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Abstract:

A stable and sensitive electrochemical acetylcleslierase (AChE) biosensor for
detection of organophosphorus pesticides (OPs) desloped by doping Au
nanorods (AuNRs)@mesoporous SIO(MS) core-shell nanoparticles into
CS/TiO-CS (CS denotes for chitosan) immobilization matriRuNRs@MS
core-shell nanoparticles were synthesized and cterzed. The doping and the
biosensor fabrication process were probed and moefi by scanning electron
microscopy and electrochemistry techniques. Thendpponditions were optimized.
The matrix both before and after AChE immobilizatidhad a mesoporous
nanostructure. The nanoparticles dispersed homogshewithin the matrix. The
doping significantly enhanced the electro-conduistief the TiOG-CS hydrogel, and
dramatically improved the bioelectrocatalytic aityivand OPs detection sensitivity of
the AChE immobilized matrix. The detection lineaanges for both dichlovos
(DDVP) and fenthion were from 0.018V (4.0 ppb) to 13.6:M, and the limit of
detection (LOD) was 5.3 nM (1.2 ppb) and 1.3 nM3@ppb), respectively. The
biosensor exhibited high reproducibility and accyran detecting OPs spiked
vegetable juice samples. In addition, it exhibitesty high detection stability and
storage stability. The developed AChE biosensor prasided to be a promisingly

applicable tool for OPs detection with high rellafj simplicity, and rapidness.

Keywords. Au nanorods, mesoporous Sj@rganophosphorus pesticides detection,

acetylcholinesterase biosensor, 7iChitosan
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1. Introduction

Organophosphorus pesticides (OPs) are a kind ofspftoyus-containing
synthetic pesticides. Being widely used to protgops from insects, most OPs are
wide-spectrum, low resistance production, and gatet crops (Mostafalou and
Abdollahi, 2017), However, OPs are toxic to humad anost animals. They can
cause the damage of nervous system through imdmbitf acetylcholinesterase
(AChE), the enzyme in neurosynapses (Patocka,&t0fl4; Costa, 2006; Eddleston et
al., 2008). Detection of OPs in various sample$wigh reliability, simplicity, and
rapidness has become increasingly necessary.

In the past decades, people have endeavored tdodegéicient and simple
methods to determine OPs levels (Long et al., 2Qli5nd Xia, 2015; Qian and Lin,
2015; Yu et al, 2015). Among them, electrochemitasensors have stood out due to
their high reliability, simple instruments, fasso#t-acquisition, easy operation, high
sensitivity, and compatible to complex samples. Twerking mechanism of
electrochemical OPs biosensors depends on the AGCHiBlytic production of
electro-active thiocholine (TCI) from the substrametylthiocholine (ATCI) (Yu, et
al., 2015; Wei and Wang, 2015). Inhibition of th€RE activity by OPs would result
in reduced production of TCI, thus the decreasthefelectrochemical signal output.
It is obvious that the property of enzyme immolaitisn matrix plays a key role in
development of practically applicable electrochehidiosensors. An ideal
immobilization matrix should be stable, porous,celeconductive, hydrophilic,
biocompatible, positively-changed, electrocatalytcTCl, and high-contact to solid
substrates. With an ideal immobilization matrixstiy, AChE (a negatively-charged
enzyme) could be effectively immobilized while m@iming its native catalytic
activity. Secondly, small molecules, including ATAICI, and OPs could easily
transport through the matrix and efficiently comtaith the immobilized enzyme. In
addition, the enzymatic product TCI could be eledatalytically oxidized. Last but
not the least, the biosensor could be stable iticgwns and in storage.

In recent years, the advances in nanotechnologye hanovided various

nanomaterials with special properties, such as Bjggrific surface area and high
3
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electrocatalytic activity, for fabrication of ACh&lectrochemical biosensors (Wei and
Wang, 2015; Shi et al., 2006; Sundarmurugasan.,eR@16). However, most of the
reported AChE electrochemical biosensors still fasgability problems. Fortunately,
a highly stable AChE biosensor for detection of @Rs been developed in our group
simply by adsorption of AChE on chitosan (CS) fimodified TiG-CS hydrogel
(denoted as CS/T¥CS) (Cui et al., 2018). The CS-Titas well as the Ti®
hydrogel can be formed in-situ from their corresgiog precursor colloidal solution
immediately after being cast on electrode surfacesylting in a very good contact
with the electrode surfaces. Additionally, the logkl films have a mesoporous
nanostructure, possessing many advantageous pespsdch as large specific
surface area, low cost, non-toxicity, good therraald chemical stability, and
excellent biocompatibility (Cui et al., 2018; Cuia., 2013; Yu and Ju, 2002; Zhu et
al., 2009). Furthermore, blending CS into and madg a CS film onto the Ti®
hydrogel have been proved effective strategiegitdarce the mechanical strength of
the TiQ, sol-gel (Cui et al., 2018; Behera et al., 201Mmdat al., 2016; Yang et al.,
2017), and increases its AChE loading efficiencyi(@t al.,, 2018). CS is a
biocompatible, adhesive, and positively charged/mpel, being used extensively as
an enzyme immobilization matrix material in biosenfabrications (Ma et al., 2018;
Varmira et al., 2018). However, the electro-contlityt and electrocatalytic activity
of the CS/TiQ-CS immobilization matrix need to be improved tohamce the
electro-oxidation signal of the enzymatic produt€l). With this improvement, the
OPs detection sensitivity of the AChE biosensousthbe further improved.

