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Machine Learning—assisted CuCo—LDH Nanozyme Sensor Array
for the Rapid Differentiation and Detection of Benzenediol Isomers
in Cosmetics

WU Jia—kuan, LIAO Su—xuan, YA Nan, ZHANG Hai-lin, LI Mei"
(School of Pharmacy, Guangxi Medical University, Nanning 530021, China)

Abstract: Benzenediols are widely utilized in fields such as dyes, cosmetics, and food antioxi-
dants. However, they exhibit high toxicity, potential carcinogenicity, and poor biodegradability.
Achieving the rapid and convenient detection of these substances is of great significance for environ-
mental monitoring, food safety, and cosmetic quality regulation. Nevertheless, conventional de-
tection techniques frequently suffer from drawbacks including expensive instrumentation, complex
sample pre—treatment, and time—consuming processes. To address these issues, this study con-
structed a three—channel colorimetric sensor array for the rapid differentiation and detection of three
benzenediol isomers, based on the multiple enzyme—mimicking activities (peroxidase (POD)
-like, oxidase (OXD) -like, and laccase (LAC) -like) of copper—cobalt layered double hy-
droxide (CuCo-LDH) nanosheets. The detection principle of the array is as follows: in the POD
and OXD channels, CuCo—LDH catalyzes the oxidation of 2, 2'—azino—bis (3—ethylbenzothiazo-
line—6-sulfonic acid)  (ABTS) and 3, 3’, 5, 5'—tetramethylbenzidine (TMB) to generate
green oxABTS and blue oxXTMB, respectively. Upon the addition of benzenediols, these oxidation

WFSEEE. 2026-06-15; fEEIHHA: 2026 -07-22

E&WE: JEREITBHE (guikeAD23026060); J7 74 HARFIFIEEEWH (2023GXNSFBA026261)
«WITAEE. 25 M, W4, @0z, PP J7m . 90KEE . SERSEIEOAT, E-mail: gxlimei@126. com
MEE &R B : XXXX-XX-XX



2 TR AR (http://www.fxesxb.com) XX %

products undergo varying degrees of fading due to the intrinsic reducing capabilities of the isomers. In
the LAC channel, CuCo-LDH catalyzes the oxidation of benzenediols into quinone compounds,

which subsequently couple with 4—aminoantipyrine (4—AP) to yield orange quinone—imine dyes.
Because of the significant differences in reducing power and coupling reaction activities among the
benzenediol isomers, the colorimetric signal responses across the channels vary distinctly, thereby
generaling target—specific response "fingerprints". Coupled with the linear discriminant analysis
(LDA) machine learning algorithm, the sensor array can not only accurately differentiate cate-
chol, resorcinol, and hydroquinone within the concentration range of 3 = 100 wmol/L, but also
precisely identify different concentration gradients of single isomers and ternary mixtures with com-
plex ratios. The array was further validated using real samples, including "377" whitening es-
sence, hair dye, and arbutin cream, with results demonstrating its excellent practical application
potential. Overall, this study provides a novel strategy for the point—of-care testingof benzenediol
isomers and offers a valuable reference for cosmetic quality monitoring and related safety assessments.
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Fig. 1 Schematic illustration of the synthesis of CuCo—~LDH (A), the principle for the detection of dihydroxybenzene isomers

(B), and the CuCo—LDH=-based three—channel sensor array for the discrimination of dihydroxybenzene isomers (C)
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and temperature (1) for the LAC system

2.3 CuCo-LDH#KEsM Z EXEFUH SRS NE

AW ZGEVEAL T CuCo-LDH GUKEEM) =AML YE . M 4A PR, 7EH,0,f#7E I, CuCo-LDH
REBE A R MEAL TC 0 ABTS KA SRS, AR ISk 0 =) JFAE 419 nm Ab 7= Az 5 ZURRFAE S c0g , JIESEH
BAMS POD TR, [FIEF, RPMELETEH,0, 5844 T, CuCo-LDH HLHE H M1k J0 4 TMB 44k ki fa i
oxTMB, 7£652 nm £k HHBLE KWl (B 4B), FEHHE & OX{EM:, #Ah, CuCo-LDHILRE SR AL
2, 4-DP 5 4-AP WEALIBEE RN, AR AE 510 nm Ab B ERAE W i (0 Ky 21 (Al I i 2k gekl (B 4c),
BE—ESE T HA R LACTETE

