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ABSTRACT

Semiconducting single-walled carbon nanotubes (€8Ws) have demonstrated as
excellent material for transistors, miniaturizedriides and sensors due to their high carrier
mobility, stability, scattering-free ballistic traport of carriergtc. Herein, we have designed
a biosensor to selectively detect methyl paratt{/d®, organophosphorus pesticide) using
glutaraldehyde (Glu) cross-linked with acetylcheBterase (AChE) immobilized on s-
SWCNTs wrapped with bovine serum albumin (BSA). Tiabricated biosensor was
characterized and confirmed by Fourier-transforrfraned spectroscopy (FT-IR), cyclic
voltammetry (CV), electrochemical impedance speciopy (EIS) and square wave
voltammetry (SWV). In the presence of MP, the dffecinteraction between AChE and MP
favours the accumulation of MP-AChE complex on tilassy carbon electrode (GCE)
surface which reduces the electron transfer prgp&ased on this interaction, detection of
various concentration of MP was demonstrated by SW8ivg BSA/AChE-Glu-s-SWCNTs
composite modified electrode. The proposed biogeesloibited a wide linear range (WLR)
for MP target in 100 mM phosphate buffered salioletion (PBS) (pH 7.4) from 1 x 1§ M
to 5 x 10° M with a limit of detection (LOD) of 3.75x18 M. In addition, the BSA/AChE-
Glu-s-SWCNTs/GCE biosensor showed good repeatabditd reproducibility for MP
detection. Moreover, the proposed biosensor shdweéeér electrode stability when stored at
4°C. This new electrochemical biosensor is alsabétdud high selectivity and sensitivity for
MP, which made it possible to test MP in real stvamwy and apple juices. Furthermore, the
BSA/AChE-GIlu-s-SWCNTs/GCE offered a favourable &il@t transfer between the target
MP and electrode interface than BSA/AChE-s-SWCNTH#Gs-SWCNTs/GCE and bare

GCE.

Keywords: Semiconducting SWCNTSs; Biosensor; Methyl parathiletection; Real sample

analysis.



1. INTRODUCTION

Organophosphorus pesticides (i.e. methyl parath{dP), chlorpyrifos, diazinon,
dichlorvos, phosmet, fenitrothion, tetrachlorvinghazamethiphos, azinphos-methyl and
terbufos) are widely used to protect the agricaltarops (For examples: wheat, rice plants,
vegetables and fruits) from insect damages. Thelues of utilized organophosphorus
pesticide may enter in to the food chain throughcagural crops, water, soil and air [1-4].
Pesticides are highly toxic and act as inhibitdrshe cholinesterase enzyme in the human
and animal bodies which will cause Peripheral neatiloy (PN). The PN is a damage to
different nerves in the human and animals, whicly m@pair movement, sensation, gland
secretion or organ function and other health isslegends on their type of nerves affected
[5,6]. It was estimated that world-wide one millipeople per year get affected by chronic
diseases and deaths from pesticide contaminateds fi. In this context, Food Quality
Protection Act (FQPA) directed United States Enwinental Protection Agency (US-EPA)
to completely re-evaluate pesticide contamination®od [8]. Therefore, US-EPA used the
improved food safety standards in FQPA to ban tbe of 270 pesticides (i.e. including
methyl parathion) for food and household purpo$gsNevertheless, MP has been widely
used in agricultural fields. So, US-EPA strictly mitors the food contamination from MP
residues [9]. MP was commonly monitored or detecbsd routine methods such as
colorimetry [10], mass spectrometry [11], liquidégehromatography [12], Raman [13] and
photoluminescence/fluorescence  spectroscopies HL4,1However, electrochemical
biosensors have been demonstrated with severalnt@des such as fast analysis, high
sensitivity and selectivity, no interference effedal-time analysis and relatively low cost
[16-22].

Single-walled carbon nanotubes (SWCNTs) are higlelgognized as good electrode
materials to fabricate electrochemical sensorsee of many analytes can be detected at

lower potential with high sensitivity and selectyvin real sample matrix [16,23-27]. But,



during synthesis of SWCNTSs, mixture of nanotubes wiatained with different metallicity,
chirality, length and diameter. It was reportedt ttheese polydispersity of nanotubes might
affect the conductivity of the SWCNTSs film and atlsmmplete removal of metallic SWCNTs
IS necessary to fabricate switchable biosensindd fieffect transistors (FETS) using
semiconducting SWCNTs (s-SWCNTSs) [28-30]. Likelyg tmetallic nanotubes could easily
short the device, so it cannot be used in FETs33]l-The s-SWCNTSs are ideal transducers
along with the integration of biomolecules as aacudte way of developing electrochemical
biosensors which allows us to fabricate FETs [34-B6particular, sS-SWCNTs have been
demonstrated in a high performance FETs and inisgraircuits utilizing the aligned
nanotubes on different kinds of flexible and rigigbstrates [31]. Thereby, s-SWCNTs have
accelerated tremendous interest in both fundamemalpractical research in nano, micro
and macro electronic based sensors [31]. In thigest, s-SWCNTs based FETs as a
biosensor platform for pesticide detection is irtiggded. To the best of author’'s knowledge,
there has been no reports on the s-SWCNTs basetioeleemical biosensor for pesticide
detection.

