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ABSTRACT - Marine organism-derived toxins have negative effects not only on human health but also in aqua-
culture, fisheries, and marine ecosystems. However, traditional analytical methods are insufficient in preventing this
threat. In this paper, we reviewed new rapid methods of toxin detection, which have been improved by adopting
diverse types of nanomaterials and technologies. Moreover, we herein describe the main strategies for toxin detection
and their related sensing performance. Notably, to popularize and commercialize these newly developed technologies,
simplifying the process of pre-treating real samples real samples is very important. As part of these efforts, numerous
studies have reported pretreatment methods based on the antibody-immobilized magnetic nanoparticles, and some
cases have applied nanoparticles to enhance the sensing performance by utilizing the intrinsic catalytic activity. Fur-
thermore, some reports have introduced fluorescent nanoparticles, such as quantum dots, to represent the lower detec-
tion limits of conventional enzyme-based colorimetric methods and lateral flow assays. Some studies using
electrochemical measurements based on aptamer-nanoparticle complexes have also been announced. In addition, as
the response to new toxins generated by changes in the marine environment is still lacking, further research on diag-
nostic and detection is also greatly needed for these kinds of marine toxins and their derivatives.
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Table 1. The types, production, and distribution of marine toxins

. Representative Producing Distribution
Toxin group . . f .
toxins marine organism in Korea
Paralytic shellfish poisoni Saxitoxin, . - L
aralylic stie "1Sh poisoning axitoxin Alexandrium, Gymnodinium, Pyrodinium The southern coast
(PSP) Gonyatoxin
Okadaic acid,

Diarrhetic shellfish poisoning
(DSP)

Dinophysistoxin,
Pectenotoxin,
Yessotoxin

Amnestic shellfish poisoning Domoic acid

(ASP)
Tetrodotoxin (TTX) Tetrodotoxin
Neurotoxin shellfish poisoning .
(NSP) Brevetoxin
Azaspiracid (AZP) Azaspiracid
Ciguatoxin (CFP) Ciguatoxin

Pseudonitzschia, Nitzschia, Chondria armata

Microalgae, and present in tropical fish

Dinophysis, Prorocentrum The southern coast

The southern coast
All coast
Karenia brevis -

Protoperidinium crassipes The western coast

Gamberdiscus, and present in tropical and subtropical fish -

Table 2. The current regulation policy for marine toxins

Toxins Korea China USA Canada Australia EU? CODEX?
PSP 400 MU'"/100 g 400 MU/100 g 80 ng/100 g 0.8 mg/kg 0.8 mg PST/kg 80 mg STX/100 g 400 MU/100 g
DSP 160-200 ng/g 60 nug/100 g 160-200 ng/g 1 mg/kg 0.2 mg/kg 160-200 ng/g 0.16 png/g
ASP 80 ng/100 g 20 mg/kg 80 ug/100 g 20 mg/kg 20 mg/kg 20 mg/kg 20 mg/kg
TTX - 2000 ng/kg - - - - -

NSP - - 20 MU/100 g - 80 ng/100 g - 80 ng/100 g
AZP - - 160 pg/kg - - 160 pg/kg -
CFP - - 0.01 pg/kg - - - -

YMU: mouse unit.
PEU: European union.
9CODEX: Codex Alimentarius Commission.

o). =e] g Haell oidk Azl 19861 v
)5 S Ax(paralytic shellfish poisoning, PSP)el] ¢]gF A}aL
o] FE3IE oM, o] Qex FH FAoIY FAE A
Aete 27/ R, 249 F1xAH EAHJ wet 719 A
AA JF =4 (amnestic shellfish poisoning, ASP), A}
A 9|5F S (diarrhetic shellfish poisoning, DSP), 21734
3 F 54 (neurotoxic shellfish poisoning, NSP) 5-©| 1
Table 1= 3% 540 F5 T4 54 T/ 2 /4
A=} k= o l‘?—ig Aelg Aol
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assay, ELISA)
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SR RF ELISA 71HS A=
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g 4 Qo giaEel 54 EFEE %1%5? Al
4 Z~(horseradish peroxidase, HRP)L} &2}l 3 2 3lE}A]
(alkaline phosphatase) 5-°] 1oL}, G49] M4 gk A
A Aot AAEER 74 o] AlgtEths o] 3
o, mEgk AA HA ARl Slo] HA 7] P o] rtthE
3, Ad EF oy ¥ JdEe Al AFe=E Qe 3
A 2 AT EdEE A9t o] 71ES ¢ /4 e
&o 7 ARgal7] ot EAIZE Y. Altk7h ELISA
o] A% A& 1EE HES goldl, F3E furiet 2
o Wy} Au7b Baste, A& ek 28317 93]

Hop whgAdo] =il 8l FA EEEA v Y

Direct ELISA Indirect ELISA

$ Substrate

Fig. 1. Schematic illustration of different types of ELISA methods.
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48 =93tz g AlEE0] )\}\/\1\‘:]_

