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Abstract

Accurate analysis of organophosphate pesticides)@®h portable devices remain an elusive
goal that have received widespread investigativentibn in the areas of environmental
contamination and disease prevention. Herein, usafign-one enzyme-inorganic hybrid
nanoflowers (ACC-HNFs) to fabricate high-performarartificial enzyme cascade system, we
established a sensitive and affordable lab-on-pdpesensor. This biosensor incorporated
disposable screen-printed carbon electrode (SP@dEy@lorimetric test strips, which enabled the
dual-modal readout (electrochemical and colorimesignal) for on-site monitoring of OPs,
achieving an “on-demand” tuning of the detectionfgrenance. Using paraoxon as a model
analyte, the ACC-HNFs-based lab-on-paper platfooictreach a limit of detection down to the
femtogram/mL level (6 fg mL}). Meticulous design of ACC-HNFs provided a velsatipproach
for constructing artificial enzyme as a recogniaed amplifier to fill the gap in constructing
robust artificial enzyme systems which can be usedon-site contamination monitoring and

biological diagnosis.

Keywords: pesticides, point-of-care detection, organic-inorganic hybrid nanoflowers, peroxidase

activity, dual-readout strategy
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1. Introduction

Organophosphate pesticides (OPs) are strictly olbedrin modern agriculture because they
can cause persistent damage to public health, avieace amount (Palmer et al., 2013; Pang et al.,
2015; Yan et al.,, 2018a). To prevent OPs contaminaeffectively, rapid and accurate
identification of OPs residues in agricultural puots has become increasingly significant for the
protection of consumer health (Aragay et al., 20Majiyekkal et al., 2013; Yan et al., 2018b).
Although chromatography (Zhao et al., 2018) andsrsgectrometry (Cequier et al., 2016) are
widely used for the detection of OPs, these tecalesgstill have some disadvantages, such as
time-consuming procedures, sophisticated instruatiemt, and labor-intensive, which make them
unsuitable for on-site monitoring (Nasir et al.120Szyszko et al., 2015). Considerable strategies
have been developed for real-time sensing of ORsn(®t al., 2018; Wang et al., 2019; Yan et al.,
2017; Zou et al., 2018), among which electrochehseasors possess advantages of economy,
simplicity, and miniaturization capability in poiof-care testing (POCT) field (Ge, L. et al., 2012;
Liebes-Peer et al., 2014). The most popular elebtmical strategy for monitoring OPs is
indirectly carried out by testing enzyme activibg$ of cholinesterase (ChE) (Chen et al., 2017,
Gupta et al, 2011; Khare et al, 2012; Winrow &t 2003). Although enzyme-based
electrochemical biosensors are featured with aabépselectivity and sensitivity, their drawbacks
are also conspicuous. One challenge of the falitatf an enzyme-based electrochemical
biosensor is that enzymes as signal-amplifier astalole and vulnerable to environment, further
influence the stability performance of sensor (Kaurd Prabhakar, 2017). In addition, the
detection limits of these biosensors are usualig ha be improved to the level of picogram/mL,
which is unable to satisfy the monitoring requiraiseof low-abundant targets (Yang et al., 2011).
More importantly, the signal output is confirmed lon through electrochemical
workstation-processed electric signal to quantigatianalysis of target pesticide. Such a
single-modal readout makes the discrimination dimiration of signal noises induced by matrix
or interferents difficult. Accordingly, obtainingew enzyme amplification protocols for routine
enzyme-based electrochemical biosensors to circoimtreese shortcomings possess urgently
desire. Significant endeavors have been undertédkeanhance output signal by investigating

nanomaterials as carriers for enzyme immobilizatibecause immobilizing enzymes could
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enhance enzyme stability in operational conditiofisth et al., 2014). For instance,
two-dimensional transition metal dichalcogenidesememployed as nanocarriers to immobilize
enzyme via chemical crosslinking, which can inceedlse stability of enzyme. Cui et al.
developed a multi-layered sol-gel matrix for loapi\ChE by layer-by-layer casting and
electrodeposition, which showed high stability aadroducibility (Cui et al., 2018). Besides the
benefits brought by enzyme immobilization, it ixessary to recognize that the performance of
enzyme activity can suffer changes upon immobilizat The current nanomaterials-based
enzyme immobilization takes place during the compeocess of covalent linkage or sol-gel
synthesis, which may lead to denaturation of enz¢@ien and Chatterjee, 2013; Si et al., 2011).
Moreover, those nanomaterials with the relatively loading capacity of enzyme hinder the use
of platform.