Recently, Ohet al. developed an electrochemically modulated SWCNTwordk based
flexible sensor for determination of dopamine frard to 30 uM in the presence of 100 uM
ascorbic acid and 10 uM uric acid in 0.1 M PBS (pH) [33]. After electrochemical
oxidation, resistance of SWCNTs network electro@ds weduced by 52%. As we know that a
typical SWCNT network contains both s-SWCNTs andattie-SWCNTs (2:1 ratio) [33].
The co-existence of semiconducting and metallicon#res could form a Schottky barrier
junction, which greatly suppresses the charge fldle electrochemical oxidation of
SWCNTSs network is likely attributed to suppressaigschottky barrier [33,37]. In addition,
electrochemical oxidation process can generateaxygntaining functional groups such as
hydroxyl, carbonyl and carboxylate on SWCNTs nekwetectrode with electrocatalytic

activity [33]. Kianiet al. designed SWCNTs based ion sensitive FET devicpHodetection



[38]. The sensing mechanism was explained basdatieomteraction between SWCNTs and
ionic solution (with different pH) which caused swaterable alterations of electrons on
nanotube network by electrostatic gating method.[B8this direction, extensive research
works have been conducted to develop the weararisoss with ultrathin thickness and
stretchability [39]. Graphene is a zero band gapenad with low on/off ratio and cannot be
effectively utilized to fabricate switchable FETstlwhigh on/off ratio [40]. As a potential
candidate, s-SWCNTSs are very attractive and pragisnaterial for digital circuits due to
their intrinsically high carrier mobility. Howevestill there are some challenges remain to
get high purity s-SWCNTs by separation processjcgefabrication, material optimization
strategiestc. [39,40]. In order to get high performance devieeSWCNTs based electronic
device components are required for next generatiivanced biosensors [29,41,42].

On the other hand, excess usage of pesticidegedsualdischarge of pesticides and their
photochemical transformation leads to their meigd®lin the environments. This serious
problem made us to develop new biosensors which amurately detect or identify
pesticides and their metabolites in food and emvitental samples [43]. The
acetylcholinesterase (AChE) enzyme-based biosemsoa versatile method for the
determination of organophosphate and carbamatetbassticides due to the natural
inhibition of enzymes by the usage of the targetlye [44—-48]. AChE could undergo
hydrolysis with acetylthiocholine chloride (ATCId foroduce thiocholine (Tch) which is a
useful medium for pesticide detection [48]. The skegp mechanism is based on AChE
inhibition due to blocking the serine hydroxyl gpohy covalently bound phosphorous atom
of organophosphates and carbonyl carbon of carlesniéd,48,49].

Many cross-linkers (i.e. N-hydroxysuccinimide, gt3-3 dimethylaminopropyl
carbodiimide hydrochloride, epichlorohydrin glyoxald Glutaraldehyde (Glu)) were used to
design the novel bioelectronic devices for higtlipbte and selective target detection [48,50].

For instance, Viswanathaet al. proposed the Glu cross-linked AChE immobilized



polyaniline deposited SWCNTs wrapped single straligbnucleotide on the gold electrode
for MP and chlorpyrifos detection [48]. However, BE enzyme based biosensors are easily
affected by acetic acid during electrochemical atwh of acetylthiocholine [48,51]. Hence,
the good selective nature of MP sensor can bebattd to the excellent inhibition of
acetylthiocholine and combination effect of BSA thog which are facilitating the electron
transfer process from electrolyte to electrode am@fand also eliminated the interferent

molecules [51].

In this work, we have fabricated a simple and ¢i¥ecelectrochemical biosensor for MP
detection in fruits by using high purity s-SWCNTsdified electrode. The Glu is effectively
cross-linked with AChE and s-SWCNTSs. It was conédrby FT-IR, CV, EIS and SWV
techniques. As prepared, BSA/AChE-Glu-s-SWCNTs/G@isensor was used to detect MP
in the range from 210° M to 5x10° M with a detection limit of 3.75 x 18 M. Effects of
interferent were studied with glucose (GU), urieda@A), oxalic acid (OA), ascorbic acid
(AA) and orthophosphoric acid (OPA). Moreover, déten of MP was demonstrated in
apple and strawberry juices using a BSA/AChE-GBVSCNTs composite modified

electrode in phosphate buffered saline (PBS).