Campas 5'7& Zoluv} 97 22 s FolA HERE
E2(tetrodotoxin, TTX)S HZE3H7] 8] 7H8 ELISA%}
FAFGE 24 Y= Q&K (magnetic nanoparticle, MNP) 7]RF
HlA wHo SRS JE i WHdAA e, A o
= gAte] WS = oln =(maleimide)® B3 3
T AlZH|o}Rl (cysteamine)s A& 3te] ofwl #E-7]= JH
Asletil o] & HFEHEH FE3 HEZEFA A9}
WEAIA g sket 5, HlEREEAIS A9 o5 Q1A
sl= HRPZ A€ X3 A& A2 Foste] HEH
° 2 H,0,7b £3HE A8 3355 -HEZDGH A d
(3,3’,5,5-tetramethyl benzidine, TMB) &3} BH-3-A]A 1}
it W AeE ol g<1dth. HRPO 49 H,0,5

A7 HFA TMBE AstAl7l=d], 2 23 74

Y TMBY &2 m#o] ujy o] Al o}__ B,
, A4 He HEREENS T2 =2 A9, A Y
u‘so}xb—, ol F HERL

1
= At mHe] 23 Ee gl
SAle] @A B o]2 QIAsh= HRPE &A% g9} ut
SAIR e wet @FEslE HRPY s%7F 287 TMB ¥
Al B E ATt SAEE ol die WA,
A Y Akt HERRSAC] E9HAlE gl wt
2k QPg/dol wobA 15417 ool £4 & 95T + 3
o, ole F4 4F FHA AW IAAYA 44 ngke
(44 ppb)ith FA v RN HEZESAS TR
A AES AL AT 5 A
Lai &' ‘ﬂﬁﬂ‘ﬂi/\] B (brevetoxin B) HZ2| 1174
< =ol7] S8l A v A 2 = Ur o
to] AAA ELISAS SAFSE ) A=

_EL

>

ol

[e)
= .
£ A4 e 9Re] HRP A1 AEQ) AE weE 7]
o2 @ A7 W AsRoR, WE WEe A4
. o) Hl-<o
4 9 o

}7} H,0,9} W85t "OH v Z-& A8t
ok vkl W] A4E COH rZe] F:=
= E3H TMB 7]wke] 34 wkg-5 53
gpebel = ITH. o]52 Ed 4ksl G4 (glucose oxidase)
BEEN Bel Fa7} wAsE F he YAE o
7F 23E AR wEAITI olE A& ¥H G
(bovine serum albumin)e] A% HYHEL B
A2 thie dApeE WESAIZL ), A o] 83
AAE BoT o7l TMBS ZETE Foiglg o
UeheE 2 A s B ddygt = 27 F Uxe

5

o

AAret WeA7IE A Wl BeBEEA B wETF 5
¥kl wEk A e dAtet A e d & v 3
o 7F FoASAl =, 2ol weh A v A w9
of AENE EEY AT G0 Fol Fof, HF WA
GREAZ -

E% Be| 42 A3}
HA AZE A= 0.076

Pretreatment of
sample by MNP-
bioreceptor

A .
D Extracts ° Impurities "* MNP-bioreceptor ' Ma.""
° v toxins

Fig. 2. Schematic illustration of real sample pretreatment proce-
dure based on the antibody-modified magnetic nanoparticle.

Separation and
concentrate the
toxins via magnet

]— 7] o] A-&3}%Fl AbraxisAt
2 A3 53], 919 4

29 AR 3T 3

ng/kg (0.076 ppt)AomH,
©] ELISA 7|EXt} 5008]
Aot 7ol A U= JAE Al

T, AA W S v Re 7 Al aa= A% b
A ASTE 9E F Qo] HAA AgAHES US =Y
Ath= Aol AtkFig. 2)

Z8 9= HY B MM (|ateral flow assay, LFA)

S FEd WY BAHS 34 WY SN S
fre SRS At 7eE, S v 1Y 248 &
EdY #4442 AE HEZ(sample pad), HY =
(conjugation pad), & I =(detection pad), & =
(absorption pad)= =] Ut (Fig. 3). 4714 A&
e AAE FoAdte Zaola, 3% e 324 =

A3 duRoz AT + Ye

(bioreceptor)2 A 2|¥ #XA EZo] &

12 A 784
A =] itk AE

Heoe A F TF7 AA A7 A ez A
ste]o] ded, A MAl= 13 %ZLJ;JF Asker 2= 9le 2
2 A AR Aol %24 220 =4 f5E I
olst = e AEA(test hne)O]_L I o)ToE= ¥A 2
A3} gkgsiA] ot HEAAS A2 12k A FEAE

Agdoz Alske 29 A= A2 tix4d (control
line)e] Itk L2, FF Hee FFYC] =2 =25
AHERre 2 AR frs SR8 Eo AF NS 95
AZle 9s I &, B4 sk AlRE 2EY
of Fojstd ZAE A B kel o AErF S
2 fEoir, F9-FA 7 5ol3 Y we-S Tl 4
Bo] ol wet A& FAEE WA olth

S 5 1Y 24N A, d38or Abgol 9
23t Foi7h golatn HE ¥ Ee ko] M| §l
ol A= & sdvk= Aol %Mo, BY 4, 9l A,
g9 34 e A3 XdE 54 e 7, &
T 5% HdEsle T A gy @ Adgow
thelr ggste ol A, et s e A
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¢ Marine toxins (Antigen)
\\*}("' 1° Antibody
% 2° Antibody

' capture antibody

‘ Nanoparticles-antibody Complex

© e

A\

O“/.

