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HALZEAE S, R . AR TAE R R 9K A A E R, 14 BRI 0 ) B (HRP) AN 25 25 B4 [5] B [3] 72 219K 4> 3%
[, @ik HRP ffE{h H0, A A M (OAP) = A I LK 2445 S AT IIAE T I B R, B RAK 43R TH HRP AIHtikmy)
O P LA FRLAK 2245 S A BRI 5. G g2s S SRR R FRL BN SN AT B BN R, TR BN N DV dh AT T HE AR 28
B, RN R U R — PR . %5 VR I R S B T AR ORI HE R TR 2R R R SEELT R URE R
BTX-B M HRIE R Gk, L6ty 0.1~120 ng/mL, KR 26 ng/L, o H PR LG FIEG I 520 73 M (ELISA)VEAK 365
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Capillary Electrophoresis Immunoassay by Gold Nanoparticles Assisted Signal
Generation and Sequential Stacking

Zhang, Zhaoxiang* Luan, Wenxiu Zhang, Chaoying Liu, Yujie
(Key Laboratory of Sensor Analysis of Tumor Marker, Ministry of Education, College of Chemistry and Molecular
Engineering, Qingdao University of Science and Technology, Qingdao 266042, China)

Abstract Brevetoxins (BTXs) are highly toxic biotoxin and can cause human intoxication through food chain. The detec-
tion of brevetoxins is very difficult due to lack of optical and electrochemical (EC) signal. In this work, we developed an
ultrasensitive capillary electrophoresis (CE) immunoassay and EC method for the determination of BTX-B by gold nanopar-
ticles (AuNPs) assisted signal generation and sequential stacking concentration. The AuNPs were synthesized by sodium
citrate reduction of HAuCly in water. The AuNPs were conjugated with horseradish peroxidase (HRP) and antibody (Ab) to
immobilize the HRP and Ab on the AuNPs surface with the molar ratio of HRP/Ab of 9/1. The Ab conjugated on the AuNPs
surface incubated with limited amount of BTX-B in standard solution or shellfish samples to produce immunocomplex on the
basis of the noncompetitive immunoreactions. Before sample injection, a NaOH plug with 10 cm height difference for 150 s
was hydrodynamically injected into the separation capillary. After incubation for 40 min at room temperature, the immune
sample was then electrokinetically injected into the capillary at 10 kV for 330 s. The positively charged analytes migrated
rapidly into the capillary and were neutralized and stacked at the boundary between sample and NaOH plug, which led to the
first preconcentration. After sample loading, the capillary inlet vial was changed to low-pH buffer solution, and H" in the
buffer solution moved rapidly into the capillary toward cathode across the neutral analytes zone. The neutralized analytes
were positively charged again and the injected analytes were further condensed. Next, the formed immunocomplex, unbound
HRP-Au-Ab probe and the excess HRP were separated by CE and sensitively detected by EC detection. AuNPs were used as
carriers of HRP and Ab in order to carry out EC detection with the EC signals derived from catalytic reaction of the carried
HRP to the H,O,/0-aminophenol system. Simultaneously, the EC signal was highly amplified by improving the HRP/Ab
molar ratio on the surface of AuNPs. The proposed method by AuNPs assisted signal generation and on-line sequential con-
centration realized the sensitive and rapid determination of BTX-B in shellfish samples. In the range between 0.1 and 120
ng/mL, the assay allowed quantitative determination of BTX-B and the limit of detection (LOD) was 26 ng/L. The LOD was
365-fold lower than ELISA method. The amplified sensitivity was enhanced by high HRP/Ab ratio at AuNPs surface and
sequential preconcentration. The proposed method provides a convenient and sensitive analytical approach for the determina-
tion of trace BTX in complex samples.