Au nanoparticles have many unique properties sscfa@le synthesis, easy for
surface modification, excellent biocompatibilitygh photostability, surface plasmon
resonance property, high electro-conductivity, higlectrocatalytic activity, and
strong anti-oxidation ability (Hill et al., 2007j ket al., 2009; Cui et al., 2015). Among
various morphologies of Au nanoparticles, Au nadsrAuNRs) have been studied
extensively for biomedical applications due to thseiperior tunable optical properties,
high scattering cross sections, and core-shell stamdure forming ability with

mesoporous silica (MS) (Choi et al.,, 2012; Wangalet 2005; Fang et al., 2016;
4
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Chang et al., 2012). The MS shell can provide parcugh surface area, and
biocompatible nanostructure for pharmaceutical @adglivery (Fang et al., 2016;
Chang et al., 2012), while the AuNRs core can seag a two-photon
photoluminescence (TPL) bright contrast agent fBL. Tmaging (Fang et al., 2016)
and an absorbent of NIR light for photothermal &psrof cancers (Fang et al., 2016;
Chang et al., 2012).

In this study, we investigated the effect of dgpiAUNRsS@MS core-shell
nanoparticles into the TCS hydrogel on the electro-conductivity and
electrocatalytic activity of the gel matrix, and thre OPs detection sensitivity of the
AChE biosensor (Scheme 1). To our knowledge, AuNRIS@anoparticles have not
been reported in biosensor fabrication. The MSIshak expected to protect the
AuNRs from aggregation, while its porous structsineuld allow the transport of ions,
ensuring the enhancement effect of AuNRs on thectreleonductivity and
electrocatalytic activity. In addition, small molées should be able to permeate
through the MS shell, to assure the contact of With the electrocatalytic AUNRS.
The AChE biosensor fabrication procedures wereattarized and optimized. The
mechanism of electrocatalytic activity enhancemeas investigated and proposed.
By taking dichlorvos (DDVP) and fenthion as moddP<) the performances of the
biosensor in OPs detection were evaluated and cewpeth those of our previously
developed AChE biosensor (Cui et al., 2018), sothercAChE biosensors (Wei and
Wang, 2015; Sundarmurugasan et al., 2016; Itot.,e2@14; Guan et al., 2012; Yan
et al., 2013; Kaur et al., 2015; Dutta and Puz0i4; Wu et al., 2013), and some
traditional detection methods (Santos et al., 2QR&]iSic et al., 2009; Srivastava et
al., 2017; Navarro et al., 2013; Qian et al., 2069ally, the sensitive, simple, and
highly stable AChE biosensor was evaluated for iappbns in OPs detection in

vegetable samples.

---Scheme 1---
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2. Experimental
2.1. Materials and chemicals

Acetylcholinesterase (AChE) (from electric eel) amcktylthiocholine (ATCI)
were from Sigma-Aldrich. Chitosan (CS) (viscosity@0 mPa s), dichlorvos (DDVP)
(analytical standard, 1 mg mLin methanol) and fenthion (analytical standaradyd.
mL™* in methanol) were from Aladdin Bio-Chem Technologhanghai, China).
Hydrogen tetrachloroaurate (lll) hydrate, Aghl@nd tetraethylorthosilane (TEOS)
were purchased from Alfa Aesar (Massachusetts A).Sther remaining chemicals
were obtained from Sinopharm Chemical Reagent (@t@nChina). All chemicals if
not specified were of analytical grade and usetkesived. Purified nitrogen with a
purity of 99.99% was obtained from Zhengzhou Kegdustrial Gas (China).
Deionized water obtained from a Millipore water teys was used throughout the