Fig. 3. The principal of LFA method. (A) The component description of LFA. (B) The propagation of the sample solution containing
target toxins. (C) The propagation of the sample solution without target toxins.
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Shen 57L& HEZEEAIY] 243510 a7=e] AES ¢
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E2)3] 2~E 9 (competitive lateral flow immunochromatographic
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Aste AR R ¢ EYoZN FEstaz) sh= o
gel BAEE BAske WRolth &, A5 ®HolA 24
3 Absl i 3y w2 o F Qe oRE A7) ouA 7t

7FlR 7] | A = Qe whg

FHEAY, 9y

Aol 2Ashe BRE 7 89 uigo] s, olg B

ool A4 2 WA Bke ¥ 5 AT B B
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AN
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E3hs o] AREEERE 35 A 2"S ARSSiT g A
oA ARgE= A=2 ZH2 A9 = (working electrode),
715 %S (reference electrode), “t #=H(counter electrode)
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(A)

q

Bioreceptor ggg
Screen printed electrode SPE-Bioreceptor
(SPE)

(B)
-

Marine toxins

A _gmd g

Screen printed electrode
(SPE)

Bioreceptor-HRP

SPE-Marine toxins

y 3 & =
Marine toxins 1
Impedance 1

SPE-Bioreceptor-
Marine toxins

3 . .
Marine toxins 1
Current 1

|

.A_’

Potential (E)

Current (A)

SPE-Bioreceptor-
Marine toxins

Fig. 4. Schematic illustration of electrochemical detection methods. (A) EIS method. (B) amperometric method.
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Au)g, 2887} 715
the ool Yo} A A Agta

3} 92 -3 8h(electrochemical impedance spectroscopy,

EIS) AlM et &) A=9 ARE SATeEN WEste

¢+ 2 v E ¥ (amperometric) W3] o] tH(Fig. 4). §3] 4

of AHgEE M5tk EAS Zhe 34 =29 TR
|

=~
15¢] AE Aot AAHER, 7} WA

Aol 2 Al ol =
o £ BAL AgsNe] 4F A2 P Aol
WS Fshe,

o1 JuEx 290

Ao Wi 32 Yo AP o=, EISHS sl
S BTl AL W wF AYe] IFFE WS
M de JHE Fa AT xH] FuHE updsit §lT
WA oA 53] o] AREE AFshEFE [Fe(CN) "™

(ferro/ferricyanide redox couple)o]™, A= W Z3] A
Az Aol doju}r] wfZol| wAsAl Wsker =9 A4

RN
A LA ZA e (aptamen)E =PIt Holtt. ¢
Br= 94 vt P it O AR
2 F25 fFAsk FA S FAsH 54 22 A9
o= A AT F AUtk GEH ZIRE Iz 7]
He] AZE 7182 A9 A5 xHel 28 sAIz hepe vt
#2243 At wEt Fx7F weA A, 2 9
o7 A FHY o] ¥t AEE U FHS
B3l setdomm HEd &8st Aot

o]#} gt W8l 719kl Eissa 5292 ddwd2 7]9te] 2
7}k okadaic acid, OA) AE AAE Fd37] 2l o]
£ RHOE = UEHE =S F, 0|5 5 gl
E]&(thiol) 28712 Nd & Au-S 23S 53l & A=
o axAs}ste] ettt AE AME /IR ST Al
A= 100 pg/mLelA 60 ng/mL Alole] Q7ltitel] os)
APARA FFE YRS, 70 pg/mL (70 ppt)Etes R
< AE E BEAS By ot txgA s F54l-13%
29 22 Q7 frARAll sl b RESAS HolA|
2kth. Zhao 57& Bl 2W-T2#i¥(TH-G) W= A=
Edste] A-==2 259 (cylindrospermopsin) HE8 ¢
b 7gk Qe s HEHS SRk Sd oA =,
FELY | lo] = (glutaraldehyde) S 71 Al = Agal FEFH
TH-GZ A 2]® fg] g4 A (glassy carbon electrode)l]
Astgt =, ddo AAFS T AE 21ES HASE



o} & Wﬂ% 0.39 ng/mLol|A] 78.0 ng/mLe] Z1 9|
H =22 TS A 4 Ao, &)
F A AA] =S A AR=0.9968) E 0.117 ng/mL
(0.117 ppb)e] 2 A= AE HAUTh ol& Fall U

