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Abstract

Vegetable industry is an important part of agriculture and even national economy, and
the quality and safety of vegetables are related to people's life and health. Excessive
pesticide residue is an important hidden danger of vegetable safety. The marketing cycle of
vegetables is short, and rapid detection of pesticide residues is an effective means to ensure
the safety of vegetables, which is of great significance to effectively protect people's health
and promote the development of vegetable industry. Pyrethroids (PYRs) are efficient and
rapid insecticides. Their widespread use can easily lead to pesticide residues, causing
tremor syndrome and allergic reactions in the human body.

In this study, the core recognition element was pyrethroid pesticide broad-spectrum
antibody (Abs), which was capable of efficiently recognizing the common PYRs. This
novel electrochemical immunosensor detection method was used to detect PYRs and detect
potential antibodies in single channel potentiostat. And a four-way portable fast detector
based on array electrodes was developed. The rapid detection of PYRs was realized, and it
was applied to the rapid detection of inthrin pesticide in vegetables. The detection time was
20 s, the RSD was 5.33~8.31%, and the recovery was 97.30 - 102.80%. It had a good
detection performance. The main research contents are as follows:

(1) In order to achieve rapid preliminary screening detection of PYRs under
laboratory conditions and build PYRs sensor that could be applied to portable detector, a
novel broad-spectrum antibody gold probe labeled electrochemical immunosensor was
constructed in this study by one-step wet chemistry method, which was used for rapid
detection of fenpropathrin and deltamethrin in vegetables. First, Abs-AuNPs@ZIF-67 gold
probe was coupled with PYRs antibody and signal amplification element, then
Abs-AuNPs@ZIF-67 probe was fixed on the surface of rGO modified glassy carbon
electrode to prepare an electrochemical immunosensor. The method enhanced the uniform
dispersion effect of gold standard antibody on the electrode surface and improved the
immobilization level of broad-spectrum antibody. Under the optimal experimental
conditions, the concentrations of fenpropathrin and deltamethrin showed good correlations
with electrochemical signals, and linear correlation coefficients were 0.9941 and 0.9874,
respectively. The detection ranges of fenpropathrin and deltamethrin were 0.286 - 2.864
x10° nM and 1.979 - 1.979 x<10° nM, respectively. The detection limits of fenpropathrin
and deltamethrin were 0.0258 nM and 1.712 nM, respectively. The electrochemical
immunosensor showed a high recovery rate (93.69% - 102.11%) in the spiked sample
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recovery experiment. The electrochemical immunosensor constructed in this study had
high selectivity and stability. In this work, a novel gold-labeled antibody probe was
prepared for rapid detection of pyrethrin in vegetables, and provided a reference idea for
the construction of electrochemical immunosensors for detection of other pesticides and
small molecular targets.

(2) In order to achieve more rapid and sensitive trace detection, a portable single-path
potentiostat based on a three-electrode system was prepared in this study as the core of the
portable rapid detector for pesticide residue. The potentiostat had a complete
three-electrode cyclic voltammetry electrochemical analysis system, which was built by a
high precision operational amplifier chip, and showed good performance. When the
working current range was 10.0 - 800.0 pA, the portable single-channel potentiostat based
on the three-electrode system developed in this design had low average relative error and
high accuracy. The seven cycles of stability test showed that the relative standard deviation
(RSD) of the oxidation peak was 0.395, and the RSD of the reduction peak was 0.311,
indicating that the system had good stability. The average current resolution of each
interval was 0.01920 (0.01 - 10.0 pA) and 0.01751 (10.0 - 800.0 pA), which had good
current resolution. There was a good first-order linear relationship between different ionic
concentration of potassium ferricyanide bottom solution and CV response peak of single
channel potentiostat. The comparison of data variance before and after filtering showed
that the variance decreased from 40.6597 mV/? before RC filtering to 13.4722 mV/2, and the
standard deviation decreased from 6.376 mV to 3.670 mV, showing a good filtering effect.
Therefore, the portable single-channel potentiostat based on the three-electrode system
designed in this study had good working performance and could be further used in the
secondary development of rapid detection equipment for pesticide residues.

(3) Based on the research of electrochemical immunosensor and single-channel
potentiostat mentioned in the previous two chapters, this project further developed a
four-channel portable detector based on array electrodes, which could be applied to
portable rapid detection for pesticide residue. The potentiostat had four channels with the
three-electrodes cyclic voltammetry electrochemical analysis system, which was built with
high-precision operational amplifier LM4562 chip, and showed good performance. The
average relative error of the actual functional parameters of the four-way portable detector
based on the array electrodes was low and the accuracy was high. The actual measurement
fitting equation R? in the available interval of the six gains was 0.99302 at the lowest,
indicating that the instrument had good baseline accuracy. The stability test showed that

v
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the correlation coefficient R? between the actual measured value and the theoretical value
was 0.99552, and the test showed that the stability was good. The comparison of data
variance before and after filtering showed that the variance decreaseed from 33.7329 mv?
before RC filtering to 6.7296 mv?, and the standard deviation decreased from 5.808 mV to
2.593 mV. The results showed that the low-pass RC filtering designed in this study
effectively reduced noise and had good working performance. It could be further used for
rapid determination of pyrethroid pesticide residues. The equipment had a high baseline
accuracy, a strong stability, good filtering characteristics, a simple operation, and met the
requirements of rapid detection on site. Moreover, it has the characteristics of small sample
consumption, miniaturization of electrodes, a little difference between electrodes, high
functional integration, saving time and reagent cost and other unique advantages, which
can be used for rapid on-site detection of pyrethroid pesticides.

Keywords: Pyrethroid pesticides; Electrochemical immunosensor; Potentiostat;
Rapid detection method; Portable rapid detector
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(2) FT =k R G845 Sk B A AL I
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BT S 3 53 T bR A G B
FE ETESMARESHNBECERBRERFWE

21 3|8

P — R LR AR N FE AR T, R R B PR TR SR R A 24 /)N
3T BARIEATRE R U o UARR U TS 2 — 2k PRI 2R A eI
IR 5 SRR 2R, SEU KPR BS: AT B S, K B REE e
[ R AR R A SRS R AR 2 5k B 2 s N RAERR, S B S  h sER R I R
KA, K, JEVIRREF R —MAFe S, &N FollEERZ,
TF RNy T B AR 725, TR0 R 3 i A s i Ak 24071,

FAT, SESAR 24 AR I 75 3 G IR S s W PR BG83 5 e i, Ak et
FIHLAb A e A IR A% T B 4 RRE R A AR 5, ELISA 1EBRIEAR 2555 7
PRSI R AZ BIBR S . 2RIy 5 ST AR P R T, Semm LR
AL 2 G A% RS R FH BT 2 (a0 Ry M 45 SRR H AR, AT SO HTR (1R SR
HIAL AR T E RS 5. AR R LR RS & (E 5 mNR, 5T
B /NS 1A AT Fe i 14T,

T RBHATIN PYRs HoA AL G e R B M A iR e, o DRSS A
BN 2 43 1 AR S8 22 71 2 10 W o O = N = A o =7 2 B 1 B U
B A a B RIGIAEMAEME. BRI ER ARG LS, 2N TR e a1
g, T Shrpe Rl B M R AR i LB R (1 4R A HUHEZE (Metal-Organic
Framework, MOF) A g2 il 8 1 RN AR IR ) S8 A S B (KD A ST AP RIS, A
WK — G B R H 451 ZIF-67 (MOF AR —Fi) B BRI § -+ — Ak 45
FFIECK I LR TR, NSRRI S S AL 1= E MR ISR AL A ZIF-67 HA M5
R AL AL AR I R P00, IR R AAL A S% (Reduced Graphene Oxide,
rGO) & mANK BT EHr=Y), HeMW 5% A8 (Graphene Oxide, GO)
EHEMML. 5 GO #iLt, rGO AL HFHME, JFHE GO 5 T/ Hithil#. rGO
AT LAE 325 N B AL AR R S A . L RTINS VRN AL AR B P ) 2
FAYE B2 A SR B R B e 009,

AW FCHEAT T B T AR B A T 1 A 27 G e A TR R DL R S b ik 1) &
Ji. Abs-AuNPs@ZIF-67 #REHEIE — BN E G AL AW LR LR EHE IR 5ITT
fF, Mg —FrEe RBUSIER S PYRs Bk B 1 AL 22 o e AR K38 o ANBIF Fi ] 45 11
AUNPS@ZIF-67 9K &R AT RAFIFa e I, 3858 1 AR 3 5 0 HosoR,
SR T DMAESUARREE R TR &) T 3R 1)



) 453 TS 22 1 B T SRR I I S A RS 1 H
22 MRS
221 FE(UEE

AHFFEHABAE K FIFEFLR A 182 MQ-cm, HLLZA G AL At @ AR A i AR I8
o AL S AR ST, A R R 37 AR e 41 4R 6 154X (Fourier Transform  Infrared
Spectrometer, FT-IR) 3RELT FT-IR i, GO 1 rGO [ 4h- 1] Wo'tith 1 2 ThEE A LR
BEAGHEAT I E . Abs-AUNPS@ZIF-67 Jd it B.OoMLi %% . 49°K4: (Au Nanoparticles,
AUNPs) F1 Abs-AuNPs@ZIF-67 1% 5§ 5 1E (Field Emission Transmission Electron
Microscope, FE-TEM) . F#iiE &4 (Scanning Transmission Electron Microscopy,
STEM) AIAEIEFERAE (Energy Dispersive Spectrometer, EDS) ifid i 5 v 1 i
343 . rGO 1 Abs-AuNPs@ZIF-67/rGO HIZL RIS HIZRAEIE L I A 43 e 7~ B i ¢
o A R R R B OCTE SO i AT TR0 A, FERAER RS A
® 2.1

