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1. Introduction

ABSTRACT

A novel enzymatic biosensor for carbamate pesticides detection was developed through the direct
immobilization of Trametes versicolor laccase on graphene doped carbon paste electrode functionalized
with Prussian blue films (LACC/PB/GPE). Graphene was prepared by graphite sonication-assisted
exfoliation and characterized by transmission electron microscopy and X-ray photoelectron spectro-
scopy. The Prussian blue film electrodeposited onto graphene doped carbon paste electrode allowed
considerable reduction of the charge transfer resistance and of the capacitance of the device. The
combined effects of pH, enzyme concentration and incubation time on biosensor response were
optimized using a 23 full-factorial statistical design and response surface methodology. Based on the
inhibition of laccase activity and using 4-aminophenol as redox mediator at pH 5.0, LACC/PB/GPE
exhibited suitable characteristics in terms of sensitivity, intra- and inter-day repeatability (1.8-3.8% RSD),
reproducibility (4.1 and 6.3% RSD), selectivity (13.2% bias at the higher interference:substrate ratios
tested), accuracy and stability (ca. twenty days) for quantification of five carbamates widely applied on
tomato and potato crops. The attained detection limits ranged between 5.2 x 10~ mol L'
(0.002 mg kg~! wjw for ziram) and 1.0 x 10~ mol L™! (0.022 mg kg~! w/w for carbofuran). Recovery
values for the two tested spiking levels ranged from 90.2 + 0.1 (carbofuran) to 101.1 + 0.3% (ziram) for
tomato and from 91.0 + 0.1% (formetanate) to 100.8 + 0.1% (ziram) for potato samples. The proposed
methodology is appropriate to enable testing pesticide levels in food samples to fit with regulations and
food inspections.

© 2013 Elsevier B.V. All rights reserved.

(USEPA, 20123, 2012b). Therefore, monitoring of these pesticides in
food and water is mandatory.

Carbamate pesticides play an important role in high agriculture
productivity (Dyk and Pletschke, 2011). Particularly in developing
countries, these pesticides are systematically and increasingly
applied as prophylactic measures due to their positive effect on
yield (Oliveira et al., In press; Schwarzenbach et al.,, 2006). However,
they are often toxic towards non-target organisms and their
intentional release into the environment has been creating serious
environmental and public health consequences worldwide. Carba-
mates are considered hazardous to human and environmental
health, being included in the list of known endocrine disruptor
compounds (Schulte-Oehlmann et al., 2011) and in the priority list
released by the United States Environmental Protection Agency
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Pesticides usually inhibit various enzymes within insects and
other pests leading to the incorporation of several classes of
enzymes, mainly acetylcholinesterase and tyrosinase, into biosen-
sors for detection purposes (Dyk and Pletschke, 2011). Laccase
enzyme (LACC), a glycoprotein with four copper atoms per mono-
mer distributed in three redox sites was successfully immobilized
on some electrodic supports (Sabela et al, 2012; Duran et al,,
2002). One of its main advantages as a recognition element is the
covalently-linked carbohydrate moiety which may contribute to
its high stability (Sabela et al., 2012). Despite its versatility as a
recognition element on biosensors, the number of studies invol-
ving its application for pesticides determination is still very
limited (Dyk and Pletschke, 2011; Morozova et al., 2007).

Carbon nanomaterials have been used as transducers to improve
the electro-kinetic properties and sensitivity in the development of
enzymatic biosensors, with a recent and important emphasis on
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graphene (Kuila et al., 2011; Novoselov et al., 2004). Graphene-based
electrodes have superior performance in terms of electrocatalytic
activity and macroscopic scale conductivity than ones based on
carbon nanotubes (Kuila et al., 2011; Jiang et al., 2011; Pumera
et al., 2010; Novoselov et al., 2004). These unique properties are
associated with the individual sheets, which are also responsible
for its inherent disadvantages, such as hydrophobicity and easy
aggregation in aqueous solution (Gu et al., 2012). They also exhibit
high flexibility as a substrate for chemical and biological modifica-
tions (Bo et al., 2011; Shao et al., 2010). However, proper conjuga-
tion with biological molecules such as enzymes, ssDNA, RNA, Ab,
receptors, and aptamers still needs to be further explored (Kuila
et al.,, 2011; Shao et al.,, 2010). Furthermore, no direct application of
graphene-based laccase biosensors was published for the detec-
tion of carbamate pesticides.