Keywords Brevetoxin B; capillary electrophoresis; gold nanoparticle; sequential stacking; immunoassay; electrochemical
detection
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1 3l

AR R (BTX) & — KA MEF A L 2P
PEREAT R, ENVENIKEILZE nmol/L 8L pmol/L
TOHEE 2 IETE, NREHE BTX MU ENH S
iR, T H, YRR R LA S AR, B,
WAL —Fp P . REUIAI BTX 7775 EA EEE L
SR, ZF R H TR A ARG, AIEEE
Me. ARG RN 7 v A N R A R, ReR
HR RN G A Ao,

BN HiK (capillary electrophoresis, CE)JuE 7T
(immunoassay, IA)45 A& 7 CE =40 B REF1T A1 1A HI =56
ke S E, AR BAAFETEFED . Bl B PR AT
Iz AT EARS. DNAML Jrma R PR EoR
AU R Bl AR B R R R, KR
H SR 2, HTHS T, RIHK, 4
WA M S S5 T 2 T RO Rt
T DNAW U bbb 75 252008 7 —
BT oK S 0L 945 5 10 R 1 55 5 AR IR AR Wt
SR T AR BE A R BRI A, AR PR &
0.07 pmol/L. FRFEE 4% 7 41 S M i T S S RE Ak 4
AL S8 A P AU P T e R i, A HH B
1% 3.0X107 " moleL™". Ambrosi Z&P47E G s /M7 b 49
K KL T (AuNPs) 1 A4 2 B 8 AR ks I A= W bs &4, A
AuNPs 1] DI B 22 /N B 431 AT 32 S A4S 5. Tseng
VR AuNPs M 464k ip 28 UG i e VR = 2R
FHPOEAT CE 2 B AGIN, IE W] AuNPs X £ Fil/r1 HAT
R T B 75 . Miao Z5P7HRIE T AuNPs ARG 2/
SEHE SR Ag', K HBRIA 470 fmol/L. Zhang
28R 72 7 HF AuNPs 1) CE 7 B9 Bk 27 TA A&l D12k
R, AuNPs AMYXBECAL S A iy i FE 3G Ky B 2, [
BHEAS IS 5 80K 70 £, 2% LA, AuNPs HAA IR =i
W Bt 75 =, BT RAX AT AT R A

BTX # R MHEALE MR 10 B 11 DMHOREEFI AL
PRI Z BRI, AN —Fh BTX-BH A58 WS HF
BRE SHIE B EY), B T —F BTX &%
Mi¥Jri%. MR AuNPs (304, H5 HRP M R I (AD)
[i) i} [ 5 31 AuNPs 1, BTX-B iR (Ag)F1[E % 7 HRP
F1 Ab [f) AuNPs PREF AT IETE G+ 2 BE, B9 X BEAE
an B IERE ST N7 B B4 T, 72 BANE N 1 i AT 5
FFHERAE L B 4. Il KK G311 HRP/Ab 4
(1) bt DA MERR & SR X R HOR, ARG = 15
BRI . HZO7TENE T R DURE s ) BTX-B, iE
BHAZ 5 VAR SRR st A I LA T il ) SR .