FfJG, AN RHZAKER ) POD A OXD JEHE#E T 7228 J154 40T . g 22 Michaelis—Menten
Hi 28 J% Lineweaver—Burk XUEIECIE], F#F]H Michaelis—Menten FFEFEATIIE , THEA RN J12- S50, 45
WEIR: XF POD &M, LLABTS AJEMNS, K =1.51 mmol/L, V, =3.16x10% mol-L'+s" (E&4D);
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L H,0, HEYIH, K =10.13 mmol/L, V, =4.56x10" mol-L'-s" (E4E); %F OXDiEtE, LLTMB
MY, K,=0.53 mmol/L, V,, =2.28x10"mol-L"-s" (EI4F), 5KIRMEE M HAbC HRE 0 91k
e "1, CuCo-LDH X} ABTS FlI TMB ¥ 38 B HI BE /NI K (B, FHHIZANORERE XS 3 3 e JEG A0y BAT 5 e 1 53
iy,

A B C
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Fig. 4 POD (A), OXD (B), and LAC (C) activities of CuCo—LDH; Michaelis — Menten kinetic curves and Lineweaver
- Burk plots of CuCo—LDH toward different concentrations of ABTS (D), H,0, (E), and TMB (F)

2.4 EEES RIIEITMKEE- R KK R E RS S AL

BT 2R s ) 23 A R BR E R BB, AN ], R JERE N S VS AR R 22 5, AT
YR EEEAL R R P2 AN R A5 S B . B SA o, 78 PODEIE A, KA )ik B i) = ok i [H]
Sy 5HE (o-DHB. m—DHB. p-DHB) A5 INZRVAR RS, HF24E T ARFEEN L aims (B
) {55, KM, fEOXDEEY (BS5B), —FhSAa ikt 20 4 S R H R B 45 S 4 25 2
MAELACEIEY (B5C), HT CuCo-LDH REE MR My et ik E b ikt , FHdt— 54-AP &4
FABIRIRR Y., AR A (A BRI Gkt iR R B AERR R BA5S . IXFhH ERREEURAL
EERFEORMEME AN R, W 7 EROR WG T 4880 FHIE, hESE iR =EiE
RS Ve S i

WA, AR 6 D LB 1 =Rk s H) oy A PR i A . I SD~F FrR, 3R R kS|
KOG EE AR 5 H Rk B 2 ) ¥ BRI &G R . Hdr, o-DHB EILH P B EEHE (0. 1~5
pmol/L, = 0.983; 8~40 pmol/L, R*=0.966), £ (LOD) 40.03 wmol/L; m-DHB HY &4 [
7 50~1000 pmol/L (r*=0.980), LOD Jj47.64 wmol/L; p-DHB £ %38 [H 4 0. 1~30 pmol/L (¥ =
0.990), LOD >40.04 wmol/L, HHAMCHGEM IR (F1), ZPOREEL AR 2R SFK W Akt
IR HL AR R
2.5 CuCo-LDH ZEXEFEMENENLIIERR

Sk — 27 ]BH CuCo—LDH % 5 28 FE PE A AL AL S o8 W [ml o3 S o 5 5 PR L], A iF
78R M EPR A B A AR SE 5% POD F1 OXD ik R r= AL s PE A AdEA T TIF5E . N 6A B,
POD & Z A ) LAY H) DMPO-- OH P EIE(E5, 1 OXD & R AL E) DMPO-- 0, FFIEfE S, F£WY - OH
Al - 0,372 5 POD M OXD fitfbid #2. aE 6B i/, FEPODIRRHIIAN - OHHHFIGNR (TU) LA
JAEOXD R Z NI - O, 4R FREE (BQ) J5, ARWICEEH RIS, 58] - OHM - O, 7EAHM
ALY R EEAE . [, =Pk s [F] 2 e (35 330 S AH R B e B R A ALl P e
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Fig. 5 UV - Vis absorption spectral responses of the POD  (A), OXD (B), and LAC (C) systems toward catechol, res-
orcinol, and hydroquinone; linear relationships between the concentration and absorbance change (A, — A) of catechol
(D), resorcinol (E), and hydroquinone (F) in the POD system
B AR A R A

Table 1~ Comparison of different methods for detecting catechol and hydroquinone

o—DHB linear p—DHB linear

. o-DHB LOD / p-DHB LOD
Material Method range / (pmol- .y range/ (pmol- " Ref.