experiment.
2.2. Appar atus and measur ement

The glassy carbon (GC) electrode surfaces withouarimodifications were
probed by scanning electron microscopy (SEM, JE@M-F500F), and also
characterized by cyclic voltammetry (CV) and elechremical impedance
spectroscopy (EIS) techniques. AUNRs and AuNRs@&I®particles were observed
by transmission electron microscopy (TEM, FEI Tecaa 20, operated at 200 kV),
and also characterized by UV-Vis spectroscopy (48 Shimadzu Scientific
Instrument, Japan). The CVs were performed in 0/phosphate buffer solution
(PBS, pH 7.4), or in 5 mM KFe(CN)] supported by 1 M KCIl. The EIS
measurement was executed in 0.1 M KCI containingneglar [Fe(CN}]* ™ (10/10
mM) with AC frequency from 0.1 Hz to 100 kHz. Alleetrochemical measurements
were performed at room temperature2b °C) using a CHI-660E electrochemical
work station (Shanghai Chenhua Instrument, China) three electrode arrangement
consisting of a working electrode (modified GC #&lede), a Pt counter electrode and

an Ag|AgCI|KCI (3 M) reference electrode.
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2.3. Synthesis of AuUNRs and AUNRs@M S nanoparticles

AuNRs were synthesized according to the well-dgyedoseed-mediated growth
method (Fang et al., 2016; Nikoobakht and El-Sayi)3). The procedures are
described in detail in the Supplementary Mateiialefly, an Au seed solution was
firstly produced from cetyltrimethylammonium broreid(CTAB), HAuCl, and
NaBH;. A growth solution was prepared from Agel@TAB, HAuCl,, H,SO,, and
ascorbic acid. The growth of AuNRs was then immietijainitiated by quickly
injecting the seed solution into the growth solatimder stirring at 30 °C. Finally, the
solution was kept at 30 °C overnight to produce RsN

MS shell was synthesized on AuNRs core accordingh& modified Stober
method (Varmira et al., 2018). The procedures a&scribed in the Supplementary
Material. The resulting AUNRsS@MS nanoparticles wedispersed in water. The
AuNRs concentration was estimated based on itsitlotigal plasmon band
absorbance and the absorption coefficiéhtfgr AUNRsS of 4.1 aspect ratig € 5.2
nM™ cm™) (Orendorff and Murphy, 2006).

2.4. Preparation of AUNRs@M S doped TiO,-CS sol-gel

We have reported the preparation of F780l-gel from tetra-n-butyltitanate (Cui et
al., 2018; Cui et al., 2013). The hydrogel was fednin minutes from its precursor
solution upon exposure a thin layer of the solutorair. The synthesis of the TiO
precursor solution was described in detail in thgpfementary Material. The
AUNRs@MS doped Ti@CS (denotes as ‘AUNRS@MS’ @TiZS) hydrogel was
similarly formed from its precursor mixture solutioThe mixture solution was
prepared right before usage by mixing 448.5TiO, precursor solution with 49 &L
AuUNRs@MS nanoparticle solution angitb 0.5% CS solution.

2.5. Fabrication of the biosensor

The GC electrode was cleaned by being polishedecoisely with 0.3 and 0.05
um alumina powder and then sonicated in water Wistier dried with N gas blow,

the GC electrode was coated withud ‘AUNRS@MS’'@TIO,-CS precursor mixture
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solution, and then left in the air for gelation.eTwolume ratio of the Ti@precursor
solution to the AUNRsS@MS solution in mixing was iedrfrom 92:8 to 86:14, and
the AUNRsS@MS concentration was varied from 0.19 toM).96 nM (based on the
AuNRs concentration), to obtain an optimum bioseng® CS layer was then
electrodeposited on the ‘AUNRs@MS’ @ BHOS/GC surface by holding the potential
at 25 V for 20 s in 0.2% CS. Finally, AChE was mwbilized on the
CS/I'AUNRsS@MS’@TiQ-CS/GC electrode by dropping 4L 5 mg mL' AChE
solution (in 0.01 M PBS) onto the electrode surfatbe as-fabricated enzyme

electrode was dried in the air and kept at 4 °@dydor use.
2.6. Bioelectrocatalytic activity and sensing perfor mances

The bioelectrocatalytic activity of the AChE biosenwas investigated by using
differential pulse voltammetry (DPV) technique. TB®V was run in 0.01 M PBS
containing a series of different concentration®®ClI (from 0.2 to 1.0 V; amplitude,
0.05 V; pulse width, 0.005 s; pulse period, 0.0Bgfore the DPV measurement, the
enzyme electrode was cleaned by running CVs in Bg® a stable CV curve was
obtained, to remove loosely adsorbed AChE. The isgnperformances were
evaluated by recording DPVs in 0.01 M PBS contgiriirmM ATCI before and after
incubating the electrode in OPs solution for 10 atimoom temperature. The sensing
signal towards OPs, which was the inhibition refiih%) of OPs to the enzyme
electrode, was determined from Eq. (1), whes and L. represents the DPV peak
current in response to 1 mM ATCI before and atter®Ps incubation, respectively.

