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Abstract

This paper reportthe electrosynthesis and characterisation of anpetic film derived
from 2-hydroxybenzamide over a graphite electrodd #s application as an enzymatic
biosensor for the determination and quantificatbthe pesticide fenitrothion. The material
was analysed by scanning electron microscopy asd electrochemical properties
characterised by cyclic voltammetry and electroabamimpedance spectroscopy. The
enzyme tyrosinase was immobilised over the moditéectrode by the drop and dry
technique. Catechol was determined by direct realucof biocatalytically formedo-
quinone by employing the flow injection analysishieique. The analytical characteristics
of the proposed sensor were optimisedfollows: phosphate buffer 0.050 M at pH 6.5,
flow rate 5.0 mL mif!, sample injection volume 150 pL, catechol conaiwn 1.0 mM
and maximum inhibition time by fenitrothion of 6 miThe biosensors showed a linear
response to pesticide concentratfoom 0.018 to 3.6QuM. The limit of detection and
limit of quantification were calculated as 4.70 ndhd 15.9 nM (RSD < 2.7%),
respectively. The intra- and inter-electrode RS[2sen8.35% (n = 15) and 8.70% (n =
7), respectivelyln addition, water samples spiked with the pesticitiowed an average
recovery of 97.6% (£1.53).

Keywords. 2-hydroxybenzamideeglectropolymerizationgatechal biosensorfyrosinase;
fenitrothion.



1. Introduction

Since the prohibition of organochlorine pesticideg to their harmful effects on
the environment, organophosphates have become dire pesticides used worldwide
due to their good degradability, lower toxicity akmlv persistence in mammalian
systems compared with organochlorines [1,2].

Among the available compounds, fenitrothiod,@-dimethyl O-(3-methyl-4-
nitrophenyl) phosphorothioate) is one of the mosediorganophosphate pesticides
because it inhibits arthropod acetylcholinester@€hE) by oral and percutaneous
routes of toxicity [3]. However, the indiscriminatise of these pesticides also causes
contamination of soil, water and air. Due to itsdorange of dispersal in air, the
pesticide can cause contamination of fauna ana fiorplaces where it has not been
spread [4]. This kind of contamination may alssarirom other phenomena such as
water eutrophication, groundwater contaminatiojsis an increased incidence of soil
bacteria [6].

Although organophosphate contamination is less fudriman organochlorine, it
may affect human health directly because the pgnsource of exposure is the
ingestion of contaminated water and food [7]. Récpapers have shown that
organophosphates may be linked to the developniegveral types of diabetes [8-10],
neurotoxic effects [11], gestational hypertensi@g]] teratogenesis [13], genotoxicity
[14] and carcinogenesis [15].

Therefore, the demand for novel methodologies ohrigjues to ensure food
safety has stimulated research focused on foodasonated with pesticides, heavy
metals and toxins [16]. In this respect, biosensoes a promising alternative in the
search for an efficient technique to monitor contemts in soil, water and food [17—
24]. Some advantages inclugesitu analyses, low response time, high sensitivity and
selectivity, low cost, the potential to be miniaged and the lack of a requirement for
highly skilled labour [25-26].

Among the several possibilities for biosensor catston, enzymatic devices
with electrochemical detection have emerged asoaiging alternative for pesticide
detection [27-28], particularly acetylcholinestera9-31] and tyrosinase (Tyr)-based
sensors [32-34].

Tyr is responsible for the catalysis ofphenol oxidation too-quinones with

efficiency in phenolic compound determination [88¢e equation 1). The electroactive

3



product can be determined and quantified througlugton using electrochemical
techniques (equation 2). Tyr can be inhibited btipeles such as carbamates,
dithiocarbamates, chlorophenols and thioureas 36,3

OH O
OH O

2 + o N, 2 + 2 HO (Eq. 1)

OH
) OH
74
+ 2H + 2¢ —» fj (Eq. 2)

Despite the many advantages of biosensors, théeegent for efficient enzyme

O

immobilisation over the solid electrode surfacerétain its activity is still a major
challenge in their development [27]. It iS necegsar preserve or improve protein
stability, since these devices need to be storedhfinths and must therefore be robust
[38]. In order to fulfil these requirements, in8ically conducting polymers (ICPs) have
been used due to their increased sensitivity aett #tase of manufacture with the
presence of functionalised groups, which form cewalbonds with the biomolecule
[39].