The core protocol for enhancing stability and siengi of enzyme-based electrochemical
biosensors includes not only maintain the bioatgtidf enzyme but also carry numerous of
enzymes (Tang et al., 2011). Organic-inorganic idybanoflowers (HNFs), the three-dimensional
shape of flower-like hybrid materials, have arousetknsive attentions especially for enzyme
immobilization applications (Ge, J. et al., 201Z ¥t al., 2016). Such HNFs exhibited two
intrinsic advantages: (1) The large surface arée&xofnore active sites to provide a guarantee for
more enzyme loading (2) Enzymes can be adsorbedhiatgap of petals, rather than dangling on
the surface of the HNFs, contributing to maintdie stability of the enzyme and reduce leaching
during recycling. Thus, HNFs as enzyme carriersl igoeat promise in the field of sensing (Wu et
al., 2018; Yu et al., 2017). More interestingly,-Gased HNFs can possess unique peroxidase-like
activity, which catalyze hydrogen peroxide to progldaOH (Huang et al., 2015; Zhu et al., 2018).
These Cu-based HNFs scaffolds provided a consiterajpportunity for integrating natural
enzyme and nanozyme, which in principle exhibittiplé cascade catalysis (Miao et al., 2018).

Inspired by the aforementioned developments, welodgged the HNFs to fabricate
paper-based biosensor with electrochemical sigmglub and complementary colorimetric readout
for on-site monitoring of OPs. In order to achighis design, all-in-one enzyme-inorganic hybrid
nanoflowers (ACC-HNFs) were chosen as the suppatemnal for immobilizing AChE and

choline oxidase (ChO) on the surface of detectiomez IV (Scheme 1). As-synthesized




10
11
12

13
14
15

16
17
18
19
20
21
22

ACC-HNFs composite with activity of natural enzym@ChE and ChO) could catalyze the
substrate acetylcholine (ACh) to generat®} Then the peroxidase-like activity of ACC-HNFs
toward the catalytic oxidation of 3,8,5-tetramethylbenzidine (TMB) with the help of enztina
product HO,. ACC-HNFs not only possess unique mimic enzyme-ldctivity and natural
enzyme property to catalyze coloration of the clogemic substrate, but also amplify the
electrical signals by tandem catalysis reactions. iddicated inScheme 1, after introduced
paraoxon to the detection zone 1V, the test stag folded in order from regionsto [ to [J, and
then a discernible colorimetric signal was obserirethe observation zone. Subsequently, the
entire test strip was folded above the electrodeafoperometric measurement. By using this
dual-readout platform, a rapid and preliminary gative analysis of OPs can be performed with
naked eyes, and accurately quantitative detectisoltr can be further achieved with a portable

electrochemical workstation.
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Scheme 1. Schematic illustration of the proposed dual-moagley-based biosensor.

2. Experimental Section
2.1 Materials and I nstruments

KMnQ,4, AChE, ChO, ACh, and acetylthiocholine (ATCh) weparchased from Ryon
Biological Technology Co., Ltd. (Shanghai, Chindyis-HCI buffer solution, acetate buffer
solution, TMB, 5,5-dithiobis (2-nitrobenzoic aci()TNB), and dimethylsulfoxide (DMSQ) were
obtained from Sigma-Aldrich reagent Co., Ltd. (Stuis, MO, USA).The UV-Vis absorbance

measurements were obtained on a UV-2550 spectrom@himadzu). Electrochemical
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experiments were operated with electrochemical statlons (Vertex. One. EIS, Ivium,
Netherlands) at room temperature. Screen-printdaboeelectrode (SPCE) was bought from MM
Electronic Technology Co., Ltd. (Shanghai, Chif&)or to electrochemical measurements, SPCE
was washed separately with ethanol and deionizadrwdried by nitrogen later. The detailed
microstructures of the samples were analyzed vEtk-2100 transmission electron microscope
(TEM) and JEM-7500 scanning electron microscopeMBEX-ray diffraction (XRD) analysis
was used a Bruker AXS D8 Advance Powder X-ray aiffometer. FT-IR spectra analysis was
collected using a Nicolet 6700 FT-IR spectromeféhefmo) in reflectance mode. Thermal
gravimetric analysis (TGA) was carried out undestraam of nitrogen at a heating rate of 10 °C
min* from 30 °C to 800 °C using a Hi-Res TA Instrumevitsdel 2901.
2.2 Preparation of the AChE/ChO/Cu3(PO,),-HNFs

