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Highly sensitive detection of saxitoxin by a label-free aptasensor
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[ Abstract | Objective To establish a label-free aptasensor based on the fluorescent dye thiazole orange (TO) and
aptamer 45e-1 for rapid and sensitive detection of saxitoxin (STX). Methods The aptamer 45e-1 (50 nmol/L) was dissolved
in buffer (20 mmol/L trihydroxymethyl aminomethane-HCI, 100 mmol/L NaCl, 2.5 mmol/L MgCl,, 5 mmol/L KCIl, pH=7.5).
It was then heated in a water bath at 95 ‘C for 10 min, followed by cooling in an ice-water bath for 5 min. The STX standard
solution was added, thoroughly mixed, and then incubated at room temperature for 10 min. After that, TO solution was added,
and buffer was also added to make the reaction system volume 100 pL. The mixture was thoroughly mixed and incubated for
2 min at room temperature. Finally, the fluorescence intensity of the system was measured at excitation wavelength of 496 nm.
Results When the molar concentration ratio of TO to 45e-1 was 5 : 1, the incubation time of TO and 45e-1 was 2 min, the
incubation time of STX and 45e-1 was 10 min, the concentration of Mg2+ was 2.5 mmol/L, and the concentration of K* was
5 mmol/L, the changes in fluorescence intensity showed a good linear relationship with STX concentration. The fitting linear
equation was Y=3 639.8X+2 341.5 (R°=0.972 5; X was the common logarithm of STX concentration [nmol/L]), and the
detection limit was 0.67 nmol/L. The cross-reaction with other common marine toxins was negligible. In seawater, the recovery
rate was 90.7%-108.7%, and the relative standard deviation was 7.1%-10.9%. Conculsion The label-free aptasensor established
in this study can achieve the quantitative detection of STX with good specificity and reproducibility.
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JRRIBLPE DL 27 F R v 1 T e R A i —
2 RRIFEAR T LD 0 S
IR AL R RS I FEOERE . R DR &
A G TR (saxitoxin, STX) | R R K
A G EEZE (neosaxitoxin ) , Hip STX &8 itix
SRR LM AR R Z —. HETH B STX A
D7k FEA /N RAYRINGE . E RO AR (g S e
PEERIE, XA A2 . BER 2R,
FERR . AR A R, AR STX [y i scariil

T T A BB 38 A T8 HE AR I R Sk b E
A (systematic evolution of ligands by exponential
enrichment ) 5% H X H AR oA ) 2 A 15 25 A1) il
75 Ve P B B BE DNA B RNA 0 5058 10 3% A
T, RAFRIRRE 1k M G A AR S A2 2 3 i
2 SRS DG, JUHIR R X/ N F IS
G BETMIE, PAERCR T B A
S TAY Y. BB T B i 4 s
AR BT AR A 22 R STX G i A 5% 3
EEXHERR APTS™ 2 M-30f 454 (e | 265
VO R fl kY ARy e, S TN STX 8K
R Mo pg R, APTS™ 2 i Handy %5 @
b5 Ry B 2y 1 T S AR S 8 R O 4 ) STX Y
51 SRS LK, T M-30f & H1 Zheng %5 il of
X APTS™ et 52 o5 2878 P A B0 o) — il il
K, FIECT APTS™  M-30F (¥ 35 F 1 35 T 3075

Zhou % i 5 B AL 42 R B — HR R 2R
BCEE RGBT AT 75 STX SR T iy
RERRIE A 45e-1( K,=19 nmol/L ), 53 it A& M-30f
I, KT T 3.2 %, AHFIE 3 @ A ik 45e-1
LT AR GBS AR RS, I TaR ., &
. PR, R BOR SRR E LA STX . i 4
BN RAUARH 45e-1 H BHAETE G- DUEEIRZER, Jf
LI G- s 5 STX B i e E o™,
1M G- DU AR AT DUAE S B 5 4 Fh o 61 7745
BT, AR ERRVEMRE (thiazole
orange ) fFERUECIRE KFE/R 45¢e-1 5 STX 455 )5
PR G AR, DU Al STX ., AMEIRE AT
B R TARATAE R, FEXAA TR th 2t T
ESRE A R AT ERE S BV RT SEBIGE STX %) F il

