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Synthesis of Au-Pt bimetallic nanozymes with dual-enzyme activity and its
application in organophosphorus pesticides detection
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ABSTRACT: Objective To synthesize a Au-Pt bimetallic nanozymes (Au-PtNFs) with oxidase and peroxidase
dual-enzyme activity, and apply them in detection of organophosphorus pesticide. Methods The 3 kinds of
Au-PtNFs were prepared through seed-mediated method by adjusting the amount of chloroplatinic acid, and their

enzyme activities were determined using 3,3°,5,5’-tetramethylbenzidine (TMB) as the substrate. The nanozyme
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exhibiting the highest enzyme activity was selected and combined with the catalytic effect of acetylcholinesterase to

establish a detection method for organophosphorus pesticide. Results The 3 kinds of prepared nanozymes all had

flower-like structures, and the particle size enhanced with the increasement of chloroplatinic acid concentration.

Steady-state dynamic experiments showed that all bimetallic nanozymes had dual-enzyme activity, and the best enzyme

activity was obtained when the concentration of chloroplatinic acid was 5 mmol/L. Absorption at 620 nm exhibited a

good linear correlation with the logarithm of chlorpyrifos concentration in the range of 40-90 nmol/L, and the limit of

detection was 1.00 nmol/L. The method demonstrated excellent specificity and anti-interference ability, and achieved

great recovery rate in real samples. Color value analysis software was used for the detection of chlorpyrifos based on

smartphone. The linear range was 30-100 nmol/L and the limit of detection was 1.06 nmol/L. Conclusion The

prepared Au-PtNFs exhibiting dual-enzyme activity are effectively utilized for detection of organophosphorus pesticides,

which offers a novel perspective for visual detection of organophosphorus pesticides in fruits and vegetables.

KEY WORDS: bimetallic nanozymes; colorimetric method; acetylcholinesterase; organophosphorus pesticides;
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AL AR o LIRSy RS PRI 20 2 OPs &,
HABRMERER ., ety . RS0, 28 TR A
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(3,375,5’-tetramethylbenzidine, TMB).
Bl 1 ST Au-PINFs WEGHE P OPs 4l AL
Fig.l Mechanism of OPs detection based on dual-enzyme
activity of Au-PtNFs
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ANEL) NAKAEEMR . AA L R M L i BE R
(polyvinylpyrrolidone, PVP), EEILH(NaOH), 2. &
KRN (S B al, b3 vi kAR (R RHB A B2 | ),
H,0,(4r 4, 1O )11 PG B B} 4 B 45 BR 23 w1); TMB(43#t
afi) . WEMREh 2% i (pH=7.4, 10 mmol/L)(At R K FE L
HIRAT); B FCMARE D (99.99%, NIz B AR A
FRZAF]); AChE, ATCh(/r#rali, i iimMA:YA R ).
12 UFE5EE

SPECORD2W 2¢4MAT UL 735t B T (1 [ B 5= 43 A
RO D), JTEM-2800 5 51 B+ AT (H A PRt &
#1); Nanobrook Omni 4K A B AN (P [ A1 5 v g SUAN AR
N H); D8 XSRS AN (] T IR v 1A B2 )
HC-2518R =8 R B DML(Z B R AR PR A
] ); ESCALAB-350 853 ( b ¥ 401 A 8% A FR A ),
Multiskan FC FIARY [FEER K IR ()X ARA BR A A .
1.3 XWFE
1.3.1  ZiREE6g 4 &

AuNPs (il %21 WU BAF B9 15 mg A AR
WA ETHA 20 mLBLKMEEIER S, FEMA S mL
5 mmol/L 444 BRVA R % 20 mL #4li/K, 184), ] NaOH i
W pH 2 10, TEIREE 8RS L LL 80 °C, 600 r/min A%
PERERE 0.5 h, N SERUG, FLA5 R, BRI M OE 45
% 25 mL, -4 °CIR-FE#% .