Typically, 30uL of 200 mmol C* PBS (pH 8.0) contained 50 of AChE (1.0 U mC% and
50 uL of ChO (2.0 U mL") was added to 84pL deionized water, then 25 of 200 mmol L
CuSQ was added to the mixture, followed imgubation at 4.0 °C for 18 A.he synthetic product
were centrifuged and redispersed to removenire-binding enzyme. Finally, ACC-HNFs were
obtained by repeating the abgwecess three times.
2.3 Manufacture of dual-modal biosensor

The 10uL ACC-HNFs modified paper was directly added irfie tetection zone. Then, 10
uL of ACh, TMB, and stop solution was added intdfetiént regions in sequence. After D
paraoxon was introduced into detection zone, regipn, andr] of the detection zone was folded
and the fold of each region was maintained for 3@ then a discernible colorimetric signal was
observed with naked eyes in the hollow region. Méale, the entire paper was folded above the
electrodes, and the generated electrons can ler betinected to the working electrode through
the hollow region.
2.4 Electrochemical and Colorimetric Detection of Paraoxon

All electrochemical measurement processes weremeed at room temperature and each
measurement was performed in a new disposable SBéfare the analysis of the paraoxon,
parameters, such as ACh concentration, ACC-HNFsearation, and incubation time, were

further optimized. Amperometric i-t curves were aeled at +100 mV during 30 s. For
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colorimetric measurements, different concentratimingaraoxon were reacted with ACC-HNFs in
the presence of 5L ACh, and 5QuL pH 7.5 Tris-HCI buffer at 37 °C. After 30 min, pl TMB
(1.5 mmol L*in DMSO), 900uL deionized water, and 2Q0. acetate buffer (0.1 molt, pH 4.0)
were added into the mixture at room temperaturelformin, the colorimetric changes were
visually observed and also measured at 652 nm thiéh spectrophotometer. The detection
mechanism of this dual-modal biosensor is basedbibiting the activity of AChE, thus the
inhibition rate (1%) can be expressed as a linelationship with the concentration of paraoxon. 1%
was analyzed by the following relation:

1% = (I no innibitor— ! inhibitor) / (Ino inhibito) *100% (4)
Where | o innibitor @Nd | innivitor  represented the response (absorbance and curoént)

ACC-HNFs-TMB and ACC-HNFs-TMB-OPs system, respeditiv

3. Resultsand Discussion
3.1 Characterization of the AChE/ChO/Cu3(PO4)>-HNFs

A one-pot process was applied to synthesize ACC41iNEh good dispersion via protein
biomimetic mineralization at the scaffold of {R0,),*3H,O (Figure 1A). Hybrid-building
blocks (AChE and ChO) in the form of complexes with (II) by the coordination between the
nitrogen atoms of the amide groups and metal iatlowing, nucleation of copper phosphate
crystals (Cw(PQy),*3H,0) were formed at binding sites and grow to theasmp petal-like
structure (nanosheets, as showifrigure S1). Through the biomineralization, anisotropic growt
and accumulation of nanosheets results in the fimmaf ACC-HNFs. As expected, ACC-HNFs
exhibited three-dimensional flower-like morpholagyder SEM with an average size of 5.0 + 0.7
um (Figure 1B and Figure S2). The unique hierarchically structured nanofloweish high
specific surface area could effectively increase rificognition of the substrate molecules, thus
contributed to the improvement of the biocatalyitivity of the ACC-HNFs. TEM image of
single nanoflower further showed favorable hierarahstructure with a petal-like structure
(Figure 1C). Close observation clearly demonstrated thatligig-colored petal portion were
composed of nanoflake structur&sgure 1D). The difference color of an individual ACC-HNFs