1o
=2
X
[RE
rY

W s e S Y B4 AW 2 Uy
A el FUE telel 8 9 2o dgd,
MR 25y
AR 24wl A% Yuesyse ge, 54 89

e lo w tlo

T AR AT SF] 24 4R =yste] A
=4 ol met e AR A5E SATeRA o]
it

Hou 5%& AR/ 74 7Wre] APA]E4](saxitoxin, STX)
HES S B4 AR o ¥ 94 vie FE(multi-walled
carbon nanotube)& =PI, AHstEtE o R Wdd £F
E AR S 7S LT = A5 9ol M &

712 AR o v e RE O #de A2 2t
H]—U]—_O__ 63)\-] 0}7] ]»aH 2 ﬁ;‘Loﬂ /\/‘/Ho] —Q—E]-E]]?]—E]Q—
(octadecanethiol) A2 & ¢+ ¥, o= B4 Y=REHE BhS
A ZiT} o] %

(EDC)/N-hydroxysuccinimide (NHS) #Z & ¥H-3-5 =3
tli| Bl A 14_1—-15 1:1‘,] 7]_1/\1 ;{1—.9.7]5 %l—/\-lg_a]- -r] /\L
A|FAle] SolAQl StepHE A=

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

Aol 4% WA Y 5aE BEEE 9 495 U8
A2 R, uﬂaa B EAG AR ARE 349
o] Yerbs 1R kel WalE ¢o] Slowy AR
e Aol AS el vl A EA I} Adteto g <ls
HYH 227 A=A} ]EO W als @48 2Hed)] Ak
ENY o wE AE gro] AR ZAhslE AL 1
Atk ag AlAfe] 7§T 0.9 nMellA 30 nM9] F% ¥
o] A EAE AES 5 A”Yem, 038 nMe] HE A

= yeith

Leonardo & Zglol|A] o}x} 23] 2}A] = (azaspiracid,
AZA)E HZE317] 98l Protein GE AZEEH A Ue ¢
2] oA A A E FAE ZAAT] Y B 2
HRPZ RAE ofaAtAd|g =g ARE§E H7]8}eha] wof
AME SR &T B oA = A7 2L
A3t v B 14 F471 e HAAE WA vk
17 ofAAvZA = A 915 EZFT F, HRPE
A oAt v| g A =9t REGAIZI OB A ¢ wk-g-s}
T A 9ol HRP7F ot Al €t &, AW
54 7t 225 A v YA W JES
HRPE] ol ZolE7 HiL, 2 A3} TMBE AFshAl
7% sk A7 ko] YolAA He deith sie
HE AES A DAV Ao 158 0]14194 e 24 A
7ol 5 5 dvks Aol e, fyel A 3§

Mr o Rl H oo
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£3F21 160 pg/kg (160 ppb) Ktk 2 63 pg/kg (63 ppb)
7&% SHAIS UERATE EE3F Leonardo 57 ©]¢}
A3t Lagocephalus sceleratus| X EHIE
S A& AHE FEYT) ST AP S W
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Table 3. The previous studies for rapid detection of marine toxins

Detection

Toxins Types of specimen Detection method Detection range  Detection limit . . Ref.
time (min)
Anatoxin Cyanobacteria Aptamer-based EIS 1-100 nM 0.5nM 60 [56]
CNT-based label-free 0.9-30 nM 0.38 nM 30 [28]
. ) electrochemical aptasensor
Brevetoxin Spiked samples Cardi based
ardiomyocyte-base 6.25-1600 nM 1.73 nM 5 [51]
potential biosensor
Brevetoxin-1 Spiked samples Indirect competitive ELISA 14-263 ng/mL 14 ng/mL 30 [52]
_ ‘ Fenton reaction-based 0.1-150 ng/kg  0.076 ng/kg 30 [18]
Brevetoxin-2  Spiked shellfish samples colorimetric method
EIS 0.01-2000 ng/mL 106 pg/mL 40 [25]
Ciguatoxin Spiked fish samples Online sandwich ELISA 0.6-150 ng/LL 0.9 ng/L 15 [55]
Cyanotoxin Spiked river water sample Aptamer-based EIS 1.0-150 nM 0.374 nM 120 [27]
Smart RNA sensor 50-2000 ng/L 0.5-1 ng/L 45 [50]
Microcystin Spiked samples -
Y P P Label-free 0.1 pM-5 nM 1.9 pM 60 [32]
electrochemical biosensor
Self-assembled ) IZIiO (;1 ?E;;L
mg;lgaﬁz;b:;sed 1-17 ng/mL Dithiol: 15 [35]
4 Y 2.140.2 ng/mL
100 pg/mL
Okadaic acid ~ Spiked shellfish samples Aptamer-based EIS 60 ng/mL 70 pe/mL 60 [51]
Label-free gap-based
electrical biosensor 3-80 ppb I ppb >0 311
Graphene oxide-based 0.41-56.3 ng/L 2.17 ng/L 30 [54]
electrochemical immunoassay
Quantum dot-based
o . fluorometric method 20.0-100.0 pg/L 0.3 ng/mL 15 [46]
Saxitoxin Spiked seawater samples Surf N d . ot
urface enhance ew minutes
Raman spectroscopy 33-0.1uM 160 ng/mL or hours [53]
Magnetlc'nanopamcle-based 6.25-100 ng/mL | ngke 90 [17]
) Spiked fish colorimetric method
Tetrodotoxin and shellfish samples Quantum dot-based LFA 1.56-100 ng/mL 0.78 ng/mL 15 [23]
LFA 1.2-52.7 ng/mL 1.2 ng/mL 10 [30]
. . Aptamer-based
Palytoxin Spiked samples competitive biosensor 200-700 pg/mL 0.04 pg/mL 10 [10]
®-conotoxin Conus magus Indirect competitive ELISA  0.20-7.22 pg/mL.  0.14 ng/mL 10 [57]