2 FER5WE
2.1 HRP-AuNPs-Ab #R$t
BTX-B AH&A EC 5%, llE%H W g, FIH
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AuNPs 7E#4&, % HRP F1 Ab [F]1 [ 52 $] AuNPs [,
God% N RE N IR N BN IS, [E EAE AuNPs K[
HRP 1t H,0, %44k OAP F=4: EC {55 7Rt 4,
Kl R AR/ S HRP s AIE B, M X AR AT
FE AN HT(EC AR i 2 2 A ) 4% 1 0 AR Ak L SRS B
S1 HALZAT I 4). B 1 24 AuNPs HRP-Au-Ab R4}
HRP 1 Ab 28 4] WLk, A H ] U H, HRP-Au-
Ab TREH IR AR Ze b, 7E 280 nm A1400 nm HIW 1
WU, 435l A2 Ab T HRP FIWRISCIE, [R148 AuNPs 3
WA LE, TER HRP-Au-Ab #7415 HT AuNPs R IH #
HRP fl Ab 78 75 5 3 AuNPs 7£ 520 nm &b [ IS PR, X
UiH HRP F1 Ab JIh[E | AuNPs K. K 2 A
AuNPs. HRP-Au-Ab ##%). HRP #1 Ab ] CE-UV &3l
W, MREZE a~d AT LR H, 43A I\ HRP F1 Ab B,
.2l AuNPs 1) CE g EIPEALF(HELR a), FifiF HRP A
Ab [N, REIH AuNPs 1§D, 24 HRP-Au-
Ab FJIETFIE I (HEZE b), 4 HRP fil Ab i FE K, AuNPs
RMEE WA, HISER HRP Ml Ab Ug, [FE
HRP-Au-Ab [{U§ B IR AT, WEA7 B TE AuNPs 162 R
HRP Al Ab &2 J5 (4 c~d). HiWI#E AuNPs F 1 & €
I HRP #1 Ab 7] DA =5 AuNPs [ Fa 2 P, il i g Ji i
fr B 3#E—5i%E HRP F1 Ab C [ % ] AuNPs Z[f.
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Bl 1 AuNPs (a), HRP-Au-Ab 4} (b), HRP (c)f1 Ab (d)ff1£84h AT Wik
&l

Figure 1 UV-vis absorption spectra of AuNPs (a), HRP-Au-Ab probe
(b), HRP (c) and Ab (d)

AuNPs K, B AuNP GEGS 45 & 2 AN EW )
T, T EC AMIES, #0 B 1K/ 5 8 2 75 AuNPs &
[ HRP M AIEL, [RIE3EK AuNPs Z il HRP/Ab
4 5 B L AT DAAR S EC R i REE. M E T
AuNPs i HRP/Ab MR, H5IE AuNPs
W B HRP AT Ab [ 82 HRP. Ab Al AuNPs IR &
5% F 4 ik HRP-AuNPs-Ab #8415, 20>, HRP-AuNPs-
Ab JUHE, FRAM AT WIS i v b 8 45 HRP 1
Ab I, WEERIAMR T HRP A1 Ab ME S E 5 Hig
7 H HRP 1 Ab (152 72 RN B3] AuNPs | (1) HRP
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I 20 mAU AuNPs
a
MMMMMMWMA/\M

HRP-Au-Ab

HRP
Ab
d
—
300

T d T . T
400 500 600
Migration time/s
B2 AuNPs. HRP-Au-Ab #%. HRP il Ab () CE-UV £l &
Figure 2 Electropherograms of AuNPs, HRP-Au-Ab probe, HRP and
Ab by UV detection

a, CHRPZO, CAbZO; b, CHRp:5 mg/L, CAb:2 mg/L, C, CHRp:10 mg/L, CAb
=4 mg/L; d, Cyrp=20 mg/L, Cap=28 mg/L

AT Ab, 256175 HRP-AuNPs-Ab 4% W% B ft) HRP Al
Ab Y E N 14.38 ng. MI7E HRP-AuNPs-Ab #REF IR B 1
HRP [W&: H—RIAFEKRER HRP 05 AL
OAP 1l H:0:2 R SIFEATRIIN, ZxhlbritiZk; ¥ Bk ey
043 25 1) HRP-AuNPs-Ab #8457 BB A W, TEAH R 5%
AL OAP H1 Ha02 [ BE, ) FHFRE i Zidivt B
HRP [fH; WIH#E HRP-AuNPs-Ab 54 ) HRP A
9.97 ng. (K, WHHTE HRP-AuNPs-Ab 41 L/ Ab N
4.41 ug. WL PH7E HRP-AuNPs-Ab #%4f_F ) HRP/Ab {14
JRIELEN 9/1, HRP MHEE Ab 11 9 fiF, TR RS
1 BC Al R B