in the energy dispersive spectroscopy (EDS) patterpressed the elemental composition (C, P,
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and Cu elements) and distribution of the produetealing the presence of enzymes and
Cw(POy), components in the nanoflowefSigure 1E). In this process, biocompatible {ROy),
plays a vital role in the immobilization of AChE&&hO. The FT-IR spectroscopy further proved
the presence of P®, in which the adsorption bands at around 1128'@ssociated with the
stretching vibration of P=Qnits Figure 1F). The XRD patternsHigure S3) indicated that the
major crystalline components for ACC-HNFs were;@@;),. Such protein assembly protocol is
attractive for efficient construction of ACC-HNFswing to their simplicity of synthesis

procedure without any toxic elements or complexfigation pathways.
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Figure 1. (A) Synthetic process for the ACC-HNFs. The SEN é8d TEM images (C) of the
as-prepared nanoflowers. (D) Low-resolution TEMt& region. (E) EDS element patterns of the
prepared nanoflowers. (F) FT-IR spectra of as-pexpACC-HNFs and G(PQy),. (G) TGA plots

of the ACC-HNFs and G(POy)..

For enzyme-mediated signal amplification strated@fiesensing pesticide, the core challenge
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is to carry numerus of enzyme molecular and maintae catalytic bioactivity. To testify the
loading capacity, TGA of the as-prepared ACC-HNFaswconducted irFigure 1G. The
first-stage decomposition of ACC-HNFs started frah® °C and finished around 390 °C, which
was attributed to the burning of enzyme, indicatimg loading capacity for encapsulated enzyme
of nanoflower was approximately 27.4%. To furthkrcelate that AChE and ChO were both
immobilized on the organic-inorganic hybrid nanefeys, rhodamine B (RhB)-labelled AChE
(Red) and fluorescein isothiocyanate (FITC)-modifehO (Green) were employed as building
blocks for the synthesis of ACC-HNFs. In confocéliofescence microscopy images, the
green-emission dots and red-emission dots repese¢hng distribution of ChO and AChE in the
ACC-HNFs (Figure 2A, 2B, 2C), respectively. The overlapped yellowish greenocoh the
co-localization image is consistent with the intdrintegration of the two enzymes in the
nanoflower carriersHigure 2D). Accordingly, by estimating the relative amountesfzyme in
nanoflower (fluorescence methoBlijgure S4) and the initial amount (mass feeding ratio of
AChE:ChO) in the reaction, the enzyme immobilizatiefficiency of AChE and ChO was
calculated to be 80.0% and 50.8%, respectivelynTtie activity of the immobilized AChE and
ChO in the ACC-HNFswas carefully investigated by Ellman’'s test and ageium
permanganate redox titratioRigure S5, S6). Compared with free enzymes, ACC-HNFs exhibit
8.7% and 29.7% decrease in the activity of the ilmiized AChE and ChO, which may due to the
mass-transfer limitations in the scaffold. Althoublere is a slight decrease in enzymatic activity,
the storage stability of enzyme in ACC-HNFs reaetas significantly improved compared with
that of two enzymes in homogeneous diffusional tsmiu(Figure 2E, 2F). The outstanding
stability may be attributed to the biocompatiblgeiface of Cg(PQ), for the enzyme
immobilization. Because high enzymic activity aotd-term stability conferred better catalytic

efficiency, this designed ACC-HNFs indeed providesl possibilities for sensing application.
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Figure 2. (A) Bright-field image of AChE-ChO-G(PQy), hybrid nanoflowers. (B) FITC labelled
ChO in nanoflowers. (C) RhB labelled AChE in naoeférs. (D) The overlap image of
bright-field and fluorescence images. (E) Storageikty of AChE-HNFs compared with that of
AChE in homogeneous diffusional solution. (F) Sgarastability of ChO-HNFs compared with
that of ChO in homogeneous diffusional solution.