3l 234

£ eI E o3 Batd 49 WA aTETE
o o2 pasksb] sl GAsk Ze A
2

e g7 e] AR P EE

o, AE AEE #AR] AdNE T/ vt
ot BAV gk T AARs, 42 glo] A4A
A9 AFAel Feol we S48 PAL devE
2] S Be A7k Felo] aTHEths ol
o AT, obd MR e % SRS oA
5 % AF F2o] 3 gAolt A2 Aels A
of WA el Gtk Al WAIZE ANE THS 9
sl AHEEE 2% e AR 8 A Al Y
sl7b otk Zolth 531, e AME AFs] 9



Acknowledgement

B ATE 20209 % A FoFF
(20163MFDS641)Z 3 =l

Aol A7)
o) 1 A=Y,

ot N

i
fo
fu do
o o e > ¥R ot ot X

02
Ol

Of
-

—‘_&EEEH

11_1_4

b1 S Sl AHSHAR A3
A A% vhe AR P A 7]
Sl thal Ao, BEHQ)
AHEE e A 9 ARl o)
AT AE £ 5o 42 V1S
JalAE, o8 A YE
}L AR HPe sk Ao
12 shastd e A7l
@ﬂo}~ g Y8 Ay

Lg ost, © dolr} A4

-
2
jincs

oS
0 N{NI
o

-

2
o MY ¢ rd

J{m
2 ol

mlo e el ILE
-

HJ:%_%,
_IOO{Nﬂi{?mﬁlﬂ

11_4

i
B o> o
Ut oo

o

e
:s

|

S
£

o
2
[o

s
XN

B L
=
™
11

°
x
4 lo g -

=2
At
oX,
$L
RO
mﬂ
lD
i
i~
N
rl
i
H
T
= 0

e
it
H
,
ke
i)
8
i)
kR
54%

—

_HH
[e]

1o
o2 ¥ rQ
e
S
2
my g
rlo N
oflt —W'

:oé
2
ol
i)
o K
N
=
(e
L 1 o
dt ol 2 B

o 4
o
to
9
ki
2
o
L
s
[ HH

e
o 2

Ao
2
X
ol
ol
rr
oz 2

¥ ol
o o oE
o
)
o2
iy rﬁg

ol
Lo
‘E
e
ES
=
kD

it R
»

=
o
=

Fo ro
[e]
i)

o
&
N,
ey
N
N

o

.

o

o

(d

fu

o
O

£ 2 ox

(o3
HOE
_>|4_1(
rok

S > TN ¥0 do nf o B on® i ol T N Gl > gt Xt O &L

o

:?L_’,

oft

g
o
o
i
N
>
9

A By ol HI o 39

e bR

ol
S
=

Trends in Marine Toxin Detection 301

Conflict of interests

The authors declare no potential conflict of interest.

ORCID

Chan Yeong Park https://orcid.org/0000-0002-5875-5364

So Yeon Kweon
Sunhee Moon
Min Woo Kim
Sang-Do Ha
Jong Pil Park
Tae Jung Park

10.

https://orcid.org/0000-0002-5057-952X
https://orcid.org/0000-0001-9145-8225
https://orcid.org/0000-0002-3589-8928
https://orcid.org/0000-0002-6810-2092
https://orcid.org/0000-0002-4119-1574
https://orcid.org/0000-0001-8918-0957

References

. Hosomi, R., Yoshida, M., Fukunaga, K., Seafood consump-

tion and components for health, Glob. J. Health Sci., 4, 72-
86 (2012).

. Guillen, J., Natale, F., Carvalho, N., Casey, J., Hotherr, J.,

Druon, J.N., Fiore, G., Gibin, M., Zanzi, A., Martinsohn, J.T.,
Global seafood consumption footprint, Ambio, 48, 111-122
(2019).

. Wang, Q., Fang, J.R., Cao, D.X,, Li, H.B., Su, K.Q., Hu, N,

Wang, P., An improved functional assay for rapid detection
of marine toxins, saxitoxin and brevetoxin using a portable
cardiomyocyte-based potential biosensor, Biosens. Bioelec-
tron., 72, 10-17 (2015).