*x 21 FEAUSE
Tab.2.1 Main instruments

£ Fx ey e
HLF T RF AL104 78 [E MR R 2 A I TR A ]
Ak 2 T Ak CHI660D HE i R R
%2 DI ReT AL LA Varioskan-LUX X EFEE KA A
VKA BCD-576WT I E SRR AR A
A K RS Milli-Q 5 [ R e 2 2 R ]
FL AR X TR DHG-9070A g —EREARAF
B ST16R E5E T WA
B8 S SRR T G Tecnai G2 Spirit TWIN % [H FEI A
7 & NEmE L AT C Quanta 250 2£[H FEI A H]
155 HER L2 RN HR Evolution ¥ [EH HORIBAJY
{37 AR P 2T A6 RE A Nicolet5700 FE e = AR A

222 FERF

TE AL AR IR I = A & RGiH, 408 H 3k B H (Glassy Carbon Electrode,
GCE) . MAH 5k ## (Saturated Calomel Electrode, SCE) . 4Hi#% (Platinum Electrode,
PtED {9 A Rl 2 EEFRARAOT R AREAT I . Co(NOg)2 6H,0- A1l F 22 1 (Bovine
Serum Albumin, BSA) I 1,2- —HIBEEBKMEA M Sigma-Aldrich (GEED g1 . B SR
B0 HAUCI, 83H20. CeHsO7Naz. NaBHz. KoCOs. H3BOs. Ka[Fe(CN)gl-
NaOH S5 ZAAGRISAR B3 Mr 4l . BRI Lo A B AR 25 18 44 Abs HHAL
S G )% AR PR A FIHRAL . S A 3808 VL3 S F 9K R R TR A Rl 42
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L AR B RSB 2 1 S O BT B AR PUARET I A AL S S A R A

ko IREEHEEA PSR PRI KIEhms . BE dPRANRLE sk B b s AR R
PRAFIGRAL, EEGGRIEE LB R R 2.2,
*® 22 FERAH
Tab. 2.2 Main reagents

447 s 7

SRR 2] WL (Abs) 1 mg/mL Tl ST G e AT PR A )
R HRHE S i b E R R IR A 7
PRI (GO) 500 mg YL e AR R A B )

NaOH 434t EZG R IR A

NaBH, 434 2SR A IR

CeHeNasO7 434 2R A A IR )
L (BSA) S 4 S5 [ 0 31 LA L 70 7
1,2 ALk S5 4 S5 [ 0 31 LA 70 7
Co(NO5); 6H;0 434 S5 [ 0 31 LA L 70 7
HAUCI, 3H,0 43 S5 [ P 32 LA L 254 7

KoCOs 534 2R A A IR

HyBOs St 2R A A IR

Ka[Fe(CN)e] 434 E 2GR IR A

NaOH S 4 E 2GR G IR A

2.3 LK
231 BESKAZKBIEIEEE

B, 1100 mUE4K ]GO (100 mg) , FEHEIT30 minfiid s LAt
S15rEIGORAAR . TEANINL mol/L NaOHE R LK 7 #G I IpHAE A 15 229.5)5, #4800 mg
NaBH, 7B 7E100 mL GOZM k) Hr, FEAE90°C RHtHEL ho WININaBH, G, Ao Biar
IS 2, R HIrGOS Rt i, 5t 5 1 PRl K e AN e 2 B «

2.3.2 Abs-AuNPs@ZIF-67 IRETBYHIR 5 3%

I TR AN S 4 AUNPS®Y S — B 27 A BRAUNPS@ZIF-6 73X Fift
BEME. #1145 710 mIE7E33.6 mmol (2.76 ) HI2- FHFEBKME FEER-S VAR K45 1Y
R 2912 nm T AUNPSIETR 2 O 4E (12,000 rpm) ZE10%. A G S0 Bt HE 24 i
FhVR AV 21T A UL T R8T TA . FCo(NO)s 6H,0 (1.6 mmol, 0.46 g) #INFI12
ML (EHB) 1, 2218 A5 M ATIARBIR G, FHAEER FRM3 he ZK
NIl — PR E S R, RO LT O AUNPS@ZIF-67 (400 rpm) , SRS TE
4°C N EfE. ARG, IN180 pL KoCOs (1 M) AT %10 mL [IAUNPS@ZIF-67¥7 1,
DA Rt 348 55 LA AUNPs @ ZIF-67 5 AbsEATlEE . 28)5, TIAO0.1 mg/mLIFIPYRs) %
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L AR B RSB 2 1 S O BT B AR PUARET I A AL S S A R A

Pk (600 uL) , FEE25°C FHRF30 min, LU {RIT AR F 57 B 4 I Ay A i e e
W2 Bt -5 oK ] B 1 47 e T B2 B R & INRAABSA (1190 plL, 10%, m/v) Jaid
4730 mindk IR 51 AT AR St 45 A 5 . 7E4°CHS3%3 hfg 0 (4,000 rpm, 5 min)
H7 BIEW. 25, TIA1000 pLiERERSEMIAER (2.0 mMD , REENREYMIE R4,
HE BRI, JFE4°CIRTF

233 BUFRELRSFINHEEE

K 2.187R T AEBBREHL (Glassy Carbon Electrode, GCE) |l () HAL 27 S yis
AR . oG, AR RIS /K SBER TR -G i A TG BEGCE . #4 Al
A HIrGO /B i (8 pl) [EE EIEVE IGCER M AL TR . SR G5 &4
PUATREE (Abs-AuNPs@ZIF-67) (70U (8 pl) TIRFEIL M RIER . B K
FE =R T30 min.

A 100
p o $NE £ o
W > R 50
1 ISR YBSA S -100
-1500.60 0.45 0.30 0.15 0.00-0.15
AuNPs@ZIF-67 Abs-AuNPs@ZIF-67 —
e » . .

G0N
L EE

AuNPs ‘Y Abs @® BSA PYRs # Abs-AuNPs@ZIF-67 4= rGO
2.1 LA A ) 4
Fig. 2.1 Schematic illustration for the fabrication of the electrochemical immunosensor
SRIG, B PAHERR R LS AL A, SR 8 uL BSA (0.5 wt%) ¥ st A& IH HL A% 30 min.
BJa, B8 pL ) PYRs A BB R T, FFAE 37°C T 50 min. FHE1iLT
() GCE AT AR R AL S AL 22 S e A i J ] Tt — 2D SRR BT 7

2.3.4 HBAFEENGE

b F T PYRSs Al 1) oAb 2 e AR AR R, AR IR R A A 2EAT =R T
FIKE R LS S AR . A T BRI AT IR R AR K, ARHIT FEAE[Fe(CN)e] > 1578 (pH=7 4,
5.0 mM) IREEHIEAT TR 238 . AL 2= 0 A S EGE R R e h-0.1 V 42+0.6
V, FRAEFIEEN 0.05 Vis. {EMIEFEF, FERAESRIR M Nl T Piph e S e ff
JEE, IR T EARITERRR % (Cyclic Voltammetry, CV) HIAL 220N I&4E . & BSA



L AR B RSB 2 1 S O BT B AR PUARET I A AL S S A R A

B JE A AL AR RS I CV WNAE, FFCH L. EIFTRAMR TR, K
LN PYRS Ji5 F EAY 2 S AR IS FE AR 1) CV MRS AR, IR R/ N e FETHEL AL
B (AI=L-l) 5, 287 ATE PYR WS Z[EIFE &,

2.35 #HEmimaE

MNTT 8 IS R A SR S S R RO R I SI 3R, RGP AR M (50.0 @)
FEFh AR 160.0 mL FFBEREER SR %A (Phosphate Buffer Solution, PBS, 70%, viv)
L, SRIEIRA 2min. YIFJE, F 0.22 pm JEAREDIE 5 T R SS90 T -

24 HR5THL

2.4.1 Abs-AuNPs@ZIF-67/rGO/GCE BF=A{E

24.1.1 AuNPs [{IR1E

FE-TEM FAEE/R (B 22) , AuNPs £ 2T (FCC) fitg, &ET)2
[ #F /9 0.24830 nm. il 1¥] AuNPs 22Xtk (K 2.2A) HAoafithsl (Kl 22CHID) »
K 2.2 D RAE TS0 EHERR ) AuNPs [ YRR ZI7E 10~12 nm. JEid FE-TEM
BUZ 7~ tH T il 41 AuNPs JEZS RIAF H 808 5), EBAT FH & 53] T BRI
AUNPs GKH1 )

8 10 12 114 16 18 20 2

.20 -
2.2 ANEBCRAEET AuNPs (A) |, (B) , (C) M (D) [ FE-TEM E14; F4F AuNPs (B)

AR RS FE-TEM % RAE AuNPs R~} 4345 ) FE-TEM B (D)
Fig. 2.2 FE-TEM images of AuNPs (A), (B), (C), (D) at different magnifications; FE-TEM images
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IS N i R 2 A709'd B E BT SARPURTRET IR A G AR IR AR 1 A A
representing the lattice size of AUNPs (B); FE-TEM image of the size distribution of AUNPs (D)