3.2 Peroxidase-Mimetic Activity of AChE/ChO/Cu3(POg4),-HNFs

Besides its high surface area, ACC-HNFs also shaweuique advantage of mimic-enzyme
property. The potential peroxidase-like catalytitivdty of ACC-HNFs was investigated by using
several typical colorimetric substrates in the pneg of HO,. As displayed irFigure 3A, the
ACC-HNFs could catalyze the oxidation of 2a2ino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS), TMB, di-azo-aminobenzene (DAB), and o-phengdiamine (OPD) to generate
corresponding ox-production with respective colbamges, revealing that ACC-HNFs indeed
exhibit the inherent peroxidase-like activity. Tptimize the performance of ACC-HNFs, a series
of control experiments were carried oktdure S7). The optimal conditions were determined as
followed: the ACC-HNFs were synthesized at 4 °C18rh with pH 8.0 Kigure 3B), which not
only possessed high activity of nanozyme, but #lsught benefit to maintain the activity of
natural enzyme. The steady-state kinetic experisnavdgre performed to further evaluate the
peroxidase-like activity Kigure S8). In a certain range of substrate concentratigpjcal
Michaelis-Menten curves were determined for both BrMind HO, (Figure 3C, D).

Michaelis-Menten constanKf,) value of the ACC-HNFs with both TMB (0.198) ang@ (0.324)

10
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as the substrate was much lower than that of remtisdr peroxidase (HRP), indicating that
ACC-HNFs exhibited a significantly stronger affinitoward substratesTéble S1). Potential
enzymatic performance of ACC-HNFs was further itigeged in detail by detecting,B,. The
results were depicted dagure 3E that the absorbance at 652 nm increased along thith
increasing of HO, concentrations, accompanying that the system agdadually turned into
deeper blueRigure 3E inset). Stability of nanomaterials is a main property édealuate the
performance in sensing. After 30 days of storageam temperature, the activity of ACC-HNFs
remained almost constant of their initial activity92%). In contrast, HRP showed a substantial
loss of activity (~95% decrease in absorbance siti@nat the third dayHigure 3F). Moreover,
under extreme pH or high temperature, the nanoalse kept relative high stability in aqueous
solution Figure S9). The HO, concentration for suppressing the enzymic actigityanozyme
was at least 10-times higher than HRP, indicatired hanozyme possess extremely highgdH
tolerance compared with that of HRPidure 3G). Those data clearly illustrating that the
ACC-HNFs possessed acceptable mimic enzyme catafdiivity with excellent stability,
providing considerable opportunities for constmgtiartificial enzyme cascade platform by

integrating nanozyme and natural enzyme.

11
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Figure 3. (A) ACC-HNFs catalyzed the oxidation of peroxidasbstrates to produce colorimetric
reactions. (B) Optimizing the synthesis conditiamfsACC-HNFs. (C) Michaelis-Menten and
Lineweaver-Burk plots for kD, and (D) TMB. (E) The UV-Vis absorption spectratloé reaction
solutions containing ACC-HNFs with different contation of HO,. (F) The enzymatic activity
of ACC-HNFs and free HRP during storage for 30 dé§3 Effects of HO, concentration on the
catalytic activities of ACC-HNFs and free HRP. (F)e UV-Vis absorption spectra of (a) HNFs +
ACh + TMB (b) HNFs + ACh + TMB + OPs (c) ACC-HNFsTMB and (d) ACh + TMB. (I) The

circulation utilization rate of the ACC-HNFs.

3.3 Colorimetric and Electrochemical Detection of Paraoxon

To design a facile and accurate strategy for ORsafxon as a model) detection, the artificial
enzyme cascade platform was established based @iH@s. The feasibility of multi-enzyme
cascade reaction was assessdéiguire 3H. That is, ACC-HNFs with activity of natural enzyme
(AChE and ChO) catalyzed ACh hydrolysis to prodobeline, and subsequently converted to
yield betaine and D, by means of dissolved oxygen. In the presence £5,HACC-HNFs
further catalyzed the TMB into colored product oxBMith characteristic absorbance at 652 nm

(curve a). The equation of the reaction is shown below.

