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Abstract: In this study, an efficient quencher was prepared by loading branched—Au nanoparticles
(BA) onto graphene oxide (GO) . Based on the quenching of the fluorescent signal from red aggre-
gation—induced emission fluorescent microspheres (RAIEFM) , a lateral flow immunoassay
(LFIA) method for the semi—quantitative detection of isocarbophos was established. GO@BA exhib-
ited a high molar extinction coefficient of 2. 376x10? L-mol ' -cm™" at 640 nm, and its fluorescence
quenching constant (Kn) against RAIEFM in aqueous solution reached 4. 076x10° L-mol~'. By
measuring the changes in fluorescence lifetime, the quenching mechanism of GO@BA was con-
firmed to be the inner filter effect. The fluorescence quenching LFIA based on GO@BA enabled high-
ly sensitive detection of ICP, with a limit of detection as low as 0. 0063 ng/mL, which represented
a 7. 5—fold improvement in sensitivity compared with traditional AuNPs—LFIA, and the linear range
was 0.20 - 6.25 ng/ml.. When this method is applied to the detection of isocarbophos in cucum-

bers, green vegetables, and wolfberries, the spiked recovery rate ranges from 82. 2% to 104%,
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the relative standard deviation does not exceed 20%, and it shows good consistency with the detec-
tion results of the liquid chromatography—tandem mass spectrometry method. The established method
has good specificity and high sensitivity, providing a new idea for the on—site rapid detection of iso-
carbophos.

Key words: graphene oxide; Au nanoparticles; fluorescence quenching; lateral flow immunoas-

say; isocarbophos
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5, Em S ECE T, M ICP A i S 5 BOLTE R B T IR AR R A R
Xt ICP I EEA T8 S RINE R, o] O A Y A e R BR B BR &, GB 2763-2021 Bl SRk H 1CP 1)
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B, F R KR AT EHA A D R KA LFIA BB G 5 5 R 4428 o fa ST R, A F
TSRS, S ERRRERN Y XREEECT, BIGHI IR 50O R R R O E L
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1 LIES
1.1 (/&

GENESYS %4h-v] WL e it ( LRI ARR 2 F]) 5 DNM-9026 2 B REREFRL . K-Alpha
X BRI HL FHEREIY (Thermo Fisher Scientific 23 H], 3£ ); TGL-16 i &.0HL GBI R ISR 5 =AY
WIFEAMRAT]); FS-1200 @ A ERES ( LAENTE R AR AT ) ; Zetasizer Nano Fi & HLA{Y
(Malvern 23w, Je[d); JEM-2100.& 5 26 (JEOLAW, HZ); XYZ-3050 Wi (BIODOT
o], EED; HGS210 il 4mFE BN (BUMIERTRHE AR 2 R]) ;. FICS20111-S2 258G E2HU (G Mk
IREHBRATE]); Regulus 810037 % FH 1 FRAE: (HIL AR, HA); FLS1000 2 06HHAL (BT
AR 2R, SR,

1.2 RAFE#FEM

AMEAEE. BEE. L-YORLRE . MRS . bsr, 1-235- G-ZTHRZFENEL) kI
bR (EDC) FIPEIE A £ Sigma 24w Z MM HE G A LT T A ARB IR A A 4
fefis (42 <500 nm) W BILFREFEAORMEIBHEABR A\ HEE . JoK QR H L2427
WAVEBR A ICP A TEREDTA (ICP-mAb) . SE&PUE (ICP-BSA) . &49KKiF (AuNPs) ., ZLf4
AIEFM (Ex/Em: 380/640 nm) (RAIEFM) HLVG4EFR AR AR A R 1CP, AIERTHE . B3
ITRME . PR, SReEE . TR AL BB ARSI B P E s SR A PR | PR
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THLIG I A BB P EARERAE; BELE (PVC) EMR . FESIRFIRICEIG B SRR
BT ; BEERLF4E 2R (CN 95) W 1 [E Sartorius 27 ;. )R . T SEAFIFCAE S B b E g B Rl
AT, PRI A Ak 2 54 R AR R

1.3 XWAHE

1.3.1 WHBERHBMER BAGUKRR I BAYRKK TS ROCE %M & . B35
1) 10 mLABZE KRN 0. 2 mLER 2 BERR (50 mg/mL) . 0.5 mLAAEAR (10 mmol/L) Al
0.5 mL &AW (20 mmol/L), FEAHFHRA)G, WEIIAN 0. 5 mL&FFEW . 0.5 mLASIRER (5
mmol/L.) F10. 5 mL L-HR MBI (200 mmol/L) o I 1 h )&, K5 r=4 B 4l /K 7E 9000 r/min 5%
PR B0 20 min, EREVREIK, SEISUUE EH BT MIRZ R, T4 CRU RS