2. EXPERIMENTAL
2.1. Chemicals and reagents

AChE from electrophorus electricus (electric e€l3889-2KU), ATCI (purity>99%),
TLC powder (A5626-1G), 3-aminopropyl triethoxysiaAPTES), bovine serum albumin
(BSA) and MP were purchased from Sigma-Aldrich (Stuis and New Haven, USA).
Glutaraldehyde (Glu) 25% in water (CAS 111-30-8svpairchased from Spectrochem Puvt.
Ltd. (Mumbai, India). Separated semiconducting lefwgalled carbon nanotubes (s-
SWCNTSs) dispersion was received from the laboratdryrof. M.B. Chan-Park [52]. All

other chemicals and reagents used in this studg wéranalytical grade. The electrolyte
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solution was 100 mM PBS (pH 7.4) which was prepdrgdising potassium monohydrogen
phosphate (KHPO,) and potassium dihydrogen phosphate {R&;) in an agueous medium.
All aqueous solutions were freshly prepared by iMQil water (18.2 M2 cm*, specific
resistivity) collected from Millipore Water System.
2.2. Instruments
2.2.1. Spectroscopy and microscopy studies

The s-SWCNTs were characterized using a Varian @&G0 ultraviolet-visible-near
infrared (UV-vis-NIR) spectrophotometer and Renighlfaaman microscope equipped with
514 nm wavelength (2.41 eV) laser source in a lwatieying configuration. Transmission
electron microscopy (TEM) analysis was done witBMJ2100 plus, Jeol) operating at 200
kV. Attenuated total reflection Fourier-transformfrared spectroscopy (FT-IR) was
recorded on a BrukerE (Lab India Instruments Private Limited, Mumbai).
2.2.2. Electrochemical studies

Electrochemical impedance spectroscopy (EIS), cyebltammetry (CV) and square
wave voltammetry (SWV) measurements were carrigdusimg electrochemical workstation
CHI-760E (CH Instruments, Inc. Austin, USA). Glassarbon electrode (3 mm diameter)
(GCE), platinum wire and Ag/AgClI (1 M KCI) were ukas working, counter and reference
electrodes, respectively (purchased from CH Insénisy Inc. Austin, USA). EIS was
performed in 0.1 M KCI containing 5 mMsie(CN)] and 5 mM K[Fe(CN)] by applying
different frequency of AC impedance from 10 HZt600,000 Hz with 50 mV of amplitude
at constant potential of 0 V.
2.3. Methods
2.3.1. Preparation of sSWCNTSGCE

GCE was first polished with 1, 0.3 and 0.05 um alarslurry on a microcloth pad and
then rinsed with double distilled water (dgB). Subsequently, GCE was cleaned by bath

sonication in sulphuric acid:water (1:1, v/v) antdamol:water (1:1, v/v) for 1 min and then



rinsed with ddHO and allowed to dry by Ngas. Finally, GCE was immersed in 10 mL of
methanol solution containing 1% APTES for 30 mimam temperature. After that, APTES
functionalized GCE was taken out and dried witmagjén gas. Then, 10 pL of s-SWCNTs
was drop casted on the APTES/GCE and dryied at rmonperature Scheme 1A) [52].
Hereafter, it is denoted as s-SWCNTs/GCE.
2.3.2. Biosensor fabrication

The s-SWCNTs/GCE was immersed in 2.5% glutaraldeh(lu) solution for 30 min.
Followed by, 10 pL of AChE (0.01 mg/mL in 20 mM BBS solution at pH 7.4) was coated
on the Glu-s-SWCNTs/GCE surface and allowed tobate for 30 min at 4° C. In addition,
to block the nonspecific binding sites, 10 pL ofAB®.01 mg/mL in 100 mM PBS solution
at pH 7.4) was coated on AChE-Glu-s-SWCNTs/GCEasariand allowed to incubate for 30
min at 4° C. Finally, the BSA/AChE-Glu-s-SWCNTs/G®#&s rinsed with 100 mM PBS
(pH 7.4) and stored at 4° Ggheme 1A). In addition, BSA/AChE-s-SWCNTs/GCE and s-
SWCNTs/GCE were also prepared for comparison studie
2.3.3. Biosensor assay procedure

The BSA/AChE-GIlu-s-SWCNTs/GCE was used as a worldlegtrode. 10 mL of 100
mM PBS electrolyte solution (pH 7.4) was utilizeor fall experiments. CV and SWV
measurements were made after 15 min of incubatid?BS. The optimum concentration of
ATCI (4 mM) was added into the PBS (100 mM, pH 7s#jution. Thereafter, various
concentrations of MP pesticide were added to tleetelchemical cell containing 4 mM
ATCI with PBS (pH 7.4) for the analysis. The SW\rant responses were decreased against
various concentrations of MP due to the inhibitmhenzyme activity $cheme 1). In this
study, PBS (pH 7.4) was selected as an electrdbgeause it offers physiological condition
for biosensor assay in neutral medium and AChEl (kdiile) is also more reactive in this pH

range [53-55].