= (pmol-L™) i / (pmol-L™")

L") L")
N-GQD/AgNP ERUNFS 0. 1~15 0.03 0. 3~20 0. 10 [40]
Zn0 nanorod/carbon cloth composite Ak 2~45 0. 81 2~30 0.57 [41]
Mo2C/C/GCE IR A= 237 1. 0~1000 0.15 0. 5~1000 0.13 [13]
Cdots P 0.05~2.0 0. 046 0.1~0.5 0. 10 [16]
KOH-activated GSEC film SR AR o3 0. 5~200 0.10 0.5~200 0.10 [14]
Mn—uNF ERCRIS 50~320 40 0. 1~3200 0.05 [42]
Cu0@Si02 RN 1~500 - 1~1000 - [17]
2D Co—CN (H) catalysts ERURES 50~600 - 10~110 - [18]
FeCoOx EALRIS 1.5~100 1.37 1~100 0. 824 [20]
0. 1~5;
CuCo-LDH RN 840 0.03 0. 1~30 0.04 This work

2.6 HEEFUHEBIMERESNRABANFEZBME S REE

BT Bk AR F MR, AT AE 96 FLAH FIH CuCo-LDH My T = 38H H {614 & F4E 51
(POD., OXD., LAC). ASCHIPLE , (EHE A RIBHAEIN, SR A RETFAIL SOV G M S F AR S 7505 1 1%
RAE, I PSSR IS ROV FLA B EVE I R 55, BULRREHI N BALE S IR i T4k
PRV, 95% SRR 15 & 28 BIREARTE LDA 154322 1) vh B B FD b 7 50004 545 5, JE4E S
X253 A s W 32 9

VP 1B ) BZE 53 I ) o SR A AR TRUNRE 0T, AT i SR 1 6 MM IRIR BERR B (3.
5.8, 20, 50, 100 pmol/L) FH o-DHB. m-DHB Fl p-DHB. WK TA~F iR, TIREIEMRKE (3
pmol/L) IBEEHEE (100 wmol/L) /KFTF, 3FPFEI > HAAREFE S A M 4k LDA 347 B WP i AL
AEBH 95% BEAGHE , RIhTLBL T RSB R FROREX Sy, 56 AT EME (F2),
GFEIA BEARM X, iR, FE)E, HE—BRE TR e AR S A T R e
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Fig. 6 EPR spin—trapping spectra of the POD and OXD systems (A); effects of radical scavengers and dihydroxybenzene iso-
mers on the catalytic reactions of the POD and OXD systems (B)
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Fig. 7 LDA discrimination plots of three benzenediols at 3 = 100 pmol/L under single—concentration conditions (A - F), mul-

tiple—concentration conditions (G), and in binary (H) andternary (I) mixed systems
2.7 F_MEXREESWAIZS
FESERR I sy, W2Ris e L2 iR S e 317 . hEE G I TEE sk R
W R BIELRE, ASFFE 43 % R BE SR 10 umol/L ) T iR A AL BE 24 20 wmol/L Y =JeiR S itk
TV IRASE . ME THFR, B EIREEEE M iR G R R, ARV 1 DR BA IR B
IRIGBIZHA (30% o-DHB: 70% m-DHB. 50% m-DHB: 50% p-DHB. 70% o-DHB: 30% m-DHB L. &%
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SRR eSS HPIAHZ M EAES, H 5404050 % ARSI TG a0 A &kl sy, it
— i, BN E R SRR AR R CRIREETEE R 20 pmol/L) , ASWFFTLL 3 Fh4lizl sy (o-DHB,
m-DHB. p-DHB) “AZ:H, HAUHET WAERE LIRS FEA (60% o-DHB: 20% m-DHB: 20% p-
DHB %% 60% m—-DHB: 20% o-DHB: 20% p-DHB) . Z53EMH (B 71, XPifh=ICiRAWTE LDA 25 [H)
R A AR SRS RS M E AL, AMUE =R HEAR 58 2008, HAAALP AT 306 43 A
EEEY, RSN B, R KRR, 1%L G AR R i PR S —
SR, BV S5 B AR . R R AR AR R, AR B R0 28 SR R R RE
TG TAER P BTN
2 AREFEFIX Sy =Fh gl 5328 W )53 S i X E

Table 2 Comparison of three monomeric dihydroxybenzene isomers distinguished by different arrays

Discrimination Discrimination

. . .. ML algo- ..
Material Input signal Detection instrument . range / (pmol: limit/ (wmol- Ref.
rithm . >
L L")
Cu0@Si0, WGHE (A, FIA,) UV-Vis Z0eeiett PCA 5~1000 5 (17]
WG . RGB ., ,}}1‘ UV-Vis 4> V¢ FE . ZEH 6k = 60 A
2D Co-CN (H) lij‘ﬁfy?‘a #{E J is 1}3‘67\%&2# A BT peA (A 60 [18]
ARk Bl AEHER AR AL JEX43)
C OH) ,Cl . Ni-doped X N
v (OR), ORISR (1, ) UV-Vis 4M0EET PCA 5-20 5 [19]
Cu, (OH) I
FeCoOx W Agpg UV-Vis 53096 PCA 10~100 10 [20]
Thi
CuCo-LDH RGBH HRETFHL LDA 3~100 3 '1
Wworl