GO@BA ) : 5, X GO#EATPEIMEM *', 4% 10 mL PEHEW (8 mg/mL) 5 10 mL GO &
(0. 4 mg/mL) JINZE] 50 mLBEREHH, F90 CTFHFEIR 4 h, BEFREN RO, KMERG,
=94 6000 r/min &0 10 min, THEPEHK 3K, F)5, #H#17BAMGAE: 80 pL Lk PEHEMN GO
FEBIIINZE 1 mL BA RRL T, 7E200 W XK Tl 8 mine fefa, KSR AR A AE 4000 1/
min Z50F T #5010 min, TR PR 3K, IS U0EHBAUKER - H, I CO@BA M, T4 C&4
TORAFE A
1.3.2 GO@BARNFMEITM HOGREMWITE . MIBWO-L/REH A=eCL (CRBE/RIKE, L
ROGERC R, A RIRIGRIE) 4 GO@BATE640 nm (&,,,) AMRILHEIEEREL (),

PENHERK R H Stern—Volmer HFEF/F=1+K C (F, 2WIIATENIREE, FAa S K RN 5E
SRIE, CREIRIFNNBEIRIKEE) HRPORIHEE (K.

1.3.3 RERFTHEE CO@BA-mAb RPEHREN: MFHEDUE (mAb) HIZMAZEI 1 mL GO@BA #
W, BEPERN 1 he BEREIIN 100 pLEE R AR (10 mg/mL) #PIERE RN, 4RE2% M 30 min,
RVZEHR G, T4°C. 4000 r/min 5.0 10 min, WWEEDUEIFER T 100 nLAEfEZ MY, EIf3 GO@BA-
mAb##%t. AuNPs—mAb Il & 75 % |

1.3.4 SFLFIAREEHEE 4 3H45 T GO@BA TENIEKIRALS: . RAIEFM IRAL S H AuNPs 4L
%o LFIA ARG S ROk T k3 ™

GO@BA-LFIA JRZE S W USCHY . NC S . FEARERAN PVC REARE S, il F24n F . K5 ICP-BSA Fll
RATEFM IHAAENC K FVE A TER, K sAbBHATENCIE FAER C 2R, WHATFIEAE37 CTF T4 6 h, W5,
PGREARE  NCBERISCHR SORNG S PVC JEEAR L, ZH3&% LFIA iR4K5c . SRJEH% LFIA 25 D10 3. 8 mm
Te, FENEATEAINSBHASY, Sl TiEFSH . AuNPs-LFIA 5 RAIEFM-LFIA i35 5 iR 2
FAR—5, HIETAET 4R RAIEFM,

1.3.5 LFIAMSEMRN HBLLFIA MR AERIPERE , SHURMBEA RN pH A . DUik & T 48
B APURWEE | TLIBHAN) RAIEFM MBS (AuNPs-LFIA TEFEIIT) FIaGer S 3ET T ik,

1.3.6 ICPHIRIMN I5@E SEOHEMANBIR ALY, SREMN 100 LA, WE 3 minjg, I5R
AR INE] LFIA 4845 F, 2T 15 min, GO@BA-LFIA 3@ i %00 )2 HT i BUG 2 T, C 415514,
AuNPs—LFIA W@ REF UL LFIA IR4C5c, H Image] ARSI i T C R0 4K B0 004 T
53T

1.3.7 LFIAMEBETEMY  REUETEOY: B — R EEN ICP A, A LFIA SRARA&AI, LIRS 210
TLRAG SR Ay hill, ICPIREE A xfill, AThrEdiZe. KPR & B EREF3) T & 5 SE N E 3 4%
PR ZE 005 5 (R N 1) 1CP IR 2

FESEPEPEAY . I R ICP A 254 2 LI GO@BA-LFIA BUFF R, 1CP A M 50 ng/
ml, HABEE RS I BT B 4 500 ng/mL.