W4 8 A KT 5 TEHEEMFIMA 2 mL 1
JeHl 4T AuNPs, BE/SIA 1 mL 1% PVP, 3 mL $idki
1i£(0.1 mol/L)F 5 mL A [a]#fk B S&(#AMR (1. 2. 5 mmol/L), [T
AR ALK AN = BAARFUR 25 mL, FEEIRBE IR B 35 °C,
600 r/min FE#E 0.5 h, 85) 3 F Au-PtNFs (Au-Pt;NFs,
Au-Pt,NFs . Au-PtsNFs), —4 °CI3-A74 .

1.3.2 4y RBGBEE MM E

# 20 pL A EFAY Au-PINFs 0 A BEbRHR 89 FL I o,
AN A 40 uL (3 mmol/L) TMB Hl 115 pL Z 2% ik
(20 mmol/L, pH=4), 744 T FiRE5FE 30 min, FIfGHR
{GME 620 nm AW G (ODey), LAMFAL HAAALEHE P, 15
IRTR AT SR B A BRI 25 pL(Z9%% 1 mmol/L)
H,0,, 73 A7E RS FASHUE T EIRKEFRE 30 min, WE
ODgag, LA FRALIL 3 A0 i 1 LA BB 12k o

RS8R, ARIFRIEE H0, KF-
(1 mmol/L) T, AN[E A TMB ¥R (0.08~0.67 mmol/L); LAKIH
7E TMB ¥k (0.5 mmol/L) T, “A[A] HyO, #€£(0.1~1.0 mmol/L)

RN AR ZR 0 U S BE B S [R) AR AR B, AF 1 min id 5k — K.
1.3.3 OPs %]

# 20 pL A[FVEEERY OPs, 20 pL ATCh (20 mmol/L).
20 pL AChE (60 mU/mL)7E 30 pL MR £h 2% thif (pH=7.4,
10 mmol/L)HiR A, 37 °CHEE 30 min, B/5 KK BL i
JILA 20 uL Au-PtsNPs, 30 L #4fi/k . 25 uL H,0,. 40 pL
TMB (3 mmol/L), 95 uL ZFR%E MK (0.2 mol/L, pH=4), %
AT U 20 min J5 FHEEFR{E 55 ODgyo HIW G AH,
ZELEE LMV 5 W B 2 A AR TR B B, R REFAL
X R EIR AT, A (— AR R)E G HY
B, %% G/B{H S# MM Z KR
134 SEFRESER

FE LA IS ROSCHER 2310 7 IR R R AR TR S . BOR . %
Fii . ERMER, 4RI S mL AR A TR E K RE, A
EEFICM (LU N 40, 50, 60, 70 nmol/L), JiEiRIES],
#A 0.5 h 5, 7EE IR FELL (10000 r/min, 20 min) 3 YK, DA
BrEVIIEY), B LSS LR (0.2 mol/L, pH=4)K
pHAZE 4.0, SRJ5H 1.3.3 B INFL R HEL TR

1.4 BB

XTREAAE S AT 3 AT IE5, SR Microsoft Excel
2016 F Origin 2018 XJ FF 5 84l AT 5L 1 IFAEE 73 H7 o

2 HR55H

2.1 KEGHVE R RIAE

I P25 S H 5 43 51000 22 T 45 1 AuNPs K 3 FloAS [m) S0
TR ¥ JE T W 4 B & & 94 K B (Au-Pt,NFs, Au-Pt,NFs,
Au-PtNFs)PRiA%, =5 HEis 5 i F 8 i85 (high resolution
transmission electron microscope, HRTEM))Z A 25 - 4n & 2
FiR. AuNPs 2M345] . ERMNERTE, FRi20 3.84 nm
(1 2A); 1] AuNPs JFRCF M 1, 2. 5 mmol/L 54
BRIV, A2 BT RS BA B AR IR G54, ~F-S4kE
1240904 8.38. 13.00, 19.74 nm(/&l 2B, C. D), &BAIN
SRE GWKMER W oS, THERSE . 3 F
Au-PtNFs AYfE1E (energy dispersive spectroscopy, EDS)JC 2 Mt
SFFACLERWE 3 s, ATLAEHER S Au fl Pt TRARE S
YOKEErP IS o3A, ELREE SRR R (38, Gl X
JREEAAKBFRPRASBOR IR, 5 HRTEM IRAESS R —2L,