3. RESULTSAND DISCUSSION
3.1. UV-vis-NIR analysis

UV-vis-NIR spectroscopy has been broadly utilizecahalyse the pristine SWCNTs and
s-SWCNTSs Fig. 1A, curvesi and ii) [52]. The first inter-band transition @) (620 to 780
nm) peak represents metallic nanotubes, and tlendeand third inter-band transitions were
due to 33 (420-580 nm) and 3 (820-1200 nm) semiconducting nanotubes [56]. Rer t
obtained s-SWCNTs sampl&ig. 1A, curve ii), the peak corresponding to the first inter-
band transition of metallic SWCNTs is completelysafipeared (due to the removal of
metallic nanotubes). It has been confirmed thatdb&ined solution was highly pure s-
SWCNTSs [52].
3.2. Raman spectroscopy and TEM analysis

The above UV-vis-NIR data is also supported byRlaenan spectra presentedriy. 1B,
in which a clear radial breathing mode (RBM) peaese observed between 130 — 240%cm
for the s-SWCNTSsKig. 1B, curve i) than pristine SWCNTS{g. 1B, curvei) (confirming
that the enrichment of semiconducting nanotube2)5f@57]. The Raman signatures in the
frequency range between 1450 — 1700'¢Rig. 1B) showed the nanotube tangential modes
with the characteristic Gnd G features [56]. For the s-SWCNTBi¢. 1B, curve ii), G
peak was observed at 1566.77 Grwhich was related to the decrease in the intgwgithe
Breit-Wigner-Fano peak from the pristine SWCNTFsg( 1B, curvei). It corroborated that
metallic nanotube content is diminished in s-SWCN38,58,59]. Furthermore, the short
Raman D band indicated that the s-SWCNTs contamsé&uctural defects [60].

For HR-TEM analysis, a carbon-coated copper gri¢ waodified with 10 pL of s-
SWCNTSs solution and dried at room temperatkig. 1C shows the HR-TEM image of pure
s-SWCNTSs. Several individual nanotubes with avetaggth of 1 um were observed which

indicated highly dispersed nanotubes present is4{8&/CNTs solution [61].



3.3. FT-IR study of thes-SWCNTsand AChE-Glu-ssSWCNTSs.

Fig. 2(A and B) shows FT-IR spectra of s-SWCNTs and AChE-Glu-s-SWE&NIms
coated on silica substrates. The IR absorption arate reported for amide | groups (1610-
1690 cnt) corresponding to the C=0O stretching vibration, amid(1500-1600 cm) and
amide 1l (1310-1390 cff) groups from a combination of N-H bending and Gthetching
vibration of peptide linkage of proteins [62—64]hel FT-IR spectrum of AChE-Glu-s-
SWCNTSs film showed three absorption peaks at 16@%, 4592 cnt and 1370 ci, which
corresponded to the amide I, amide Il and amidegtdups of the proteins on enzyme
membrane adsorbed on Glu-s-SWCNTSs which provedAGhiE retained its native structure
(Fig. 2A). The FT-IR spectrum of AChE-Glu-s-SWCNTs is adbmwed a new peak at 1729
cm*and 1400 cil confirmed the presence of C=N bond and hence infization of AChE
via —NH, group, introduced by Glu on s-SWCNTs surfaéeg(2A) [63,64]. In addition, a
broad and weak band appeared at 3511 and 3073 cil which can be associated to N-H
stretching modes [63,64] of the attached AChE pmo{&ig. 2B). The attachments of
aliphatic groups are highlighted by C-H asymmetitd symmetric stretching modes
observed at 2865 cmand 2940 cm [63,64]. This proved that Glu molecules are well
connected with AChE and s-SWCNTSs filfig. 2B).
3.4.CV and ElISanalysis

CV and EIS were carried out in 100 mM KCI contagnih mM Ks[Fe(CNg] and 5 mM
K4[Fe(CN)] to characterize the interfacial electrochemicadperties of different modified
electrodes such as bare GCE, s-SWCNTs/GCE, BSWAESSWCNTs/GCE and
BSA/AChE-GIlu-s-SWCNTs/GCEHg. 3). Cyclic voltammograms (CVs) of aforementioned
electrodes showed a typical sigmoidal shape witihroma peak potential separations.
Additionally, each fabricated electrode showed féedint CV peak currents and potentials
shift which indicated the stepwise assembly proadsthe biosensor. The peak potential
separation AEp) at bare GCE, s-SWCNTs/GCE, BSA/AChE-s-SWCNT#G@nd

10



BSA/AChE-Glu-s-SWCNTs/GCE were obtained as 0.14D.X¥34 V, 0.108 V and 0.116 V,
respectively Eig. 3A).