The chemical compound 2-hydroxybenzamide (2-HBZ)so aknown as
salicylamide, is a non-prescription drug with amsig and antipyretic properties.
Previous studies on electropolymerisation of ardamaiompounds indicate that
structures containing an oxygen atom bonded dyréotlan aromatic ring are easier to
polymerise, and the film obtained presents highragypcibility and mechanical
resistance, giving the modified electrode highabity [40,41]. According to a recent
study presented by da Cruz et al., the formatioa gblymeric film derived from 2-
HBZ over graphite electrodes may present condugtas well as functional groups to
bind directly with biomolecules [42].

Therefore, this work reports the development ofaamperometric transducer
based upon tyrosinase/poly(2-HBZ)-modified carborapbite electrodes for the

detection of the organophosphate pesticide fehiwatin water samples. To the best of



our knowledge, this is the first study of 2-HBZ alepolymerisation and its use in

biosensor development.
2. Experimental
2.1. Equipment and materials

All electrochemical experiments were performed ipaentiostat/galvanostat
from Autolab model PGSTAT 204, linked to a persocamputer containing NOVA
1.10 software, where a Pt foil (A = 10 Mmvas used as the counter electrode, while a
Ag/AgCI (3.0 M KCI) electrode was used as the refiee.

The flow injection analysis (FIA) system with amperetric detection was built
with a four-channel peristaltic pump, Gilson modeith Tygon tubes for fluid
propulsion. The carrier solutions and samples wgeeted using a manual switch.

Tyrosinase from mushroom (EC. 1.14.18.1) (1.715 g/nand fenitrothion
were obtained from Sigma-Aldrich (S&o Paulo, Bjazhatechol (99%) from Acros
Organics (Geel, Belgica), 2-HBZ (99%) the grapindd used as the working electrode
(99.9995%) from Alfa Aesar (Ward Hill, USA), potas® ferrocyanide and potassium
ferricyanide (99%) from Sigma-Aldrich (S&o Paulea#l), perchloric acid (70%) from
Vetec (Rio de Janeiro, Brazil) and sodium hydrox{@&%), potassium phosphate
dibasic and monobasic (99%) from Reagen (PararsejlBr

2.2. Electropolymerisation of 2-hydroxybenzamide

Firstly, the graphite electrode (GE) (A = 29.7 fawas mechanically polished
with alumina slurry (0.3um), ultrasonicated, washed with distilled water anied in
N2 (g). Then, the electrodes were conditioned in gmhst of the supporting electrolyte
perchloric acid with 5% ethyl alcohol (3 cycles mftential scanning from +0.20 to
+1.20 V) and subsequently in potassium ferrocydfedécyanide solution (3 cycles of
potential scanning from-0.25 to +0.80 V). This conditioning ensured that no
contamination occurred in the solutions or over thkectrode surface. The
electropolymerisation of 2-HBZ was carried out gsihe cyclic voltammetry technique

with 100 successive cycles of potential from +@.03-1.20 V and a scan rate of 50 mV



s ! using a monomer of 2-hydroxybenzamide (2.5 mM) areg in 0.5 M perchloric

acid solution containing 5.0% ethyl alcohol.

2.3. Morphological and electrochemical characterisation of poly(2-hydroxybenzamide)

After electropolymerization, the electrodes wereshed with deionised water
and dried under N(g) flow. The GE modified with poly(2-HBZ), named po2y(
HBZ)/GE, was then subjected to 5 cycles of potémitanning, in the same range of
electropolymerization, to remove the residual moeontor the analysis of ion
exchange properties, ferro/ferricyanatel supporting electrolyte solutions were used to
evaluate the electroactivity of poly(2-HBZ).

The micrographs of GE and poly(2-HBZ)/GE were vedffrom the SEM
images obtained using a model TM-3000 tabletop esmwpe from Hitachi. Images
were obtained at 15 kV using the backscatteredreles detected in composed mode.

Electrochemical impedance spectra were obtained %50 mM
K4 Fe(CN))/Ks[Fe(CN)] solution containing 0.1 M KCIl. The frequency rang
investigated was from £Qo 10? Hz with a sine wave excitation amplitude of 10 mV
(p/p) in the open circuit potential (OCP) of thestgyn. Measurements were performed
in order to investigate and analyse the surfacetradal properties of GE and poly(2-
HBZ)/GE. Fitting of the impedance spectra to a nhedgivalent circuit was carried out
using the Autolab PGSTAT 204 with NOVA 1.10 softear

2.4. Construction and optimisation of the biosensor

Tyr stock solution was prepared by dissolving 26,Q0(14.58 mg Tyr) in 4.0 mL
phosphate buffer 0.05 M, pH 6.5. Then, 20 uL ofgteeck solution was diluted in 200 pL
of phosphate buffer, and finally, 25 pL was dripmeer the modified electrode (15.6 U),
kept for 2 h at 37 °C in a drying oven, washeduffdy solution for 6 seconds with stirring
and dried under Ng) flow.

