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were close to 100%.

An ultra-sensitive electrochemical biosensor was successfully developed for rapid detection of pir-
imiphos-methyl in olive oil, based of genetically-engineered acetylcholinesterase (AChE) immobilization
into electrospun chitosan/poly (vinyl alcohol) blend nanofibers. Due to their unique properties such as
spatial structure, high porosity, and large surface area, the use of nanofibers allowed improving the
biosensor response by two folds. The developed biosensor showed a good performance for detecting
pirimiphos-methyl, with a limit of detection of 0.2 nM, a concentration much lower than the maximum
residue limit allowed set by international regulations (164 nM). The biosensor was used for the detection
of pirimiphos-methyl in olive oil samples after a simple liquid-liquid extraction, and the recovery rates

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As a consequence of the increase of world population, the in-
tensification of modern agriculture has been accompanied by a
dramatic increase of the use of pesticides. Among these pesticides,
organophosphates (OPs) and carbamates are widely used as in-
secticides due to their high activity and relatively low persistence.
Pirimiphos-methyl (O-[2-(diethylamino)-6-methyl-4-pyrimidinyl]
0,0-dimethylphosphorothioate) is a contact and fumigant orga-
nophosphorus pesticide, which is applied on a wide range of
plants such as vegetables, olives, ornamentals, bulb flowers, sugar
cane, vines, citrus and other fruit for controlling whiteflies, thrips,
mealybugs, aphids, and mites (Fig. 1). This pesticide is also used
against a broad-spectrum of pests in grains storage silos, animal
houses, industrial buildings [1]. As others organophosphorus
compounds, pirimiphos-methyl acts by phosphorylating acet-
ylcholinesterase (AChE) enzyme in tissues, causing accumulation
of acetylcholine at synapses and neuro-muscular junctions, which
can finally lead to death [2].

In the last decade, an increased attention has been focused on
pesticides residues in food. Whilst the great majority of food
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analyses are performed by chromatographic methods (GC-MS and
HPLC) [3,4], the resulting public concern created a demand for the
development of reliable, simple and low-cost methods for “in field”
detection. In the recent years biosensor technology has been
proved a smart alternative to these traditional analytical tools,
providing many advantages such as accuracy, simplicity, rapidity,
specificity, sensitivity, relatively economic equipment, and user-
friendly operation. Electrochemical biosensors based on the in-
hibition of acetylcholinesterases (AChE) have been intensively
studied in the aim of detecting carbamate and organophosphorus
insecticides [5]. The sensitivity of AChE-based biosensors can be
increased using two different strategies. The first approach rests
upon the use of genetically modified enzymes, which have opened
new horizons for increasing biosensor selectivity and sensitivity to
pesticides [5,6]. The second strategy is based on developing con-
ducting polymers and nanotechnology for allowing a subsequent
improvement of signal intensity and selectivity, where, a special
attention has been paid to nanomaterials, especially in form of
nanoparticles or nanotubes, as they allow enhancing the specific
surface area, thus promoting the electron transfer from the bio-
molecule to the transducer [7-9]. In this context, polymeric nano-
fibers have been tried as another nano-structured form of poly-
meric immobilization matrices to enhance the electrochemical
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Fig. 1. Chemical structure of: (a) Pirimiphos-methyl and (b) Pirimiphos-methyl oxon.

performance of biosensors [10]. Electrospinning has been shown
an efficient technique for nanofibers formation, with many unique
characteristics including high surface area to volume ratios and
tunable porosity [11]. Electrospun nanofibers have been applied in
many fields such as medical applications, filtration, textiles and
sensors [12-14]. In sensor applications, gas, optical and colori-
metric sensors have been successfully developed by employment
of nano-fibers [15-17], however, to best of our knowledge a few of
studies on the construction of biosensor based on electro-spun
polymeric nano-fibers. Employment of these electro-spun poly-
meric nano-fibers as supports for biological molecules provides
higher loading and enhancing in the catalytic activity by reducing
the diffusion resistance of the substrate [18-20]. This impelled us
to employ electrospun nanofibrous membranes based on non-
toxic, biodegradable and cost-effective blended polymers of chit-
osan (CS) and poly (vinyl alcohol) (PVA) as a support to immobilize
genetically modified acetylcholinesterase, where the bioactive
nanofibrous CS-PVA membrane is directly applied onto surface of
screen-printed electrodes. The constructed biosensor prototype
has been tested for detecting pirimiphos-methyl in olive oil.