After modification with s-SWCNTs/GCERAEp is decreased to 0.134 V with a noticeable
increase in the redox peak currents compared ® G&E Fig. 3A, curves a, b). This was
due to high carrier mobility, mechanical stabiliszmd scattering free ballistic transport
properties of s-SWCNTSs [34-36,65]. For BSA/AChEWGNTs/GCE, the reversible redox
peak currents obviously increased and Al separation decreased to 0.108Rg( 3A,
curve c) compared with other modified electrodeSigl 3A). Hence, the improved
reversibility of redox system was attributed duehigher charge transfer property and
reduction of mass transfer resistivity on GCE. Hegveafter incorporating BSA/AChE-Glu-
s-SWCNTSs onto GCE, the reversible redox peak ctsrggnificantly decreased and thEp
increased to 0.116 \(g. 3A, curve d) compared with BSA/AChE-s-SWCNTs/GCE. This
may be due to less interaction between BSA/AChESSE8WCNTSs/GCE and fFe(CN)]
and KJFe(CN)] [66].

The observed changes in the interfacial impedanadfierent modified electrodes was
probed at each step of electrode fabrication ukil® (Fig. 3B). A typical Nyquist plot is
composed of a semicircle and linear part observedigher and lower frequencies,
corresponds to the electron transfer limited preaasd diffusion limited process [6Hig.
3B illustrates typical Nyquist plots of bare GCE, WSNTs/GCE, BSA/AChE-s-
SWCNTSs/GCE and BSA/AChE-Glu-s-SWCNTs/GCE using (#¢)]°"*as a redox probe.
The charge transfer resistancecfRcan be obtained by calculating the diameter @f th
semicircle [67]. According to the calculation, tRer of different modified electrodes such as
bare GCE, s-SWCNTs/GCE, BSA/AChE-s-SWCNTs/GCE an&ABChE-Glu-s-
SWCNTs/GCE were obtained as 110 1curve a), 104.52Q (curveb), 85.91Q (curve c)

and 96.62Q (curve d), respectively. [66]. It was evident that s-SWCNJased electrode
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[35] improved charge transfer property and reductbmass transfer resistivitgurves c &

d) [68,69].

3.5. Electrochemical oxidation of ATCI

The SWV of BSA/AChE-GIlu-s-SWCNTs/GCE was recordedthe 100 mM PBS (pH
7.4) containing ATCI under nitrogen atmosphédfay. 4 shows a strong oxidation peak at +
0.62 V for 4 mM ATCI. At the same time, there was motable current response in the
absence of ATCI. Next, the anodic peak current ghanwere plotted against different
concentrations of ATCI from 1 mM to 8 mNMFiQ. S1 of the supporting information). The
oxidation peak currents were increased up to 4 MM TCI. There was no notable changes
in anodic peak current after 4 mM of ATCI. It indted that the proposed biosensor had
reached its saturation level. Based on the aboseltse 4 mM ATC| was selected as an
optimum concentration for biosensor measurementghé&rmore, suitable incubation period
for ATCI oxidation was analysed between 0 to 30 ard 15 min was selected as a suitable
incubation time period.

Fig. 5 shows the CVs of various modified electrodes i0 M PBS (pH 7.4) with an
optimum concentration of ATCI. As anticipated, mmdic current response (oxidation peak)
was observed at BSA/AChE-GIlu-s-SWCNTs/GCE in theeabe of ATCI in PBS solution
(Fig. 4). However, after addition of ATCI into PBS, BSA/AE-Glu-s-SWCNTs/GCE
exhibited an irreversible oxidation peak due to ¢ixéation of Thiocholine (TCh) which
yields a hydrolysis compound of ATCI, catalysedthg presence of AChE enzyme. The
electrochemical response observed at the propomestrsor surface was based on the
following reactions $cheme 1B) [46].

For comparison, BSA/AChE-s-SWCNTs/GCE is also shbaeignificant oxidation peak
current Fig. 5, curve c¢). However, this oxidation peak current was lowearnt proposed

BSA/AChE-GIlu-s-SWCNTs/GCEHig. 5, curve d). The enhanced oxidation peak current of

12



TCh recorded at BSA/AChE-GIlu-s-SWCNTs/GCE couldchedited to the presence of Glu
on s-SWCNTs. Because, it could easily attract timeida group-containing organic
compounds which could help to immobilize AChE eneyom the s-SWCNTs and improved
the electrochemical reactions [48,50]. In additi@GE surface has been functionalized with
APTES which is known to enhance the binding of malbe and improve the performance of
biosensor [70]. Meanwhile, TCh oxidation peak dad appear on s-SWCNTs/GCEig. 5,
curve b) and bare GCEHig. 5, curve a) because of the absence of AChE enzyme. The
above results confirmed that Glu cross-linked betweSWCNTs and AChE have improved
the electrocatalytic performance of the biosensor.

The effect of scan rates on BSA/AChE-Glu-s-SWCNT3Gn 100 mM PBS solution
containing 4 mM ATCI was studiedrig. 6). Based on CV results, with the scan rate from 10
mV s* to 100 mV &, oxidation peak currents of TCh were increasedaidation potentials
gradually shifted to positive directiofrig. 6). This indicated that the oxidation of ATCI on
BSA/AChE-GIlu-s-SWCNTs/GCE is a diffusion-contrall@rocess [71]. From this study,
100 mVs' was selected as an optimum scan rate for furthalysis due to distinct oxidation
peak of TCh. The plot obtained between TCh oxisafieak currentlg,) vs. square roots of
scan rate /3 demonstrated a good linearity which confirmed thiffusion controlled
oxidation process (0.9951, n=3)Fig. 6).

