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Abstract In this work, several theoretical aspects involved in
the first-generation inhibition-based electrochemical biosen-
sor measurements have been discussed. In particular, we have
developed a theoretical-methodological approach for the char-
acterization of the kinetic interaction between alkaline phos-
phatase (AIP) and 2,4-dichlorophenoxy acetic acid (2,4-D) as
representative inhibitor studied by means of cyclic voltamm-
etry and amperometry. Based on these findings, a biosensor
for the fast, simple, and inexpensive determination of 2,4-D
has been developed. The enzyme has been immobilized on
screen-printed electrodes (SPEs). To optimize the biosensor
performances, several carbon-based SPEs, namely graphite
(G), graphene (GP), and multiwalled carbon nanotubes
(MWCNTs), have been evaluated. AIP was immobilized on
the electrode surface by means of polyvinyl alcohol with
styryl-pyridinium groups (PVA-SbQ) as cross-linking agent.
In the presence of ascorbate 2-phosphate (A2P) as substrate,
the herbicide has been determined, thanks to its inhibition
activity towards the enzyme catalyzing the oxidation of A2P
to ascorbic acid (AA). Under optimum experimental condi-
tions, the best performance in terms of catalytic efficiency has
been demonstrated by MWCNTs SPE-based biosensor. The
inhibition biosensor shows a linearity range towards 2,4-D
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within 2.1-110 ppb, a LOD of 1 ppb, and acceptable repeat-
ability and stability. This analysis method was applied to for-
tified lake water samples with recoveries above 90 %. The low
cost of this device and its good analytical performances sug-
gest its application for the screening and monitoring of 2,4-D
in real matrices.

Keywords Screen printed electrode - Inhibition biosensor -
Phosphatase alkaline - 2,4-D

Introduction

2,4-Dichlorophenoxy acetic acid (2,4-D) is an auxinic herbi-
cide with grown regulator activity that has been widely used
for controlling broadleaf weeds in cereal grain crops [1].
Because of its carcinogenic, teratogenic, and estrogenic activ-
ity, the presence of residues of 2,4-D in agricultural products
and environment can be extremely harmful for both humans
and animals [2, 3]. US Environmental Protection Agency
(EPA) has set an enforceable regulation for 2,4-D, called a
maximum contaminant level (MCL), at 0.07 mg/L or
70 ppb. Hence, a reliable and rapid technique for its determi-
nation is absolutely necessary to ensure both environmental
and food safety.

In the course of the years, several analytical classic tech-
niques such as high performance liquid chromatography
(HPLC) [4], capillary electrophoresis [5], and gas chromatog-
raphy (GC) [6] have been used for the determination of 2,4-D
as well as for other environmental pollutants. These classic
techniques give optimal results in terms of sensitivity, selec-
tivity, and specificity but have also some drawbacks as they
require expensive instrumentations, sample pretreatments, and
well-trained staff. Moreover, they cannot be employed
“in situ” for the monitoring in real time of these pollutants in
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the area of investigation. For these reasons, a new impulse
towards the development of alternative analytical devices has
been given in recent years in order to minimize the sample
pretreatment, reduce the costs and time of analysis, and allow
“in situ” determinations. Biosensors represent one of these
alternatives and their application to environmental monitoring
has been continuously growing in the last years [7, §].

Several enzyme/antibody biosensors for the determination
of'2,4-D have been developed, based on different transducers,
such as electrochemical [9—17], surface plasmon resonance
(SPR) [18-21], and optical [22, 23]. Unfortunately, also these
sensors present some disadvantages such as poor chemical/
physical stability of the antibodies and enzymes which pre-
vent their use. More recently, an electrochemical sensor based
on the molecular imprinting technique has been reported [24]
which showed promising results because of the high
mechanical/chemical stability of the molecularly imprinted
materials. Other biosensors for 2,4-D detection have been re-
alized using whole cells as bioelements, such as Pseudomonas
putida [25] and Anabaena torulosa [26]. Among the different
biosensors employed in environmental analysis, a leading role
is however represented by the inhibition-based biosensors
[27-30].

Inhibition biosensors can be used for a double aim: (i) to
study the kinetic characteristics of the inhibition process. In
this case, the background theories and equations have to be
modified to include the presence of heterogeneous phase. It
has also to be taken in due account that most of the “biological
responses” producing the biosensor signal refer to transient
and/or local equilibria, and very seldom they can be traced
to either Michaelis-Menten or the Briggs-Haldane models
and (ii) to determine the concentration of the inhibitor in the
assayed sample by measuring the percent of inhibition of the
biocatalyst immobilized on the biosensor.