T ER I E 7%, % HRP/Ab ¥ (1 & L
(1 :21~12 1 1), BEFE T A EBT &G H o A i R A
JEE AN EE I R b v i 22, RSD)SZM. W Pel S6(SZ ¢
GE)FTR, BE%E HRP/Ab PRI RELLI KR, Gk E
SRR, EAYIR AR T 9 L 1, EH
PEAR 2, FTLLi%$ HRP/Ab HIPIR A= N 9 ¢ 1.
2.2 H®EE &Y HRP-AUNPs-Ab-Ag

HRP-AuNPs-Ab % 590 I M & E 51,
07 7 SN ) B S S G A (B ST, S
50, BEE M E RN R K, g A
PSR, 45 & I 1A] 9 40 min I, WETHARIA B KAH, 4%
SRR A IR, AV HASEARAR, [N ik
5% & S B2 E] A 40 min,
23 CENEBEEH

HRP F R EEALIETELE pH 4 /245, Bk CE 40 5
22PN AERR YESE LA, RIS, HRP f2/Nr PR R,
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SEHLSON 6.5, 4 pH KT 6.5 I, HRP 47 1E B far, 5 Wt
TEBANE M EE, TR M IE R ImA PVP B T3
WE. R IEAZ I8 v 6 52 AR 2 B 00 R R
BR ZZMIKEE . pH (EA PVP K EEXT 43 B 2 334740
fh, Wk 1 Fon. WRIEREEEWHINETL . 53 B8R
RGP, EFERAESEEMNHCY 10.0 mmol/L BR Fl
1.0% (w/V) PVP, pH 4.0.

F£1 ERKBHT CE 4B ZmiER

Table 1 Orthogonal experimental design the factors of CE separation
buffer

BR concentration/

No. (mmoleL ") pH PVP concentration/%
1 5.0 3.0 0.6
2 10.0 3.0 0.8
3 15.0 3.0 1.0
4 5.0 4.0 0.8
5 10.0 4.0 1.0
6 15.0 4.0 0.6
7 5.0 5.0 1.0
8 10.0 5.0 0.6
9 15.0 5.0 0.8

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

24 InFESE

5 N— Bt NaOH X 7 2 iZ I & ik e, m%E
10 ecm, 735751 N\ 0.1 mol/L ] NaOH [XifF 90 s+ 120 s
150 s\ 180 s, S HEFEIT AR B, Bl AR I RT3 K,
THWEE 2, Wi 3 Fos, 43 e 90 s i, #EFE
160 s B 3RA5 e FEUg S A 20 B R0, TTEBRE 7] 150 s B,
HERERT R AT IA 330 s, HERRT ()9 180 s B, A X
W, BRI, AT DA B S A 3 A i ]
2324 150 s 1 330 s.

= "
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Figure 3 Effect of sample and base injection time on peak height and
separation efficiency

Base injection time: 1, 90 s; 2, 120 s; 3, 150 s; 4, 180 s. The running buffer
was 10.0 mmol/L BR+ 1.0 mmol/L H,O,+1.0% PVP, pH 4.0

25 ETHREHNESERINFERELERN
CE & & 434 EC #:1 BTX-B

FERRAERAT T TANAA KL BTX-B HiH
GBS NFE R, VKIS A 4 o, SERAIMARR
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FUEN, K& Hf HRP-AuNPs-Ab #5451 F1 A 454 (1)
HRP(K 4a); IAPURSE, YRS AuNPs FREFEATIEE
G R, R ESYRIEEBLE 4b); BEAE PRI
FEMIBER, e S AR S K(E 4b~4d). Wz T
BTX-B [ 0.1~150 ng/mL JEEI N, G & &g
A5 BTX-B WML R (B S8A, XHHER), 4Rk
B, 7£0.1~120 ng/mL G A (Bl S8B, SCHHER), Huk
HBEWINIETEI S BTX-B UK E R BT 415 &,
BAAFEA y=69.32x+8.76(y ATIEE A VI AR,
uC; x N BTX-B MK, ng/mL), PR REN
0.9982, & HBR(S/N=3)} 26 ng/L.