Studies have shown that the performance of carbon composite
materials as transducers can be significantly enhanced upon
modification with Prussian blue films (PB) (Jiang et al., 2011; Bo
et al., 2011). PB behaves as an artificial peroxidase (Jiang et al.,
2011; Bo et al., 2011), so when it is conjugated with a natural
enzyme, the corresponding device acquires the characteristics of a
bi-enzymatic system, greatly improving the biosensor perfor-
mance (Fu et al., 2011; Li et al., 2008; Ricci and Palleschi, 2005).

In this work, a sensitive biosensor for carbamate pesticides
detection was constructed, based on LACC immobilized directly on
graphene doped carbon paste electrode (GPE), functionalized with
PB. The optimal operational conditions (pH, enzyme concentration
and incubation time) were determined using a 23 full-factorial
statistical design and response surface methodology (RSM;
Montgomery, 2005). The developed biosensor was applied to
quantify a selection of carbamates used worldwide in tomato
and potato crops, i.e., carbofuran (CBF), carbaryl (CBR), formeta-
nate (FMT), pirimicarb (PMB) and ziram (ZRM).

2. Experimental
2.1. Reagents

Spectroscopic grade graphite powder was purchased from
Ultracarbon, (Spain). Laccase from Trametes versicolor (0.5 U mg™!)
and 4-aminophenol (4-AMP) were purchased from Sigma-Aldrich
(Germany). The carbamates CBF, CBR, FMT, PMB, and ZRM were
supplied from Fluka (Pestanal®™, Germany). p-carotene (pro-vitamin
A), tiamine (vitamin B1), ascorbic acid (vitamin C) and paraffin oil
binder were obtained from Merck (Germany). D(+ )-Glucose anhy-
drous was from Scharlau (Spain). Other chemicals were reagent
grade and used without further purification.

Ultrapure water (p=18 MQ cm~!) was obtained by a Simplicity
185 apparatus (Millipore, Molsheim, France). A 0.04 mol L~! Brit-
ton-Robinson (BR) buffer solution was employed for the testing of
the biosensors.

Graphene was prepared by sonication-assisted exfoliation
(Khan et al., 2011). 10 g of graphite powder was sonicated in
100 mL of N-methyl-2-pyrrolidone (Sigma-Aldrich) using a probe
sonicator with a titanium tip (Bandelin Sonoplus) for 6 h. The
dispersion was centrifuged at 500 rpm for 45 min; the supernatant
containing the dispersed graphene flakes was removed and then
filtered through a nylon 0.2 pm pore size membrane (Whatman).
The resulting powder was dried by vacuum, at room temperature,
for several days. Transmission electron microscopy (TEM) was
performed with a Hitachi H-9000NA microscope operating at an
accelerating voltage of 200-300 kV. The graphene sample was
dispersed in high-purity ethanol under sonication, after which a
carbon-coated 400 mesh copper grid was immersed in the sus-
pension and then air-dried. X-ray photoelectron spectroscopy

(XPS) was performed with a VG Scientific ESCALAB 200 A spectro-
meter using non-monochromatized Al Ka radiation (1486.6 eV).
The powdered sample was pressed into pellets prior to the XPS
studies. To correct possible deviations caused by electric charge of
the samples, the C 1s band at 285.0 eV was taken as an internal
standard. The XPS spectra were deconvoluted with the XPSPEAK
4.1 software, using non-linear least squares fitting routine after a
Shirley-type background subtraction. The surface atomic percen-
tages were calculated from the corresponding peak areas and by
using sensitivity factors.

2.2. Electrochemical assays

Cyclic voltammetry (CV), square-wave voltammetry (SWV) and
electrochemical impedance spectroscopy (EIS) were performed
using an electrochemical system AutolabPGSTAT-30 (Eco Chemie,
The Netherlands) and GPES/FRA software. The electrochemical cell
was assembled with the developed enzymatic biosensor as the
working electrode, a Ag/AgCl/KCl (3.0 mol L™!) reference electrode,
and a platinum counter electrode.

Optimization of the analytical procedure was performed using
4.75 x 107> mol L~! 4-AMP as the redox mediator in BR buffer (pH
5.0), over the potential range from —0.4 to 1.4 V. EIS experiments
were performed using a frequency range from 10° to 10~! Hz with
an amplitude perturbation of 5 mV, applying 0.20 (in the absence
of LACC) and -0.01V (in the presence of LACC) and using a
4.75 x 107> mol L~! 4-AMP solution as the redox mediator.

2.3. Biosensor construction

A carbon paste was prepared by mixing spectroscopic grade
graphite powder with a paraffin oil binder (70:30%, w/w) and
carefully hand-mixing in a mortar and pestle. Subsequently, this
paste was doped with different proportions of graphene (0, 10, 15,
20, 25 and 30%, w/w). The graphene doped carbon paste electrode
(GPE) was packed into a handmade cavity of a Teflon® tube
(1.0 mm internal diameter) and then provided by a stainless steel
piston. The surface was smoothed against a plain white paper and
rinsed with ultrapure water prior to each measurement.