INh% = (1 = kat/l cat) x 100% Eq. (1)

The detection stability was evaluated by repetiyivecording the DPVs in 1
mM ATCI. The storage stability was evaluated by rwing the DPVs in 1 mM
ATCI every 10 days during a wet storage in stexdiPBS at 4 °C, or a dry storage at
—-20 °C, for 30 days.

2.7. Detection of OPsin vegetable samples
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The applicability of the AChE biosensor was evaddby detecting the fenthion
levels in fenthion spiked cabbage juice samples.pFeparation of the juice samples,
100 g cabbage pieces were mixed with 100 mL PB82(M, pH 7.4) in a
homogenizer at room temperature. The cabbage horatg&vas then centrifuged at
5,000 rpm for 10 min. The supernatant was takethe@gabbage juice. The biosensor
was incubated with the fenthion spiked cabbageejs@mmples for 10 min, and then
subject to DPV detection in 1 mM ATCI. The Inh% wes were compared with the

calibration curve tobtain the found OPs concentration.
3. Results and discussion
3.1. Characterization of AUNRs and AUNRs@M S nanoparticles

AuNRs were prepared according to the seed-mediatedth method (Fang et
al., 2016; Nikoobakht and El-Sayed, 2003). The etspatios of AUNRs could be
controlled by changing the concentration of AgN(Dd ascorbic acid. The TEM
micrograph of AuNRs (Fig. 1A) shows that the AuN&®e monodispersed. Analysis
using Digital Micrograph software provided an aggrdength of ca. 42.0 nm, width
of ca. 10.2 nm, and aspect ratio of ca. 4.1. Cgatis shell produced a clear light
contrast encapsulation on the AuNRs core (Fig. TBg MS shell was homogeneous
and uniform with a thickness of ca. 33.7 nm. Thantter of the AUNRS@MS
nanoparticles is ca. 85 nm. The UV-Vis spectrahaf manoparticle suspensions are
shown in Fig. S-1 (Supplementary Material). Thesyasthesized AuNRs exhibited a
weak transverse plasmon band at around 512 nm atrrag longitudinal plasmon
band at 819 nm. After being coated with the MSIshig¢ longitudinal plasmon band
exhibited a slight red shift~8 nm) because the silica shell increases the local
refractive index of the medium surrounding the A\[Rang et al., 2016; Zhang et

al., 2008).

---Figure 1---
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3.2. Probing the biosensor fabrication process

The surface morphology of the GC electrode aftetheabrication step was
probed by SEM (Fig. 2). The ‘AUNRs@MS' @TiQS casting (Fig. 2A) introduced
a mesoporous and homogeneous base layer, amonly mdnoparticles of ca. 85 nm
in diameter are dispersed (pointed with arrowsha figure). The base layer is
composed of interconnected nanoparticles of canrh5 and pores of ca. 5 nm in
diameters. The morphology of the base layer isstmae with that of the Ti2CS
casting (Figure S-2A in Supplementary Material) ilevthe dispersed nanoparticles
are the doped AUNRs@MS. The size of the doped raticles is similar with that of
the free AUNRs@MS nanoparticles (Fig. 1B), indiogtia highly dispersive and
homogeneous doping. However, a dispersive and hensmyis doping of bare
AuNRs was also observed (Fig. 2B), which was outoof expectation. In our
expriemental design, the coating of MS shell on swetNRs was to prevent the
AuNRs from aggregation in acidic T3&CS colloidal solution. We therefore
investigated the colloidal stability of bare AuNRs both acidic and alkaline
conditions. The UV-Vis spectra of the AuNRs solatiafter incubatin in 1 M HCI
(Fig. S-3A) show that it is stable in acidic commit On the contrary, alkaline
condition induced the AuNRs aggration (Fig. S-3B).AuNRs preparation, CTAB
forms a bilayer around the AuNRs surface (Fand.e2@16), protecting the AuNRs
from aggregation in neutral and acidic conditioms. alkaline conditions, the
ammonium group of CTAB was deprotonated, destroytmy CTAB bilayer thus
leading to the aggregation of AUNRSs.