2. Material and methods
2.1. Reagents, enzymes and solutions

Acetylcholinesterase (EC 3.1.1.7) from electric eel (EE) (Type
V-S, 1000 U/mg), chitosan (low molar weight), and other chemi-
cals were purchased from Sigma Chemical Co. (Germany). Poly
(vinyl alcohol) (MW =72000) was purchased from Merck Co.
(Germany). Acetylcholinesterase from Drosophila melanogaster
Wild type enzyme (B131) and genetically-modified enzyme (B394)
were produced by the Centre de Recherche de Biochimie Macro-
moléculaire (CRBM) (Montpellier, France). Graphite (Electrodag
423SS) and silver/silver chloride (Electrodag 418SS) inks were
obtained from Acheson (Plymouth, UK). Cobalt phtalocyanine-
modified carbon paste was purchased from Gwent Electronic
Materials, Ltd. (Gwent, UK). Poly (vinyl) chloride (PVC) sheets
(200 mm x 100 mm x 0.5 mm) (SKK, Denzlingen, Germany) were
used as support for the screen-printed electrodes. A glycerophtalic
paint (Astral, France) was used as insulating layer. All solutions
were prepared daily with distilled water and stored at 4 °C.

2.2. Determination of enzyme activity

The studies of AChEs activity were carried out with a Shimadzu
UV-1800 spectrophotometer. Enzyme kinetics were measured
using Ellman's method [21], which is based on the reaction be-
tween the reaction product thiocholine and 5,5'-dithiobis(2-ni-
trobenzoic acid) (DTNB), leading to a yellow compound (5-thio-2-

nitrobenzoate) absorbing at 412 nm (¢=13,600 M~ 'cm~1!). 1 en-
zymatic unit (U) was defined as the amount of enzyme hydrolys-
ing 1.0 pmole of acetylthiocholine per min.

2.3. Determination of enzymes inhibition constant (k;)

Organophosphates induce an irreversible inhibition of acet-
ylcholinesterase by phosphorylation of a serine residue in the
active site [22]. In this work, the inhibition constant k; for the
three types of AChE was determined at 30 °C as described by
Villatte et al. [23]. AChE was incubated for 0, 10, 30, 50, 70 and 90 s
with different concentrations of pesticides, and the enzyme ac-
tivity was determined spectrophotometrically as described before.
The graphs obtained by plotting log of residual activity versus
incubation time for each inhibitor showed a linear representation.
The apparent reaction rate Kops (min~!) were obtained by mea-
suring the slope of this straight line. Plotting 1/keps versus 1/[I]
allowed calculating the inhibition constant k;, which corresponds
to the reciprocal value of the obtained slope.

2.4. Biosensor construction

2.4.1. Fabrication of screen-printed electrodes (SPEs)

Screen-printed electrodes (SPEs) were fabricated by a semi-
automatic DEK248 printing machine in a three-electrode config-
uration [6,7]. The working electrode incorporating cobalt phtalo-
cyanine as mediator consisted of a 4 mm-diameter disk, the aux-
iliary electrode was a 16 mm x 1.5 mm curved line and the Ag/
AgCl pseudo-reference electrode was a 5 mm x 1.5 mm straight
track.

2.4.2. Nanofibrous CS-PVA membrane electrospinning

To prepare electrospun CS-PVA blend nanofibrous membrane,
PVA aqueous solution (8% w/w) was prepared by dissolving the
definite amount of PVA in water with stirring for 3 h at 75 °C.
Chitosan (3% w/w) was prepared by dissolving the definite amount
of chitosan in acetic acid (90% v/v) with stirring for 3 h at room
temperature. A homogenous PVA-CS blend was achieved by mix-
ing of both of PVA and CS solutions with a mass ratio of 60/40. The
obtained solution was loaded into a 5 mL syringe fitted with a
0.8 mm needle (internal diameter), which was connected to a high
voltage power supply. Electrospinning process was carried out
using a ESP200D electrospinning machine (Nanonc, Germany), at
18 kV, respecting a 15 cm distance between the needle tip and the
electrode surface. The resulting CS-PVA blend nanofibrous mem-
branes formed directly onto the surface of SPEs under these con-
ditions were structurally characterized by Fourier transform in-
frared spectral analysis using a Shimadzu FT-IR 8400 S (Shimadzu,
Japan). Scanning electron microscopy characterization was per-
formed using a Joel J]SM 6360LA SEM (JEOL, Japan).