The electrodeposition of PB films was carried out from an
aqueous solution A (2 mmol L™! FeCls, 2 mmol L™! Ks[Fe(CN)g],
0.1 mol L~! KCI and 0.1 mol L~! HCI), applying a constant potential
of +0.4V (vs. Ag/AgCl) for different deposition times (5-40 s).
Then, the modified electrode was washed with ultrapure water
and transferred into the solution B (0.1 mol L~! KCl and 0.1 mol L
HCI), and cycled twenty times between +0.05 and +0.35V at a
scan rate of 40 mV s~'. After the activation, the probe denoted as
PB/GPE was washed with water and dried with nitrogen (99.99%
from LINDE, Portugal).

The LACC/PB/GPE biosensor was obtained by drop coating of
LACC solution (5.0 to 15.0 U mL™!) onto the PB/GPE surface and
dried at room temperature. The biosensor construction was
evaluated based on the intensity of background/faradaic currents,
easy renewal of the surface and handling.

2.4. Optimization of the LACC/PB/GPE experimental parameters

Considering that the inhibition and catalytic process of LACC is
directly related to the pH (X;), enzyme concentration (X,) and
incubation time (X3), and that synergistic effects between these
variables can occur, operational conditions were optimized by a 23
full-factorial central composite design (CCD) and RSM (Montgomery,
2005). The CCD consisted of a complete factorial design (i), a central
point (ng, np > 1, ii), and two axial points on the axis of each variable
(iii) at a distance of «=1.682 from the center (Table 1). The full
combination was composed of 20 experiments including 6 replicates
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Table 1

Central composite design, observed and predicted peak currents, and ANOVA results obtained with LACC/PB/GPE in 4.75 x 107> mol L™! 4-AMP (0.04 mol L~ Britton-

Robinson buffer, pH 5). Square-wave voltammetric conditions: frequency 100 s~!

, pulse amplitude 50 mV and scan increment 2 mV.

Experiment Code and experimental values Peak current (A)
[X1] 2 [X2] ® [Xs] € Observed + SD Predicted

1 (-1) 45 (-1)75 (-1)10 2,66 x 1077 +3.51 x 107° 2.56 x 1077
2 (+1)55 (-1)75 (-1)10 2.88x1077+6.11x107° 2.68 x 1077
3 (-1) 45 (+1) 125 (-1)10 3.39x 1077 + 4.00 x 10~° 3.45x 1077
4 (+1)5.5 (+1) 125 (-1)10 467 x1077+9.71 x 107° 463 x1077
5 (-1) 45 (-1)75 (+1)20 270 x 1077 +5.03 x 10~° 2.59 x 1077
6 (+1)5.5 (-1)75 (+1)20 424 x1077 +1.40 x 10~° 428 x1077
7 (-1) 45 (+1) 125 (+1)20 6.79 x 1077 + 8.00 x 10~° 6.63 x 1077
8 (+1)5.5 (+1) 125 (+1)20 7.22x 1077 +1.25 x 10~° 715 x 1077
9 (-1.682) 4 (0) 10 (0) 15 3.80 x 1077 +8.33 x 10~° 3.88 x 1077
10 (+1.682) 6 (0) 10 (0) 15 7.87 x 1077 +1.01 x 10~° 7.95 x 1077
1 (0)5 (-1.682) 5 (0) 15 8.64 x 1077 +1.02 x 107° 8.55 x 1077
12 (0)5 (+1.682) 15 (0) 15 743 x 1077 +9.71 x 10~° 758 x 1077
13 (0)5 (0) 10 (-1.682) 5 512x 1077 +5.51 x 107° 5.04 x 1077
14 (0)5 (0) 10 (+1.682) 25 1.75x 107+ 4.73 x 1078 1.63 x 107
15 (0)5 (0) 10 0) 15 1.77 x 107+ 529 x 1078 1.92 x 107
16 (0)5 (0) 10 (0) 15 217 x 1075+ 6.03 x 10°8 1.92 x 107
17 (0)5 (0) 10 (0) 15 1.85x 107 +2.51 x 1078 1.92 x 107
18 (0)5 (0) 10 (0) 15 1.85x 1076+ 751 x 10~8 1.92 x 10°
19 (0)5 (0) 10 (0) 15 1.91x 1076+ 3.51 x 1078 1.92 x 107
20 (0)5 (0) 10 (0) 15 1.76 x 107 +3.53 x 1078 1.92 x 107
ANOVA regression model
Source ss d DF © Msf F-value P
Model 8.31x 10712 9.24 x 10713 6.102 0.0019
Residual 1.97 x 10712 13 151 x 107" - -
Lack of fit 1.95x 10712 5 391 x10713 224.0 <0.001
Pure error 14x10* 8 1.74 x 107° 529.6 4.00 x 1071°
Total (Model +residual) 1.03x 107 22 - - -
R? 0.8086 - - - -

¢ pH.

b Enzyme concentration (U mL™").
¢ Incubation time (minutes).