12
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AChE : - N
Acetylcholine chloride + H,0 ——— Choline + Acetic acid

ChO . 2)
Choline + O, I EE— Beataine + H,0,
Nanoflower 3)
TMB + H,0, —_— oxTMB + H,0

When paraoxon was introduced, the AChE activity wasediately inhibited, which prevented
the generation of ¥D,, accompanying the absorbance change of systarwe b). Meanwhile,
the solutions (substrate system) containing ACA®E-HNFs alone could not induce any change
of absorbance intensitgyrve c, d), indicating that ACC-HNFs-based artificial enzyescade
platform could be used for sensing OPs. The stalafi platform was further examined by cycle
utilization. As shown inFigure 3l, after five reaction cycles, the ACC-HNFs onlytl@8%
catalytic activity, which confirmed that the ACC-I#bBl were recyclable and could be utilized for
long-term operatiorAs shown inFigure S10, there were no significant decrease for the didvi
of AChE, ChO, and nanozyme (19.7%, 17.2%, and 10r&%pectively). Thus, the decrease in the
activity of ACC-HNFs was mainly due to the losstloé material during the process of centrifugal
washing. Therefore, a facile and colorimetric biss® was developed for the analysis of
paraoxon via detecting the chromogenic substrai@sx

It should be noted that TMB was not only the mashmon chromogenic substrate, but also
regraded as electroactive redox dye indicator.if@proving the sensing sensitivity, stop solution
(2.0 mol L* HCI) was introduced, the blue colored oxTMB (cteatansfer complex) turned to a
yellow colored diimine (two-electron oxidation) Wipositive charge, which can be quantified by
electrochemical detection methods. According te fd@rformance, an electrochemical strategy for
the detection of paraoxon was schematically reptegenFigure 4A. The ACC-HNFs were first
deposited onto the screen-printed carbon elect(S8&E) followed by the deposition of ACh
layer before the final immobilization of TMB contég stop solution. When paraoxon was
introduced, the activity of AChE was inhibited, ulting in a significantly decrease the response
of amperometric current density. As a proof-of-capic the electrochemical responses depicted
that 5.04pA cm? current was generated from the positive sampla ®iPs Figure 4A inset),
which was 10 times lower than the negative con{®h.43 A cm ?). Meanwhile, the
corresponding color of solution changed from yellaw colorless Kigure S11), which were

consistent with the electrochemical measuremeriisrefore, the feasibility for the detection of

13
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paraoxon was clearly verified by both amperometiitd colorimetric readouts. To further
investigate the stepwise immobilization process, itlierface properties of modified SPCE was
assessed by cyclic voltammetry (CV). As illustrated Figure 4B, the peak current of
[Fe(CN)*™ at the modification of SPCE with ACC-HNFs (blacke) decreased greatly
compared with that at bare SPCE (purple line),tduée limitation of electron-transfer caused by
enzyme. Under the physical adsorption action, GidlsfaCh were successfully fixed on the SPCE
surface, accompanied by an increase in peak cu¢pémk line). Electrochemical impendence
spectroscopy (EIS) was further measured for ingasitig the electron-transfer resistance and
interfacial changes of an SPCE electrdelgure 4C showed Nyquist diagrams changed gradually
with the successive assembly of ACC-HNFs (black)liand ACC-HNFs/ACh/OPs (pink line),
which was consistent with those in CV graph. Thengarison between the CV and EIS
measurement results for the bare SPCE and SPCEMIKES; which indicated that the increase
of impedance value corresponds the decrease ofpélaé current was associated with the
immobilization of this poor electrically conductiveaterial (ACC-HNFs). Thus, if ACC-HNFs
were directly modified on the electrode, the elatir transmission of the reaction product would
be hindered, which affected the sensitivity of #hectrochemical biosensor. Furthermore, due to
dark background color of SPCE, the color changeeattion was not easily observed. Thus,
ACC-HNFs were gave priority to fix on the test papestead of modifying it on the electrode,
which made the electroactive product (diimine) clise contact with electrode, improving the

sensitivity of electrochemical biosensor and adhgolorimetric sensing for OPs.
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Figure 4. (A) Immobilization of ACC-NHFs on the surface dPSE and the inhibition effect of
paraoxon on AChE. The response of amperometri@ntidensity for the negative (no paraoxon)
and positive (with paraoxon) samples. The signange of the CV (B) and EIS (C) for each
modified layer of the as-prepared biosensor. Theeemental conditions are as follows: For CV,
scan potential is from -0.3 to +1.1 V, and scae iat0.1 V §". For EIS, nanocomposites in a
solution containing 0.1 molt KCI solution and 2.5 mmol 12 [Fe(CN)]*/[Fe(CN)]*.