FIA was used to monitor the response of the seirsdhe presence of the
substrate catechol through electrochemical redoictd the enzymatic product-
guinone by chronoamperometry -€2.20 V. The following biosensor conditions were

optimised: carrier solution (pH 5.0-8.0), volume iofected sample (50-300 puL),



electrolyte flow rate (1-8 mL mif), o-quinone reduction potentiat-@.40—0.00 V),

substrate concentration (1.0 X 3@1.0 x 10° M) and incubation time (0.5-10 min).

2.5. Analysis of fenitrothion

For measurement of the biosensor inhibition ratéhieyinsecticide fenitrothion,
1.0 mM catechol solution prepared in 0.05 M phospltoaffer (pH 6.5) was used as a
substrate. The reduction current was measured @ftein of contact of the biosensor
with fenitrothion solutions at concentrations ofL800 ppb.

Tap water samples were collected directly from pugystems and spiked with
fenitrothion. The inhibition rate ($pwas measured as the decrease in reduction current

of o-quinone calculated by equation 3:

(% 1) = f—: x 100 (Eg. 3)

whereAl is the difference between the current value-gluinone reduction before and
after addition of fenitrothion, ant}, is the o-quinone reduction current value before

addition of fenitrothion.
3. Results and discussion
3.1. Electrosynthesis of poly(2-HBZ)

For film formation, 100 successive scans were edrrout in a solution

containing the monomer and the supporting eledieayg shown in Figure 1.
INSERT FIGURE 1

The oxidation current peak near +1.07 V observeRigure 1 was attributed to
monomer oxidation. In the first reverse scan, cdithprocesses at +0.75 and +0.50 V
were observed and attributed to the reduction ebdzed material over the electrode. In

the subsequent scan it was confirmed by the appeauaf three reversible redox peaks



(+0.75, +0.50 and +0.33 V for reduction and +0-866.,57 and +0.38 V for oxidation).
A current increase at these redox peaks togethir avcurrent decrease at the more
anodic oxidation peakif,) was observed with the subsequent scans. Thisvioeina
suggests progressive monomer depletion over #wrete/solution interface and the
formation and adsorption of an electroactive mataver the graphite surface.

A detailed analysis of each wave in the CV preskmeFigure 1 reveals rather
high complexity. The positions of the amide andrbygll groups in the aromatic ring
clearly indicate the high complexity of CV behaviolihe ortho position can cause an
interaction between the oxygen atom from the hygrgxoup and the nitrogen atom
from the amide group; therefore, different oxidiealand reducible species may be
formed, resulting in the electroactivity observed the polymeric film. However, a CV
comparison was used to evaluate the electrochenpicgberties of the adsorbed
polymeric film, as well as its role in the chargansfer process of the ferro/ferricyanide
redox couple, as will be shown in section 3.3. Keritbrough CV analysis, it will be
possible to understand some electrochemical priegest poly(2-HBZ).

3.2. Morphologic studies

The morphology of GE and poly(2-HBZ)/GE were anatyy SEM, and the

images are shown in Figure 2.

INSERT FIGURE 2

The micrographs show the morphological differenicesveen the GE (Figure
2A) and the poly(2-HBZ)/GE (Figure 2B). As usudle tGE presents a surface with the
presence of minor grooves throughout its extensiecause of its high porosity. After
electropolymerisation the electrode shows homogeneoverage with a whisker-like
material, covering even the graphite minor grooVé® different magnifications ensure
the homogeneity of the polymer coverage over thetelde surface in comparison with

the unmodified electrode.

3.3. Electrochemical characterisation of poly(2-HBZ)



The electrochemical behaviour of GE and poly(2-H&E in solutions
containing the supporting electrolyte (0.5 M HGI® 5% absolute ethanol) and redox
probe (5.0 mM KFe(CN)}/KsFe(CN) containing 0.1 M KCI) is shown in Figure 3.