3.6. Pesticide detection

MP pesticide was naturally inhibiting the AChE emeyreaction [72]. The enzymatic
inhibition measurements were performed under thenopn condition of 4 mM ATCI with
PBS using the proposed BSA/AChE-Glu-s-SWCNTs/GCasdmsor. The oxidation peak
current of ATCl was decreased after the interactiotih pesticide in electrochemical cell
which clearly indicated enzyme-—pesticide binding BSA/AChE-Glu-s-SWCNTs/GCE
biosensor. In SWV, oxidation peak was decreaseti wihibition of the AChE enzyme

activity by the different concentrations of MPiq. 7). The decrease in the oxidation peak
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current can be attributed to the presence of catlgleound phosphate group-containing MP
is effectively blocking the serine hydroxyl groupAChE enzyme, which invariably reduces
the ATCI oxidation (decrease of TCh product) [48p estimate the performance of the
proposed biosensor (BSA/AChE-Glu-s-SWCNTs/GCE)Ni? detection, the SWV anodic
net current responses were noted with differententrations of MPKig. 7). As shown in
inset of Fig. 7, the net current response was dsert linearly with the increasing of MP
concentrations from 1x1§ M to 5x10° M (correlation coefficient, Rwas 0.9825; n=3).
Furthermore, the limit of detection (LOD) of MP wealculated to be 3.75x10M using the
following equation 1 [73].

LOD =3SDS (1)

Where, SD is the standard deviation of blank (21#6xA) and S is the slope of the
calibration curve (1.8xIDA pM™). The calculated LOD (3.75x1 M) is comparable with
the other reported methods for MP by enzymatic/@onymatic sensors as givenTiable 1.

It is clear that, the proposed biosensor was doafile the lowest MP detection, and this
detection level is less than the allowable pestidichits as set by environmental protection
agency’s [9]. In addition, non-enzymatic MP sensas detect MP up to up to 0.5x1M
concentration. But, enzymatic MP sensors were b#ttn non-enzymatic sensors which is
due to high sensitivity and selectivity of composnor preferentially binding the target
[18,45-47,74—77]. Our fabricated s-SWCNT based drnssr showed enhanced
electrochemical reaction with MP via simple enzymanobilization which retained the
enzyme activity as a potential biosensor. It issgme to extend the same procedure to detect
other organophosphorus pesticides using this apprdather semiconducting materials can
also be used for biosensor fabrication. This newhot opens up new possibilities for the
designing of s-SWCNTs-FET based electrochemicaldrisor for detection of pesticides.

3.7. Sdlectivity, stability, reproducibility and repeatability
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The selectivity of BSA/AChE-Glu-s-SWCNTs/GCE biosen was evaluated by SWV
measurements. As displayed in they. 8, the proposed biosensor was exposed to the
optimum concentration of ATCl with PBS as a blafke blank measurements showed
predominant oxidation peak at + 0.62 V. After thatoposed biosensors oxidation peak
current did not significantly affected by the aduht of other organic compounds such as
glucose (GU), uric acid (UA) and oxalic acid (OA)d. 8A), which indicated that proposed
biosensor effectively eliminated the interferend aind not allow the electron transfer process
from electrolyte to electrode interface. HoweveYY\& anodic current response (relative
signal intensity) was decreased about 4.8% in thegmce of ascorbic acid (AA). It might be
attributed to the biochemical reaction of AA (rethgcagent) by donating electrons to the
AChE enzymatic reactions which invariably convext@bic acid to dehydroascorbic acid or
semi dehydroascorbic acid. Because of this sideticem it slightly reduced the AChE
enzyme activity Fig. 8B) [78]. Moreover, in presence of orthophosphorid d©PA), the
relative signal intensity was decreased about dnkpb6. It was due to the presence of
conjugated base hydrogen phosphate group whichtlsliggduced the AChE enzyme activity
(Fig. 8B) [79].