4 Sum of squares.

¢ Degree of freedom.

f Mean square.

of the central point. The experimental domains (4-6 for pH, 5-
15U mL™! for enzyme concentration and 5-25 min. for incubation
time) were defined taking into account the results obtained in
preliminary tests. The peak current (A) of 4.75x 107> mol L™! 4-
AMP was taken as the dependent variable. Experimental data from
the CCD were analyzed using RSM regression and fitted to a second-
order polynomial model

k k
Yy=bo+ X pixi+ X fixi++ T Thykixj+e. M
i=1 i=1 ii<jj
where Y is the peak current (A) obtained for each condition, gy is the
constant coefficient, p; is the linear coefficient, B; is the coefficient of
the squared effect and ¢ is the error of the model (Montgomery,
2005; Kondapalli et al,, 2012, Sousa et al., 2012).

All statistical analyses were made using the software Statistica
version 8.0 (StatSoft, Inc., Tulsa, UK). The two factors not repre-
sented by the horizontal axes in RSM plots were fixed at their
0 level values. Mean square residual was the error term chosen in
all ANOVA tests of statistical significance.

2.5. Carbamate pesticides quantification

The selected carbamate pesticides were quantified based on
the inhibition of the catalytic reaction of the redox mediator
4.75 x 10> mol L™! 4-AMP (0.04 mol L~'Britton—Robinson at pH
5) performed by LACC immobilized onto PB/GPE. The inhibition
percentage (IR, %) of the 4-AMP analytical peak at —0.05 V and the

concentration of the carbamates were employed to obtain analy-
tical data (Miller and Miller, 2005).

2.6. Application to vegetable samples

Vegetable samples were obtained from local markets (Oporto
region, Portugal). Samples of tomato and potato were taken,
chopped and homogenized in accordance with guidelines of the
European Council Directive (2002). The Quick, Easy, Cheap, Effec-
tive, Rugged and Safe—QuEChERS method (Paiga et al., 2012;
Anastassiades et al., 2003) was selected for the extraction step.
Briefly, an aliquot of 10+ 0.05g of homogenized sample was
transferred to a tube containing the buffer-salt mixture 6 g
MgS0,4/1.5 g NaCl/1.5 g CsHsNa3z07.2H,0 (UCT, Bristol, USA). Next,
10 mL of acetonitrile were added and the QuEChERS tube was
shaken vigorously during 1 min. After centrifugation in a 2.16
Sartorius centrifuge (Sigma, Goettingen, Germany), for 3 min at
4000 rpm, the solvent layer was evaporated under vacuum in
a Biichi B-940 rotary evaporator (Biichi, Switzerland), and then
with a gentle stream of nitrogen to complete dryness. Immedia-
tely before electroanalysis, the residue was re-dissolved with
10 mL of the supporting electrolyte (4.75 x 107> mol L™! 4-AMP,
0.04 mol L' BR buffer solution at pH 5). Validation of the pesticide
residue methodology was performed by recovery assays of for-
tified chopped and homogenized samples of tomato and potato,
at two spiking levels using the standard additions method. All
measurements were performed in triplicate.
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3. Results and discussion
3.1. Graphene characterization

TEM micrographs of graphene (Fig. 1) confirm the effectiveness
of the graphite exfoliation in N-methyl-2-pyrrolidone since gra-
phene flakes with few layers are observed. As it is shown in Fig. 1A,
the shape of the flakes is irregular, as well as the size; the length of
the flakes varies from ~500 nm to ~1.5 pm. In the micrographs
acquired at a major level of magnification (Fig. 1B), flakes with
different thicknesses are observed. The surface atomic contents of
graphene were determined by XPS as being 87.0% carbon, 12.4%
oxygen and 0.5% nitrogen; these values indicate some degree of

Fig. 1. TEM micrographs of graphene flakes obtained by sonication-assisted
exfoliation of graphite in N-methyl-2-pyrrolidone showing irregular shape, size
and length of the flakes (A), and different thickness at the major level of
magnification (B).

graphene oxidation and a small contamination with N-methyl-2-
pyrrolidone used in the exfoliation process.