FRETEVEAY . AG 2RI IR E T 55 CHRI it , eSS 1, 3. 5. 7. 9. 11, 13, 15K
BB TR, 5 ARABRR RIS T, MR T 2G5 5 VR A e . eAh, AR
FER A AR A TRAPE R BH A AR ORI, ABCPRAY e iRt R e
1.8.8 EEREEARWN  FESATARE . SHOCHR P, CBRES RN B S, ERRFRE S o ST
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50 mL 0B, I 10 mL 30% H S, FE53ATHE S min f5LL 4000 r/min &0 5 min, YO8 LG,
N L R ST A TR
1.3.8.1 mofrE ML s A EHEAR AR PREIZ . W5 g W0 k- PR (Le-
MS/MS) BERY B PEREAR TR NN 500, 250, 125 ng WY ICP, A HMIARKF 0. 1, 0.05. 0.025 mg/kg, H
GO@BA-LFIA BEATRZN , ARG PRI 2, THERCR . FEHEZI LC-MS/MS J5 kAR 441
EIRBEATIIE, BN INR BRI AEASA TN E 31K,
1.3.8.2 At GEECI0MNRFEA, SaibEEHERREAR, 3 HF GO@BA-LFIA il LC-MS/
MS ARG, HRARAS 2, P i GO@BA-LFIA Ao i P A m] 521k

LC-MS/MS 454 : ACE EXCEL 2 C18-PFP i 4E (2.1 mmx150 mm) . BEFEIRF: 3 pL. K
0.2 mL/min, FANAHA: 0. 1% HZ+1 mmol ZIRE/K; WaHHB: L. PREEVRMG, PelifeF h. 0~1
min: 30%~10%A; 1~3 min: 10%A; 3~3.1 min: 10%~30%A; 3. 1~8 min: 30%A,

FiE 2K ZRVAEI (MRM) 5 HUBESE S -k BESEEs 15 psis &5 T-URIREE 300 °C; WSS HIE 4
000 V; MRM S 1,

F 1 ICPAHTH) MRM 2240
Table 1 MRM parameters of ICP analysis

Product i Collisi
Compound Precursor ion (m/z) FOGUCt 10 Retention time/min e ey Declustering potential/V
(m/z) leV
231 2.67 8 80
ICP 273
121 2.67 20 80

2 HR5iTiE
2.1 GO@BAWARMSRIE

GO@BA & A AP EHR i £ TR AL W& 1A PryR . 16 Je il il i i PELREZH B T GO Kl , PELSy
FHE SRR A GO BIN T R B E s g, Pl 578 7 U F T 8 e v B R Bty i H
B BA 9Kk 751 % F PEIMLI GO F. fE 1 B, CHR, GO FH MBI T K BAIGIK IR BA
ID 7R, NITEM AuTCEB L)AL GO BRI, FW PELRIN 1 H BA HRBL T35 gk, Bl 1E
3 GO@BA B X TG HL T-RETE , 82. 8 eV ALHY Audf 4 MEIEWIESE ¥ &40k TR 72k, mE 1F TR,
BA. GOFIGO@BA B FIR 4510 (77.4+1.1) nm. (405.6 +21.4) nmFl (633.6 £29.6) nm,
RH ) BRI EEE T GO@BA S HPEHA 83h &
2.2 GO@BAHIEFMHRETES,

Pl GO@BA TN KAE ST, REWHI T HEF . WE 2A iR, KRR GO 7£300~900
nm 438 B ) JERH B, PEHEME GO BYEEARNOG I B4 T, 713 BAJG, GO@BA Hi3 640
nm ZBYEFEWR O . 72 640 nm JE KT, 227 7 GO@BA B K EEbRifth 28 (1K2B), 545
GO@BA TEIL I K T Y BE R I 6 2% K 2. 376%10° Lomol " *em™, 7E RAIEFM ¥ % 45 N AS [6] 3 1Y)
GO@BA, &2 YeomEEAk, W E AT Stern—Volmer B HEM A I T E K [ (B 20) ., L5550,
GO@BA HAF N TENHEKHH, K F4.076X10° Lomol”', GO@BA EAT R I K VERE, X4 PEIE
M 5 e 5 O AR O ZE SR . 18, PEIBN GO Ry R P R e 2 TR JEVE A (BERRAL R )
R TR B RER], GOy sp’ KIkMKAE , m—m* il TERIEIE 5 B BB OE BRI T, T2 %) GO-NH,
WA HAE K B (Bid 300 nm) AW g o ', HK, BAGRKRRLFIE B E R, SECHH
PEEER/N . ST RGN, SECEARIGRERT 7 #2A /R GO@BA {E RAIEFM (14 41k K
QA SR, T e DR B BT A PE . HR, 1 2C B Stern—Volmer Hh 42 2B H ™48 2k . 4l 2D B
R, IINIBEK K G275 an o AR Mk, IXFRHH GO@BA X} AIEFM B8 KAL) 3224 PN UERLN
2.3 GO@BA-LFIAKIHgEE