2412 EhRPUATRE Abs-AUNPS@ZIF-67 [1)FRAE

FIFHE 477 WSO ERE AN T AuNPs. AUNPS@ZIF-67 1 Abs-AuNPs@ZIF-67 [f]
giaae)). B 23 A NE MRS IRCHUATRET 2 A 7] WSO GHE . AuNPs 54 AT I,
e 2.3 Aca . AUNPS [IFEHRICK AT 5 B R AOBR . TR, 37
FEANREEA <. £ 522 nm 4b, I T — TR 5EE) AuNPs (58555 T4
I, ¥ 2.3 A-b Jy AuNPs 5Hiiie A 456 5 RS- AT RO . &5TAR & 5 AUNPs
FRZE B ARSI AN 522 nm £E#23)] 537 nm. iXFARAEE T AuNPs #1 Abs 18EES
Abs-AuNPs J& [/ BLE R A AL BTk,

0.40
A a: AuNTs B[l . a: Abs-AuNPs@ZI1F-67
0.35- 522 —— b: Abs-AuNPs ) b: gll;N;’;@Z' F-67
[ 54 O
o o~ i
5 0.30 =04 —d:AuNPs g
i = a 534
o "
8 0.254 @ .
= = 0.3 b
= 0.204 2 b
s 2
£ 0151 12
< < d
0.10 014
0.05 1
450 500 550 600 650 700 750 400 450 500 S50 600 650 700 750 800
Wavelenth (nm) Wavelenth (nm)
Cso000 D
159733 —Go —GO
4000 4 1349.86 ’;‘ rGO
- &
= 3000- -
E = |
>, g | |
I £ | 1053
= i = 1224
& 2000 1345.,09 g 3hs 1723 1390
& | 1597.33 z2 1627
= =
= 1000 =T S~SN— AN
= 3422 | |
1723| ‘ |1053
0 1627 |1224
1390

500 750 1000 1250 1500 1750 2000 2250 2500 4000 3500 3000 2500 2000 1500 1000 500
Raman shift (cm™) Wavecnumber (cm™)

K 23 SARPURIRE LRS- WIRIBOERE (A, (B) 5 GO M GO (C) HHi2Jti; GO
1 rGO [ FT-IR J&i (D)
Fig. 2.3 UV-Vis absorption spectra of gold-labeled antibody probes (A), (B). Raman spectra of GO
and rGO (C). FT-IR spectra of GO and rGO (D)

Bl 2.3 B A FL AL FH (1 S AT A REF R Ah- Rl IO RE . 1B 2.3 B¢ R T
ZIF-67 FIERAM-AT IR SO ] 2.3 B-d 27 T AuNPs (58 40- 1T LRIl . ] 2.3 B-b
LR T Abs-AuNPS@ZIF-67 1 H 5T Y 58 A - AT L IR O 5 & A4 1 Ol 27 1 5 .
AUNPS@ZIF-67 7E 586 nm ALHIIL—MIEME, TTEES Co(l)&+ 14 JE Rk f fr i 7%
ATy (P)—4A(F) BRI A K MBIHUASS, SARPURERET R A 522 nm ZTA5 3 [

11



L AR B RSB 2 1 S O BT B AR PUARET I A AL S S A R A

534 nm, SEGENFRENN 522 nm L F] 7 537 nm FIEGLRLL. XA KRS
AUNPs@ZIF-67 Fl Abs [N&5E6H 5%, T Abs 5 AUNPs@ZIF-67 (N4 & 58 1 HEPriE
BERA B USRI AR . IR AT R IAHI D) 4% 1 Abs-AuNPS@ZIF-67 Rt ik
FREHOL,

K 2.3 C s 7 #1410 GO M rGO [ 2 i, Z%EE R T GO 7 1349.86 cm™ fil
1597.33 cm™ &b D HiAN G A 9 S B AR iR s, L% rGO 7 1345.09 cm™
F111597.33 cm™ &b D 45 H1 G 5 H b S TR ENIEE 4 KA 540 GO 11 Ip/lg
{E/NT rGO 1 Ip/lg f- Bl 2.3D &7~ T GO #1rGO K FT-IR St . M AT LALERE],
FERTIN A 9K YU R P A7 AE K R R0 . 7 3422 o™ 1 1053 om™ A R 2% ) fr) i
WU 1T GO P s B i RSN, 1723 em™ 4b Ay C=0 MR RSN . 1627 cm™
11224 cm™ kbohy C=C HFAERI IR BN LK 1390 em™ Ab AR (i (iR Sl . 1X 2 1A
GO A FEMBILE AT, SR, RFEEHEEF rGO M HIRSIE B E AR, &
B GO IG5 A rGO J&, KREFREHI . fiZ iRl FT-IR Sk B B 2 i) F Ak 2%
PEAL KB ) rGO TN e
2.4.1.2 Abs-AuNPs@ZIF-67/rGO [JFRAE

f§if] FE-TEM #AE ZIF-67 /) AuNPs. TEM. SEM il STEM %55 %& 8, AuNPs
15 ZIF-67 B35 HOF A EEE, ZIF-67 AR+ kgl (K 24AFB)
SFHRIAE A 200 nm.

Kl 2.3 &~ T AuNPs 5 ZIF-67 [ Ih4h & - STEM [ERAEE 278 T AuNPs 5 ZIF-67
reafit (B 2.4 D), UEB T AuNPs 355 7E ZIF-67 13RI, EDS UFsk 1 &
EEIRAEAE AUNPSAUNPS@ZIF-67 (B 24 C A1 24E) iR ITRIEERHE &K
H Au F1 Co ik (Bl 24 F) o N 7 B T ERPEHAUK S, X AUNPS@ZIF-67 it
177 STEM JIAR, &8I Co Al Au ) STEM ZRAEL Co A1 Au 1) EDS RAERENSIR I T
B, X B] AuNPs ft 8 7€ ZIF-67 3K [ 13 2] B & 0 W B A 35 25 19 43 8k .
Abs-AuNPs@ZIF-67/rGO 37 R M 7 R 5%: (Field Emission Scanning Electron
Microscope, FE-SEM) FRAEF rGO &M T 7~ Abs-AuNPS@ZIF-67 $R%F45] [E 2
£ 1 rGO &R (KB 24FFf24H) .
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RS N e T R DA 7'

A

C
E 5000+ I Counts
— 4000 Element Weight % Atomic % Net Error%
5y CoK 32.81 10.02 1.22
2 3000 AuL 413 038 506
E 2000
& Co Co Co

1000
Al
N G L
0 2 4 6 10

8
Energy (keV)

™\

2.4 ZIF-67 f] FE-TEM RAE (A) ; ZIF-67 f) FE-SEM KL (B) ; Abs-AuNPs@ZIF-67 1]

FE-TEM RAE (C) ; Abs-AuNPs@ZIF-67 ['] STEM £4E (D) ; Abs-AuNPs@ZIF-67 ] EDS %

i (E) . Co Ml Au e & BEIE 24T (F) 5 rGO ] FE-SEM EAE (G) ; Abs-AuNPs@ZIF-67/rGO
(1] FE-SEM FAE (H)

Fig. 2.4 FE-TEM images of ZIF-67 (A); FE-SEM images of ZIF-67 (B); FE-TEM images of
Abs-AuNPs@ZIF-67 (C); STEM images of Abs-AuNPs@ZIF-67 (D); EDS spectra of
Abs-AuNPs@ZIF-67 (E); Elemental mapping of Co and Au (F); FE-SEM images of rGO (G); FE-SEM
images of Abs-AuNPs@ZIF-67/rGO (H)
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L 25 3T S 15 2 LT G bRPUARET I L e R B
242 RIERBESFFZTHML

N T IRRE AL A= S R RIS VR RE, AT R Gl AT T A RIS S8
R LFAF I . PUARFT AuNPs 2 [A] [R5 G R 20 F Ak 5 8 A5 TR () 1t B = A
IRKFEMR, S AR IS TR T I AT L A R . FRATTRNIE, AR ISR R TP ZE (139
SMRAZIU I ) R, AR R 2 IR IR RAS . [FIR, id Z2 HUR AR 2 BRI
Abs-AuNPs [ FHIME . EIXIUTAE, WFF0 1 ARECA FIRE HTIAANT AuNPs X6 4%
FTH SRR . SPAIRIE N 6.0 pg/mL B, SZIGAEEIEERM ALE (K 25A) .
ZIREE N PP ZE 5/, R AL SR A T ) £ 1 P AL 5 S AR IR B A I AR B
BRI, A ST F% 6.0 ng/mL AF A EAE AR .