260 A.Y. EI-Moghazy et al. / Talanta 155 (2016) 258-264

2.4.3. Activation of fibrous polymeric membrane and immobilization
of AChE

The electrospun CS-PVA blend nanofibrous membranes col-
lected on surface of the SPEs were activated with glutaraldehyde
1% for 2 h. After completion of this activation process, nanofibers-
activated SPEs were rinsed with distilled water to remove un-
reacted glutaraldehyde. Activated electrospun nanofibrous mem-
branes deposited onto SPEs were then incubated with AChE (1mU
in buffer) for 6 h at 4 °C. The resulting sensor (AChE/ CS-PVA NFM/
SPE) was rinsed with buffer until no soluble enzyme is detectable
in washing buffer. Relative activity (A; %) was considered as a basic
indicator for efficiency of the immobilization process and it is
calculated as follows:

A% = [a/b] x 100

where, a=activity of immobilized enzyme, b=activity of total
amount of free enzyme (1 mU).

SPE based on blended CS-PVA casted membranes (AChE/CS-
PVA CM/SPE) were prepared in parallel and their performances
were compared to those of AChE/CS-PVA NFM/SPE (Fig. 2).

2.5. Amperometric measurements

The reactions involved in the developed AChE biosensor have
already been described in previous works [6,7], they are sum-
marized in Fig. 3.

Thiocholine, the product of the enzymatic hydrolysis of the
acetylthiocholine, reacts with the oxidized form of cobalt phtalo-
cyanine (CoPc), an electronic mediator incorporated in the elec-
trode core. The reduced form of CoPc is then reoxized at 100 mV vs

Ag/AgCl reference electrode, using a 641 VA potentiostat
Pump
@ High voltage DC .I Syringe
-1 +
Polymeric
solution
——— Needle

“-\__ Screen printed
o electrode

Fig. 2. Schematic representation of the electrospinning process.
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Fig. 3. Enzymatic and electrochemical reactions involved in the AChE-based
biosensor.

(Metrohm, Switzerland) connected to a BD40 flatbed recorder
(Kipp & Zonen, The Netherlands). The flow of generated electrons
reflects the rate of acetylthiocholine hydrolysis, which is reduced
while increasing enzyme phosphorylation. For performing am-
perometric measurements, the SPE was immersed vertically in a
thermostated cell (30 °C) containing 5 mL of phosphate buffer pH
7, under magnetic stirring. After current stabilization, acet-
ylthiocholine chloride (ATChCI) was added at final concentration
1 mM, allowing determination of the initial intensity Ao. Inhibition
measurements were carried out in the same conditions, except
that a 10-min incubation was performed in presence of a known
amount of insecticide before acetylthiocholine injection. Electro-
des and cell were thoroughly washed with distilled water between
each measurement. The inhibition percentage was related with the
insecticide concentration; it was calculated according to the fol-
lowing formula:

1%) = [ (Ao — A)/A¢]X100

where A and Ag are respectively the current intensity after and
before the inhibition.

2.6. Pesticide extraction from olive oil

The application of the developed biosensor on olive oil real
samples was performed with a commercially available bio extra
virgin olive oil purchased in a local supermarket, which was
spiked with a known concentration of pesticides. Prior to analysis,
the pesticide was extracted by a simple liquid-liquid extraction
procedure as described by Ben Oujji et al. [24] as follows: 500 uL of
the olive oil was added to 400 pL of acetonitrile and 100 pL of
dichloromethane, the mixture was centrifuged at 13,400 rpm for
90 s, the resulting supernatant was then collected and used as
pesticide mother solution. Like other thiophosphoryl compounds,
pirimiphos-methyl is more active and toxic in its phosphate “oxon”
form, which is generally obtained in vivo by metabolization pro-
cess. For this reason, this study focuses on the detection of the
oxidized product of pirimiphos-methyl, called pirimiphos-methyl-
oxon. The oxidation step was carried out using N-bromosuccini-
mide (NBS) as already described in literature [25]. It was shown
that a treatment with 10~ M NBS was sufficient for the total
oxidation of pirimiphos-methyl solution. The effect of NBS on the
biosensor was tested to ensure that this oxidizing agent does not
affect AChE, no effect of NBS on the enzyme was observed under
the conditions used.