T100nA HRP-Au-Ab-(BTX-B)

HRP-Au-Ab

Peak current/nA

T T T T T T
200 300 400 500 600 700
Migration time/s

B4 G SRR il A L Pk ]

Figure 4 Electropherograms of immune samples

The concentrations of HRP-Au-Ab probe were constant. Electropherograms of
a, b, ¢ and d correspond to 0, 2.0, 5.0, and 10.0 ng/mL BTX-B, respectively.
The running buffer was 10.0 mmol/L BR+ 1.0 mmol/L H,O,+1.0% PVP, pH

4.0; OAP concentration: 1.0 mmol/L; Sample injection, 10 kV for 330 s; Sep-
aration voltage, 15 kV; EC detection potential, —0.35V

2.6 DRI

REGIE T VA SE AR SR, 430 AR 5 v RN
I G e W Bt o3 AT (ELISA YL € 1 8 2HFw DURE &, ik 2
Fras, PRI 7 5 25 R — 8, 1 AT FL 7 VA HE
ATEE. PR 5 VA EE, ELISA MR HIR A 9.5
ng/mL, AJ7VEHIK HBR(26 ng/L)EH H ELISA JkF#A
T 365 5. RN, AIEGIER AR A AT, RIE
FEMR, 4% 1 3 bt (a).

A7 AREAE R T AR Sk B3R AT, PR AT
TAREAALE, ATEAFAE AN & 511 BTX Mbrdil,
SIS R, A, AR ERA AuNPs fEE A, @it
KU E AuNPs 1 HRP/Ab (45 i LSk 1 v 2
BCRE, A PR EL AT T AR 4 £ SRR ikl
SET 8 Rl VUM, R nR 2 Fon, WEs RS AT7
R 8, IEWIAES T BTX-B BRME& EBIRIKT
ELISA #6 H BRI, A5 i e 4 AR SR B s
IEA G
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Table 2  Analytical results of brevetoxin B in shellfish samples (n=3)

Content of brevetoxin B in shellfish samples/(ugekg ')

No. of The proposed
method”
Content RSD/%

The previous
method”
Content RSD/%

ELISA®
samples

Content RSD/%

1 1332 5.7 136.5 4.4 131.6 3.8
2 512.6 35 507.8 5.9 516.7 4.4
3 267.5 39 271.2 3.6 269.9 52
4 615.2 22 612.6 4.8 618.7 2.6
5 781.9 1.6 776.3 32 779.6 4.9
6 3255 2.8 319.1 5.1 3283 33
7 96.2 4.5 101.7 6.3 99.7 3.7
8 18.7 5.3 <LOD — 21.6 5.6

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“ The detection was performed under the optimal conditions of the proposed
method. ” The detection was performed using the commercial ELISA
Check-kit following the manufacturer’s procedure. © The detection was per-
formed according to the procedure in reference [13].

NPV TR R Y, AT T RO SRR,
T J DURE S PG A v = NIREZKF(0.1, 5.0 A1 50.0
ng/mL) R AR VAT [R5 S 56 RS 5 R 28, Rl
HKIE 93%~105%2 [a], MXIAREIRZE N 1.2%~5.7%,
JIEHER AT SE, AT T R DURE S o BTX-B 2.

3 g

A TAEFI A GOKEAE AEAE, ¥ HRP F1 Ab [F]i [#
SERIGK LK, FAKA EC 551 BTX-B il EC
T e oy HT A3 B e A, @ X HRP A1 Ab I 1)
b, (F G S 19 BRI, 456007 HERIE 2k
EAEROR, IR H PR EL A ELISA EFHK T 365 5. %
JFIE PR, SCIRFE TR, TESLPRAE S BTX-B 14
DA B 0 1 L FH i 5.