HIR, BEFL 170 & I TR B AL 2 G 2 A IR B e, A FE 0 e 1E FRAL 7 S e AR I
KA Abs-AuNPs@ZIF-67 A1 PYRs AHEAEH B/ N BN 1A] . R &I E 205000 25
min. 30 min. 35 min. 40 min A1 45 min FIZcRHATSEA. 4 BARRAAAET I
ik, AR REs R R TIE R T PYRs-Abs &84, HISS 77BN, ST H
VAR FILIR RIS o LA IR 7 I [A) X B2 AL IR 1 R B s A K J It TR] PRI 7 Rl e
S AR A S PRI SRR, KE E 19 & o] e S BT — e R _E R
FRIRIRR I I SN E 58RI TR bR A I B I (R ¢, Bk, 4
PP S SRR RA 24 2 AT R S PR 52 3150 B IS TR] (R 520 o B 9% 8 I TR PR3 o, 7k
Kbh 2 IR RRAR S 77 T Wi PR L IR ER R T, B ALBWE I (& 25B) . 4 E N
ARG A (40 min) B, fERERRIMN LS SPEERIE B . Y55 & I [AlgE— 1
TR, ALEHEAA RE AR, L, HE5 40 min YENZ LS G (G REs ALk 24
P R A0 B ST ]

AN, VR pH (B A2 FAG2E G AR IR AR I B B R 3 2 —, pH BRI T Hiikm)
A RN A2 G B AR TR AR I AL A M B . ATFATERT AR AR R R T, I8 T —
F5 pH B R E A BB TR 0l 25 C Fn, MR Ras b2
W S A S pH (M 6.0 ] 7.5 P3N, 75 7.5 ML T B RmNAG S, RG-S
pH (BRI — B3I FA%, B R P2 E i A S IR 2

6.0 45 9.0
55] A —m—Al 4'0' B —m—Al 8.0] C —m—Al
5.0] = . 7.0]
45] b—i—g—i—a 3.0 /i/ " 6.0 i/i/i\'—i‘-—!
Z ' G N R Is0]
240 ~ |2 EW
535 = 2 =
pUsEsh 1.5] 3.0
3.0 1.0] 2.0]
2.5 0.5] 1.0]
2.0 , . . , . 0.0 . : , : , 0.0 . . : . . . .
20 40 60 80 100 20 25 30 35 40 45 50 55 6.0 65 7.0 7.5 8.0 85 9.0 95
Antibody probe concentration (ng/ml) Immuno-reaction time (min) pH

K 2.5 b R B GRS SR PUAIRERREE (A) 5 EEITE (B) ; pHAE (C)
Fig. 2.5 Optimization of experimental parameters for the electrochemical immunosensor sensor: (A)
Antibody probe concentration; (B) Incubation time; (C) pH value
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AR T AR A S i S B BT bR PUATREL B L2 S SRR
2.4.3 PYRs HIB{LF RGN

mE 2.6 A Bs, FAUEA CV PG T A= S R RS B AL 24 . CV 78
MR RR GCE Bk (o) ISR A —X Al Ak SR g . S 7E R R T
B rGO &, BT rGO (d) W RIFHIFHME, HARMEE RN, 2 rGO £i
# Abs-AuNPs@ZIF-67 1&1fij, HUEEHERFE (o) o FHIEERRPFECEHTANL
S JEAEZREE A AR T AR TR B, RIS AL BRI S M. 2 BSA B
S INB AL 7 G e A IR R T AR WA R S R 25 S 6 i i, i AL A e AR TR AR R U
{E A4S PR () o 24 PYRS IS IIFEAR RIS R f5 , AR IS DA PR IR PR IR FRAIS ()
72N PYRs #ll Abs Z [AIJE s it — S PR T iZ R G H 26

HAL 2B (Electrochemical Impedance Spectroscopy, EIS) &l 4% E g% 7
R ROTE, M ZView T EAMEM A IRE I S 2 HrRE L, T — 5 PF A
Hr R 250, i 2.6 Bt HEAT Randle 252G IR 0T, EIS FRFURRE
B R ) AR BT e A2 BB (Charge Transfer Resistance, Rct) , rGO/GCE (d)
[¥) Ret =11~ GCE (e) , KB rGO it | bl [ M FEH I L F554% . ShrbiiaiREH 2
WA ERR Y Ret f (¢) BHE KT rGOIGCE (d) . %4 BSA (b) F1PYRs (a) fEHLK L
e, Ret BN, ASEE 1S R K& MEM PR T EIS A1 CV 2
—EU . IXEegE IR T AR AL AR SRR I R D ZH 2

AL A AL AR N I TR T, AT 7 PYRs HIIKRSE (C) SHifh2
FHEIFIEE S (AD AN Z R Z A, BiE PYR FEIKEERIESG I, 2
PYRs-Abs 256 3| AL 22 e AR AR IR S TH L, 38N T e G Bas R MR PT, |55 T
HFHERERE ST, TN AT, & 2.6 C AT 2.6 E 43 AR R T AR U265 i AN R S B
WERI CV KR B 2.6 D ME 2.6 F 5 5liEsR T Al S REEEERFRF S REIR 0 Bz
AL AR . ZRMEAIDC R %L (RD 435108 0.9941 F10.9874. LR FE41 5 HIFRm N
AI=3.5616+1.76129LogC Al AT=0.09932+1.58283LogC. BiLKs = Vs 5 Il & F BF
B (By) FFRiE(WZ (Standard Deviation, SD) fRAiH5H AR (LOD=B:-3*SD) ,
A PA3RTEZ LOD .. FE G AR E 265 1) LOD 437324 0.009 ng/mL (0.0258 nM ) 1 0.865
ng/mL (1712 nM) . 044 i A0 R 53 B B0 DI 1643 308 0.1~1.010° ng/mL

(0.286~2.864%10°nM) #1 1.0~1.0%10° ng/mL (1.979~1.979%10°nM)

TA TR X LS4 5 HAM AL IRAR, A0 FAb 22 R A TS AR THI MG 5y 2 G A Jak
#& (Surface-enhanced Raman Spectroscopic Sensor, SERS) HIZHiT 1 Hhik, sk 2.3
FloRe GERFEHT, AHIFFUR G ) raAL 5 e AR RS A 2 P YO Bl 5, RN FRAIS,  RBAC
W 9E TAE B SRR AR 254 R S P W BTN 731 B ARl B8 7
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-700
A L a: PYRS/BSA/Abs-AuNPs@ZIF-67/rGO/GCE B ——a: SPs/BSA/Abs-AuNPs@ZIF-67/rGO/GCE
——b: BSA/Abs-AuNPs@ZIF-67/rGO/GCE —+—b: BSA/Abs-AuNPs@ZIF-67/rGO/GCE
150 1 €2 Abs-AUNPS@ZIF-6TrGO/GCE =600 4 —— c: Abs-AuNPs@ZIF-67/rGO/GCE cdl
——d: rGO/GCE —=—d: rGO/GCE —

100 = 6CE |——e:GCE Rs
Zw Ret
P
<
=
S’
o \N‘/
/ €

200 400 600 800 1000 1200
Z' (Q-cm?)

@
&

Y=1.76129X+3.5616
R2=0.9941

I (nA)

5

3 o2 10
Log,,C(ng/mL)
0.0 200 400 60.0 80.0 100.0
Fenpropathrin concentration (pg/mL)

200
E F 38 }
1504 7 //
3lﬂD {
wod™ " /& 6+ / " Y=1.58283X-+0.09932
L 5 R2=0.98741
- 504 020 015 010 005 000 < 6
< ) e = 4 p —_
= — -
' =
Je— 04 2 = 4
34 =
-50 - 2 A 24
| ]
-100- 11 L 0 I
0 4 3 2 1
-150 ) Log,,C(ng/mL)
0.7 06 05 04 03 02 01 0.0 -0.1 0 20 40 60 80 100
E (V) Deltamethrin concentration (ng/mL)

Kl 2.6 FEBREUCHRI ARG ARIAEL IR CV (A FEIS (B) FRAE: ARIKER H&
%l (0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 1 pg/mL, 10 pg/mL, 100 ug/mL) K&K CV #h
4 (C) ; AFMKERFEE (1ng/mL, 10 ng/mL, 100 ng/mL, 1 ug/mL, 10 pg/mL, 100 pg/mL) )
el CV iZk (B) » WHESEE (D) FREZEE (F) WERIXSHO CV S A 2ok R
Fig. 2.6 Characterization of different modification steps by CV (A) and EIS (B) in 5.0 mM
[Fe(CN)]> ™ containing 0.1 M KCI (pH 7.4). Typical CV curves of the developed sensor in with
different concentrations of (C) fenpropathrin (0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 1 pg/mL, 10
pg/mL, 100 pg/mL) and (E) deltamethrin (1 ng/mL, 10 ng/mL, 100 ng/mL, 1 pg/mL, 10 pg/mL, 100
pg/mL). The linear relationship between the CV intensity and the logarithm of the concentrations of
fenpropathrin (D) and deltamethrin (F)
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#* 23 HHAMZEAN) PYRs R H AL 22 AL AR 1 LK

Table 2.3. Comparison with other types of electrochemical sensors for PYRs detection

LRI WARPS ez RFEE (nMD LOD (nM) ZH R
B RO (ECL) S 2.6~4.3x10° 2.9 13
KRN E (SERS) FHTE 100.0~2.010° 35 (il
KGR 2 (SERS) AR 46.052~2.302>10° 0.115 72
KGR 2 (SERS) AR 0.1~1.0x10" 0.1 (73
KRN E (SERS) SRS 10°~10° 10° 4l
BRI 26 T 0.286~2.864%10° 0.0258 I
TR S s 1.979~1.979x10° 1.712