3. Results and discussion
3.1. Determination of inhibition constant (k;)

The inhibition constant k; is an indicator of the pesticide affi-
nity for the enzyme. This parameter is useful for comparing the
potency of inhibitors and assessing the sensitivity of different
enzymes. Most of the biosensors already described in literature are
based on the classical acetylcholinesterase from electric eel (Elec-
trophorus electricus), while some other studies involve human or
horse acetyl- and butyrylcholinesterases, but the resulting sensors
showed low sensitivities to organophosphorus insecticides [26]. In
this work, the sensitivity of electric eel AChE to pirimiphos-methyl
oxon was compared to drosophila wild type and mutant acet-
ylcholinesterases. As shown in Table 1, AChE B394 mutant enzyme
displayed the best sensitivity to pirimiphos-methyl-oxon, its in-
hibition constant k; is 28 and 358-fold higher than those of wild
type drosophila and electric eel enzymes, respectively. Based on
these results, the mutant drosophila AChE was used for developing
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Table 1
Inhibition constants calculated for pirimiphos-methyl oxon using the
three acetylcholinesterases.

Acetylcholinesterase k; (pmol " min—1)
Electric eel (wild type) 0.90
Drosophila (wild type) 114
Drosophila (B394 mutant type) 322

the biosensor for pirimiphos-methyl.

3.2. Characterization of electrospun PVA/chitosan nanofibers and
cast membranes based on CS-PVA blend

3.2.1. FT-IR spectroscopic analysis

FT-IR spectral analysis was used to assess the structure of
blended CS-PVA membranes. Moreover, spectra of CS-PVA blend
were recorded after their activation and immobilizing AChE to
study structural changes owing to these processes. The resulting
spectra are presented in Fig. 4.

The recorded FT-IR spectrum of PVA (Fig. 4(a)) presented the
dominant —CH (as/sym) stretching vibration of the polymer back-
bone in the spectral range 2916 — 2844 cm~!. The adsorption
bands of OH free groups (un-reacted non-bonded groups) in PVA
appeared at 3734cm~', while the adsorption peak owing to
stretching vibration of OH groups involved in intra- and inter-
molecular hydrogen bonding between PVA chains were observed
at 3389 cm~ ! because of their high hydrophilicity. A red shift and
broadening of adsorption band owing to —OH stretching which
appeared in a range of 3500-3600 cm ™! can be attributed to the
inter-molecular hydrogen bonding between the polymer chains
through the terminal hydroxyl groups. The shoulder nearby
2600 cm™~! is ascribed to combination of the adsorption bands
belonging to stretching vibration of C=0 and out-of-plane de-
formation of —OH. A broad adsorption bands due to C-H stretching
appeared at 2924, 1324 and 843 cm~! and bands due to — CH,
bending appeared at 1429 cm !, the adsorption bands appeared at
1678 and 1560 cm ™~ 'due to stretching C=0 involved in the re-
sidual acetate groups remained from non-hydrolyzed polyvinyl
acetate. Moreover, high intensive absorption band appeared at
1097 cm ! is attributed to the crystallization or entanglement of
PVA chains. FT-IR spectrum of chitosan (Fig. 4(b)) showed main

characteristic bands which appeared at 3479 and 2891 cm~! due
to the axial stretching of -OH and C-H groups respectively, which
appears superimposed to the N-H stretching band; N-H angular
deformation at 1598 cm~!; —-CH; symmetrical angular deforma-
tion at 1359 cm~! and C-N amino groups axial deformation, be-
sides the two characteristic polysaccharide bands, 1026 and
1126 cm~! due to the C-O stretching of B (1-4) glycosidic bonds.
However, intensity of the adsorption bands appeared in both of CS
and PVA spectra in a range of 3300-3500 cm~! which are the
characteristic of the N-H and —-OH stretching vibration decreased
significantly and overlapped in a characteristic peak at 3309 cm !
in CS-PVA spectrum (Fig. 4(c)) that can be attributed to the intra-
molecular hydrogen bonding of OH with NH, groups of both
polymers. Also, the FT-IR spectra of CS-PVA blend showed that the
N-H bending vibrations at 1599 cm~! and C=0 stretching bands
appeared at 1678 and 1560 cm~! shifted to 1587 cm~! and
1682 cm~ ! which suggested occurring interactions between —NH,
and C=0 groups. On the other side, a slight shift and increase of
intensity of adsorption band due to C-N stretching that appeared
at 1678 cm ™! in spectrum of CS-PVA blend after its activation with
glutaraldehyde (Fig. 4(d)) prove occurring reaction of -NH, groups
of chitosan with C=0 groups of glutaraldehyde. Another evidence
of amide bond formation is decrease intensity of amine group of
chitosan at 3309 cm ™. Fig. 4(e) is for enzyme immobilized on CS-
PVA nanofiber, the evidence of enzyme immobilization can be
clear in increasing peak intensity of amide group at 1668 due to
bonds formed between NH, for enzyme and the free C=0 of
glutaraldehyde to form C=N bond, also presence of peak at 1074 is
for secondary amines or amide of peptide for enzyme.