In the last 20 years many works described the realization of
inhibition-based biosensors for the analysis of environmental
pollutants [31-33]. In particular inhibition biosensors for pes-
ticide and herbicide detection are all based on the inhibition of
the catalytic activity of five enzymes: cholinesterase (ChE)
[34], tyrosinase (Tyr) [35], alkaline phosphatase (AIP) [36],
peroxidase and acid phosphatase (AP) [33]. All biosensors
reported in literature for 2,4-D detection are based on the
inhibition of AIP. An inhibition biosensor for 2,4-D detection
based on the activity of AIP combined with the activity of
glucose oxidase [37] and successively another biosensor for
the detection of 2,4-D and malathion by using only AIP en-
zyme and 3-indoxyl phosphate, phenyl phosphate or
ascorbate-2-phosphate as enzyme substrates [38] have been
recently realized in our laboratories. Other AIP-based biosen-
sors for the 2,4-D detection were also described by Shyuan et
al. [39] which realized a biosensor based on the entrapment of
AIP in a hybrid sol-gel/chitosan film deposited on the surface
of a screen printed electrode and by Loh et al. [40] which
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reported the use of Fe;O,4 nanoparticles on a hybrid sol-gel/
chitosan membrane deposited on the top of a screen-printed
carbon paste electrode for the enhancement of the response of
an AlP-based biosensor.

In this work, we report the development and characteriza-
tion of an alkaline phosphatase (AlP)-based biosensor for the
determination of 2,4-D. The proposed biosensor is based on
the inhibition effect of 2,4-D towards the catalytic activity of
AlP. The enzyme was immobilized onto three different types
of screen-printed electrodes: graphite (G), graphene (GP),
multiwalled carbon nanotubes (MWCNTs). Ascorbate 2-
phosphate was used as substrate to measure the catalytic ac-
tivity of the enzyme.

Cyclic voltammetry and amperometry experiments were
carried out to optimize the experimental conditions and to
characterize the main bioelectrochemical properties of the bio-
sensor. Several theoretical aspects involved in the first-
generation inhibition-based electrochemical biosensor mea-
surements have been discussed on the basis of the experimen-
tal data. Finally, the proposed biosensor was applied to the
detection of 2,4-D in spiked lake water samples.

Experimental
Materials

The enzyme orthophosphoric-monoester phosphohydrolase
(AIP, EC 3.1.3.1 from Bovine Liver, 3.4 U/mg solid), L-ascor-
bic acid 2-phosphate sesquimagnesium salt hydrate (A2P), 2,
4-dichlorophenoxyacetic acid (2,4-D), Tris buffer, potassium
chloride, magnesium chloride, N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC), and N-
hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich (USA).

L-Ascorbic acid (AA) was purchased from Merck KGaA
(Darmstadt, Germany). The polymeric film employed for the
physicochemical enzyme immobilization was a photocross-
linkable poly(vinylalcohol) with styrylpyridinium groups
(PVA-SbQ) obtained from Polysciences, Inc. (USA). All other
chemicals used were analytical grade.

All measurements were carried out in 0.1 M Tris buffer
pH 9.5. All solutions have been prepared with high purity
deionized water (Resistance: 18.2 MQxcm at 25 °C;
TOC<10 pg L") obtained from a system MilliQ-UV,
Millipore (France).

Biosensor preparation
AIP immobilization

Method 1, PVA-SbQ: 4 mg of AIP and 50 mg of PVA-
SbQ were solubilized in 400 ul of distilled water. The
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resulting AIP-PVA-SbQ solution was homogenized by
vortex-mixing and 4 uL of this solution were spread on
the working electrode. The final activity of AIP
immobilized onto the electrode surface was about
0.14 U. The SPEs were successively exposed under a
UV lamp (A=364 nm) for 20 min at room temperature
in order to allow the entrapment of the enzyme by photo-
polymerization.