2.8 BANF_MESFUENFEEESHT

ZH AR S AN E SR XX EE )T, R T RIF0 e B0 1. kit
—IRITMEMERE, AW AS IR R B B2 () SR — R 3 5] 3 e A AR EAT 140 . ZELDA BRI, T
FE—FHNEF (Factor 1) M/rRTTBRER K, mARREHIRE 17 IFGEER 7 Z25HE, Bk, A5
PRECT 370 H bR EA EIR BE T ) Factor 1484y, F140 0 5 HK EER X EE (log C) AR PRI AR
I, P 8A~F FIF7R, 3FPE 3 [E) 43 AR IR Factor 14543 5 H B RHEIUIE 2 1m) ) S B0 B Al 2Rk
Wi 28 . Her, o—DHB AYZEMEFEE 4 3~100 wmol/L, m-DHB Y £&44: 35 [l 4 20~700 pmol/L, p-DHB
FY 2T A 3~50 pmol/L, ZFXFMHEE RE (R*) 43514 0.989, 0. 980 F10. 960, K Ui L AH
RAEHE—BAIESE, TR T IR B I I UL P B RESTE O T KBRS B OGS M 52T T, SE 2R
PR B AT S E A
2.9 EEEFRHENERX DS MEREWZERS

KB EIZ AR PR A AR LS A P BT FHRRE 1 5 SE M, ASWESE LAY & B 55 SERR A i3
st ME 9 PR, TEE AW LIRS, ARSI 3 Ak BEAEEE (10, 20, 50
pmol/L) T IZR Iy 6] 43 A AR SR O TR S X A3 %0RE o A5 WK B2 09 P-4 300 i B AF LD A 25 [w) vt
RE@EER, MUEABW SRR S MEN, HAHAMEI TN XS, X458 ik
% VZAERCE G RES A SOOI B B A T, B UL R R R RE A

WA, ASWEFE R AR DI — 2 A, T 7 A SEBrR e S 10 St . & SR 4h 2R i
R (F3~F5), 3FHEHERO T MIERIEDER A 83. 7% ~ 98. 3%, HXTAREMZE (RSD, n=6) ¥KT
4.1%, MR SEARA RSD (A, RIHIZ ISR B T P AR & s ARG % B, i —
WIIE TR 551, AT SE DB37/T 30362017 (ALt AR 1y . [a) 28 /5 . R iy )
SE ORI ), SR SO A A RE . (HPLC) #8573 Fh H bRpbrueth 2, JFRt 575 A ]
IR BE R SEBRAE SR T T . HPLC iR AR I3 4 94. 8% ~ 110%, RSDA0. 87% ~ 3. 1%, Pifh 5
EXFRD S SRR R R E R, SRR R S T iRAE E A SERR AR P AT R I i
BTN, H AT S
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Table 3 Determination of spiked recovery of catechol in arbutin cream diluent

Detected by

Added / Detected / RSD (n= HPLC recovery HPLC RSD
Sample = = Recovery /% HPLC/ (pmol-
(pmol-L™) (pmol-L™) 6) 1% 1 1% 1%
1 3 2.77 92.3 1.4 3.06 102 1.8
20 19. 14 95.7 0. 66 22.02 110 1.3
3 30 28.71 95.7 0.71 29.07 96.9 1.4
F4 BERTFLVEFORRC )R i bRl e
Table 4  Spiked recovery determination of resorcinol in arbutin cream diluent
Detected by
Added / Detected / RSD = HPLC
Sample o crected Recovery /% (= hprc (pmol - eCOve HPLC RSD/%
(pwmol -L™) (pmol-L™") 6) 1% ) 1%
1 80 76. 47 95.6 2.9 81.97 102 1.8
100 96. 00 96.0 4.1 102. 19 102 .
3 1000 934. 00 93.4 0.94 954. 41 95.4 1.9
5 RERATRLE VR R R i bR b el €
Table 5 Determination of spiked recovery of hydroquinone in arbutin cream diluent
Detected b
Sam Added / Detected / & o RSD (n= HPE;; ‘z Y |, HPLCrecovery HPLCRSD
m mol -

e (pmol-L")  (pmol-L") e 6) /% L")'L © 1% 1%

10 9.38 93.8 0.91 9.48 94.8 0.87

20 16.73 83.7 0. 82 20. 20 101 3.1

3 30 29.50 98.3 0.52 29.23 97.4 1.8

+ A
3 .2-|:| Te

AT 7 HA L E G . SRR IR B G TE) CuCo-LDH 492K )1, 455 RET

PLEIG AT Sl g ST 1 5K =0dE b (AR5 . %P 6 R =Rk s 7] 73 S A PR A I
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