1 #RFnFE*x

1.1 X% WEMLES . DEPC. DMSO. Zfbsh. &

fREp . SEALES (ordral, g ZRIBRHE IO A BRA
A ), Tris (50078l KEFZCEMHARARAF ),
iR (orbral, EZAERLARRARAR) |, &
1% 38 Bt A 45e-1 (5-CTCGGGGGCGCGGTTGATC-
GGAGAGGG-3") fil# 5"y L)% (biotin ) &
ML IRIE A 45e-1 [HPLC, A= TAEY T2 ( 1)
e A BRATR ], ZEMK (M8 R ok
HIRAT ) , STX, WIKEEZE (tetrodotoxin) | 7
W5 R (palytoxin) . KHIFIELRE (okadaic
acid) | R -LR (microcystin-LR ) FI7EK
#EE K (nodularin) (PEGEEIARAR) .
1.2 ME LM FE20 # pH it (#Hi+ METTLER
TOLEDO /& ] ) , FL-6500 %I %¢ 5 43 5% % FF Y
( 3% [ PerkinElmer 24 #] ) , HA-202M % B ¥ X
- ( HAS A&D 23] ), SA8 M Z I iR e k% 1R
5)4% (F[E Stuart A7 ) , OctetRED 96 A= 4 i
F WAL (£ [E ForteBio /A7) ) , B BEH 3¢ MK
('super streptavidin ) 4= ¥ 1% & %% ( 3€ [® ForteBio
ZNH] ), Chirascan AY R — (a6 154 (3 F Applied
Photophysics A F] )
1.3 dEARIRALE B fE R B 32 e Aem F 50 nmol/L
45e-1 VA fiAE 2% whi( 20 mmol/L Tris-HCI, 100 mmol/L
NaCl. 2.5 mmol/L MgCl,. 5 mmol/L KCI, pH=
7.5) H, 95 CAE IR 10 min, vKAKBE TR
'S min, A STX ARMEEBOINE] LR, 7855
RAGZEIRIFE 10 min, SR 5 R EEMR RS I WO 21
45e-1 5 STX IR AW b, B INGE wh i (i i b 44 &
RPN 100 pL, FEAMRA G EZERME 2 min, &
JEHE 496 nm P& PO E IR R IR
1.4 RERE T FEH (1) B GEESLER:
5 umol/L 45e-1 I f#AE Tris-HCl ZZ Wi+, 95 C
KW I A 10 min, VKK ¥ TR H S ming B
50 nmol/LSTX #rifE s W n 2 bk i i, 787018
SEEIRMFE 10 min, SRS FEEMAINE] 45¢e-1 5
STX IR &Y, FAMRAIFEZEFF 2 min,
S 9 = ;I sy G T 3 i R 215 7
(2) AEWRETIHEAR: B 96 fLARkiEAT N

FE, R 7 A BRI 08T, BB f R MR AR
Wy A% B E% 1% Ak (20 mmol/L Tris-HC1, 10 min) .
LR ST (20 mmol/L Tris-HCI, 1 min) . & 5'%
A W) R B B 45e-1 [ 2 L (3 min) . T U
(20 mmol/L Tris-HCI, 1 min) . 5 STX 45 &
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(3 min) . &Pt (20 mmol/L Tris-HC1, 1 min) .
HEEMELE S (3min) . EHE ALK M 44
S AR, B SZ G 4H 1, 5 umol/L 45e-1+
5 umol/L STX+5 umol/L BE W #8; SZ56 4 2,
5 umol/L 45e-1+0 pmol/L STX+5 pmol/L Bg
WA XF PR ZH, 5 umol/L 45e-1+5 pmol/L STX+
0 pmol/L WE M %5 F S W 41, 5 pmol/L 45e-1+
5 umol/L STX+5 umol/L STX,

1.5 Ffitrteie (1) ROVE&MAL: XEm
I A SRR ) L e A R TR R S 4R,
FEVEMERS 5 45e-1 BYBE/RMEBELE(T = 5.1 £ 1.5 ¢ 1,
10 : 1,20 : 1) . BEMEAE Y 45e-1 (1) 0% 7 B (1)
(2. 4,6,8,10, 12, 14, 16, 18, 20 min) .
45e-1 5 STX WY F B A (5. 10, 15, 20, 25,
30, 35, 40, 45, 50 min) .