The dual-mode lab-on-paper device, containing et-s&ips and SPCE, is elaborately
designed by folding the specific tabs to form creisaped structurd=igure S12 illustrated that
the unique device comprised of one detection taBGAHFs section) in the center position
surrounded by three folding regions that were niedifvith ACh, TMB, and stop solution. SEM
images of bare paper and ACC-HNFs-modified detectione were proved that the nanoflower
had been successfully modified on the surfacesethfilose fibers(Figure S13). After specific
folding in turn, the SPCE can be connected wittect&in zone (IV) to permit electrochemical
response and visual predictidrigure S14). Under the optimal condition&igure S15, S16, S17),
the lab-on-paper device was used for monitoringu@esn based on the dual-readout model. The
naked-eye observation of noticeable color changa® fyellow to colorless demonstrated the

presence of paraoxon. As displayed Rigure 5A, along with the paraoxon concentrations
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increasing from 0.01 to 100 ng Ml the absorption at 452 nm of the ACC-HNFs/TMB eyst
was decreased gradually. The linear regressiontiequaas estimated to be 1% = 10.147 Log
[Paraoxon] + 21.834 (R= 0.9990) with the detection limit (LOD) down t6 pg mL". It should
be pointed out that our eyes’ sensitivity couldtidguish the obvious color variations for the
semi-quantitative detection of paraoxon only re@ich ug mL™ (Figure S18). Notably, the
diimine product was electroactive, which allows thecurate quantification of paraoxon via
electrochemical signal. In the case of the ampemitneeadout, a good linear relationship
between 1% and the concentration of paraoxon waaired Figure 5B). The linear regression
equation was estimated as 1% = 12.296 Log [Pardox@6.471 (R = 0.9910), which confirmed
the relatively better sensitivity in the range o® & 10°— 0.6 ng mC* (LOD of 6.0 fg mL?) in
comparison to the colorimetric output. Furthermdregause of ACC-HNFs could catalyze(H

to produce electroactive product (*OH), a contsgdeximent for paraoxon detection was designed
without introducing TMB. For direct comparison, thensitivity of ACC-HNFs system against
ACC-HNFs/TMB system was performed by using the saeteof solution and analy{Eigure
S19). It is worth noting that ACC-HNFs/TMB system possed high sensitivity, which was
ascribed to the high electroactive and acceptahlalisy of diimine. This duel-model platform
offered two dilerent detection alternatives: one produced by #tlew color of diimine product
(qualitative mode) and the other output passed electrochemical signal (high-sensitivity
guantitative mode), achieving an “on-demand” turdfithe monitoring performance. It should be
noted that the qualitative mode is more conveniean the quantitative mode because the latter
required an additional electrochemical operationr IPOCT application, qualitative mode
performed priority in sensing unknown sample. Haghmsitivity quantitative mode was only
needed when no effective signal was obtained ititgtise mode.

In addition, a comparison with other related OPasses showed that our developed
dual-readout biosensor performed outstanding doalyperformance with a satisfactory LOD,
broader linear range, and acceptable detection ttrgeworth mentioning that the ability to detect
pesticides at fg mL level is sufficient to detect them at residue lesxecording to the generally
accepted standards of many organizations aroundédhd (Cheng et al., 2018). Furthermore, the

proposed dual-readout platform whose sensitivitgtideast one order of magnitude higher than
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many of the previous electrochemical bioseng®able S2). This ultralow detection limit arises
from the following distinctive features: (1) ACC-HR as carrier can load amount of AChE and
ChO by taking advantage of large specific surfa@a,awhich not only maintain the catalytic
activity of enzyme, but also improve the stability protein. (2) ACC-HNFs as nanozyme
exhibited much higher catalytic activity than naluenzyme (HRP), achieving enhanced output
signal. (3) The high-performance artificial enzyozscade system made AChE and ChO closer to
reduce the substrate diffusion and decompositioarten the distance of electronic transfer, thus
the electrochemical signal can be amplified remalgka4) The sensitive electrochemical signal
was also related to the positively charged diintinet possessed high electroactive, improving

electrochemical signal of the platform.
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Figure 5. (A) The absorption spectra of the oxidation prodefcTMB in the presence of various
paraoxon concentrations. (Inset: the linear retatiip between the absorbance at 452 nm and the
paraoxon concentration. The images of the productid colored products for different
concentrations of paraoxofB) Amperometric currents obtained for the desigdatoncentration