INSERT FIGURE 3

It is clear from the data in Figures 3A and 3B ttied electrode surface was
modified. The same redox peaks observed duringrefemymerisation appear in the
CVs containing only the supporting electrolyte, gesfing an electroactive material
adsorbed over the GE (Fig. 3A). Figures 3B and B@sthe intrinsic electrochemical
response exhibited by poly(2-HBZ) in the presencd absence of the redox probe
(outer-sphere reaction). This strategy was usecvaid inadequate data analysis,
eliminating the polymeric response by measuring shpporting electrolyte solution,
leaving only the desired redox pair response. Toere the kinetics of electron
transport at the solution/poly(2-HBZ) interface wimoin Figure 3B suggest that for
poly(2-HBZ)/GE the observed faradaic process isctprally attributed to the
electroactivity of the polymeric film in this mediu(0.1 M KCI) as observed in Figure
3C, which shows a block in the redox activity oé tterro/ferricyanide couple on the
surface of the electrode. It also shows that thera current decreasé,{ andlyc)
compared to bare GE and a potential shift to mored& potentials. This current
decrease may reflect an increase in charge traresfistance due to polymer deposition,

interfering in the electrochemical response ofréaox pair.

3.4. Electrochemical impedance spectroscopy studies

The electrochemical impedance spectroscopy (EI8¥tsp obtained for GE and
poly(2-HBZ)/GE in the presence of the redox probatér sphere redox reaction) were
obtained at the open-circuit potential (OCP) aredstwown in Figure 4.

INSERT FIGURE 4

It is known that the response in the frequency dorfaa an electrode process is
characterised by a straight line in the diagrana abmplex plane (-ZVs. Z’) with an

inclination of 45° (Warburg line). Moreover, accorg to the EIS theory, a quasi-
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reversible system is characterised by the presehaesemicircle connected to a linear
segment with an inclination of 45° in the compldane. As expected, this behaviour
was found for the unmodified electrode (GE). Instheystems the high frequency range
is characterised by the solution properties, whikesintercept with the real axis (Z')
provides the non-compensated resistance valueeo$dtutions,Rs. The impedimetric
responses in the medium frequency range are asswaiath the interfacial processes
between the electrode and solution. The relaxapbenomenon is observed in the
Nyquist diagram, which is presented as a semicisddle constant time defined by the
product of resistance to charge trand®grand the pseudocapacitance of the electric
double layerQq. In the lower frequency range, the impedance besocontrolled by
the diffusion of the electroactive species with epresentative response of mass
transport in the complex plane characterised bgeat behaviour with an independent
frequency phase angle o#.

On the other hand, the modified electrode presartghly resistive behaviour
resulting from the slow kinetics of the electroniansference reaction between the
electroactive species in the solution and the resites of the polymer formed. In this
case, electronic transport through the polymeriirchis followed by transport of the
counterion. This ion movement can be compareddakiarge/discharge of a capacitor.
Since the polymeric chain “surface” presents irteggeometry, the double layer also
presents a constant phase element (CPE) behaviour.

In order to obtain a quantitative treatment of Epfectra, it is necessary to make
use of a theoretical model that represents the igdlysproperties of the
electrode/solution interface. In this context, thieeoretical model of Randles
R«(Qu[RcW]), describing the GE, is the most recommenderepoesent the behaviour
of redox reactions of the outer sphere in the feegy domains. Electrode processes
occur at the electrode/solution interface in theemige of kinetic complications due to
the adsorption of electrolyte species or reactiotermediates as observed for the
unmodified electrode. Moreover, for the poly(2-HBZE, a circuit of Ladder
Rs(Qu[Rc(QfR¢)]) represents the obtained spectra more apprepriathe R element
(the ionic transport resistance) a@delement (pseudocapacitance) are associated with
the charge/discharge process of the polymeric chain

The apparent values of the equivalent circuits iabth from the numeric

simulation based on the geometric area of thereldes are summarised in Table 1.
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INSERT TABLE 1