3.2. Biosensor construction

3.2.1. Composition of the graphene doped carbon paste electrode

In order to investigate the best composition for the GPE (results
not shown), different proportions of graphene (0, 10, 15, 20, 25 and
30%, w/w) mixed with prepared spectroscopic graphite powder
paste (70:30%, w/w, grade graphite powder and paraffin oil
binder) were evaluated by CV for a potential range from —0.2 to
0.6V at a scan rate of 50 mVs~!. In the absence of graphene,
anodic and cathodic well-defined peaks, due to the redox pair of
4-AMP, were observed at +0.40 and +0.05 V, respectively. These
peaks are related to the formation of a quinone-imine intermedi-
ate, which is represented by a quasi-reversible couple involving
2H* and 2e” (Salavagione et al., 2004). The presence of the
graphene sheets in the composition of the paste allowed signifi-
cant improvements in reversibility (anodic and cathodic peaks at
+0.26 and +0.14 V, respectively), smallest separation of the peak
potentials (AE,), increase of the peak currents (I,,), and originated
considerable catalytic effect of the redox processes. These data
suggested that the doping of the composite material with gra-
phene reduced the charge transfer resistance, and therefore
originated a more interesting transducer. Considering that the
highest peaks were observed with GPE containing 20% graphene
(w/w) (approximately four times greater than that observed in the
absence of graphene), this proportion was selected as optimum for
the development of the enzymatic biosensor.

3.2.2. Electrodeposition and activation of the Prussian blue films

Based on previous reports (Jiang et al., 2011; Bo et al., 2011; Xue
et al., 2006) mentioning that inorganic films are excellent supp-
orts for charge transfer in electrochemical sensors, the combination
of PB and GPE was tested. The electrodeposition process was
observed for scanning from —0.2 to 1.2 V (results not shown); two
characteristic redox pairs appeared at the formal potentials of
+0.20V and +0.89V (corresponding to the reduction of PB to
Prussian white (K4Fe(II)4[Fe(II)(CN)s]3) and oxidation of PB to
Berlin green (Fe(lll)4[Fe(IlI)(CN)g]5Cl3), respectively) indicating
the effective presence of PB on the GPE (Jiang et al., 2011).

Different PB electrodeposition times were investigated (Fig. 2A).
Sharp anodic and cathodic peaks were observed, which are typical
of a regular polycrystalline inorganic structure of the electrodepos-
ited PB film; waveforms with AE,~60 mV also suggested fast
electrochemistry of the mono-electronic system for the active PB
film (Jiang et al,, 2011; Xue et al,, 2006). Moreover, probably due to
the high adsorptive characteristics of the composite material, good
surface coverage of GPE was attained with just 5 s of electrodeposi-
tion, as observed by the well-defined obtained peaks (Fig. 2 A). The
increase in the deposition time provided a linear increase of Ip, and
Ip. until 20s (inset of the Fig. 2A). CV data exhibited a linear
relationship between the peak currents and the square root of the
scan rate, for a range from 10 to 200 mV s~!, indicating a diffusion-
limited process (Maia et al.,, 2012). Nyquist plots (Fig. 2B) show a
significant increase of the charge transfer resistance (R.;) with the
increase of the deposition time, which can be associated with the
increase of the PB layer thickness. Considering the acceptable
capacitance for the film obtained with 15s (R.;=356 Q), good
stability, and short electrodeposition time, a period of 15s was
selected for the further experiments.
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Fig. 2. (A) Cyclic voltammograms of electrodeposited Prussian blue films on GPE
using an electrodeposition potential of 0.4V during (a) 5, (b) 10, (c) 15, (d) 20,
(e) 30 and (f) 40 s in 0.1 mol L™! KCI and 0.1 mol L™ HCI at 40 mV s~". (B) Nyquist
plots of electrodeposited Prussian blue films on GPE during (a) 5, (b) 10, (c) 15,
(d) 20, (e) 30 and (f) 40's, for a frequency range of 10°-10~! Hz. Experimental
conditions: 0.04 molL~! Britton-Robinson buffer (pH 5), 4.75x 10~ mol L™}
4-AMP as redox mediator, and 0.2 V of conditioning potential.