The electrodeposition of a CS layer on the ‘AUNRs®&®@TIO,-CS sol-gel
produced a quite bumpy surface (Fig. 2C). The sidabe bumps are various, with
some are as large as ca. 500 nm. In contrastutifece of the bumps is mesoporous
and the border of the bumps is fibrous. This serfamrphology is quite different
with the relatively flat surfaces of that withoutNRs@MS doping (Fig. S-2B) (Cui
et al., 2016), and of that with the bare AuNRs dgp{Fig. S-2C). Doping of

AuNRs@MS nanoparticles may cause inhomogeneous osdistribution of

10
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electroconductivity and electrocatalytic activitythe hydrogel, which in turn causes
inhomogeneous electrodeposition of the CS layee. Aimpy surface, in addition to
the mesoporous and fibrous nanostructure shoulddmeficial for the following
AChE immobilization, via providing a large surfamesa. After AChE immobilization
(Fig. 2D), the surface is still bumpy, but the misurface becomes smoother,
indicating that AChE loading fills the pores. Howeyit should be noted that the
AChE loaded CS/'AUNRs@MS' @TiK2CS surface is still mesoporous (Fig. S-2D,
higher magnification image). The mesoporous strectould allow small molecules,
such as ATCI, TCI, and OPs to permeate throughmhbgix, facilitating the small
molecules to efficiently contact with the immobd enzyme, the doped AuNRs, as

well as the underneath GC electrode.

---Figure 2---

The biosensor fabrication process was also progesldatrochemical techniques.
With K3[Fe(CN)] as probe (Fig. 3A), a symmetric pair of peakshviyy of about
+0.267 V from the redox reactions of the probe waveerved at all the electrodes.
Introduction of the ‘AUNRs@MS’'@TI®@CS nanocomposite (curve b) drastically
decreased the redox currents, owing to the sendtaiivity of TiO, the
non-conductivity of CS, and the negative chargeshef TiQ; gel. In contrast, the
electrodeposition of the CS film on ‘AUNRsS@MS’'@TE#OS (curve c) obviously
increased the redox currents. The positive chaafeshe CS film adsorb and
accumulate the negative-charged[H€(CN)] probe molecules, resulting in the
increment of the redox currents. As expected, tiaobilization of AChE (curve d)
leaded to the decrement of the redox currents, tduéts non-conductive and
negative-charge property. The EIS technique, wicah provide the information of
membrane capacitance and resistance, providedasiresults. As shown in Fig. 3B,
the Nyquist complex plane plots of the electroddsil®t a single semicircle at high

frequency domain and a straight line at low freqyetlomain. The linear tail with a
11
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slope of unity is dominated by the interfacial maxassfer of the redox species, while
the semicircle impedance is mainly contributed ly ¢harge-transfer resistance)R
and the double-layer capacitance©f the electrode surface. The; Ralues were
determined by ZSimpWin (Princeton Applied Reseanging a modified Randles
circuit (Inset in Fig. 3B). For the bare GC (curag ‘AUNRs@MS @TiQ-CS/GC
(curve b), CS/'AUNRs@MS’'@Ti@CS/GC (curve C), and
AChE/CS/'AUNRs@MS’'@TIQ-CS/GC (curve d) electrodes, thg Ralue was 24.7
Q, 63.6Q, 33.6Q, and 124.52 respectively. With higher Rvalue reflecting worse
charge-transfer rate, the results of thevBlue are consistent with the above CV

results.

---Figure 3---

3.3. Effect of AUNRs@M S doping and mechanism investigation

The effect of the AUNRsS@MS doping was investigdtgdcomparing the DPV
curves of the biosensor with various immobilizatioratrix components in 1 mM
ATCI (Fig. 4A). For all the biosensors, a strongidation peak appeared at the
potential of ca. 0.65 V, coming from the electradation of the enzymatic product
TCI. This result indicates that the immobilized ACis bioactive, transforming ATCI
to TCI, and TCI can be electro-oxidized at the tetete (Scheme 1). The biosensor
with the AUNRs@MS doping (curve d) exhibited a €igantly larger DPV peak
(peak current,ch, ~3.09pA) than those without any doping (curve a, incogbian
of water, o= ~1.41uA,; curve b, incorporation of the Tg&ol-gel insteadcdi= ~
1.59 pA). In contrast, although doping of bare AuNRs (euc, L = ~1.84 pA)
obviously increased the DPV response in comapmnatis those without any doping,
its enhancement effect is drastically lower tham AuNRs@MS doping. The above
SEM measurement showed that both AUNRs@MS andAa&s nanoparticles are