)|:I:I

24.4 BUFRERRFHMEREML

AT TE I AL G AR AR I MR R R e e . AN P S5 B B R AR AT
PEAL o JEPEHTEIRSE S BRI ZmE SRR sk (B 2.7 A-e F12.7 AP DA LR
RZIRBEFUK IR (- 2.7 A-g f1 2.7 A-h) 1EATIURZ, DIRRAE TR E
I & A e AR AR AL I NS SR . B 2.7 A TR TR RERR S L R RS
. B 2.7 Ac R TR (HEERS FAEAREZS (hE Bk, mEHmk, PYVRmE.
IR VRA RIS INEE . B 2.7 A-d Son T 2l825 GREEERR) FIHE%REE (g
UK Ak, PIUREE. JKREERES AR IR B 2.7 A-i SR T ARIEIR T
REVIRIEGE (FFESENE. IREERE vE Rk, mEHmk, PORBERUKERRRE o X
/NI AVER SRR R S X ST HR 20 7456 - SAREREARE, B 2.7
I A-as Ab. A-c Fit A-d 23 BIE R THIXTECRI AL,  BHCRTIE I A S G i 1
JERES B R IPT T I AR e . A T IR T ) FEAL R R A AR I M, A
FHIF ZFAE T & 1 DOASAS TR FA B P A 2 S % AR IR, iRl 6.00 ng/mL 1 1.00
ng/mL S B AT VRS TR » DU HE AR KA G b v S 22 (Rlative Sandard Deviation, RSD)
738 1.63%A1 2.26%, FHHZHA F AL RESEEM T RN R (B 27B) .

a b ¢ d e f g h i j " a b ¢ d e f g h ’ 0 72 168 336
Sample Sample Time/h

K 27 (A SREABRSSHR R (B) R EIM: (O AR E N
Fig. 2.7 (A) Specificity of immunosensor. (B) Reproducibility of immunosensor. (C) Stability of
immunosensor

AT T A= AR AR AR e T R &5 I AL S AR AR AE 4°CF
fitif?, FHAEOh. 72 h. 168 h 1336 h 54T IR, FH &2k R AR F U5 s FEL AL e A
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TSR HAL 2AE 5 4 B NATEE (S S5 1K) 94.83%~99.829% F1 83.19%~97.48%, FFka (I Hifk
SIS AREER R RiFrufaeEtt (B 270

245 PYRSs HYSERRAESEEN

FH T AR TS SR AR DU FR) A SRS S A = B T R , A FH ORH € - i B FH A
AT BRI 5 AAer A BR AR 255 B o T2 R FHFRE I N TEAEAE S I AN [BR B2 1
R SFU3KI T AR S B AR R T DA AT I [ ik e TiAh 34/ O ot AT IR 1K
IeERANR 2.4 R, RN 93.69%~102.11%, AR FRAE(RZE A 1.27%~4.38%. 44
T, FHZ 7 A R ) A 2 A e A Tk B s B RS R AR RSD. 3 2.4 7R,
1o 3 1) AL 2 A B AR B B BRI ZR R T 90% o AAH i - BT R R B R (Gas
Chromatography-Mass Spectrometry, GC-MS) frllgh Runsk 2.5 Fon. 455REKH, Frii
AL S R B B B R s e A R A S M, AR5 R R A R AT R 5
P R e D HAT AR KPR ST 77

* 24 FEAHERSRHECER (n=3)
Table 2.4 Recovery of the sensor in samples (n=3)

FE A KZifIE ikrE(ng/mL)  WEE (ng/mL) RSD (%) B (%)

0 0 - -
(24 s 100.00 93.69 1.85 93.69
1000.00 1021.07 4.38 102.11
0 0 - -
BRE g 71.70 68.22 1.54 95.15
717.00 726.83 3.61 101.37
0 0 - -
FH & 25 i 100.00 98.73 2.64 98.73
» 1000.00 997.12 2.59 99.71
S
0 0 - -
TR s 71.70 70.62 1.27 98.49
717.00 708.93 3.23 98.87
% 25 GC-MS fillgs R (n=3)
Table 2.5 Detection results for GC-MS
FE i K2R ibrE (ng/mL) MIEE (ng/mL)  RSD (%) I (%)
0 0 - _
/_:E—-; f= v
= AR 100.00 110.21 2.62 110.21
R S 0 0 ' -
- R 71.70 76.20 5.30 94.01
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L REL TR 85 B T S RBURRE 0L S R R
25 KB

A TR — G LS T Abs-AUNPS@ZIF-67 £ bRiRET HERy 7 T — P 1)
BT RS IRE 1 AL S e AR IR A, TR 3 F U e AR S e X oA U . 1
J& Abs-AUNPS@ZIF-67 & FriREFH PYRs HUARIE SO RSk, 2R E%
Abs-AuNPs@ZIF-67 R4t [E € 7 rGO 121l GCE MR I LA 4% FAL 7 o B AR s
ZITEIGR T SRR iUAAE AR T 3 5 i BOSCR, e 17T i Hug I e oK. £
BAESIG AT T, FEHEAR TR E S A E SR T RIFRIA M, &tk
xR B~ 09941 A1 09874 . FH 2 B A1 IR B 46 BE 1A D va B 43 0 M
0.286~2.864>10° nM Fl1 1.979~1.97910° nM , FF 55154 i A1 15 54 Fis (ORGP 235314 0.0258
nM Al 1.712 nM. TEIIFRAE S EIUSCSEEG H,  H Ak 2 G0 928 A5 B 3S Si s Hh 4 v 1A [ A%
(93.69%~102.11%) . AT 7T HA 2 1A R AL 25 G g2 A Tkt B A 0 v ADGE B I R AS e 1
XU TAE# T — P B hrbr iRt F T-Podtan il g mh 0Bk A g ek 24, 9F -
FAFAG A AR 25 RNy SERR IR AL 22 G AL R AR A SR AL T 225 TR
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FZE ET=ZHRRAFNEHEXNBBEEBABITA

31 3|8

A 485 RTINS BE PRI I H 25 PR 7 b AR 255 B, T2 BN TS IR 258
AP P ESESEEARIN, AL S A MR IRAR ] AR 2G5 R I 2 51 1A
I Z G, R R ARSI BRI AR b, S AR IS0 5 A RAL SR A
R, BRI s, EEREEL, BoRm e, HMECASEEEUZ R, iy
FRPRIEAG I A AE ARG AN W A . AR ESE R, A EAR SR Rl
WA AR LR A S8 A 532, A YR RS B I IR R & 5
fE, Urigfihk. REVZRENA; IR SOER . AR RITE AR 2K
BRI S, A TAE 7 AhaEAT SEMeriil o (455 CAE rE AL Lo R T = e
RGBT, AT T T RIFR T BT = i R G (2
HLAZ A o

EER, BRI EFE RS, B dh 2 il U AR 24 PUd A il £
BARRAGERMTER, FR A sl R RR AR 205 B A R Bty #E
Bt S PTEE PSR ) T SR . 5 ERTEMLG, A T R A
BRI, ARV, R ELE AL & R 5, RN SR AL, iR
B, A EBERES IO M BT, B SR A E RS SR E AR
W IO, e, a0, ST ER A RER I RS A E sl (85
NIRRT T R FETST, A BRI F B S TR R A AT R . AL 20T
DML WERG. B U PR s SRR 2 vk FEEL A T AR A 1072 mol/L, T
SIS T 2R,

111 e 4% A A (A o R A A SRR LAY, BT IRREOR, Ml ieA Hh — bk
TR ARG RYESE BT AL, DA AL B NP EEAT R bl 2 PR N 1 5 22
Ml AR s « 3 AR A A R 2G5 B A TN SR Sy 5717, T i Ak 2
SRS, XA i 22 AL it e 4 FA BRI Lo T DAEE QA F AT A I
HAEKIE X,

3.2 fERA{LAVEN [RIE

TR 2T A HAR Z TR N — 3 FL A R 2% T 00 B L A S ) — P PR R LR
RV SEIM T 730, b F (KR RS S i o v ®4 (i ot oA AE =
HI R GEHT CE i — M ESFRASS & =Mkt BT, R E S ORI LY
HLAUE ST IO . MR % 2T 70 vid I th 2R s AL th 2 B R sy, 2 dnlxt
RiF = A N EBoR ETHB). BB i AEEEUE S O, SR R. MR
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RS N e T R DA 7' 05 T = AR G B 1 2 R ERAE LA TR

BARIMK AL [ AR S AL AR R AR S5, a0 3.1 (ne NHLT, RN
R -

R=0+ne (3.1
AL RIEARFE BN, B SR P70 A il i EorEfl, st 3.2:
O=R+ne (3.2)

DIEAE— R =k it e, £ TR RRIRIE SR 1 o8 IR AL R
HIOEHE, B ISR 22 i 25 8 S e 0 R AR e i ) FR AL A MR 22 S T A
LA AR R T ) FE AL S S AT BRI 1 =R (RN A5 ORI . ASHIE FT (s I3 A
RZFARSIEE T A A S B i A (R AU AR G B B AL A A 73 A

AR 2 AN o A 7 2 R SRR S P i /N AR BV F AR o BT R ik
JERE MR A o AR AR GEREMR A oy LB N A2 i, SOh
AEMUIRIBE A HL B BT AR A B v LA 2 AR IAR 223k 1) AR SR B AR AR 22 28 R
Jifo