3.2.3. Immobilization of LACC onto the Prussian blue film-graphene
doped carbon paste modified electrode
In neutral and basic pH, PB films have the drawback of being
highly soluble, thus the use of polymeric films (Nafion, polypyrrol,
polyaniline or chitosan) coated over PB layers is mandatory (Jiang
et al.,, 2011; Bo et al., 2011). However, in acidic conditions, PB films
are not disrupted and exhibit good stability. It was verified that the
use of specific reagents to cross-link LACC and PB/GPE was not
necessary. Thus, LACC was immobilized directly on PB film by drop
coating to enhance the electron transfer of the redox process and
the catalytic effect of the enzymatic biosensor in relation to the 4-
AMP substrate. This procedure also facilitates the construction of
the device and makes it faster and less expensive. Fig. 3A presents
the square-wave voltammograms for 4-AMP reduction processes
on GPE, PB/GPE, LACC/GPE and LACC/PB/GPE, in 0.04 mol L!
Britton-Robinson, after 30 min incubation time. In the absence
of LACC, the reduction process of 4-AMP occurred at +0.10 V. The
quinone-imine intermediate easily hydrolyzes to p-quinone in
acid conditions (Salavagione et al., 2004; Oliveira et al., 2013).
Thus, when LACC is immobilized on the electrode surface, the
imine-quinone reduction reaction is catalyzed, and a new process
related to reduction of p-quinone is observed at —0.05V which
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Fig. 3. (A) Square-wave voltammograms of 4.75x10°molL™! 4-AMP

(0.04 mol L' Britton-Robinson buffer, pH 5) obtained with (dotted line) bare
GPE, (dotted and dashed line) PB/GPE, (dashed line) LACC/GPE, and (solid line)
LACC/PB/GPE. Square-wave voltammetric conditions: frequency 100s~!, pulse
amplitude 50 mV and scan increment 2 mV. (B) Nyquist plots of electrochemical
impedance spectroscopy for bare GPE, PB/GPE, LACC/GPE, and LACC/PB/GPE in
4.75x 10> mol L' 4-AMP (0.04 mol L~! Britton-Robinson buffer, pH 5) for a
frequency range of 10°-10~' Hz, applying 0.20 (in the absence of LACC) and

—0.01V (in the presence of LACC).

was used as the analytical signal. Although LACC/GPE exhibited a
good catalytic effect, the intensity of peak current obtained with
LACC/PB/GPE was clearly higher (ca. 27%).

The LACC stability on the GPE and PB/GPE was also evaluated by
fifty consecutive cyclic voltammograms in 4-AMP (30 min of
incubation time before the first scan). A 28% decrease in the
analytical signal current was observed for LACC/GPE, while LACC/
PB/GPE proved to be more stable with a variation of just 7.0%. The
Nyquist plots presented at Fig. 3B also show that the immobilization
of LACC on the electrode surface by drop coating promoted the
increase of the capacitance of the device, but this effect is lower for
LACC/PB/GPE (R.;=267 Q) than for LACC/GPE (R.;=396 Q), high-
lighting the importance of electrodeposited PB in the conductibility
of the composite material. The increase in the capacitance arc also
confirms the success of the enzyme immobilization step on GPE and
PB/GPE surfaces. These data show that the LACC/PB/GPE configura-

tion is more suitable as a biosensor.
3.3. Optimization of the LACC/PB/GPE experimental parameters

Optimization of the operational conditions was carried out by a
23 full-factorial statistical design and RSM, in order to evaluate the
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combined effect of the pH (X;), enzyme concentration (X>) and
incubation time (X3) on the biosensor performance (Fig. 4A, C).
Optimum conditions were obtained through close observation of

) WY

o) WRun)

) WRMNDY

Fig. 4. Response surface plots of the intensity of 4.75 x 107> mol L™ 4-AMP peak
current as a function of: (A) pH and enzyme concentration (deposition time of
15 min.), (B) enzyme concentration and deposition time (pH 5), and (C) pH and
deposition time (enzyme concentration of 10 U mL™").

experimental data, inspection of 3D surface plots, and based on
ANOVA results (Montgomery, 2005).

The coefficients of the coded regression model were deter-
mined based on the experimental results presented in Table 1. By
eliminating the non-significant parameters (p > 0.05), response
surface regression originated the following second-order model:

Y =-4.67 x 107°+1.64 x 107°x;-1.64 x 107°x?-5.06
x 1078x3 +2.64 x 1077x3-9.36 x 107X} )