Furthermore, the storage stability of the fabridabéosensor was studied by SWWid.
9A). The proposed biosensor was stored in 100 mM @BiS7.4) at 4°C in the refrigerator.
The oxidation current intensity changes were resdriefore and after storage for certain
periods in the refrigerator. The fabricated biosenshowed about 6.86% decrease in
response after storage of 33 daygy(9B). This study suggested that fabricated bioserssor i
relatively stable and maybe be suitable for lontetusage. Moreover, the reproducibility and
repeatability of the biosensor were also investidatThree different biosensors were
prepared independently and used for the detectidx®0*® M MP in 100 mM PBS (pH
7.4). The relative standard deviation (RSD) wa8%6Next, the same biosensor was used

for repetitive determination of MP for three considce measurements. The observed data
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resulted an RSD of 0.89% for n=3. This study protrext the proposed biosensor is suitable
for MP detectionTable Sl of the supporting infor mation).
3.8. Real sample analysis

Figs. S2 & S3 (Supporting information) displays the SWV responses obtained for the
MP detection in strawberry and apple fruit sampisiig BSA/AChE-Glu-s-SWCNTs/GCE
biosensor. As shown, the anodic current responsa® wecreased with increasing MP
concentration from 1xI8 M to 5x10° M (Fig. S2) and 5x13° M to 5x10° M (Fig. S3).
The linear current responses were attained witbreelation coefficient (B of 0.989 and
0.933. The recovery of MP was between 98.31% ar22P% with the RSD of 1.72% and
4.53%, respectivelyT(@ble S1). In some measurements, the spiked MP concentratas
found lesser than expected which was due to theepoe of common interferent and some
impurities. However, recovery results for MP weoeeptable in strawberry and apple fruit
samples. These results confirmed that the propbsesknsor is suitable for real sample
analysis. In addition, proposed biosensor (BSA/A@Gik-s-SWCNTs/GCE) fabrication and
detection procedures are simple and effective comtb#o other methods, i.e. liquid/gas
chromatography [12], mass spectrometry [11], coletry [10], Raman [13],
photoluminescence and fluorescence spectroscapiesd].
4. CONCLUSIONS

The proposed BSA/AChE-GIlu-s-SWCNTs/GCE biosensateimonstrated with superior
selectivity and sensitivity for MP detection thanSAAChE-s-SWCNTs/GCE, s-
SWCNTs/GCE and bare GCE. In addition, s-SWCNTsrereonly offered the effective
electron transfer process but also increased surtaea for successful assembling of
GIlu/AChE/BSA. The BSA film on AChE-Glu-s-SWCNTs adtas a good protective layer to
AChE enzyme from by-product of acetic acid. Theposed biosensor exhibited excellent
sensing performance toward MP with a wide lineageaof detection (1xI M to 5x10°

M) and lower LOD (3.75xI8" M). Moreover, the proposed biosensor was apgbediP
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detection in strawberry and apple fruit samplescwldemonstrated that this method can be
applied for real-world samples. We envisage thatploposed MP biosensor (BSA/AChE-
Glu-s-SWCNTs/GCE) could be effectively utilized fimod quality monitoring. In addition,
for the first time, we have successfully demonsttahat pure s-SWCNT based biosensor can
be used for detection of MP pesticide. Howeverthierr studies are required to make a
switchable s-SWCNTs-FET with similar modificatioBBSA/AChE-GIlu-s-SWCNTSs) to
fabricate prototype pesticide sensor for food andirenmental safety/quality monitoring
applications.
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Preparation of MP pesticide stock solution and saahple assay preparation procedure, MP
pesticide detection in apple and strawberry framples were provided. Table of calculated
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Fig. 1 (A) UV-vis-NIR spectra of pristine SWCNTs (i) and pws&SWCNTS (ii).(B) Raman
spectra of pristine SWCNTs (i) and pure s-SWCNT)s (C) HR-TEM images of pure s-
SWCNTs.
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Fig. 2 FT-IR spectra of s-SWCNTs and AChE-Glu-s-SWCNTsisi (A) From 1300 cr

and 1900 cril & (B) From 2400 crit and 4000 cr.
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Fig. 3 (A) CVs of (a) bare-GCE, (b) s-SWCNTs/GCE, (c) BSA/&AZH%rSWCNTs/GCE, (d)
BSA/AChE-GIlu-s-SWCNTs/GCE in 100 mM KCI containiBgnM Ksz[Fe(CN)] and 5 mM
K4[Fe(CN)]. (B) EIS Nyquist plots of (a) bare-GCE, (b) s-SWCNTsEQ) BSA/AChE-s-
SWCNTs/GCE and (d) BSA/AChE-GIlu-s-SWCNTs/GCE i® 10M KCI containing 5 mM
K3[Fe(CN)] and 5 mM K[Fe(CN)]. EIS measured condition: Amplitude: 50 mV,
Frequency: 10 Hz to 1,000,000 Hz, Initial electrpdgential: 0 V.
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Fig. 4 SWV current responses of the BSA/AChE-Glu-s-SWCKRTE biosensor with and

without 4 mM ATCI. SWV measured conditions: SWVduency 25 HZ, amplitude 100 mV
and step potential 1 mV.
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Fig. 5 CVs of (a) Bare GCE, (b) s-SWCNTs/GCE, (c) BSA/AzH+SWCNTs/GCE, and (d)
BSA/AChE-GIlu-s-SWCNTs/GCE in 100 mM PBS (pH 7.4htaning 4 mM ATCI at a scan

rate of 100 mV <.
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Fig. 6 CVs of BSA/AChE-Glu-s-SWCNTs/GCE in 100 mM PBS (fgH) containing 4 mM
ATCI at different scan rates (from 10 to 100 m¥).sInset: the plots of the anodic peak