3.3 EHXBEUEEMERMAMBATR

fE LA AR 2 20 M AT 3k ) 2 B 280881, o (A R s ot A F
PLRARAL, UK EIHAL AR B 1), BRI G IIRE g . AT FE T
RETHEACEE A CSAATT SR 5 R ERBE RS . FIREERS . DRSS ads. s
FAIG HUSEHATT . BRI T B R IR T, S S ICE R F R T
IV (55 EIG. BEBKHBEE R IG. s S IRE N %It o5 kAR
HLEE LT, BB e TS

B S H (Micro Control Unit, MCU) #5#HI ik E 5 2k 28, Skt
Bl (Digital to Analog Converter, DAC) =4 &4 20s, #RifiEy 700 mV [ =ikt
W, B R R AR S — AN R R AT AL IR, AR I A
BB =k, 8B = BAREIMR A A BT R R

P25 PR B LA SO SR B A AN ERAZ TR T AR 58 35 1 = A kg it
F= RS, %8 A ALK CE HLAT WE FEAR 2 TR R — AN & [l %,
RE FLHRT CE FIMZ AT RN S A5t ml %, 38 It i B S IId e, B AIRAE 5 P g
BT 8 WV FAf 5 2 33 BOR B ORI REEF HRIR(E S, 1 s A fnt
HHEITRRE. 21, i di—0H, HIHRERINE 5 E NI T Hdm b
i

I = A RGN 1E SRS B 1 = A Bk LR, A Sl e
AL 0T, HR LIRS 52 IV #5405 FRABOR FLIEEOR DA I 2 5 1
S S, A5 W% (Analog to Digital Converter, ADC) XiE Fi/f7
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A EAAS ST HRSCRAEALER, AR5l & B UK BE (S BN & RS2t BoR7E
g2 5 (Human and Machine Interface, HMI) L.

331 =HRARZHZIT

AT A% R B AE AL = AR R e 5 CE Wi, WE HIRRAT RE H
o BEE AT, =HRIE R WE S RE RN 8] T 38R 2 i s S
N BT ABCEE, i, O 1 ORIE AR RARARRT T2 LU AR 3R, Ut I fE
A FL S AR GERANI R T OANAE AT Z [ R FE s, AT s F AR 22 ) e ML A g LR 22 )
B AR 2 O, 1 F AT LB R AN P S TR I R PR B SRR A,
HLALHLES P A 0 A8 28—, AEREINEE S LU AR A v bl 2 8] (v DRy
fERE: 3, R AR B AL A F KT B AR 5T R RS [ B

R4 RS
v
oqavee
vs  GNDI—]
; RO 6
OUT/A Vet
o 144 nEG/a ouT/B [ 2
- =1 POS/A NEG/B _L
5
v- POS/B F—IGND| ==c7 ZR7
LM4562MAX/NOPB Tu < 1k
C5  LM4562MAX/NOPB !
Tl ==
— 0 lu== VEE G\fyD 0JU——I=_
VEE XD ; VEE  GND
HDR-F-2 54_1x4
4 - CE
3| RE il
H 2 =- WE1 fif N PA1
HDR-F-2.54_1x3 11— we2 W
8t /it C13==c12 c11
7= vee 1% 0u ] 0tu 01y
o7 T
; v Pl L
; Us GND 15
P L VEE yee = ,VECo
1 N QUT/A v+ —T—|
GND 0. 2 NEG/A ouT/B & l_—lf—
5 POS/A NEG/B [ .
Ve RTZ7K 5 GND
GND | £ R13 1k _ V- POS/B
c 5 [\GND C14 LM4562MAX/NOPB
GND-l}——| >_L
l - LM4562MAX/NOPB L '@_
0.1u VEE VEE GND

Bl 3.1 FRERE E AL T
Fig. 3.1 Circuit design of single-channel potentiostat

FH T AR SO = HR R SRR LR B B IE L -0.1~0.6V, 5z 4%
[¥) ADC AT DAC FHL T RTINS S5V 9 0 V~3.3 V, iy 75 B4 I as LR
DAC JitiinHIsUin s 5 #E4T iAL N R, TSI A T ) U, T 31 = R AR MR 22
R TR IRIFAE WE S KEERIE 5 2 LA T A, BRI IE 7 2240 IS
a MR WE IR AR HUE ST RALIa T, IARIREZ KIS ADC HUERAETEH,
AR R = R R G MR AT I TR K o AT TR IR T = R R G (E 1 U
AR AL FELES B 3.1 Fw .
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GND

K 3.2 JmikdsEEg (A S5EAS R (B)
Fig. 3.2 Adder circuit (A) and subtracter circuit (B)

INEAS BB TR AR B R R HLEG, DR Up ACHH R EE T RAr ERS, IBBIORAS
HIBH Riv Rov Ra A RFy LK 1 IEAR FEG,  IINESS RS A IE NS d% Uy, ZEMER RN
Uz St N, TN FELES AR 39 Uo,  FHT U AR HL R SRR AL LT, (A, Uo
W R TS Uy B AR AT S0 A AL TR, AT S I SR R IvE 25 He i

A FR SR BAREE, W 3.2 A, VA HL R A i e R R =
RF; RF;
U:

Uo=——-Ui+
R R: (3.3)

TR Ri=R,=R3, NI, Uo=Us+U,.

24 FL R F T IR AT AR B R I FRES WD Uy AL AT AL NS, 185
KA HABH Rav Rsy Re Al RFp UK [ JB0ERS FRLES, J0Zas R I IR A\ it Uy, 2
ERE A Uy Imf N, a8 B 5 Hiom Uo,  HHT Up AL HLH 9 S AR A0 I L
(R, Uo i H i A FL R T BESE U, F AR AR AT SN P2 A AR Ak, AT SIEIL SIS R FH ek 2
LA Y A, RS S I B RRELE, A0 3.2 Bo ki HiL A H i HEL 1 152 R =X
RF>+Rs <U Rs RF>

Uo = i -U:
R (Rs+ RF2)Rs Rs (3.4)
#i Re=Rs, Reg=RF,, Mgt o s y:
Uo = (Ur—1) L2
R (35)

pa Rs=Rs=Rs=RF,, )% H FL Uo=U;-U,.
332 HEMAIFYREE

WEFEIT R AT 5 A A Bt 1B A A R, B AT s 2 1) LR 7R 2
—AMREE AR AORADL R R LB . HURIRAE AL SR KRS S ROBE T, RIS T A
LSRN, X — RANARHE R IRAI LR G, B R G R S N AN RESE[R] - ] £
R BR A o {ELR A RA AR FE Bl N R A AR A T B R AR S IR 5 FR) A FEEREA T T 7
MR AL 22 A e & A T 25 58, 7T DUSR A L3 e AR 2 R g A FRL S A A
DL T3

FRATIA FH = ra AR 2R e M I S AR SR TR 245 5 AL IR e, /2 CE Smltiin—

23



RS N e T R DA 7' 05 T = AR G B 1 2 R ERAE LA TR

ANBUFEAE S, FARBA A A R ERO A, RIS B R HAR
RN B SRR € MR, PTEEROY RIS . HHn] DR F i fa] B2 50 R
HL 2 R PELAEL T A BT S5 R i, ] 3.3 . RWE R AR R ARAI 2 L LR
]S R RE,  CWE Rom TARARANZ LE AR Ia] %, ZCE RS LEHLRANNS il 2
)52 REL,  CCE RS EL LA AR 2 R R S50 L, P B T S5 2808 RS HE
PH. SEFRATRE 3.3 A B ISR r S AT LAt — 2D &l 3.3 B KB

A RWE ZCE g ZWE
RS RS

CWE CCE CWE
Bl 3.3 JRIEERCEEE (A) ¢ RIS (B)

Fig. 3.3 Equivalent circuit of bottom liquid (A); Simplified equivalent circuit of bottom liquid (B)

333 EEFHEES5EIT

3331 FEEEHHER

AT FEFF R B (50485 e B N EL SRt = 85 B0 O 6 . St 45 R K 4
R ESRIR S, R REMITRE S HIFEN, EETE S ROEdE e, JEH
AR TR, ICEA GG DA B Rd AT Sem @R, DU TE0 1 R A7 A
AR, RIAHT ST R A QB A FRAT O] F2 45 B8 I P RE R B o

R44 U18.1 , GND
10k PBO VCC33 =
GNDI RCT6_BOOTO p,; >444PA0-WKUP  PBO 28— U182
| _— 2ALT1S pat pB1ZL 1
Ra3 P2 6] pr) pp; 28 RCTe BooT!  ¢-Lvear
GNDY| RCT6 BOOTL a5 PAs PB3 2 PB4 22 fypp_1 vss_1 =2t
PA5 D1 Ei‘; EE‘; 57 48 1ypD_2 V55 2 AL
BOOT BA8 20 Ipag PR6 & $5{VDD 3 VSS_31-82
FAT 23 | ppo bpo |22 VDD_4 VSS_4
PAS 41 |0 pps |61 p13 lypDA  vssallZy
Eggﬁﬂﬂ"f PAS_42 Ipag PBY 02 STM32E103RCTH
M-2.54_1x4 PAID 43 Tpaqg pB10 2L PBI0 67,0 1u
4——VCC33, gi% 44 lpayq pB11 30 PB11 I
> }GND RCT6_SWBTS 42 PAL2 PB12 22 co8 ||O'1u
1[ RCT6 SWCLK  "RCT6 SWCLK 40 | bais PB13s 1
RCTE SWDIO SEESREES AT deaig PB14 32 C69;) 0.1u
ST—LINK SPALS PBILS c7oll0u
% PCO  PDO-OSC_IN| g oS OUT H o
RCT6 RX TX 10| pes PRS- O oa ) Crty G
HDR-M-2.54_1x4 11]h<2 —*
Vo1 Sipca
ND-IlI———- 2 22 PC5 H4
13 22 1pch HDR-F-2.54_2x6
Pi—’}g 4 28 1pcy PAT_ [T, PRO
30 60 RCTé EOOTO PAS 13 4| PBI
22 1pcs pooTo G0 RETe! o2 4 B3
20 1pco PA10 —pB4
2L1pcio NRST |-L—RESET PALL| S o[BI
2£ 1pCii AT 15 PB11
% PC12 —
s o) PCT3-TAMPER-RTC
“schoUTa| PC14-0SC32_IN
0s5C32 OUT4 1 prys 05832 0UT

STM32F103RCTE

K 3.4 EREUH RN RGHLE

Fig. 3.4 Main control chip and minimum system circuit
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N A LA TR TR R, ASHIE7E R FZE T Cortex-M3 4E441¥) STM32F103RCT6 fik A
A E I AR A A A 2% o 1S AR 72 MHz, A
FERRGEW, HAEREER 12 7 ADC, ADC K 78 5 K52 72 MHz
NETLAAH] 117 us, W2 T HREEE AT TR W 3.4 P AidEhilas e R
4.