of paraoxon. (Inset: the corresponding linear regiom curves). (C) Selectivity of the
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dual-readout device toward different substanceg. TPe degradation curve of paraoxon by

conventional method (UV-Vis) and the proposed syt

Selectivity is a vital characteristic in assessithg ability of the developed biosensor,
particularly for POCT application. To better sintelahe actual environment for monitoring
paraoxon, the interference of the non-OPs (pyrathpesticide, neonicotinoid pesticide and
arylpyrrole pesticide) was investigated. As reveale Figure 5C, the output signal exhibited
remarkable decrease toward paraoxon (0.1 ng)mln contrast, there were no significant signal
changes after adding above interference pestiéide g mL"). As shown inFigure S20, some
related sulfur atom-containing compounds (100 ngnélso did not produce interference signals,
indicating the high selectivity of artificial enzgntascade system. Furthermore, to investigate the
universality of artificial enzyme cascade systeme, tesponses of seven typical kinds of OPs (0.1
ng mL?) were compared with paraoxoRigure S21). Meanwhile, the dual-response signals of
each OPs were decreased to different degrees,hbutlécrease trend of paraoxon was the
maximum among of OPs. The above results confirrhatlthe proposed sensing platform could
be utilized for monitoring a variety of OPs.

3.4 Real sample analysis

Subsequently, in order to check the potential beityi of the dual-readout platform applied
for environmental and agricultural samples anajythis concentrations of paraoxon in real sample,
including tap water, river water, rice, and applerevevaluated through the standard addition
method. In this case, the samples were spiked peithoxon standard at the concentration of 5.0,
10.0, and 20.0 ng mt(Please see supporting information for details).sAsimarized ifnrable
S3, the electrochemical readout obtained excellembweries (82.6-112.1%) with relative
standard deviations (RSD) lower than 4.3%, sugggsthe potential applicability of the
established platform for the analysis of paraoxancomplex real samples. Notably, the
degradation of paraoxon under simulated-sunlightiegp to authentic pear samples were
monitored by conventional method (UV-Vis) and theogmsed strategyF{gure 5D). The
dissipation of paraoxon apparently followed pseficb order kinetics. The dual-readout platform
results for analyzing pesticide showed acceptainleeanent (a correlation coefficient=R0.9859)

with UV-Vis installed in the standard laboratory td#sting agency, demonstrating the good
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reliability and feasibility of dual-readout platfarfor monitoring pesticide residues.

4. Conclusion

In summary, we have proposed an innovative antefatiategy for the biomimetic mineralization
assembly of all-in-one ACC-HNFs integrating the dlions of natural enzyme and nanozyme.
Employed the ACC-HNFs to fabricate high-performaraéficial enzyme cascade system, a
portable lab-on-paper biosensor with dual electotbal and colorimetric signal readout was
successfully constructed for sensitive and religga@eaoxon detection. Compared with traditional
single modality analysis methods, this dual-read®OCT platform based on artificial enzyme
cascade system possesses the following advantdgds: the artificial enzyme cascade system,
ACC-HNFs exhibited high catalytic activity, whiclarc be ascribed to the large specific surface
area to reduce the substrate diffusion and shattendistance of electron transfer. These
meticulously designed ACC-HNFs provide a one-potseawly strategy to fabricate
high-performance artificial enzyme cascade systeat bpen an avenue for integrating signal
amplification unit and biorecognition element. @Qur approach integrates electrochemistry and
colorimetric patterns into one system for “on-dediagietecting OPs. The results of the analysis
not only can be preliminarily screened by obsentimg obvious color changes with naked eyes,
but also can be accurately quantified by electrotbal signals with significantly improved
sensitivity. More importantly, the two groups ofsuéts can mutually authenticate, which can
effectively avoid false positive and negative detec (3) This paper-based biosensor dispenses
with complex sample pretreatment or sophisticatestruments, which makes it suitable for
on-site monitoring, displaying important featurasaleling applications prospect in POCT for

other harmful substances.
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1. A dual-modal readout biosensor was proposeetiectl pesticide.

2. The HNFs showed high catalytic activity by imegg nanozyme and natural
enzyme.

3. High performance: A limit of detection down toet femtogram/mL level (6 fg
mL ).

4. Screen-printed electrode combined weht strips for on-site monitoring of OPs.
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