(2) Zobgithdl: &g e KTE (5.

7.5, 10 mmol/L ) 5 Mg* ¥ (2.5, 5. 7.5 mmol/L )
ST R R 4R, T 1.3 WO IR EOATE
R T AL B A5 )
1.6 FkFwiE (1) TEM: E—RINELE
A 50 nmol/L 45e-1 ¥, F14355 50 nmol/L
M STX. WIK#R ., AU ERER. KHKEH
MR . (R LR MR R IR MR A
5], iR TRV 10 mine SR /IA 250 nmol/L WEM:
PEVR AR SE SN 2 min, IEDEIERIE

(2) SR Bl B AG I R 433l X e BE Sk 0
3.12, 6.25. 12.5, 25. 50 nmol/L [ STX ¥5 #fE ¥
WHEATDEEHRM, I L STX W B AR Ak b . A
STX W BE AR R A 2 68 B 5 25 AR i 9 o B 1Y
FAE MR PRZ IR HEI 2R, F TG IIRE

(3) [ BT FHSEBRAE & ol 2023 4 4 H
NIV AR T U R SR I K . 78 L P A R 4G
RMEF, TR R AMAS R B STX AREA T,
E] 3 AR (10, 20, 30 nmol/L ) H £ il
FE &, FE A 280 8 4b PR 5 F Tris-HCL 22 v W 5 B
20 i, B MRS 1.3 90k T SR IN Il sk 5L
DU

2 # R

2.1 RBIGIEWN EHLER  45e-1 iR M6
(K1) B/RTE 265 nm A 1 4~ 1EWE, 245 nm 4k
A 1A, WS AR SEAT G- DUEE AR S 11

W B ROBRZRAI I STX 5 HEms ),
PR IFFAR AL A, (GG F UG 53R L DRSS L IE
WA 8y g e 2 1) S 5

601

— 45¢-1
— 45¢-1+STX
40+ — 45e-1+STX+thiazole orange
&
E 20t
2
2
2 O
m
—20

_4830 24110 2:.30 2.60 2.70 22.30 2.90 360
Wavelength/nm
B 1 45¢-1. EEY 45¢-1+STX REEY 45¢-1+
STX+IEMEME B E
Fig1 Circular dichroism spectra of 45e-1, complex
45e-1+STX, and complex 45e-1+STX+thiazole orange
STX: Saxitoxin; mdeg: Millidegree.

LR 2, SEEGZH 1. SRERAH 2. XFRAZH K H R
I 25 2 25 A B B e B (B 43 50 o .32, 2.43
—0.061 5 0.039 nm. H RN 555 2 50 L
AR 1.60%, SCHZH 1 5525640 2 (1 ma 5
{5 95.47%.

— Experimental group 1

32¢ — Experimental group 2
Control group
2.8F — Self-response group
24+
E20}
o
é 1.6 Association 1 ~ Baseline | Association 2
212t
o~
0.8+
0.4F
0 : — I S )
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Time/s

2 EMERTHEAREN STX SEMiER
HEMNREFTWL
Fig2 Changes in competition between STX and
thiazole orange in binding site detected by bio-layer
interferometry

Experimental group 1: 5 umol/L 45e-1+5 pumol/L STX+
5 wmol/L thiazole orange; Experimental group 2: 5 pmol/L
45e-1+0 pmol/L STX-+5 pmol/L thiazole orange; Control
group: 5 umol/L 45e-1+5 pmol/L STX+0 pumol/L thiazole
orange; Self-response group: 5 pmol/L 45e-1+35 umol/L STX+
5 wmol/L STX. STX: Saxitoxin.
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22 FHAARKALE FIRLER