33.3.2 BHEICKARMIEE

B O 8 HEA ACRAE (RS PG 45 B0, AN F0 R PRI R B IR
FEECR . R IZEURES LMA562 A N H 15 20 B A A A% OB U e
LM4562 B A 7E42.5 V~H7 V T8 RGN TAERRE ), 38 514+20 Vius, i
H A JA+26 mA, HE IS 528 1% 2 0.000009%. LM4562 iz A AR HEE
WEFSEEEE (2.7 nVIHZ) FIRRASHSE B R B+ (THD+N=0.00003%) , H.iZANzTl
HA SR ILABHIHI L (120 dB) ATHLJEHIHILL (120 dB) RIS & fe it 2 B F 3
5. LM4562 Iz BSURE B TR BRI, IXSUREEE1S LM4562 KRG T 5
18 55 PRI R B B R TSR A R A TR S (5 5 A S5 T T, AR5 B DC T AN 72 () B 1 R S
DEHN g e
3333 HJRHEHIT

PR PR B 485 SR 1 F A A I BB SRR, 126 o W T A L3R B s
FESTE A DOR B IERETEE . REEREIEIT. T H M i 240 s O AR R L
TR, ASHIFFUIT I ) LB F B SR T 6T TPS5430 50 F (XX L 5 At H Y FL s e i, B
ANRIAY . RRE PTRERRE A RS S TR B A B TR I R . AR R FH IR
HYS TG YR FE B A 3.5 BT

GND
. =
J, 17
~L-css Lcm R41
[ 220uF T 0.1u SMG“ 3.24k
A Ena VSENSE
. dob
HDR.F-2.54_1x2 opl one
e

o1 GND

KF2EDGVC-5 08-2P 3534

900 S B S
Power GND TPS5430DDAGA é?gak STl
< ENA VSENSE [ —q
I ) o
. VIN NC [& Au
8 1 D4 GND
._L.C59 g oo sooT f— §534
0.1u J-_ S L1 R39 C56
VEE 10uH 10k | T470uF
—L . o Y Y YL
N -

GND =

3.5  AWFFUAITALE T AT O H Y HL i
Fig. 3.5 Switching power supply circuit used in this study

3334 IV AL
TE A WE SIS B TR AEE VN, — B pA 2 nA 2, Il
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SAAE T BB Rl 99 (1 HLLAE 5 e B n] AMERRIN S F IR A5 5, I UBOREEAT I &
TR HARZE . AW TR IV AL s IS S BORER B 2 N 3.6 .

VCC ¢,
U1 l—OL'_:I_
o AU —=—
< ouT/A v+ (2 GND
< NEG/A ouT/B (£ ’ ’ ] Uout
drosn N o] Lo Sa
C Tm 1k
0.1u LM4562MAX/NOPB o ¢ « ] Iin
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Fig. 3.6  1/V conversion circuit built in this study
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Fig. 3.7 Low pass filter circuit
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Fig. 3.9 Main logic of the lower computer
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Fig. 3.10 Single circuit electrochemical potentiostatic simulation design
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Fig. 3.11 Simulation results of single electrochemical potentiostatic output terminal Multisim
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BHBTELL, AR E A AGETE AN FR Re FIFHAE (10kQ. 20kQ. 40 kQ) AT HR
BEAS T BT o XA 78 BEHR A R 28T = s 2R G0 A 485 3 B 1 F A O Ak
FFRRAA e SR 2R e MEROL, SR A AR 100 Hz 5975 A5 5 D 18 H A7 Ha it
ff) CE %, LUEFIIREIHER HA (B 3.12) « Ry N300 Q HIZEREI, Cio N 1 nF,
Vin KN 1.2V BRIk ME S (100 Hz) 5 HUE T Voy & VU AE HLAL R S8R4T
HE, Vi A WE 5 RE B Z MR ZE, SRI0R X HLIE R Vi 15 LD N 114
BTN, BEE AR AR, Ok B R (R 7E B /N (1 98 Bl P9 A 3
(0.000798~0.00273 s , HAiy HH v 5L R 4K 25218 FEA 3 HH 3 Multisim 477 L85 5 (K] 3.11)
HA WA WE I AL ZEAE 5 IIRHE, FT AR ER, 1% RIS ROE 2R AT H
IRPGAR] T B HRAE, FA MRS R EONEAE, 7] R U heh J5 2 Se bR DU g 1E F AL
HEITHE RS (B 3.12) .
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Fig. 3.12 (A), (B) and (C) of the potentiostatic circuit are the transient simulation diagrams when R3
is 10 kQ, 20 kQ and 40 kQ, respectively
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Fig. 3.13 Portable potentiostat based on three electrode system was developed
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Fig. 3.14 Portable single-channel potentiostat real-time detection diagram. (A), (B) and (C) are the
right rear side, front side and left rear side respectively
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Fig 3.15 Delta pulse wave (A) with alternating positive and negative phases applied at CE end; Signal
collected by WE terminal (B); (C) and (D) are the test charts of two glassy carbon electrodes in

electrochemical workstation and single path potentiostat respectively
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Table 3.1 Test current relative error table

HIUEVEH pA R IRZE (%) BAMHXIRZE (%) RIS IR ZE (%)

0.01~10.0 12.861 0.306 5.179
10.0~800.0 8.310 0.024 2.255

MR, YRR, HRTEEZE 10.0~800.0 pA K, AFFFRIFKFIFET =H
W 72 28 (485 E FEALAGA 2] 2.255% 5 H- -3 22 , 2R BHHAE 5 F FIALIX ] Y 1)
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Fig 3.16 Diagram of relative error between theoretical and measured current values
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Fig 3.17 Electrochemical stability test of single channel potentiostat: (A) CE terminal oscilloscope
test; (B) Seven cycle stability tests
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BN AT E =R EUOL IR 18, 208 RE HEAR S WE BRR 2 [7] B SE Bl & E Al
FRABAE A e FR o BRI i 2R BN 3.17 B o v H Sk i AL 16T 35148 4 0.0001854
A, i&JFI%5-0.0001504 A, A L& RSD 4 0.395, iRJ5IE RSD 184 0.311, FHEAHAEH

RAX R GERIRS E TS -
* 32 FUIEHALE T HAL AR RETINA

Table 3.2  Electrochemical performance test of single channel potentiostat

FHIRIE R (ng/mL) PrEZE (A) FEE (A) RSD (%)
kg 5 7.3312x10" 0.0001854 0.395
I I 5 4.679x10" -0.0001504 0.311

Fox, BT 2B 5 BB AE r AL A PCB AR [ AS E PRI, T ARIEZ A PCB
MRIEIPERE 2 BRI PCB AR E T BB W2, @S fE— MR EEST
RIS I A R ANE et i B fE F A, [T 24 PCB AR IR E PETI . A
BEFUR LA R B MR AT AR R R BOR BEA S R AT R Rk, DU e
HAZA PCB ARAE AR il B = IO {E A 3.18. SEBRIUEA R 1Dy A AH IR
IR FAZ AL PCB AR HE FRITE AR 2 PRI Tm] R AU p i L 3 i e R SR i L 06 ) F P
DLFEAAZERRN, SRS R AN o A 2 1) I RAF I — PR R, R I
$ 0.99904, FRHIH A AL AL TR RAF, AREtEm, HAREREMERBS. TRk
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Fig 3.18 Parallel measurement cyclic voltammetry curves of four different PCB boards (A);
Theoretical and measured voltage values of scanning voltage (B)
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Fig 3.19 0.01 - 10.0 pA current test results (A); 10.0 - 800.0 pA current test results (B)

Tt S S Rl 2 SR H A AN E FAL A RIS bR E R ZE R 3.3 Fis, A
RKEATUEH, &AXIEFFS R # 3% 8 0.01920 (0.01~10.0 pA)> 1 0.01751
(10.0~800.0 pA)> , FHFEVLA AR S BT i a2 T DIRERR oK.
* 3.3 MMM RZER
Table 3.3 Test current relative error table
HIREGE (nA)  BAARHERZE (uA)  BMslERZE (WA PR ZE (pA)  HRDFER (pA)
0.01~10.0 0.81957 0.02415 0.31586 0.01920
10.0~800.0 0.63657 0.01933 0.32795 0.01751
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K 3.20 SEINAS R RIBIRE T PRI 2218