Table 1 summarizes the experimental and predicted responses, as
well as the analysis of variance (ANOVA) for the regression model.
The adequacy and significance of the quadratic model was verified by
Fisher's F test; the obtained F value (6.102) at a low probability
(p < 0.05) indicates appropriate significance of the model. However,
some lack of fit persisted. This apparent contradiction may be due to
the limited number of experimental observations used to produce an
appropriate analysis of the residues and because of the number of
parameters studied (Montgomery, 2005). Still, the attained R?
(0.8086) is clearly acceptable for data of a chemical nature (Sousa
et al, 2012; Montgomery, 2005) indicating that the biosensor
response is adequately fitted by the developed model. A good
correlation between observed and predicted values was verified.
According to ANOVA results concerning interaction and quadratic
effects (results not shown), the principal influencing parameters are,
in descending order, X;%(p < 0.0001), X,%(p < 0.001) and X5%(p < 0.01)
probably because the enzyme activity is strongly pH- and
concentration-dependent. The obtained convex response surfaces
(Fig. 4A-C) indicated that the biosensor response increased with the
increase in pH, enzyme concentration and incubation time up to the
critical values: pH 5.0, enzyme concentration of 102U mL™! and
incubation time of 17.2 min. Testing these conditions and those of the
central point with the student's t-test (n=6, five degrees of freedom,
and 95% confidence level) the responses attained were not statisti-
cally different. Considering time savings and the method throughput,
the selected optimum conditions were pH 5.0, enzyme concentration
of 10U mL™}, and 15 min of incubation time.

SWV parameters (frequency 10-300 Hz, amplitude 10-60 mV
and step 1-8 mV) were also optimized based on I, intensity,
displacement of E, and increase of AE,,. The best results were
attained for 100 Hz, 40 mV and 3 mV, which were applied to
subsequent analyses.

3.4. Carbamate pesticides quantification

Trace concentrations of the selected carbamates were determined
by inhibition of the reduction process of p-quinone to hydroquinone
registered at —0.05 V. Carbamates calibration data are summarized in
Table 2. All analytical curves presented acceptable linearity and low
dispersion of the data at low concentrations (Fig. 1S, supplementary
material) with correlation coefficients (r) ranging from 0.9989 to
0.9997. The standard deviation of the intercepts and the average of
slopes of the straight lines from the analytical curves were used
to determine the detection (LOD) and quantification limits (LOQ)
(Miller and Miller, 2005). The highest sensitivity was attained for CBR
(LOD 55x 107 °molL™'; 0.001 mgkg™' wjw) and ZRM (LOD
52 x 1072 mol L™!; 0.002 mg kg~! w/w) which promoted the stron-
gest inhibition of the enzyme activity. Regarding the other pesticides,
acceptable results were also obtained with LOD values ranging from
3.1 x 108 mol L' (0.007 mgkg™! w/w; PMB) to 1.0 x 10~ mol L™
(0.022 mg kg~'; CBF). The sensitivity of the proposed methodology is
sufficient to enable testing of compliance with food regulations and
established maximum residue levels (0.1 to 3.0 mg kg~ for tomato
and 0.05 to 01 mgkg™' for potato) for all carbamates tested (EU
pesticide residues database, 2012; ANVISA, 2012).
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Table 2

Carbamate pesticides calibration and recovery data obtained with the optimized LACC/PB/GPE in QUEChERS vegetable extracts. Square-wave voltammetric conditions:
4.75 x 107> mol L™ 4-AMP (0.04 mol L~! Britton-Robinson buffer, pH 5), frequency 100 s~!, pulse amplitude 40 mV and scan increment 3 mV.

Calibration data Carbamate pesticide *

CBF CBR

FMT PMB ZRM

Linear range (mol L)

Intercept (% inhibition) 0.50 1.69

SD, ® 012 030
Slope (% inhibition mol~* L) 3.53 x 10° 1.66 x 108
SD;, © 1.10 x 10* 1.61 x 10°
r 0.9993 0.9989
LOD (mg kg 1) 0.022 0.001
LOQ (mg kg 1) 0.074 0.003
Repeatability ¢ (intra-day, %) 2.1 33
Repeatability ¢ (inter-day, %) 3.4 3.8
Reproducibility (%) 6.3 4.8

Spiking assays in vegetable extracts

Spiking level I (mg kg™?) 0.21 0.02
Recovery in tomato (%) 90.2+0.1 92.7+04
Recovery in potato (%) 94.0+0.3 95.0+ 04

Spiking level II (mg kg™!) 0.54 0.06
Recovery in tomato (%) 95.8+0.1 97.5+0.5
Recovery in potato (%) 96.1+0.2 97.7+04

498 x 1077 t0 5.88 x 1075 7.44 x 1078 t0 8.47 x 1077 2.49 x 1077 to 4.76 x 107® 2.99 x 1077 to 5.66 x 10™® 2.49 x 107® to0 5.66 x 10~/

