 5L bR A A 8 i AT
1

3.0
0,
92% $7%

25

20

IMH/IH:

05

i [
Time/d
W B FRTEN 2% R4 9 KWE L/ I, 1A% 35 75 90 1 (8 10
92% ,87%F 5 15 K Ly I (AT RE PR FELEVI LR A 1) 87 %
E9 hERIBHFREEEEEEX TC

B FRRE M TG
Fig.9 Stability analysis of ratiometric electrochemical

mixed aptamers sensor for TC detection

F£3 AImirtEss TC e
Table 3 Detection of TC in the spiked samples

.. ksl TC/ Ko ik HPLC
o (ng/mL) (ng/mL) Al 28 R/ (ng/mL) e /% ] 25 R/ (ng/mL) =K E %
0 10 10.72 107.20 A —
] 50 51.29 102.58 50.20 100.40
100 87.10 87.10 92.10 92.10

T B rpe—7 3% HPLC #6002 10 ng/mL (19 TC., PTG 1]

3 g

1) AP E T —FIET CHA 1R A H
M ZEIR G E AR B o Bl 25 F T %A% IR AR A
TC ML PEIE R 50 fo/mL £ 100 ng/mL, [ 2 Ff
FEF B3 PR AL AR 1 B BB 5. LOD
77 fg/mL, L 2 L TR O A A% R 1
LOD 435Ik 8.6 5 H1 6.1 f%,

2) RZITIE MR I M RE EAT T OIS S5 R SR
WhZ 7 X Pl RA RIFAPT T ae o, &t
TC BHA RS SUE 5 1 AL TR A R AL IR A
1 RSD i 4.203% , 5455 1 B AL 27 VR 5 3 1A A% JRk
#rY RSD y 8.838% , % W b A Ak ~# 1R G i K
TR B TR P B M A i L IR AR AR
£ 9 d J5 155w AT BE PR FFTE R AR 1H 1Y 92%

3) R HHiZ 5% A HPLC %0 A T As iy 4
W5 RE S A B TC, A I 45 SR 5 bR I3 (87.1%~
107.2%)5 HPLC (92.1%~100.4% ) ¢ — 5, 1% 7

VAT S B A W v TC Y 2 BRI G I

AU S A2 B P~ TR O A IR T T
AR TC Y RN 1277 3k a] S R 45 4 A
RiE2%

2 % X M
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triple helix aptamer probe with catalyzed hairpin as-

Ratiometric Electrochemical Mixed Aptamers Sensor Based on Catalytic Hairpin Assembly

Detect Tetracycline in Milk

HOU Xiaoqging', ZHANG Yunzhe', LI Zikun?, LU Xin', YANG Qian®, ZHANG Wei"**
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Abstract Purpose: This study aimed to establish a ratiometric electrochemical mixed aptamers sensor based on catalytic
hairpin assembly (CHA) for sensitive, accurate, and stable detection of tetracycline (TC). Method: This method im-
proveed recognition ability by capturing the same target through two mixed aptamers. Realize enzyme free signal amplifi-
cation of the target through CHA reaction, using ferrocene (Fc¢) and methylene blue (MB), which were easily distin-
guishable from peak values, as signal switch molecules, labeled on DNA probes to generate proportional electrochemical
response signals. Result: The linear range of TC detection by this sensor was from 50 fg/mL to 100 ng/mL, which was
wider than the linear range of two single aptamer based sensors. The limit of detection (LOD) was 77 fg/mL, which was
8.6 times and 6.1 times lower than the LOD of two single aptamer based sensors, respectively. This sensor had specifici-
ty for TC, with a relative standard deviation (RSD) of 4.2% in repeatability evaluation. After 9 days of storage, the sig-
nal response of the constructed sensor could still maintain at 92% of the initial value, and it had been successfully used
for the detection of TC in milk. The actual sample detection results had a spiked recovery rate (87.1%-107.2%) that
was consistent with high performance liquid chromatography (HPLC) (92.1%-100.4%). Conclusion: The ratiometric elec-
trochemical mixed aptamers sensor constructed in this study could be used for sensitive detection of TC in milk, and this
method could provide reference for the detection of various antibiotics.

Keywords tetracycline; mixed aptamers; catalytic hairpin assembly (CHA); ratiometric strategy; electrochemical ap-

tamer sensor