Fig 3.20 Measured cyclic voltammetry at different concentration of bottom liquid
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Fig 3.21 Cyclic voltammetry under different substrate concentration (A) and linear relationship
between substrate ion concentration and oxidation peak current (B)
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Fig 3.22 Waveform diagram output before RC filtering (A); Waveform diagram output after RC
filtering (B)

AW T Ad PGS FEFH-FL 2% (Resistance-Capacitance Circuits, RC) FEE&JEN:, ilJE
FESER, 23] T KRR FFESOR (B 3.22) , Bii N EIESIR N 0.1 Hz, 2
Fe N T EEFIRIE RC JE S B R0, U8 AT S W T ZE SR e AR RTE N TR,
ST i JE 5t 75 2T Y, 75 25 M RC BRI 40,6597 mV2 B4 3 T 13.4722 mV?,
WAEZE M 6.376 mV &2 1 3.670 mV, S5 FRIIAHFIMKIE RC JEE AT T = /K

ARG AR R A AL A RS ) 1A R RRAIR. 4R NEE 3.4 FoR:
3.4 R A H g ) IR A X
Table 3.4 \oltage output noise test

oy A o e S S AN (mVv2) g = MEAAREZE (mV)
RC JEVHT 40.6597 6.376
RC V&M J5 13.4722 3.670
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zx b, W PR T = AR R EE IR AE A, DRI T AR 255k B (4%
FPCHAT I % o 124 FEA AL 4% 52 B () = FEURAR IR AR e AL 2 i R, R SR %
BROS FHEE, JRRIUH T RItERE. K T/ERRETEETE 10.0~800.0 pA K, Al
WER BT = R R GRS R 1E R PR R ZE G, W . BIkTE
AR R R, 5 RSD M 0.311, FReEtkiilr. S XIE TR N
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AR B TS V8 7R P 5 BB LA ) CV MR SV 2 TR B T R A A — Bk
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Fig. 4.3 Core circuit design of four-channel portable detector based on array electrode
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filtering (B)

Bt SO EAZE N 0.1 Hz, {HZ28 T SAFIRIE RC 83 FLER 1A 2501, et mir
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Table 4.2 \oltage output noise test

e H o g e S MR 2 (mV2) e P AARIEZE (M)
RC VAT 33.7329 5.808
RC €W 5 6.7296 2.593

445 FM{SCSERREE AR

HT R4 FE R 10 DY B 48 SIS O S PR BE AR T ZE 5.0 mM fI[Fe(CN)s]* " ¥4
(pH=7.4) WEHBFAEEH, H CV SHEAI/E-0.1~0.6 V (ITEFE, H A ELE 35 mV/s,
PRIE 700 mV/, [ A ZE TSR B g ) PR A 25 G 2 A SR s 1) A A S0 A B B 471
AR ) DO S5 48 RGP Ak A S . HEWIERIK CV N IEERRIC N 1. BEJE
PRI [FIA L 1) PYRs KRR INTE TR 1 b e e R Ias b, MR a8 ul, T
FIRPIAEEHAT 40 min B G AR 0% EAL S S e AR AR 1 3R T AT R AR T4k
H, BEJEEAT AL CV RS DA E Foma NAH oo BEJEXT AL (Al=I-1p) BEETINE,
HHETT 1% ALE SR 25K E 2 AR R . R 4.3 201ERT Al 5FiFf PYRs £ 253K
FESTBUE 2 [ 2t oe R, HARSE R BAE 0.99733~0.98912 2 [a]mf LAFESZ . HAGMIBR M

0.002 %1 0.29 nM.
R 4.3 FT IS AR A DY R AT A RS ISR I PY Rs A 24 ARG F 48
Table 4.3 Correlation coefficient of pyrs pesticides detected by four channel portable detector based
on array electrode

SHT LTI RrFaE (nMD)_ AERARE KR () AR (nMD
FIg405  1=0.31323LogC+1.93226  0.01~100  0.99733 20 0.002
JESRE  1=0.0972LogC+0.7423 1~1000 0.98912 20 0.29

FH T AR TSI B A DU P A SR G0 A 4 b T R, A FH AR - I R EECFH A
TR AN J5 A 2 BE AR 295K B o T RS NELERE S R ISR
(10nM. 100 nMD ) &S Tis S IR 3R BEAR ARV LAREAT DA IR SCR I K410 gff
AT TS, Ad B O HL3EAT15 mingEty (6000 rpm) 54 FH0.22 umiEfEE b s B,
WS I BRI AR 5T 1) 2 AR 1) ek A DY e 485 RS S 5 o 8T PR 47 P ARG P D S R 465
RTINS BRFE A &5 R R 445K, Rl 7E20 s, [RI#67E97.30%~102.80 %
Z I8, RZE SRR 24 T HA 5 S A IR S I T B 1) F AR P D i (s 45 ksl 43 ]

T SRR S AR T o
R 4.4 PYRs JE T[4 BB PR DY 35 395 RS S S B et i el

Table 4.4 PYRs four channel portable detector based on array electrode for actual sample detection
B S ke (nMD - K HE (nM) RSD (%) KEBIEHE () IR (%)

3 H & %5 s 10 10.28 5.33 20 102.80
H & %5 s 100 101.23 9.23 20 101.23

S REEE 10 9.73 9.12 20 97.30
TRE 5 R 100 102.69 8.31 20 102.69
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S5 48 RGP S B 0 T 5 S 40 P I AR R 22 A ELRS P e e T I
TR SEBRINE E -5 E AR A (2R M5 RATDE R B R? N 0.99552, IR 7% A e Mg .
1 6 /18 2 (T X[ A FR) SE Bl AUl & 5 R R e fiRh 0.99302 45 R B i LA R
TFRFELRRE T . JEI AT S HEE T 23T 0L, 522 RC JEIRATIY 33.7329 mV? [43 1
6.7296 mV?, HREZEM 5.808 mV 43T 2.593 mV, 45 HEBHAHE 5T ¥ HGE RC &
PATAIE AR T RUIBRAR, 4% R TARERE, mIHER T3 Ee2R 255k 1 bk
Rl Z AR . RO MR RR. TR BT, BT, REBUEE, R
N FSCBRREAKE I, FF S I PRI 2R . H A FE SRR /NIRRT, 1B R
BB Z RN mR B . ThREEERUARE & A m R SR s, A
AT N FH T4 BE AR 25 7 S ARG I (410 3
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AICLL PYRs AE N HARIT, LA Abs /E 90l oott, w9 1 1 F b feie
AT AN 1 T S A A5 2 LA AN A 1 P PR PSR T T B S0t () 2 TR )
HAR A A A, T AT AN R RO A I 2SR . FEBEE5 R T

(1) RSEISRIS A N PYRs BUPRIEBIFRAI, 45 n] A T4 A i i)
PYRs ks, ABFFCRH—RAE R T — P A B ISR SRR R ic i
M5 G B A RS, BT i b PR S B AR 503K B R g Aar . 15 5% Abs-AuNPs@ZIF-67
SHRE B PYRS FUAMUE SO TTHAE SR, 255 Abs-AuNPS@ZIF-67 TRET [ &
£ rGO 211if) GCE MM T LA 8 AL P A e AL R8s o 1207153858 | S ARUARLE il
RIMFBIS A HOICR, $&5 1T ISHURME E KT ERESLIR AT, FESEA
IRFEEEIRE S AL S 5 RIS RIFIIAH I, MR OC 22 %5073 71 79 0.9941 #10.9874 .
PR 4535 T PR 54 T P RN 9 L4053 0.286~2.864%10° nM 1 1.979~1.97910° nM.,  H!
SRS AR E S S R TR 43519 0.0258 nM 1 1.712 nM . ZEANFREE & Rl szid b,
b2 G A RS s B A R (93.69%~102.11%) o ASHIFIT AT 2 I Ak 2 G 28
IR LA S PR RS e . XU ARS8 T — Rl R SArpr it - Dudias
g AU BR AR A 24, I TSI A A 24 801N 731 BEAR IR FRAK 27 S B AL TR 2R 1)
MRt 7 2% k.

(2) NI MR . REEETHERN, AF7ehls 7T = mR RS ERER
R PE FLT AR AR 245 B A48 QPR A I A A% o o B AN 8 58 2 1) — P AT
MRS RS, R ERSEIEHOS 8, FEME T BIFrtas. K T/E®
YEHTE 10.0~800.0 pA , AW TR 135 T — Fa MK 2R e 485 2 e 1 R 7 A~ 2404
MRZERAG, FERE. CEfe e SR, A ikig RSD 24 0.395, 14504 RSD
79 0.311, FRsE BT o &N X RIS F R 23 #8204 0.01920 (0.01~10.0 pA) #10.01751

(10.0~800.0 pA) , HEA RIFHIFRT D HER . TEA R FA R 2 I 5 P i
RLAH) CV Wi SR 2 TR I T RAFH—B 2tk & JEBEAT ISR 7 Z AT T,
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TE R A REFI) TAEIERE, ATk T AR 255k B s A I 2% 1 — O
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