0.16 5.95 3.40

0.01 0.22 0.35

594 x10° 2.16 x 107 2.02 x 108
2.95 % 10* 2.08 x 10* 115 x 10°
0.9992 0.9997 0.9993
0.013 0.007 0.002
0.045 0.024 0.006

29 25 18

34 2.9 24

41 49 5.0

0.21 0.23 0.02

94.6 + 0.1 96.9+ 0.1 97.6+ 0.1
91.0+0.1 97.0+0.1 98.0+0.1
0.64 0.58 0.10
971+03 1003 +0.2 1011+0.3
95.8 +0.1 98.5+0.1 100.8 + 0.1

4 CBF—carbofuran; CBR- carbaryl; FMT- formetanate; PMB- pirimicarb; ZRM- ziram;

b SD,—Standard deviation of the intercept;
¢ SDp—Standard deviation of the slope;

d Relative standard deviations of 10 pesticide determinations at 1.96 x 10~ mol L~" for CBR and ZRM, and 1.96 x 10~ mol L~! for CBF, FMT and PMB.

The intra- and inter-day repeatability of the proposed electro-
analytical protocol was also evaluated by the relative standard
deviations (RSD). RSD values ranged from 1.8 to 3.3% for intra-day
repeatability, and 2.4 to 3.8% for inter-day repeatability (Table 2).
The reproducibility assays were also made through the compar-
ison of the RSD values of responses obtained by four different
LACC/PB/GPE biosensors to the same conditions previously
described; the obtained values varied between 4.1 and 6.3%. The
stability of the biosensor was also evaluated and the high activity
and catalytic properties of the enzyme were retained over a period
of twenty days; the device retained 90.5% of its initial current
response. Overall, it can be concluded that the developed LACC/PB/
GPE biosensor exhibits relevant advantages (easy preparation,
good stability, acceptable repeatability and reproducibility, and
relatively short time of analysis) for carbamate analysis.

3.5. Application to vegetable samples

QUuEChERS (Paiga et al.,, 2012; Anastassiades et al., 2003) extrac-
tion method was applied with the LACC/PB/GPE at optimal opera-
tional conditions to tomato and potato samples. The accuracy of the
proposed electroanalytical protocol was evaluated by recovery
assays preformed at two spiking levels by the standard additions
method (Table 2). Acceptable recoveries (from 90.2 +0.1% to
101.1 + 0.3% for tomato, and from 91.0+0.1% to 100.8 + 0.1% for
potato samples) were attained. These values compare favorably
with those reached by previously reported acetylcholinesterase and
cholinesterase-based biosensors for CBR (Caetano and Machado,
2008; Bucur et al. 2006; Nunes et al., 1999), CBF and PMB (Bucur
et al. 2006).

Considering that tomato and potato are important sources of p-
carotene (pro-vitamin A), thiamine (vitamin B1) and ascorbic acid
(vitamin C), these compounds were tested as possible interferences
in the analytical response of the developed biosensor (results not
shown). SWV assays were carried out at optimal conditions in the
presence of interference/substrate ratios of 1:10, 1:1 and 10:1 (w/
w), and the results expressed as bias (%). Vitamin B1 showed no
significant effect (a signal reduction of 5.3 + 0.1% at the higher ratio

tested). However, higher bias were detected for pro-vitamin A
(1144 0.1%) and vitamin C (13.2 +0.2%) at the maximum ratio
level. Bearing in mind that the highest ratio tested corresponds to
an extreme condition which is seldom found in a 10 g mass of the
analyzed vegetables, these results confirm the acceptable selectivity
and accuracy of the pesticide residues methodology proposed
herein.

4. Conclusions

Graphene doped carbon paste and LACC present interesting
electrochemical and catalytic properties for the development of
enzymatic biosensors, and that PB films allow the direct immobi-
lization of LACC in acidic conditions, without the use of any cross-
linking agent. Moreover, the electrodeposited PB film significantly
decreases the Re; of the transducer, even after LACC immobiliza-
tion. The combined effects of the pH, LACC concentration and
incubation time were optimized by a 23 full-factorial and RSM,
with good agreement between the predicted and experimental
signals. Considering that studies dealing with practical applica-
tions of enzymatic biosensors using food samples are limited, the
electroanalytical performance of the developed device in vegeta-
ble crops was also evaluated. The developed LACC/PB/GPE exhib-
ited suitable sensitivity, repeatability, reproducibility, selectivity,
accuracy and stability (ca. twenty days) for the quantification of
CBF, CBR, FMT, PMB and ZRM which are widely applied on tomato
and potato crops, The combination of these advantages with the
efficiency of the QUEChERS extraction method enables the biosen-
sing of the selected carbamate residues and its implementation in
food safety programs.
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