4 SCIGERSY

41 [EZE HRP #1 Ab #J AuNPs x5t R E 824698
&

B A RGP EIRIAE N 13 nm. WJE N 5.6 nmol/L 1)
AuNPs V! SR J5 DL AuNPs K, #4 K& HRP
TR Ab [ 5E F) AuNPs [ 4% HRP-AuNPs-Ab
BEF, BARERELD R B 1.0 mL AuNPs ¥ BUINN 0.04%
BT R =8N 0.02% 1) B Z A AHF1 0.26 mmol/L Ak FREH,
BBFEAINMAN 3.5 pL ¥R %N 5.0 mg/mL () HRP #11.5 uL
WA 5.0 mg/mL (K752 Ab(ILH HRP/Ab 73 782 Lt
210 9, WEHDEERBE 2 h LA K
HRP-AuNPs-Ab(41/&] 5a).

HRP+ AuNPs+Ab—HRP-AuNPs-Ab

I 100 pL 1% 4R M35 A 8 F(BSA)Z 1L, =
IR RPEHEE 30 min, RJG7E 4 “CF 15000 r/min 250 20
min, HRP-AuNPs-Ab Z5 &Y H & 1% BSA F1 0.05%0H i
20 [1) BR ZE e %, #eJa 100 pL 1%0 BSA Fi&F,
4 CTFIRAFH.
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il % %% 2 A4 HRP-AuNPs-Ab-Ag: 7 200 uL
T B B N 10 uL B R TR (A bR AR BB DUFE i
FEBGR, FINN 10 uL _EIAR 4 ) HRP-AuNPs-Ab R4t
W, 10 mmol/L 1] BR ZZ M FE & 50 pL, JRA
SEERMFE 40 min, FFRPUEE AuNPs FREFE S
PR ITESFRERMAERBREL D
HRP-AuNPs-Ab-Ag(f /& 5b), Rt E s i
1) AuNPs %]
Ag + HRP-AuNPs-Ab( it & ) — HRP-AuNPs-Ab-Ag +

HRP-AuNPs-Ab(F 4%)

(@) Y+ % + Q—»{} EYAb R,
:LOAg OAU'

(b) 0 +
(excess)

Bl5 [ HRP I Ab ] AuNPs 8%t (a) 1 3% 5 A1 (b) i 4
Figure 5 Preparation of HRP-AuNPs-Ab probes (a) and HRP-AuNPs-
Ab-Ag immune complex (b)

42 ETINFHERELZESMN CE &S EC &7
BTX-B % & & M4

BT HERE L E £ CE %E T EC R
BTX-B G i 1) R B A B 6 B, 40 4 B Je 70
IBATE2 MR, 10 em = 22 5] N NaOH [X 7 150 s([&] 6a). 10
KV HLENEERE, SRR ) IE S G ) B AN
il A%, [FRS NaOH XAy () OH [n B4 I iE
o, EB4IE N My, &7 5Wmimks on &K4E
ORI B 2R 25 T LT, MERRTE BANER N Do, A% 5 S 1

B6 FETITFHAELE N CE %E/HT EC Kl BTX-B %K
LA i

Figure 6 Schematic protocol of CE separation with EC detection of
brevetoxin B immune sample based on sequential stacking preconcentra-
tion. (a) introduction of NaOH plug; (b) base stacking preconcentration;
(c) acid stacking concentration; (d) CE separation
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BEATHRMERA TS (1 6b). BERESEHE, BN N L
e LG, R HOPGE BRI AE, i
FE s IS RR IR BT A BOE LA, BT RN
i PRI RE 1 Sy IR e, IEAS SR, (AR S X
BB GE, HERUERE b5 2 ) i (B 6c).
B T TR L3 S R 48 B i X s, ) (s gk A I ] K TA
330 s HIRFFEI R M R, RG, RELED
HRP-AuNPs-Ab-Ag. AuNPs #4FAllid & (f) HRP 7E4) 5
BYNE o A F P XA (B 6d), MRIREEN &N B4
AL H,0, %4k OAP 3347 EC #8300,
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