22.1 AR L 45e-1 Wy E/RKE L WK 3, 4
WEMERE 5 45e-1 BYBEE/RRBELL A 1+ 5~5 ¢ 10,
Bl PR IR MR L 3G AR R AE 535 nm AR Y SR
JE B G o, Y UEMERE 5 45e-1 1Y BE RV B LE
5 0 1 BHMARMVOCRE R, 25 b EE R
FLARZEIE AR R 1975 58 B T 55

30000 s
—1:1
25000 s
—10:1
=20 000 —20: 1
<
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Fig 3 Fluorescence intensity changes of reaction

systems in different molar concentration ratios of
thiazole orange to 45e-1

a.u.: Arbitrary unit.

222 MWL 45e-1 Wy F B E MEM RS
45e-1 (FE/RUCEELL ] 5+ 1) VEFH 2 min 98GH8
BIIA3NFasE, 76 2~20 min (14505 5 I E] 70 6 P Bl
B 7 P[] ) A4 S 7 A R AE 535 nm AR (955 I
A LRAEHBZEL (K4)

30 000,
g’ ————
S 20000f
iy
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£
0 1 1 1 1 1 1 1 1 ]
2 4 6 8 10 12 14 16 18 20
Time/min
4 AEEMIELS 45¢-1 B E HE T MR
38 AL &

Fig4 Fluorescence intensity changes of reaction systems
with different thiazole orange and 45e-1 incubation time

a.u.: Arbitrary unit.
223 STX 5 45e-1 Wyl A B ] >4 45e-1 5 STX

YEH 10 min A& 2238 B HT, 56 G0 Bk T Ha e
(E'5) . 45e-1 5 STX 5% & B} [A] >35 min J5 [

AR R E AR 22, B POLIRBETTIRFEAR, 2%
i AR Z ]

8000
_I\-\
6 000 / B
=
<
= 4000f
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Time/min
5 A[E45e-1 5 STX WERE T REEREHE L
BET

Fig5 Fluorescence intensity changes of reaction
systems with different 45e-1 and STX incubation time
1,—1,: The difference in fluorescence intensity between reaction
systems with different incubation time and blank samples; STX:

Saxitoxin; a.u.: Arbitrary unit.

224 MBEFREHHL BME WER 2.5,
5. 7.5 mmol/L B {4 F i 2 5 B2 43 51l oy 7 816 &
114, 1036171, 55554307 (n=3) ; i K" %
JE 5, 7.5, 10 mmol/L {4 Z 1) ¢ 6 5 JiF Fifi %5
B S KM/, 55 BE 43 5 Ry 7 883147,
33904346, 245+20 (n=3) .

23 FERFHIEHTLRER

231 % B M4 50 nmol/L i) STX., i K 7
. oaUDEBERER, KHBEAR. W s
LR K1 Bk R IE WS 50 nmol/L 45e-1 1R &
KRR MY D CHRE 537 R 8 115£136., 1 070+73,
633499, 1227433, 60082, 1506+14(n=3),
STX 5 At 5 Fh a5 2 28 6 B AH L 22 R A 4
THERE Y (¥ P<0.01) .

232 AMHSEEERMR N BT LWAML
FRREE IR, AR 1.3 755720 B e A Rk B2 STX
FEAE BT IR ZR I 900 B, FLA Mkl oy 3.12~
50 nmol/L, #UAALMETFE N Y=3 639.8X+2 341.5
(R°=0.9725,n=3), HA XK STX ¥ (nmol/L )
R AR (P 6) o 3R IR =3 30/ A3t
K Ao 10425 FIAE S 1Y 28 O o B e 25 (BRI
735) , SAARMEMIZLARIE (B3 639.8) , 5
P28 BC AR A B 1 R U B R 0.67 nmol/L, 5 BE
AR DI FE A Ja i 2 v PRl 5 R B A %o b
GIR W 1,
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— Blank 10 000
35000 —3.12 nmol-L 1
— 6.25 nmol*L "~
30000 — 125 nmol-LI*‘ 8 000
—— 25 nmol*L "~
3 25000 — 50 nmolL ™" 5
£,20000 3 6000+
7 ~3
=
‘2 15000 .l\}' 4000 b Y=3639.8X+23415
~ 10 000 ~ 4000 R=09725
5000} 2000¢ "
O A 04 06 0|R1$T)1(0\ lv]ZL%G 1.6 1.8
525 540 555 570 585 600 615 0 5 10 15 20 25 30 35 40 45 50