The R obtained in the OCP acts as an indirect measutieeoéxchange current
density (b = RT/nFRy) for the redox reaction of the outer sphere at the
electrode/solution interface. The approximate B-foicrease ofR; in the modified
electrode suggests that the presence of the polwtmengly affects the electronic
transference kinetics of the redox pair Fe(€MFe(CN)*. Moreover, the
approximately 4-fold increase in the value@f [poly(2-HBZ) > GE] suggests that the
modified electrode presents a more compact suridmn compared with the graphite
electrode, suggesting that the polymeric materralvg in the inner grooves of the
graphite and not on the external surface. Thislresuroborates the micrographs
obtained through SEM. The linearity of the systeaswerified through the Kramers—
Kronig transform method with values lower than®1@nd all the data presented have

good consistency since tiggremained in the order of T0

3.5. Performance and optimisation of the biosensor

After confirmation of polymer formation, the Tyr &/rme was immobilised over
the modified carbon electrode, and the chronoanmpeity technique was used for
quinone detection through the FIA system. The pseddbiosensor is based upon the
inhibition of Tyr by fenitrothion, decreasing theidation rate too-quinone. Theo-
quinone produced in the reaction described by émudt can be monitored over the
transducer through its electrochemical reductiaquéion 2). Enzymatic inhibition by
fenitrothion decreases the amounbajuinone, and the signal difference is proportional
to the inhibition and hence, to the pesticide. Hpplied potential and pH value for
chronoamperometry were the first parameters toptentsed. Figure 5A presents the
maximum current peaks ofquinone reduction in a potential range freth40 to 0.00
V and Figure 5B in the pH range from 5.0 to 8.0refiresentative FIA-gram is shown
as an inset in Figure 5.

As observed in Figure 5A, the optimal applied pogmwith the highest current
peak foro-quinone reduction was0.20 V. An experiment performed through CV using
a solution containing catechol resulted in oxidatio o-quinone and a subsequent

reduction to catechol with a current peak exactlyhes potential value. Thus, it was
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expected that, using the chronoamperometry tecknithe best potential would be

—-0.20 V (the higher the current response, the higheranalyte concentration). The

supporting electrolyte as well the pH value mustuea enzyme stability without a loss
of activity. Every enzyme presents an optimal pitj @ariation in this parameter may

decrease enzyme efficiency. As observed from Fi§@ethe carrier solution pH value

directly affects the biosensor response, and teeresult was obtained at a pH value of
6.5.

INSERT FIGURE 5

Figure 5C presents the flow rate study. It is obsérthat at values higher than
5.0 mL/min, current peak values reached a platéthen the flow rate increased, the
sample dispersion decreased. Therefore, the cuvedné increased until it reached a
maximum and from that point on did not change aersibly. Also, at the beginning of
the plateau, a lower cleaning time occurred beyiiedminimisation of the lixiviation
effect. Therefore, the flow rate was fixed at 5.0 min™.

The sampling loop was varied from 50 to 300as observed from Figure 5D to
evaluate the effect of the volume of substrate cbeg. The amperometric signal
increased proportionally with the volume of subtstradded because of the lower
dispersion effect from the moment of injection he moment the substrate reached the
electrochemical detector. With more substrate, mpreducts are formed, and
consequently, a higher electrochemical signal iseggted. Moreover, in the range of
the sampling loop analysed, it was not possibleliserve enzyme saturation, and the
signal remained constant. As the current did nange significantly in the range
analysed (10-11.pA) and to avoid the use of unnecessary amountuloftsate, a
sampling loop volume of 150L was chosen. This is an intermediate value ansieots
a reasonable response.

In order to verify the reproducibility of the syste 15 catechol samples were
injected using these optimised conditions (catecbaktentration: 1.0 mM in phosphate
buffer 0.050 M (pH 6.5), & -0.20 V, flow rate: 5.0 mL mirt and sampling loop: 150
uL), and the relative standard deviation (RSD) olsdi was 3.35% (intra-electrode).
The same analysis was performed for seven diffdsesensors prepared on different
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days with the same concentration of catechol, tiesuin an inter-electrode RSD value
of 8.70%.

Figure 6 shows the biosensor linear range frond#ta on peak current obtained
as a function of catechol concentration (inset).

A linear relationship is observed at catechol cafregions between 1.0 x T0
and 1.0 x 10° M with a sensitivity of 3.22 pA/mM and a linear oelation coefficient
of ¥ = 0.9988. Above this concentration a peak curampears to reach a plateau,

probably due to saturation of the enzyme’s actitee s

INSERT FIGURE 6

3.6. Fenitrothion analysis

Following parameter optimization, the biosensor veggplied to detect the
pesticide fenitrothion. The base signaly) was measured in a solution containing only
a fixed concentration of the substrate. Afterwattls, biosensor was taken to a second
solution containing fenitrothion for Tyr inhibitiomhen the system was again placed in
the solution containing only catechol and the mgral measured\(). As this signal
was proportional to the substrate concentratioedas the electrochemical response of
o-quinone, the decrease in enzymatic activity duefetatrothion inhibition led to
variation in the base signal.