. Vilarino, N., Louzao, M.C., Vieytes, M.R., Botana, L.M.,

Biological methods for marine toxin detection, Anal. Bio-
anal. Chem., 397, 1673-1681 (2010).

. Mok, J.S., Song, K.C., Lee, K.J., Kim, J.H., Variation and

profile of paralytic shellfish poisoning toxins in Jinhae bay,
Korea, Fish. Aquat. Sci., 16, 137-142 (2013).

. Baek, S.H., First report for appearance and distribution pat-

terns of the epiphytic dinoflagellates in the Korean penin-
sula, Korean J. Environ. Biol., 30, 355-361 (2012).

. Ha, K.S., Shim, K.B., Yoo, H.D., Kim, J.H., Lee, T.S., Eval-

uation of the bacteriological safety for the shellfish growing
area in Hansan-Geojeman, Korea, Kor. J. Fish. Aquat. Sci.,
42, 449-455 (2009).

. Yoo, H.D., Ha, K.S., Shim, K.B., Kang, J.Y., Lee, T.S., Kim,

J.H., Microbiological quality of the shellfish-growing waters
and mussels in Changseon, Namhae, Korea, Kor. J. Fish.
Aquat. Sci., 43, 298-306 (2010).

. Bodero, M., Gerssen, A., Portier, L., Klijnstra, M.D., Hoo-

genboom, R.L., Guzman, L., Hendriksen, P.J., Bovee, T.F., A
strategy to replace the mouse bioassay for detecting and
identifying lipophilic marine biotoxins by combining the
Neuro-2a bioassay and LC-MS/MS analysis, Mar. Drugs,
16, 501-515 (2018).

Gao, S., Zheng, X., Hu, B., Sun, M., Wu, J., Jiao, B., Wang,
L., Enzyme-linked, aptamer-based, competitive biolayer



302 Chan Yeong Park et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

interferometry biosensor for palytoxin, Biosens. Bioelec-
tron., 89, 952-958 (2017).

Rodriguez, 1., Vieytes, M.R., Alfonso, A., Analytical chal-
lenges for regulated marine toxins. Detection methods, Curr:
Opin. Food Sci., 18, 29-36 (2017).

Kafa, N., Hani, Y., El Mhamedi, A., Sustainability perfor-
mance measurement for green supply chain management,
IFAC Proceedings Volumes, 46, 71-78 (2013).

Crowther, J.R., 2000. The ELISA guidebook, Humana Press,
Totowa, NJ, USA, pp. 1-8.

Waritani, T., Chang, J., McKinney, B., Terato, K., An ELISA
protocol to improve the accuracy and reliability of serologi-
cal antibody assays, MethodsX, 4, 153-165 (2017).

Labus, K., Wolanin, K., Radosinski, L., Comparative study
on enzyme immobilization using natural hydrogel matri-
ces—experimental studies supported by molecular models
analysis, Catalysts, 10, 489-512 (2020).

Hosseini, S., Vazquez-Villegas, P., Rito-Palomares, M., Mar-
tinez-Chapa, S.0., 2018. Advantages, disadvantages and
modifications of conventional ELISA, Springer, Singapore,
pp. 67-115.

Campas, M., Reverte, J., Rambla Alegre, M., Campbell, K.,
Gerssen, A., Diogene, J., A fast magnetic bead-based colori-
metric immunoassay for the detection of tetrodotoxins in
shellfish, Food Chem. Toxicol., 140, 111315 (2020).

Lai, W., Wei, Q., Zhuang, J., Lu, M., Tang, D., Fenton reac-
tion-based colorimetric immunoassay for sensitive detection
of brevetoxin B, Biosens. Bioelectron., 80, 249-256 (2016).
Tan, C., Gao, N., Deng, Y., Deng, J., Zhou, S., Li, J., Xin, X.,
Radical induced degradation of acetaminophen with Fe;O,
magnetic nanoparticles as heterogeneous activator of per-
oxymonosulfate, J. Hazard. Mater., 276, 452-460 (2014).
Tsai, T.T., Huang, T.H., Chen, C.A., Ho, N.Y.J., Chou, Y.J.,
Chen, C.F., Development a stacking pad design for enhanc-
ing the sensitivity of lateral flow immunoassay, Sci. Rep., 8,
1-10 (2018).

Goux, H.J., Raja, B., Kourentzi, K., Trabuco, J.R., Vu, B.V,,
Paterson, A.S., Kirkpatrick, A., Townsend, B., Lee, M.,
Truong, V.T.T., Evaluation of a nanophosphor lateral-flow
assay for self-testing for herpes simplex virus type 2 seropos-
itivity, PLoS One, 14, 0225365 (2019).

Koczula, K.M., Gallotta, A., Lateral flow assays, Essays Bio-
chem., 60, 111-120 (2016).

Shen, H., Xu, F., Xiao, M., Fu, Q., Cheng, Z., Zhang, S.,
Huang, C., Tang, Y., A new lateral-flow immunochromato-
graphic strip combined with quantum dot nanobeads and
gold nanoflowers for rapid detection of tetrodotoxin, Ana-
lyst, 142, 4393-4398 (2017).