Excitation wavelength/nm

STX/(nmol*L ")

B6 STXRESRMERRNEERXRE

Fig 6 Relationships between STX concentration and fluorescence intensity of reaction systems

A: Fluorescence spectra of STX at different concentrations; B: Linear relationship between /,—/, and STX concentrations. /.—/,: The

difference in fluorescence intensity between reaction systems with different STX concentrations and blank samples; STX: Saxitoxin;

a.u.: Arbitrary unit.

R1 ARETEABEAEEBRBF[EN STX BIXFLLEER

Tab1 Comparison of different fluorescent aptasensors for STX detection

Aptasensor K /(nmol-L™") Linear range/(nmol-L ") Limit of detection/(nmol=L ")
APT™™ 3840 0-190.52"" 1171
M-30f 1331 0-80""*’ 6.01""
STX-41 61.44"" 3.30-33412" 1.3012"
0.33-334/% 0.12'%
45¢-1 in this work 19/ 3.12-50 0.67

STX: Saxitoxin; K,: Affinity constant.

233 [k R L% STX A MM E K 10, 20,
30 nmol/L B STX Sk B2 7351 K (9.074£0.99)
(21.74+1.55) . (32.31£2.95) nmol/L, [Hifir
I3 (90.7£109) %, (108.7£7.1) %A1 (107.7+
9.1) % (n=3) .

3 3t i

3.1 REEGE [ OGS S e AT
BTG EEEN, NI AHE S A
TR R IEATI R AR . 45e-1 &R
PEGTE P AT T A B/ B % T 747 G- Y
iR, BEE STX WM A, 45e-1 5 STX & £ H.
YERL, 265 nm Y4 Ab 1t Wi B 15 30 3 58 P g2
T T B ZHFAT G- PUBEAR . i ABEMES ),
G- WEERE B WA G 9T A KA RKRAR L, 36
WEMEIE AN 2R E AW G- DUEEIRZE R, WY
YN8 AL AT BE S T ERR T 5 G- DUBE A/ A 25
H 3B DNA KGR LA, 520 T DNA IR iE
P, SRIM/NERE S A RIS B ERALE AP
B 53 P s SR STX 5 e 5 2 ] R
g KR, Bl 45e-1 5 STX FIBEMEHE 1] GEIE AL
EAYIIRE) = H AR

h T iE— S R BE S S G- ISR IR A
WALLE, HAYIRE TR AR TS G55 LR
FRGEMERE ) STX Z (A2 A - FE 45 5 0 s I 58 4 ¢
R FHGEER R AR A YGRS E R P et
ghb 5 A R BIEY 45e-1, ARG @ 4 4
SIS TES A e R 5 A R VAL SR
2 f i (B FUAEA N 1.60%, TIERH 45e-1 5 5 pmol/L
STX M4 &, A THELE AW SUEmMRs e
e AR SR 1 S 2 A N (E
K 95.47%, i STX 5 BEmpfg 2 [A] JL-F- 3% v 4
KZR, MEN%AS 45e-1 RTINS 45 A
DL b5 SR 45e-1 55 STX 1 MEMR RS 75 [ i 7 2
HRERSIA ] = AR
32 REAHHRAL  FEKEEIR e 3 2L
B AF e, ANRERI B ZOEFE S, W5 G-
BRI EAE AT, WEmRE 5 I/ NSS4 R e
FECHETRALNE, D B A Y L 1 3 R T 4 i 5
RS 14 St R ST, IR M ) P A, R
fRek = RAIK, JoIEAfA S 45e-1 ZEH T, i Rk
BT CHETRGON AL ™ o FTLIAS SRR 5 ¢ 1
VR BEMERE 5 45e-1 B RRAREE IR T 1L