The contact time of the biosensor with the pestigidsolution is an important
factor in the determination of enzymatic inhibitiorhe % calculated by equation (3)
for the immobilised enzyme as a function of biogenacubation time in a solution
containing 1000 ppb of fenitrothion increased foe first 6 minutes of incubation (see
Figure 7A), reaching 98% inhibition with no sigeodint changes after this time.

Therefore, this time was used for pesticide detacind quantification.

INSERT FIGURE 7

Figure 7B presents Pas a function of fenitrothion concentration ramggirom 5
to 1000 ppb (0.018-3.gM) with a sensitivity of 0.075% inhibition/ppb. litjition

followed a linear relationship in the studied ranggh the limit of detection (LOD),
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determined as three times the standard deviatigheosignal for the buffer (blank), of
1.3 ppb (4.7 nM) of fenitrothion.

A comparison of the proposed biosensor with thesrotbreviously reported
electrochemical sensors for fenitrothion analysishown in Table 2. Thus, poly(2-
HBZ) is a very promising biosensor construct famii@thion determination based on
tyrosinase inhibition. Considering that in Brahikte is no specific legislation defining
the allowable limits of organophosphate pesticidacentration in water, the LOD
obtained by the biosensor allows the device to pplied following the WHO
guidelines that define the safety level of 8.0 8.8 nM) for fenitrothion in water

samples [49].

INSERT TABLE 2

Water samples were spiked with 50 ppb of fenitathi Analyses were
performed in triplicate, and an average recovery906% with a relative standard
deviation of £1.53 was observed. In this contextan be confirmed that this enzymatic
biosensor can efficiently detect fenitrothion invieonmental samples. Different
biosensors were used for the determination of ri@hion, and one biosensor was
evaluated on multiple days. In all studies, a R$Iess than 5.0% was obtained, with
an average loss of response of 17% after 30 dayseofstored at 4 °C), proving that the
proposed method had good reproducibiliffhe method can be used for direct
determination of fenitrothion in natural water sdesp with no need for preliminary

reactions, andnly a short time is required for the analysis.
4. Conclusions

Characterisation of the electrochemical platforrheweed the formation of an
active electrochemical material on the surface h&f GE. Several parameters were
investigated to optimise the response of the bmseto the substrate using the FIA
analysis system. Among these investigations, tist Bsponses were obtained under
the following conditions: 0.05 M phosphate buffét 6.5 as the transporter fluid, flow
rate of 5.0 mL mift, sample volume of 150L, substrate concentration of 1.0 mM, and
a potential 0f~0.20 V applied at the working electrode. The wogkimear range for

fenitrothion was 0.018-3.60 pM (linear correlationefficient ¢ = 0.9735). The
14



equation obtained from the linear regression was:intibition = 24.4 + 0.075
[fenitrothion/ppb]. The limit of detection (LOD =cBS) and limit of quantification
(LOQ = 1®/S) were calculated as 1.3 ppb (4.7 nM) and 4.4 {ia®© nM) (RSD <
2.7%), respectively. The reproducibility was evaédol The intra- and inter-electrode
RSDs were 3.35% (n = 15) and 8.70% (n = 7), respayt The electrodes were stored
at 4 °C for 30 days, and a 17% loss of responseolvasrved. In addition, samples of
water spiked with the insecticide, on the ordeb®@fpopb, presented an average recovery
of 97.6% with a standard deviation 81.53. The enzyme biosensor GE/(2-HBZ) is a
viable alternative for the determination and quaatiion of the insecticide fenitrothion
in environmental samples, such as water, using eonperic detection based on the
enzymatic inhibition process of the insecticide, the enzyme tyrosinase in the
oxidation reaction of the catechol substrate.
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Figure Captions

Fig. 1. Cyclic voltammogram®f the GE in solutions containing 2.5 mM of 2-HBZ.
Supporting electrolyte: 0.5 M HCIO+ 5.0% absolute ethanol, 100 scans; 50 mV

1

s . (- - -) First scan. The arrows signify the cutrdmection.