FF CO@BA M R ERE, HEE T HF 1CP R A 2 e KA LFTIA . W& 3A iR, GO@BA
I EE ELZ R 5 1ICP-mAD (BB B 5 15 F (GO@BA-mAD), LLSZEIN ICP B4E S IR, KRS
BRI 3 minJ5, I LEIA JIAEFLH, J2HT 15 min 500 28 GRBU R 45 5%, WK 3B R, 1F
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FHIEREA T, GO@BA-mAb 5 T4k FAYICP-BSA 2545, MK TLAL RATEFM L4258, ifERH P

B, HEARHRIICP 52 5 1CP-BSA SER e st LB mADb, (4552 TR REECRB/D, BT
LA AIOER LR, HHSRE S ICPIRER MR,

A

m
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I GO@BA W) i 5 #AE
Fig. 1 Synthesis and characterization of GO@BA
A. scheme of process for synthesizing GO@BA, B. TEM images of GO, C. TEM images of GO@BA; D. TEM-EDS elemental mappings of
N, Au, C, andO elements from GO@BA, E. XPS spectrum of GO@BA, F. Size distributions of BA, GO, and GO@BA

2.4 GO@BA-LFIAHIB#AL

BT BAPEREA SRR D) T RIOE TR T S8 . TEREREAR SO K ETEE T, LA
THERNAETEM (AF) BN SRA. LT LFIA K 2 h Hris BBk 200 pH A (E14A)
TEREYUR AR (E4B) . TZBHR ICP-BSA BB (E14C) . T &R RAIEFM 09 5t 21k B
(E4D) FHREH R (B4E) SRS, 45K EW], GO@BA-LFIA BRI S5 At i
ZpH 7.0, HUAEHEHRS pg. TLICP-BSABHRTTEIRE A 0. 5 mg/mL, TZ RAIEFM BEIR BT RIKEH
0.16 mg/mL., #REFHE N4 L,
2.5 LFIA#MICP

AT, M 3FILFIA 57 (GO@BA-LFIA . RAIEFM-LFIA fll AuNPs—LFIA) #E{7 7 PERELL
8o PESA KE B 1CP fiRgR S sl . i SB~D B, i & A bR ph 2+ 545 3 3 FhoT k)
Ko R 5 2 PETE 43504 . 0. 0063 ng/mL 5 0. 20~6. 25 ng/mL. (GO@BA-LFIA) . 0. 0269 ng/mL 5 0. 40~
6. 25 ng/mL (RAIEFM-LFIA) VDL fZ 0.0472 ng/mL 5 1.25~25.00 ng/mL (AuNPs-LFIA) . 45 R FHH,
GO@BA-LFIA B R, HAS IR FALGH) AuNPs—LFIA FEAE T 7. 515,
2.6 GO@BA-LFIAHyHEETEM

BRI T CO@BA-LFIA BRI E M. Al 6A Fir/R, 107106 1CP B HAd 254 25 i 1)
TS SR, Eon B, e AL R (BleB) FBH, RARHKAESS CINEiETT 15
K, HEWHEREARLAERE TR, RHEARFOEEREE. ME6CH ™, MHARHIK A M
PREF TR PE SRHPEAEAS ARSI, A EIHCR BRI E S BT R 225, RHEE& Rt i e R
If . XEBRT TR E AP EBG Re e, B8, PEMBIIHIL ¥ GO L REBMAHRE
A1, SgRR 0 Gk — e T R TR PO, i CO@BA RERREfFAE. HIK, GO@BA f) Zeta