dispersed homogeneously inside the % gel. Then the mechanisms for their

12
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variations in bioelectrocatalytic activity was irstigated by EIS measurment. Fig. 4B
illustrates the EIS spectra of the correspondingcteddes without the CS film
deposition and the AChE loading. Doping AuNRs@MSaparticles (curve d)
significantly enhanced the electrode charge-transie, reflected by the significant
decrement of the Rvalue from 38Q2 (water incorporated TiCS gel, curve a) and
333 Q (TiO; incorporated Ti@CS gel, curve b) to 7Q. In contract, doping bare
AuNRs only decreased theRalue to 253Q. The R;value of the AUNRsS@MS
doped TiQ-CS hydrogel was drastically smaller than that loé¢ tare AuNRSs
counterpart, indicating a significantly strongerhancement of the electrode
electroconductivity. The exact reason for the higdlectroconductiviy is not clear at
this moment. Herein we propose that the AuNRs@MBimdpresults in electron
tunnling between the doped AUNRs@MS nanopartichest possibly contributed by
the mesoporous structure of the MS shell on the RaINThis proposed mechanism
could also explain the bumpy and fibrous surfaceommipolgy of the CS film
electrodeposited ‘AUNRs@MS’ @ TILS/GC electrode. Electron tunneling between
the doped AUNRsS@MS nanoparticles could result ghéi CS electrodeposition
current at specific electron tunnling channels. €kact mechanism for the enhanced
electroconductivity needs further invesigations. eThenhancement of
electroconductivity with the AUNRs@MS doping shoblel one of the main reasons
for the improved bioelectrocatalytic activity oftlas-fabricated AChE biosensor. The
enhanced bioelectrocatalytic activity should als@ Ilwontributed by high
electrocatalytic activity of AUNRS, and a more @fnt AChE loading on the bumpy

and fibrous CS/'AuNRs@MS'@Ti©CS/GC surface.

---Figure 4---

3.4. Optimization of the biosensor

The electrodeposition time for the CS layer, ang lbading concentration of

AChE have been optimized in our previous biosefaanication (Cui et al., 2018). In

13
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this study, the AUNRs@MS doping amount was optichiZarstly, when the volume
ratio of the TiQ precursor solution to the AUNRs@MS solution waptka 90:10,
the concentration of the AUNRS@MS solution wasadifrom 0.19 nM to 0.96 nM
(Fig. S-4A). It was found that 0.58 nM AuNRs@MS aission resulted in an
optimum ‘AuNRs@MS’'@TiQ nanocomposite hydrogel for the AChE biosensor
fabrication. Afterwards, the volume ratio of theO}iprecursor solution to the 0.58
nM AuNRs@MS soultion was varied from 92:8 to 86(Kp. S-4B). The optimum

ratio was determined to be 90:10.
3.5. Bioelectrocatalytic activity and analytical performances

The bioelectrocatalytic activity of the optimum AEbiosensor was investigated
by recording the DPV curves in a series of différ@ncentrations of ATCI (Fig. S-5).
The Lavalue increased monotonically with the ATCI concetidn changing from
0.1 to 9 mM. The bioelectrocatalytic response fedhe Michaelis—Menten kinetics.
A linear 1/ka (A vs. 1/Grer (MM™) plot (Inset in Fig. S-5) was obtained. By
using the Lineweaver-Burk equation (Eq. (2)), thepaent Michaelis—Menten
constant (k) was obtained to be 1.89 mM. This, Kalue is obviously smaller than
that of our previously reported AChE biosensog €3.1 mM) (Cui et al., 2018). The
previous AChE biosensor was based on graphene ieddiC electrode. The lower
Km value in this paper indicates that doping AuNRs@ N&hoparticles obviouly
enhances the bioelectrocatalytic activity the biosensor. However, we found that
graphene modification on GC electrode and AuNRs@dé#ging inside TiQ-CS
hydrogel could not achieve synergic effect. Thecexa@ason is not understood at this

moment.

S B Eqg. (2)

Icat Imax CATCl Imax

The analytical performances of the enzyme biosensar then evaluated with
DDVP and fenthion as model OPs molecules. Figlustilates the DPV curves in 1
mM ATCI without incubating the biosensor with DD\(Burve a, {az ~3.31pA), and
after incubating the biosensors in various conegioins of DDVP (curve b to j).