A1 E TSR A B N 4 B R A AR K G
KR FN Zeta LA, Z55RUNE 4 iR, 5 AuNPs ML, BES
PR MR B2 B W K, 2 9K /K SRR B Mg ok, 43901
) 45.44  48.96, 52.94 nm(]¥] 4A), 5 HRTEM 325545 R —
B, BEAE SRR BRI, Zeta HALEETF R, 439N
AuNPs 9-11.37 mV F+ZE-10.50, —6.84, -2.33 mV([%] 4B).
R fr 2 A2 AR AR 0 i TR T R Bl S AR Mk B 3, e
TR S B O IK A RAR T Zeta BLNLAYAE (L
PE—PUESE RN R T Au-PtNFs.
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Fig.2 HRTEM (A-D) and particle size distribution (E-F) figures of nanozymes
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Fig.3 EDS element figures of nanozymes
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FH X-S A 55 (X-ray diffraction, XRD)R ik — 5T
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Fig.5 XRD patterns of nanozymes

2.2 YKEGHVERIEME AR
LI TMB WY1 454 ) Au-PtNFs FIBEE T, 25
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Fig.6 Enzyme activity of nanozymes
{73 Au-PtNFs [ BURGHE PE H 5000, 52 S g i FH A Mt

357 A U 1

WSS ik — LT T Au-PINFs ik
PERE, M TAE TMB #l HyO, W T W sh #2480
HRHE Michaelis-Menten J5FEE! 2] 5% Au-PtNFs fitifk
TMB A 55 RSN A Vg FIAR K ER K 3PS E
WIBGEh T 50R . — ki, BARA Ko BRI Vi 3
Bt XTI A ) SR A e, BVER AL TE PR . R 1 2
AHE G 25 1) 0K T -5 BAR 1F S b Y (horseradish
peroxidase, HRP){ERFZ) J1 24 S50 1Y FL At 2 1 . 25 SR 321,
PL TMB WA, 3 i Au-PtNFs 1 Kp B SRR 210
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Table 1 Dynamic parameters of nanozymes WY HRP B Hft 4 K A H:[32,35—36]’ T TR Ky, A
YOk W Ky/(mmol/L) Vi/[1078 mol/(Les)] 2% 3Cifik BRIV, PWILEEE (T HRP.
AuwpuNTs 1202 430 5 KR 23 BRMKMERNN
TMB 1.20 2.23 : A=

Apings O 7.66 3.95 K DATEIEMARERY, 25 LI 7 B o Au-PtsNFs (10U Pk
TMB 0.51 2.47 AChE ff#fk ATCh ZKfi#r=A: %) TCh Firiifil, RSN IG
ALPLNFs H,0, 1371 14.29 . o, WE—RIVRIER R IEM A, AChE Mg g
TMB 0.15 10.00 i, TCh A BR8P, oxTMB &R E, VIR RBEEIKE,
HRP H,0, 3.70 8.71 [34] TR N TC 8 R £ . 78 620 nm AR S R REFE I
TMB 0.43 10.00 WP (RN AN, 78 40~90 nmol/L HYZHZSTE RN, ODgy

I REFCME L A X AT LA ST R AR O 2 o RE [T

T 2B T BEAEHR T Vie W BEEEARR & 2 A8 23
Fritah, XFH] Au-PINFs X} TMB (550 1 b5 S 4018 &
TR R DL H,0, BIRPIET, 3 F Au-PINFs 19 Ky,
H Voo BIBEEHR GBS INMEN F AR, xR
Au-PtNFs XF H,0, {55 F1 7 Bifi 5 SRR 5 5 (9 B4 i f
W 25 F TR, Au-PtNFs Xt TMB 551 7 R B B
M RRTE, (HAE Au-PtNFs (OBUEETE M =, LR %S4
Fr A SEIN AT S, T R Y B R A T kR R AR 2 R
KT 2 eI BH, SEALSE TN S K R TR, A1 RE A 540

TR B AN, TS AL A A A R 2207 75 1 HAT EAK A LOD.
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Fig.7 Plots of ODgy and G/B ratio versus chlorpyrifos