Fig. 2. SEM images obtained for (A) GE and (B) poly(2-HEBZ. Magnification of
x250 (A1 and B1) and x1000 (A2 and B2).
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Fig. 3. Cyclic voltammograms of (---) GE and—() poly(2-HBZ)/GE in solutions
containing (A) 0.50 M HCIQ + 5.0% absolute ethanol;, and (B) 5.0 mM
K4Fe(CN)/KsFe(CN) + 0.1 M KCl and (C) 0.1 M KClh = 100 mV §".

Fig. 4. (A) Nyquist and (B) Bode diagrams for EIS spectra for GE and(o) poly(2-
HBZ)/GE. Electrolyte: 5.0 mM Kre(CN}/K3sFe(CN) + 0.1 M KCI. Conditions for the
impedance study: E = OCRBE = 10 mV (RMS); and frequency range:*16 10° Hz.
The inset shows the equivalent circuit used in dimeulation/fitting procedure. Solid

lines represent the fit of the equivalent circaithe experimental findings.

Fig. 5. Optimisation of biosensor. (A) Variation bfc vs. Esp. Sampling loop: 150 pL,
catechol concentration: 1.0 mM, phosphate bufféb@.M (pH 6.5) and flow rate: 5.0
mL min™%; (B) Variation oflpc at-0.20 Vvs. pH value of phosphate buffer solution
0.050 M. Sampling loop: 150 pL, catechol concemmatl.0 mM and flow rate: 5.0 mL
min; (C) Variation ofl pc VS. flow rate.Egpp: —0.20 V, sampling loop: 150 pL, catechol
concentration: 1.0 mM and phosphate buffer 0.05(pM 6.5) and (D) Variation off,¢
vs. sampling loop.E4: —0.20 V, catechol concentration: 1.0 mM, phosphatéfeb
0.050 M (pH 6.5) and flow rate: 5.0 mL mtnInset: FIA-gram.

Fig. 6. Linear response of amperometric biosenggy.= —0.20 V, sampling loop: 150
uL, flow rate: 5.0 mL mift, phosphate buffer solution 0.05 M, pH 6.5. InSétisensor

response evaluatiors. catechol concentration in the range 1.0 16 1.0 x 10° M.
Fig. 7. (A) Percentage of inhibition of the enzymatic bioservs. incubation time and
(B) analytical curve obtained for detection and rgifcation of fenitrothion.Ey =

-0.20 V, sampling loop: 150 pL, flow rate: 5.0 mLmi catechol concentration: 1.0
mM, phosphate buffer solution 0.05 M, pH 6.5, [testhion] = 5 to 1000 ppb.

Table Captions
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Table 1. Apparent values of the equivalent circuit obtaimedhe numeric simulation
using complex nonlinear least squares (CNLS) method

Table 2. Comparison of some of the types of reported edebmical sensors as a
function of their performance for fenitrothion aysik.
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Table 1. Apparent values of the equivalent circuit obtaimethe numeric simulation
using complex nonlinear least squares (CNLS) method

Parameter GE poly(2-HBZ)/GE
Rs/ Q cnf 42.4 43.1
Rt/ Q cnf 27 138
Qi 285 1100
O 'em 3"

Ngl 0.7 0.5
Qq 7.1

ImQ tem %"

Ny 0.5 ---

R /kQ cnf 12.9
Q/mQ em %" 6.3

N 0.8

2 (x10°) 1.2 45




Table 2. Comparison of some of the types of reported edebemical sensors as a
function of their performance for fenitrothion aysik.

Linear range Limit of
System Surface electrode (uM) detection (M) Ref.
Microbial biosensor Modified Clark Oxygen up to 50 999 43
Electrode
Microbial biosensor Modified Carbon Paste up to 5.00 5.01 44
Electrode
Electrochemical Peptide Ngnotubes / Pencil 0.114-1.712 19.6 45
Graphite Electrode
lonic Liquid Functionalized
Electrochemical Graphene Coated Glassy 0.01 —-5.00 8.00 46

Carbon
Reduced Graphene Oxide /
poly(E)-1-(4-((4-
Electrochemical  (phenylamino)phenyl)diazen 0.10 —1.91 3.48 47
yl)phenyl)ethanone / Pencil
Graphite Electrodes
CeQ,Nanocomposite

Electrochemical | GrapheneModified Glassy 0.025 -2.00 3.00 48
Carbon Electrode
Tyrosinase / poly(2-
Enzymatic biosensor hydroxybenzamide) / 0.018 - 3.6 4.70 This work

Graphite Electrode
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