After incubating in DDVP, the:d;value decreased gradually with the increase of the
14
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DDVP concentration (6bve), and finally dropped to ~0.3A at 13.6uM Cppyp, due

to the inhibition of AChE by DDVP. The plot of Inh%ersus Gpvp (Inset in Fig. 5)
shows two linear ranges: from 0.0{81 (4.0 ppb) to 0.453M, and from 0.453M

to 13.6uM, with the regression equation of Inh% (%) = 84%5929.84 x Gpyp (UM),
and Inh% (%) = 65.29 + 1.84 xpE,p (UM), and a regression coefficient of 0.9942
and 0.9944, respectively. The limit of detectionOR) was 5.3 nM (1.2 ppb)
(calculated in adrule, i.e. 3 x S.D. of blank sample signals, n)=The detection
sensitivity of the as-fabricated biosensor is mdkkehigher than that of our
previously reported AChE biosensor (LOD for DDVP: 2M) (Cui et al., 2018). The
biosensor in detecting fenthion (Fig. S-6) exhitite similar result with the DDVP
detection. The LOD value for fenthion was 1.3 nM3@ ppb). The biosensor
sensitivity is also compared with those of otheporéed electrochemical AChE
biosensors (Wei and Wang, 2015; Sundarmurugasanh,e2016; Itoh et al., 2014;
Guan et al., 2012; Yan et al., 2013; Kaur et &1% Dutta and Puzari, 2014; Wu et
al., 2013) (Table S-1), and with those of tradiibdetection methods, such as gas
chromatography—tandem mass spectrometry (GEHMS  liquid
chromatography—tandem mass spectrometry (LC3MSand enzyme-linked
immunosorbent assay (ELISA) (Santos et al., 20Hli$kc et al., 2009; Srivastava et
al., 2017; Navarro et al., 2013; Qian et al., 200%ble S-2). The LOD value and the
linear range of the biosensor are comparable superior than most of the reported
values. It should be noted that for our biosenboth the LOD value and the lowest
value (4.0 ppb for DDVP) in the linear range arerdo than the maximum residue
limits (MRLs) (10 ppb for DDVP), as reported in tliiropean Union pesticides
database and those from the U.S. Department Agureullt should also be noted that
the biosensor method doesn’t need a sample preteeaastep, which is necessary for
the traditional GC—M% (Santos et al., 2018; Srivastava et al., 2017) L& eMS?
(Radisic et al., 2009) methods (Table S-2). Theda®in specificity of the biosensor
was evaluated with fructose, glucose, sucrose,aaodrbic acid as interferents (Fig.
S-7). The interferents tested did not induce obslpthigher Inh% than blank PBS,

indicating a high OPs detection specificity witle thiosensor.
15
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---Figure 5---

The as-fabricated biosensor is very reproducibddiected by low Relative
Standard Deviation (RSD) value for OPs detectionhwndependent biosensor
preparations. For example, the Inh% for 4,08 fenthion with 4 independent
biosensor preparations was 63.38% + 2.02% (mearDy,Swvith an RSD value of
only 3.2%. Same to our previously reported AChEseiwsor (Cui et al., 2018), the
most amazing property of the AUNRS@MS nanoparticieed CS/Ti@-CS hydrogel
based enzyme biosensor is excellent stability, Wwisca very important character for
practical applicability. Firstly, the biosensornvisry stable during detection. The RSD
value of the sensing signals in response to 1 mMCIA{.e. ko) during different
detection time points in 9-21 min ATCI incubatiomeé was ~2.2% (Fig. S-8).
Secondly, the storage stability of the biosensarely high. After the storage at dry
(-20 °C) or wet (-4 °C) conditions for 30 days, ignal intensities of the biosensors
kept 96% or 98% of the original values, respecyivi@tig. S-9). By keeping the
advantage of high stability of our AChE/CS/B#0S/rGO biosensor (Cui et al., 2018)
(Table S-3), the as-prepared AChE biosensor in wWosk shows higher storage
stability than most of the reported AChE electroulual biosensors (Table S-3). The
very excellent stability is attributed to both tiheorporation and electrodeposition of
CS into/on the TiQimmobilization matrix. CS not only strengthens 1@, film and
also reinforces the AChE immobilization throughctlestatic interaction (Scheme 1).