T B R B JR VR B EU IR 45 1T 4 2 25 4% J g I
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[E) Xof G 285 SR A R . WEME AR B 45e-1 1% 7 2 min
] A S 4 A H AN FEAZ S ] A5 00 . 45e-1 5 STX
YEF 10 min B IR BT, 2600 B TiRE, 4
i I Ta] > 35 min B S e PEAE 22, FEALDEE
5 P T AR ARG, 28 Gam B AR TR bt 2 pdi/ N, PR e %
10 min J 38 B 44 45e-1 5 STX 1 e A7 & B[]
T8, ARTE Be (AL TR AR 1 S B HRVE 55 I 0L B (R 75
15 min 5 7] 52 B0 RE 2R ARG o

P4 4 BH Bt mT LASE R G- DU ARG 52
TR 2, NS SR B BEAT . e R R Mg Al
K "Wk BE B R ) AL B B 9 0 B R ], T R
PR Ay BH B R B (R B8 i 2 in i F: 45e-1 A 575
b, FHCARIAS STX A5G 7 I G A2 A
INo ARBFFEAESRER, 2 Mg M N 2.5 mmol/L
H K ByHe R 5 mmol/L I8 E0m B ik B, A
I 2.5 mmol/L Mg™ Kz 5 mmol/L K™ b HefE:
BT
33 FkFRAE O TIPS BCARE AR X STX
YRR S M, A C AR A 8% s X STX FLHAth 5 Ffifg
FRERUT T BRI . &5 SRR WA i (A ek
RGN STX (14 %¢ i JBE 78 376 vy T Hifth 5 g &,
HAHEE MR, XA R DL E R R 38 X
SR LA 220

PERAETCIR AT, RallEHE R 3.12~50 nmol/L
st AR P A s P S PR R B 2R PRGN, R A
1o T2 R 2RV E B AR AL A . AT Ho A ¢
FeAL TR, ANME AR AN T Bl P AR AT 98 e bR
e R B R A B RS Y, HEOR FHE a
AT N ERE Y & NS | 8 i BU R L A 112
Bl RAFUERI STX A9 H Y.

A T B EAS IS P A B AT SR, KL
I FH TG IR A P B STX . ZEAAL ARSI 5 A4 R
i TRALL B 4544 R %€ 10, 20, 30 nmol/L 3 A~48 i
KPR EE, I 5 IPRESEAT LLER, ISR SL 5645
IR 7R R AR B AT SRS o 17 1) TP J 2
HAE R AR R R, L, AE i s
AR I ERAE R 5 A T I AR s, B
AR B 1 0 TS PRRE i STX A PR RGN

g LTI, ARG RIS T — R R P
L TeARIC A AR AR C R FL AL A T STX Y
PR, BA R R R A v RS
1 2 AR 2 PR SR 20 i At 1 AN sl LA B

B VR R SRR A2 A — RS X FRAE 75 ekl . TE KR
o T T P LSS UK TP LA 2 B, DM R S
T AT 2SI, X PR S PO AR 5
BEAR, YUEMERE 5 G- UBEA/NIRESE &R, ERE
IR [R] e B ry e J] Bl 1 i s 2 3 R, S8
HLh Bz Al S B TSt B9 eqS 2 I g 4
5 270 DR MR A T DA SO HRE R R )
A G- UBERSS IR ™ | 25 Ve b S
Boik 45e-1 32 STX ESEE G4 TS AR, %42
A AT 38 3 D CHRET WEMRE B9 BRI T RAE . TE
— TN, B STX Uk B 1S KU 6 8 A fh 2
R AR 2T R o AHA T A Y B AL B,
ATEFCRfE RS T a0 20 P . SLAEORI R e
PEVEHAS I STX, A BN H T I BRke i STX (1)
PG
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