3.2.2. Morphological features

The morphological and micro-structural features of electrospun
nanofibrous or casted membranes based on blended CS-PVA on
screen-printed electrodes were explored using scanning electron
microscopy (SEM). Micrographs (X5000) of these polymeric
membranes deposited onto SPEs by electrospinning or casting
techniques (Fig. 5) showed that the nanofibrous membrane pro-
duced using electrospinning really exhibited homogenous fibrous
lattice structure with smooth surfaces and uniform diameters
around 100 nm (monolayer or thin membrane) (Fig. 5(a)). No
noticeable changes were shown in the unique three-dimensional
structure of this nanofibrous lattice after its activation using

T%

4000 3000

I [ I I
2000 1500 1000 750 500

Wavenumber 1/em

Fig. 4. FTIR Spectra for: (a) PVA, (b) CS, (c) CS-PVA, (d) GA/CS-PVA and (e) AChE/GA/CS-PVA.
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Fig. 5. SEM Micrographs (X5000) of electrospun CS-PVA NFM (a), activated electrospun CS-PVA NFM(b), AChE/electrospun CS -PVA NFM (c), AChE/CS-PVA CM (d).

glutaraldehyde, however this treatment slightly affected the dia-
meter uniformity and alignment of CS-PVA nanofibers (Fig. 5(b)).
Immobilized AChE onto the electrospun nanofibrous membrane
appeared in form of nodes on this fibrous lattice (Fig. 5(c)). On the
other side, CS-PVA blend membranes produced using casting
technique loaded with AChE emerged massive structure (multi-
layered and thick membrane) with crimpy surface (Fig. 5(d)).

3.3. Optimization of preparation process of AChE/CS-PVA NFM/SPE

Impacts of glutaraldehyde concentration, activation and im-
mobilization time were studied to optimize the preparation pro-
cesses that determine the activity of bioactive nanofibrous poly-
meric membranes and consequently performance of AChE/CS-PVA
NFM based biosensor.

3.3.1. Activation

Glutaraldehyde concentration can be considered a critical fac-
tor determining the catalytic activity of the resulting sensitized
membrane. Nanofibrous polymeric membranes were activated by
using glutaraldehyde at different concentrations in range of 0.25—
2% for constant time (2 h). The activity of immobilized AChE in-
creased linearly while increasing glutaraldehyde concentration
and a maximum activity was observed using 1% glutaraldehyde.
Increasing glutaraldehyde concentration induces an optimum
functionalization of chitosan, and therefore a higher immobiliza-
tion yield. However, a loss of activity was observed with increasing
the concentration over this value, probably due to multi-point
binding between the enzyme molecules and polymeric nano-fi-
brous support or “protein-protein” interactions and hinder avail-
ability of their active sites [27] (see Fig. S1, Supplementary data).

The coupling process was optimized by varying the incubation
time of glutaraldehyde 1% from 0.25 up to 8 h. It was shown that
the enzyme relative activity increased with extending the activa-
tion time up to 2 h, due to an increased amount of AChE im-
mobilized onto the blended nano-fibers. However, bioactive
membrane activity noticeably decreased by using treatment times
longer than 2 h; this could be attributed to the formation of an

excess of immobilization sites, resulting in enzyme rigidification
and/or to an increase of steric hindrance limiting accessibility to
the active sites for substrate [27] (see Fig. S1, Supplementary data).

3.3.2. Immobilization

The impact of immobilization time on the activity of en-
zymatically-sensitized electrospun nanofibrous membranes was
investigated by performing the immobilization process at 4 °C for
different times ranged from 0.5 to 14 h. As shown from Fig. 6(c),
increasing the incubation time of activated nanofibers with AChE
up to 6 h resulted in increasing the activity of immobilized enzyme
close to 90%. Notwithstanding, using longer contact time did not
result in higher enzyme activity, indicating that immobilization
sites of nanofibers were saturated [28].

The final protocol for designing AChE/CS-PVA NFM-based bio-
sensors was thus based on a 2 h activation with glutaraldehyde 1%
(v/v), followed by 6 h incubation with the enzyme.