T Y=4.1478X-6.4898 (HH3 REL: r°=0.9902), #HiBR(limt of
detection, LOD)> 1.00 nmol/L([&l 7A~B). It4h,
FHLRHE A THA R, R CE 3 B 3R (— A R BRIl 5%
BWWHILL(R) . £)(G). W (B)WIME, Lk o (G)FIE (M
(B) 1 Lt 1E (G/B) b B 4F W ok JE X B AR L 6 R, &
30~100 nmol/L Y hZSTE Bl N G/B {5 75 50 Wk B X B0 5t
RUFRILMIERR, RERIE TR ¥=-0.9569X+2.4491
(r’=0.9977), LOD A 1.06 nmol/L([&l 7C~D). H5HAbINA
OPs Kl 43 M AR FLU O 7741 AR5 3857 /9 OPs A&

BHE
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ﬂﬂ’\];‘é‘%%(Fe%\ A13+\ K+\ Na+\ Cu2+\ Mg2+$ﬂ Cr3+)\ EE
YR FCE IR E A FERD LA RPURER . WE TR .
PGS — RN E WA, %98 T % ik n R S
BT, SEss AR 8A Fis, 1EICEICIMAELERT,
TPy Bk B R ARSI 10 £5(BD 1000 nmol/L, 4= IML¥
EAFEWIE N 1000 ng/mL), iZ @A R LT %S
LR BT AT A4 S (i 17, 6 B vk HAT AT R 5
PERE FERRSEIM TR T, X EETIRY T AFE I Au-PtsNFs
20 K i TR AL R e (B 8B), RUIAHFITIR AL T
Au-PtsNFs UG P Eb (06 I 2 50 ) vk B R AP
LT HhrkRe.

2.4 EFRMERENSER D

SR FAARAEAS i, Xt s O S A I AT A A T T
A, SCIRAE RN 2 BRI LRI ot ARk . 3¢
BN, TR LM IR A 94.13%~106.54%
97.61%~110.31%. 93.45%~107.40%71 97.66%~106.80%, [fl
WA R AT, W8 BHIZ 1 T T S BRRE S
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TE:a. BESEM b XUPILRK; . IREAEER; d. Fe’' e AP £ K
g. Na';h. Cu®';i. Mg'; j. Cr''s k. FUIRIMER: | W& TR;
m. AR n. A ILEE I 0. AR,
8 Sl ik A S A (A) S BT T RE S Al (B)
Fig.8 Reaction system specificity test (A) and
anti-interference ability test (B)

F2 ZIEHERPEREENER0N=3)
Table 2 Detection results of chlorpyrifos in real samples (N=3)

B 1T K Jndw AR ARt
[a]a]
/mol/L)  /(nmol/L)  FIR/%  fW2E/%
0 JR— JR— R
40 42.62 106.54 4.59
EE T
50 47.06 94.13 3.17
70 66.61 95.16 422
0 JR— JR— —_
e 40 44.12 110.31 2.18
AR
60 58.86 106.68 0.61
70 68.33 97.61 0.70
0 J— _— J—
" 40 42.15 105.37 4.46
BN
50 53.70 107.40 4.61
70 65.42 93.45 0.67
0 J— _— J—
40 42.72 106.80 2.86
Tt
50 52.73 105.47 1.71
70 68.36 97.66 243

Vi —Fom A
3 & i

AR XM TN RERIIERT 3 MLk
Au-PtNFs, RifETE 8.38~19.74 nm Z A . Fa A5 8h Sy s0sh %
B L LA B 0 1) U (LA Tl B 2ok AR i) T P, EL
Au-PtsNFs BYRUIHIE PR T . FET Au-PtsNFs [RUETE PE
454 ATCh #£ AChE WML T AE B TCh XK LR
PERSHRIE T L& OPs %} AChE FORI/E I, SCBl T #:5E
BEEASI . %7 BETE 40~90 nmol/L, ODyy, 525 JEMRHE B 1Y
XTEE RAFIZR R, KBRSy 1.00 nmol/L; | H (Al
SRTEESEE T 3 T e LA RS RGN, 2R 1k T
A 30~100 nmol/L, #HFRA 1.06 nmol/L. %75 HiAlh
A OPs Kl or#fr ik At b, HA BACARI R, H7E
B okK L B SR AIK R S S B S A I LA R A ik
AR Au-PINFs F T OPs &0, 3557 OPs
FRRAEAS I Bt T — ol S B

SE Mk
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