currentsvs. the square root of scan rates (Error bars showstdndard deviation (SD) of
three repetitive experiments).
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Fig. 7 SWVs of BSA/AChE-Glu-s-SWCNTs/GCE in 100 mM PB3H(j.4) containing 4
mM ATCI with different concentration of MP (fromta g): 0, 1 x 13°M, 5 x 10*° M, 1 x
10° M, 500 x 10° M, 1 x 10° M and 5 x 10 M. SWV measured condition: RefEig. 4.
Inset: the corresponding calibration plot of MP @emtrations against net current responses
(Error bars shows the SD of three repetitive expenits).
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Fig. 8 (A) SWVs of BSA/AChE-Glu-s-SWCNTs/GCE in 100 mM PB#(7.4) containing
4 mM ATCI (blank) and after incubation with 100 8% M of oxalic acid (OA), uric acid
(UA), glucose (GU), orthophosphoric acid (OPA) astorbic acid (AA). SWV measured
condition: ReferFig. 4. (B) Graph demonstrates the changes in biosensorsnssjielative
signal intensity) with different interferent molées.
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Fig. 9 (A) SWVs of BSA/AChE-Glu-s-SWCNTs/GCE in 100 mM PB$i(p.4) containing
4 mM ATCI after several days of storage. SWV meeguwondition: RefeFig. 4. (B) Graph
demonstrates the changes in biosensor relativaldiggensity with storage period.
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Table 1. Analytical comparison of this new biosensor performance against other

reported electrochemical sensorsfor MP.

Modified electrode Enzymatic/ | Techniq | Electrolyte Wide linear | Limit of | References
Non- ue range (WLR) | detection
Enzymatic (LOD)

Ag/GNRs/SPCE Non- Ampero | PBS (pH 7.0) | 5x18 to| 0.5x10°M | [18]
Enzymatic | metry 2.78x10° M

Nano TiQ/ grapheneg Non- LSV Acetate bufferl 2x10° to 5x10 | 1x10° M [74]

composite/GCE Enzymatic (pH 5.2) ® M; 5x10° to

1x10* M;

Graphene/GdHCF/GCE | Non- DPV PBS (pH 6.0) | 8xIb to | 1x10° M [75]
Enzymatic 10x10° M

Ag/NF composite Non- Ampero | B-R  buffer| 0.2x10° to| 0.2x10°M | [76]
Enzymatic | metry (pH 2.56) 1x10° M

AChE/LDHs/GCE Enzymatic | Ampero| PBS (pH8.0) | 1.9x1®  to|2.3x10°M | [45]

metry 1.5x10°

Au/ssDNA- Enzymatic | SWV PBS (pH 7.0) 1x1d to| 1x10%M | [48]

SWCNT/PANI- 1x10° M

AChE/GCE

AChE/SF/IMWNTS/GCE | Enzymatic| Ampero| PBS (pH 7.0) | 3.5x10® to | 5x10'M [46]

metry 2x10°

NF/AChE-CS/Pt Enzymatic | CV PBS (pH 7.4)| 10to 107 ;|5x10*M | [77]

NPs/CGR-NF/GCE 10"%to 10°

NF/AChE-CS/NiO-CGR-| Enzymatic | CV PBS (pH 7.4)] 10 to 10" ;| 5x10™M [47]

NF/GCE 10"%to 10°

BSA/AChE-Glu-s- Enzymatic | SWV PBS (pH 7.4) 1x1® M to] 3.75x10"M | This work

SWCNTs/GCE 5x10° M

Au : gold; ssDNA : single strand oligonucleotideAN : polyaniline; Ag : silver; GNR :

. linear sweep
voltammetry; GdHCF : gadolinium hexacyanoferraaaocomposite; B-R buffer : britton-
robinson buffer; DPV : differential pulse voltammetLDHSs : layered double hydroxides;
SF : silk fibroin; CS : chitosan; NF : nafion; PtPBIl : platinum nanoparticles; CGR

graphene nanoribbons; SPCE :

carboxylic graphene; CV : cyclic voltammetry; NiQickel oxide; TiQ: titanium dioxide.
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Highlights

« A simple electrochemical biosensor is reportednf@thyl parathion (MP) pesticide
detection in fruits samples using high purity s-SMIG modified electrode.

» The fabricated biosensor was characterized by QVR; TEM, EIS and SWV.

* The proposed BSA/AChE-Glu-s-SWCNTs/GCE biosensdrileted a wide linear
range from 1x18° M to 5x10° M with LOD of 3.75x10"* M for MP target.

e The BSA/AChE-Glu-s-SWCNTs/GCE biosensor showed higglectivity and
stability.

* The RSD of the proposed BSA/AChE-Glu-s-SWCNTs/G@isénsor was calculated

to be 0.89% and recovery was 99.03% for MP target.