Ivase, T.J.P., Nyakuma, B.B., Oladokun, O., Abu, P.T., Has-
san, M.N., Review of the principal mechanisms, prospects,
and challenges of bioelectrochemical systems, Environ.
Prog. Sustain. Energy, 39, 13298-13306 (2020).

Eissa, S., Siaj, M., Zourob, M., Aptamer-based competitive
electrochemical biosensor for brevetoxin-2, Biosens. Bio-
electron., 69, 148-154 (2015).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Eissa, S., Ng, A., Siaj, M., Tavares, A.C., Zourob, M., Selec-
tion and identification of DNA aptamers against okadaic acid
for biosensing application, Anal. Chem., 85, 11794-11801
(2013).

Zhao, Z., Chen, H., Ma, L., Liu, D., Wang, Z., A label-free
electrochemical impedance aptasensor for cylindrospermop-
sin detection based on thionine—graphene nanocomposites,
Analyst, 140, 5570-5577 (2015).

Hou, L., Jiang, L., Song, Y., Ding, Y., Zhang, J., Wu, X,
Tang, D., Amperometric aptasensor for saxitoxin using a
gold electrode modified with carbon nanotubes on a self-
assembled monolayer, and methylene blue as an electro-
chemical indicator probe, Microchim. Acta., 183, 1971-1980
(2016).

Leonardo, S., Rambla Alegre, M., Samdal, I.A., Miles, C.O.,
Kilcoyne, J., Diogéne, J., O'Sullivan, C.K., Campas, M.,
Immunorecognition magnetic supports for the development
of'an electrochemical immunoassay for azaspiracid detection
in mussels, Biosens. Bioelectron., 92, 200-206 (2017).
Leonardo, S., Kiparissis, S., Rambla Alegre, M., Almarza,
S., Roque, A., Andree, K.B., Christidis, A., Flores, C.,
Caixach, J., Campbell, K., Detection of tetrodotoxins in
juvenile pufferfish Lagocephalus sceleratus (Gmelin, 1789)
from the North Aegean Sea (Greece) by an electrochemical
magnetic bead-based immunosensing tool, Food Chem.,
290, 255-262 (2019).

Pan, Y., Wan, Z., Zhong, L., Li, X., Wu, Q., Wang, J., Wang,
P., Label-free okadaic acid detection using growth of gold
nanoparticles in sensor gaps as a conductive tag, Biomed.
Microdevices, 19, 33-40 (2017).

Eissa, S., Ng, A., Siaj, M., Zourob, M., Label-free voltam-
metric aptasensor for the sensitive detection of microcystin-
LR using graphene-modified electrodes, Anal. Chem., 86,
7551-7557 (2014).

Singh, M., Kaur, N., Comini, E., The role of self-assembled
monolayers in electronic devices, J Mater. Chem. C, 8,
3938-3955 (2020).

Nerngchamnong, N., Yuan, L., Qi, D.C., Li, J., Thompson,
D., Nijhuis, C.A., The role of van der Waals forces in the per-
formance of molecular diodes, Nat. Nanotechnol., 8, 113-
118 (2013).

Leonardo, S., Toldra, A., Rambla Alegre, M., Fernandez
Tejedor, M., Andree, K.B., Ferreres, L., Campbell, K.,
Elliott, C.T., O'Sullivan, C.K., Pazos, Y., Self-assembled
monolayer-based immunoassays for okadaic acid detection
in seawater as monitoring tools, Mar. Environ. Res., 133, 6-
14 (2018).

Quan, P.L., Sauzade, M., Brouzes, E., dPCR: A technology
review, Sensors, 18, 1271-1298 (2018).

Lim, D.R., Kim, H.R., Park, M.J., Chae, H.G., Ku, B.K,,
Nah, J.J., Ryoo, S.Y., Wee, S.H., Park, Y.R., Jeon, H.S., An
improved reverse transcription loop-mediated isothermal
amplification assay for sensitive and specific detection of
serotype O foot-and-mouth disease virus, J. Virol. Methods,
260, 6-13 (2013).



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

de Souza, D.F., da Silva, P.P.F., Fontenele, L.F.A., Barbosa,
G.D., de Oliveira Jesus, M., Efficiency, quality, and environ-
mental impacts: A comparative study of residential artificial
lighting, Energy Rep., 5, 409-424 (2019).

Geng, T., Novak, R., Mathies, R.A., Single-cell forensic
short tandem repeat typing within microfluidic droplets,
Anal. Chem., 86, 703-712 (2014).

Wood Bouwens, C., Lau, B.T., Handy, C.M., Lee, H., Ji,
H.P., Single-color digital PCR provides high-performance
detection of cancer mutations from circulating DNA, J. Mol.
Diagn., 19, 697-710 (2017).

Lee, H.G,, Kim, H.M., Min, J., Park, C., Jeong, H.J., Lee, K.,
Kim, K.Y, Quantification of the paralytic shellfish poisoning
dinoflagellate Alexandrium species using a digital PCR,
Harmful Algae, 92, 101726 (2020).