Finally, the applicability of the biosensor was leaded (Table S-4). For the
fenthion added in the cabbage juice samples, ttevesy ratios were all within the
range of 100 = 5%, the RSDs were less than 12.Qécating a very accurate OPs

detection.
4. Conclusions

AUNRs@MS core-shell nanoparticles were doped inoma®us TiQ-CS

hydrogel simply by mixing the nanoparticle suspenswith TiO, precursor solution

16
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right before being cast on electrode for gelatibme AUNRsS@MS nanoparticles are
dispersed homogeneously in the FHCS hydrogel. Doping AuUNRsS@MS
nanoparticles significantly enhances the electmdaativity of the TiQ-CS hydrogel,
and the bioelectrocatalytic activity of the AChEnmobilized CS/TiQ-CS matrix. In
addition, with the AUNRs@MS doping, electrodepositiof CS film resulted in a
bumpy and fibrous matrix surface. The mesoporous)dy, and fibrous matrix could
facilitate AChE loading, and allow permeation ofashmolecules into/through the
matrix. Consequently, the OPs detection sensitwitthe AUNRs@MS doped AChE
biosensor is significantly enhanced compared withliare AuNRs doped as well as
the non-doping counterparts. The developed AChEdnsor shows high stability,
sensitivity, reproducibility, and accuracy in detleg OPs. With the high performance
of the AChE biosensor, our future work will focus controlling the gelation time of
TiO, sol-gel based matrix, and developing a disposalrid applicable AChE

biosensor for OPs detection.
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Scheme and Figure Captions:

Scheme 1. Schematic illustration of the fabricasteps and the structure of the
AuNRs@MS nanoparticles doped AChE biosensor, amdvdrking mechanism to
ATCI.

Figure 1. (A, B) The TEM images of the as-synthedifA) AuNRs and (B)
AuNRs@MS.

Figure 2. The SEM images of (A) ‘AuNRs@MS @TLHCS, (B)
AUNRs@TiQ-CS, ©) CS/'AUNRs@MS’'@Ti@CS, and (D)
AChE/CS/'AUNRs@MS’'@TiQ-CS modified GC electrodes. The concentration of
the AuUNRs@MS solution and the bare AuNRs solution preration of the
nanocomposites was 0.58 nM. The volume ratio of ;TgBecursor solution to
AUuNRs@MS solution or to bare AuNRs solution wasl90:

Figure 3. (A) The CVs, and (B) the Nyquist plots ¢&) GC, (b)
‘AUNRS@MS’@TIO-CS/GC, (c) CS/'‘AuNRs@MS’@TiESCS/GC, and (d)
AChE/CS/'AUNRs@MS’@TiQ-CS/GC electrodes, in (A) 5 mMzKe(CN)] (scan
rates: 0.05 V §), and (B) [Fe(CN)6T’* (10/10 mM). Inset in B: the Randles
equivalent circuit model. The concentration of ABERMS suspension was 0.58 nM.
The volume ratio of Ti@precursor solution to AUNRs@MS solution was 90:10.

Figure 4. (A) DPV curves of (a) AChE/CSB@TIO-CS/GC, (b)
AChE/CSITiQ-CS/GC, (c)  AChE/CS/AuUNRs@TIICS/GC, and (d)
AChE/CS/'AUNRs@MS’@TiQ-CS/GC electrodes in PBS containing 1 mM ATCI.
Inset in A: the corresponding statistig Values of the DPV curves. (B) The EIS of (a)
H,O0@TiO,-CS/GC, (b) TiQ-CS/GC, (c) AuNRs@Ti®CS/GC, and (d)
‘AUNRs@MS'@TiO,-CS/GC electrodes in [Fe(CNY6f~ (10/20 mM). Inset | in B:
the corresponding statisticRalues obtained from the EIS spectra. Inset Il irth@
Randles equivalent circuit model. The concentrabibAuNRs@MS suspension and
AuNRs suspension were 0.58 nM. The volume ratidi@i, precursor solution to

AuNRs@MS suspension (or AuNRs suspension, )Hvas 90:10. ***, ** and *
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represents that the p value is less than 0.001, @rid 0.05, respectively in the t-test
(independent biosensor preparations, n = 3).

Figure 5. The DPV curves of the AChE/CS/'AuNRs@MIi@,-CS/GC
electrodes in 1 mM ATCI, without incubating theattede with DDVP (curve a), and
after incubating the electrodes in various conediains of DDVP (from curve b to j,
the DDVP concentration was 0.018, 0.036, 0.09181.0.362, 0.453, 2.26, 4.53, and
13.6 uM, respectively). Inset: the Inh% values for vasatoncentrations of DDVP.

The repetitive number (independent biosensor patipais) n= 3—4.
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Scheme 1
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Figure 1
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Highlights

» Au nanorods@mesoporous SiO, nanoparticles were doped in the enzyme
biosensor.

Chitosan was introduced on and aso in the nanoparticle-doped TiO, sol-gel.

The AChE immobilization matrix is mechanically strong and highly conductive.
The biosensor exhibited high bioelectrocatal ytic activity.

vV V V V

The biosensor is highly stable, sensitive, and accurate in detecting OP.
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