3.4. Amperometric response to acetylthiocholine

The response of the developed AChE/ CS-PVA NFM/SPE bio-
sensor to acetylthiocholine (ATCh) was studied and compared to
the response of casted electrodes (AChE/ CS-PVA CM/SPE). The
responses of electrospun electrodes non-modified by AChE (CS-
PVA NFM/SPE) were also evaluated (see Fig. S2, Supplementary
Data). It was observed that electrospun electrodes lead to current
responses more two times higher than casted electrodes. These
results are in good agreement with previous works comparing
immobilized enzyme on nanofibers and casted membranes [29—
31]. This behavior can be attributed to increase quantity of AChE
molecules immobilized onto polymeric nanofibers with good
conformational stability which are frequently a fundamental pre-
requisite for functional activity, whereas, the unique structure of
nanofibers, which offer a large surface area and facilitates the
access of substrate to the enzyme, thus enhancing the biosensor
response. On the opposite, the dense structure of chitosan/PVA
casted membrane showed higher diffusion resistance to the sub-
strate, leading to lower biosensor responses.
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Fig. 6. Calibration curves obtained for the amperometric detection of pirimiphos-methyl oxon using the (AChE/CS-PVA NFM/SPE) biosensor. (window: semi-log plot).

Table 2
Analysis of olive oil samples spiked with pirimiphos-methyl. Found concentrations
and recovery rates for 3 series of samples.

Series of Concentration of pir- Found concentration Recovery

spiked olive  imiphos-methyl in (M) rate (%)

oil samples  spiked samples (M)

1 3x1078 2.95+0.064 x 1078 98.3+2
15%x 1077 153 +0.032 x 1077 102 +2

3 5x1077 4.8+0.084x 1077 96 + 1.6

3.5. Inhibition assays and determination of biosensor analytical
performance

Under the optimal conditions, inhibition assays were carried
out using pirimiphos-methyl oxon concentrations ranging from
1x107'° to 8 x 10~° M. The inhibition ratio was determined for
each concentration after a 10 min incubation of the biosensor in
the pesticide solution. As can be seen in Fig. 6, a logarithmic re-
sponse curve was obtained in the range of concentrations tested
(r=0.9898, n=8). The biosensor detection limit, calculated as the
concentration inducing a 10% inhibition, was calculated to be
0.2nM, corresponding 6 x 10~ ppm. Such performances are
compatible with international regulations, establishing the max-
imum residue limit (MRL) for pirimiphos-methyl in olive at
5x 102 ppm [32]. The developed biosensor was much more
sensitive than another biosensor based on a bienzymatic system,
which allowed detecting pirimiphos-methyl oxon with a LOD of
0.12 uM [33].

Concerning operational stability, the biosensor showed an ex-
cellent stability and reproducibility during 10 consecutive mea-
surements, showing a mean electrodes response of 285+ 5 nA
(n=10). When stored in sealed plastic boxes at 4 °C, the biosensor
activity decreased by less than 10% after 42 days of storage.

3.6. Analysis of real samples

The developed AChE/ CS-PVA NFM/SPE biosensor was applied
for analysis of olive oil after a simple liquid-liquid extraction. The
samples were first analysed before spiking confirming the absence
of residual insecticides in oil, no inhibition being observed in that
case. Oil samples were then spiked with pirimiphos-methyl at

concentrations of 3 x 1078 M, 1.5 x 1077 M and 5 x 10~ 7 M. These
measurements were carried out in triplicate. Table 2 shows the
results obtained for each series of samples after extraction and
biosensor analysis. It was shown a very good performance of both
extraction and analysis steps, with recovery rates close to 100%
(Table 2).

4. Conclusion

Due to their unique properties such as spatial structure, high
porosity, and large surface area, the use of electrospun chitosan/
polyvinyl alcohol (PVA) nanofibers allowed considerable im-
provement of AChE-based biosensor performances. Moreover, the
biosensor development based on mutant acetylcholinesterase
(B394) enhanced the sensitivity of the biosensor. The developed
biosensor showed very good analytical performance in terms of
reproducibility, operational, and storage stability. The detection
limit for pirimiphos-methyl was 0.2 nM, a concentration much
lower than the maximum residue limit allowed (MRL) set by in-
ternational regulations (164 nM). Furthermore, the developed
biosensor was successfully used for the detection of pirimiphos-
methyl in olive oil samples after a simple liquid-liquid extraction,
without any laborious pre-treatment. Theses results show the re-
markable potential of biosensors based on electrospun nanofibers
for food and environmental monitoring.
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