Kim, J.S., Park, K.W., Youn, S.H., Lim, W.A., Yoo, Y.D.,
Seong, K.A., Yih, W.H., Species diversity of the dinoflagel-
late genus Alexandrium in the coastal waters of Korea during
summer 2013, The Sea, 21, 158-170 (2016).

Martin Gracia, B., Martin Barreiro, A., Cuestas Ayllon, C.,
Grazu, V., Line, A., Llorente, A., de la Fuente, J.M., Moros,
M., Nanoparticle-based biosensors for detection of extracel-
lular vesicles in liquid biopsies, J. Mat. Chem. B, 8, 6710-
6738 (2020).

Wu, X., Chen, G, Shen, J., Li, Z., Zhang, Y., Han, G., Upcon-
version nanoparticles: a versatile solution to multiscale bio-
logical imaging, Bioconjugate Chem., 26, 166-175 (2015).
Mocan, T., Matea, C.T., Pop, T., Mosteanu, O., Buzoianu,
A.D., Puia, C., lancu, C., Mocan, L., Development of
nanoparticle-based optical sensors for pathogenic bacterial
detection, J. Nanobiotechnol., 15, 25-39 (2017).

Sun, A.L., Chai, J.Y., Xiao, T.T., Shi, X.Z., Li, X.J., Zhao,
Q.L., Li, D.X., Chen, J., Development of a selective fluores-
cence nanosensor based on molecularly imprinted-quantum
dot optosensing materials for saxitoxin detection in shellfish
samples, Sens. Actuator B-Chem., 258, 408-414 (2018).
Bera, D., Qian, L., Tseng, T.K., Holloway, P.H., Quantum
dots and their multimodal applications: A review, Materials,
3,2260-2345 (2010).

Zhu, Y., Li, L., Zhang, C.G,, Casillas, G., Sun, Z.Z., Yan, Z.,
Ruan, GD., Peng, Z.W., Raji, A.R.O., Kittrell, C., Hauge,
R.H., Tour, J.M., A seamless three-dimensional carbon nano-

49.

50.

51.

52.

53.

54.

55.

56.

57.

Trends in Marine Toxin Detection 303

tube graphene hybrid material, Nat. Commun., 3, 1-7 (2012).
Baig, N., Thsanullah, Sajid, M., Saleh, T.A., Graphene-based
adsorbents for the removal of toxic organic pollutants: A
review, J. Environ. Manage., 244, 370-382 (2019).

Hu, X.G., Mu, L., Wen, J.P., Zhou, Q.X., Immobilized smart
RNA on graphene oxide nanosheets to specifically recognize
and adsorb trace peptide toxins in drinking water, J. Hazard.
Mater:, 213, 387-392 (2012).

Wang, Q., Fang, J.R., Cao, D.X., Li, H.B., Su, K.Q., Hu, N.,
Wang, P., An improved functional assay for rapid detection
of marine toxins, saxitoxin and brevetoxin using a portable
cardiomyocyte-based potential biosensor, Biosens. Bioelec-
tron., 72, 10-17 (2015).

Ling, S.M., Xiao, S.W., Xie, C.J., Wang, R.Z., Zeng, LM.,
Wang, K., Zhang, D.P,, Li, X.L., Wang, S.H., Preparation of
monoclonal antibody for brevetoxin 1 and development of
ic-elisa and colloidal gold strip to detect brevetoxin 1, Tox-
ins, 10, 75-85 (2018).

Cao, C.T,, Li, P,, Liao, H.M., Wang, J.P., Tang, X.H., Yang,
L.B., Cys-functionalized AuNP substrates for improved
sensing of the marine toxin STX by dynamic surface-
enhanced Raman spectroscopy, 4nal. Bioanal. Chem., 412,
4609-4617 (2020).

Molinero Abad, B., Perez, L., Izquierdo, D., Escudero, 1.,
Arcos-Martinez, M.J., Sensor system based on flexible
screen-printed electrodes for electrochemical detection of
okadaic acid in seawater, Talanta, 192, 347-352 (2019).
Zhang, 7Z.X., Zhang, C.Y., Luan, W.X., Li, X.F., Liu, Y., Luo,
X.L., Ultrasensitive and accelerated detection of ciguatoxin
by capillary electrophoresis via on-line sandwich immunoas-
say with rotating magnetic field and nanoparticles signal
enhancement, Anal. Chim. Acta, 888, 27-35 (2015).
Elshafey, R., Siaj, M., Zourob, M., DNA aptamers selection
and characterization for development of label-free impedi-
metric aptasensor for neurotoxin anatoxin-a, Biosens. Bio-
electron., 68, 295-302 (2015).

Wang, R.Z., Zhong, Y.F., Wang, J.C., Yang, H., Yuan, J.,
Wang, S.H., Development of an ic-ELISA and immunochro-
matographic strip based on IgG antibody for detection of
omega-conotoxin MVIIA, J. Hazard. Mater., 378, 120510
(2019).