Intensity (a.u.)
Intensity (%)
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K2 GO@BA B PEREEAL
Fig. 2 Evaluation of optical performance of GO@BA
A. UV - Vis absorption spectra of GO, GO@PEI, and GO@BA, fluorescence excitation and emission spectra of RAIEFM;  B. the linear rela-
tionship between the absorbance at 640 nm and particle concentration of GO@BA; C. Stern—Volmer calibration curves of GO@BA; D. fluores-

cence lifetimes of RAIEFM and RAIEFM + GO@BA

2.7 KBREE G

SRBE R i 7 SERR Y HBE T, E TR . S AIRIAS ) ICP IER &, 5 LC-MS/MS
BRRG: I 4% SRR AT AT o IR [l S 45 SR AN S8 2 BT /R ., GO@BA-LFTA £ AN [ 3 5t v (9 A [l Wie 2 Sy
82.2~104%, HFHXMARIEMZE (RSD) AT 20%. A8 5 10 1 S A dn b I 45 SR F2 e A it — 42
&, H 3R AR PRife e 2380t i, PTRE R R EM e E B B S ke g, v L% EAE
HIAL PR BE NN 2 e -N- P B RE B AL RIS (PSA) S WR B ) Ab F8 b o 52 B 45 5 10 38 3 BT 7%
GO@BA-LFIA 5 LC-MS/MS jE KM 25 50— EE B I . Lo SE 25 e iZ iR Re e AR e IR E AR
SRS T, B AR SC R AR SRS I R B BT T

3 &

AWFIEHEET COF Gl T —FE O K F GO@BA ., fEfE TAESRMET, Jrikx KIEnt
WA R BR 47 0. 0063 ng/mL, ZePETER 4 0. 20~6. 25 ng/mL, 7758 F T SZ ke Stk 0 ) IR ISR
82.2~104%, AHXThRIEMZEA I 20%, L5 I0HH (i H BT R v ARSI 45 2R A b B R B — 8k, A
WA A [CP Bl s A i S Al T — PPl SE R8T 718, Wb BT B PR RE D IR T AR % ek
JRUE T B 5ROR AR
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Fig. 3 Construction of GO@BA-LFIA
A. schematic of process for preparing GO@BA immunoprobes; B. schematic of detection principle for GO@BA-LFIA
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Fig. 4 Parameter optimization of GO@BA-LFIA
C. the concentration of ICP=BSA sprayed on the T line, D. the concentration of RAIEFM sprayed on the T

A. pH, B. the amount of mAb,
line, E. the volume of probe; values were expressed as mean+SD, n=3
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Fig. 5 Detection of ICP through LFIA

A. photographs of reacted GO@BA-LFIA, RAIEFM-LFIA, and AuNPs—LFIA, regression analysis curves and linear relationship curves (in-

100 zna o0
Concentration of ICP (ngimL}

400

sert) of (B) GO@BA-LFIA and (C) RAIEFM-LFIA, D. AuNPs—LFIA; values were expressed as mean+SD, n=3
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Fig. 6 Performance evaluation of GO@BA-LFIA
A. specific experiment, B. storage stability experiment, C. synthetic stability experiment of probe of GO@BA-mAb; values were expressed

n=3

as mean+SD,
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Table 2 Results of sample spiked recovery experiments (n=3)

GO@BA-LFIA LC-MS/MS
Spiked/ Measured value Measured value
Sample =
(pgkg')  (MeanxSD) / (pg- Recovery/% RSD/%  (Mean+SD) / (g  Recovery/% RSD/%
kg™) kg")
25 23.18+1.87 92.7 7.5 23.33+1.01 93.3 4.0
Cucumber 50 46.36+1. 32 92.7 2.7 47.28+1.48 94. 6 3.0
100 101. 50+5. 39 102 5.4 96. 94+4. 15 96.9 4.2
25 20. 93+1. 96 83.7 7.9 23.06+2. 55 92.2 10
Chinese cabbage 50 47.34+9. 17 94.7 18 49.48+4. 33 99.0 8.7
100 103.96+14. 53 104 15 100. 85+4. 36 101 4.4
25 20. 56+2. 48 82.2 9.9 23.26+1. 16 93.0 4.7
Wolfberry 50 41.78+2.49 83.6 5.0 42.69+3. 66 85.4 7.3
100 91.75+12.01 91.8 12 85.47+3.96 85.5 4.0
#3  GO@BA-LFIA Fl LC-MS/MS %} 10 ANEEA [R5 45 S
Table 3 Detection results of 10 samples by GO@BA-LFIA and LC-MS/MS
Samples number Detected by GO@BA-LFIA/ (pg-kg™) Detected by LC-MS/MS/ (pg-kg™)
1 40. 56 44.72

2 ND ND

3 ND ND

4 ND ND

5 26. 89 30. 45

6 ND ND

7 ND ND

8 ND ND

9 ND ND

10 ND ND

ND: not detected
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