Method 2, EDC-NHS: the carboxylic groups present on
the surface of MWCNTSs-SPE (previously oxidized with a
drop of HNO3 2 M) were activated with an aqueous so-
lution of 0.5 M EDC and 0.1 M NHS for 20 min. After
removing EDC-NHS mixture by washing the electrode
with deionized water and drying with N, flow, 4 uL of an
aqueous solution of AIP 0.035 U/uL was spread onto the
working electrode. After rinsing the surface of the
MWCNTs working electrode with 0.1 M Tris buffer
pH 9.5, electrochemical measurements were carried out.

Electrochemical measurements

Amperometric experiments were performed by using a
pAutolab type III potentiostat (Eco Chemie,
The Netherlands) controlled by the GPES Manager program
(Eco Chemie, The Netherlands) with a conventional three
electrodes configuration. Screen-printed working electrodes
(DropSens, Oviedo, Spain) with a surface diameter of 4 mm,
formed by the following carbon materials, graphite (G),
graphene (GP), multi-walled carbon nanotubes (MWCNTs),
were used. A silver/silver chloride electrode and a carbon
electrode were used as reference and counter electrodes, re-
spectively. Chronoamperometric and cyclic voltammetric ex-
periments were carried out by using a thermostated cell (vol-
ume 5 mL). The calibration plot was performed by adding
several aliquots of ascorbate 2-phosphate standard solution
at different concentrations into the buffer media (0.1 M Tris
with 0.1 M KCI pH 9.5, with 0.1 M MgCl,). The linear and
nonlinear regressions were calculated by using the software
GraphPad Prism 5 from GraphPad Software Inc. (USA).

Kinetic characterization

To characterize the kinetic and the analytical data of the inhib-
itory effect of 2,4-D towards immobilized AlP, incubation
procedure was carried out: in the first step, the biosensor
was dipped into a buffer solution containing 1 mM A2P by
recording the current (I) at the fixed potential of 0.65 V vs.
Ag/AgCl, then the same experiment has been repeated after an
properly incubation time (see below) with known concentra-
tions of herbicide standard solution, by recording the current
value (I) every 120 s after each addition (Fig. 7).

Inhibition percentage was calculated as:

Io—1

Inhibition percentage= 7 %

0

Preparation of water samples

Real water samples were collected from three different sam-
pling places in a lake from Lazio. In order to obtain several
spiked samples, different aliquots of 2,4-D standard solution
were added to the water samples to achieve a final herbicide
concentration ranging from 25 to 100 ppb. All solutions were
used without any pretreatment and were freshly prepared just
before the measurements.

Results

A series of cyclic voltammetry experiments in the presence of
0.3 mM AA ina 0.1 M Tris buffer with 0.1 M KC1 pH 9.5 at
scan rate 10 mV s' were carried out to evaluate the best
electrode material employing after in the AIP enzymatic ca-
talysis. The anodic peak current arising from the electrochem-
ical oxidation of AA was located at 0.65 V vs. Ag/AgCl
(Fig. 1). Differences in voltammetric signal of AA can be
observed for every employed electrodic materials; the best
performances in terms of highest limiting current were obtain-
ed by using MWCNTs SPE as electrochemical transducer.

An analogous experiment was performed with the
MWCNTs modified electrodes with AIP immobilized into
PVA-SbQ layer in the presence of 0.3 mM A2P and the AA
produced by the enzymatic reaction was detected. The results
obtained have been compared with the direct detection of the
same concentrations of AA (Fig. 2).

T
0.4 0.5 0.6 0.7 0.8
E/V

Fig. 1 Cyclic voltammetric experiments (vs. Ag/AgCl) performed in the
presence of 0.3 mM AA with MWCNTs/PVA-SbQ modified electrode
(blank) (black line), G/PVA-SbQ modified electrode (green line); GP/
PVA-SbQ modified electrode (red line), MWCNTs/PVA-SbQ modified
electrode (blue line). The electrochemical experiments were carried out in
0.1 M Tris buffer with 0.1 M KCI, pH 9.5 at 37 °C (scan rate 10 mV/s)
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Fig. 2 Cyclic voltammetric experiments (vs. Ag/AgCl) of MWCNTs/
PVA-SbQ/AIP modified electrode performed in the presence of 0.3 mM
A2P (dashed line) and 0.3 mM AA (solid line). The electrochemical
experiments were carried out in 0.1 M Tris buffer with 0.1 M KCl,
pH 9.5 with 1 mM MgCl, at 37 °C (scan rate 10 mV/s)

MWCNTs/PVA-SbQ/AIP biosensor characterization

The characterization of the optimal experimental conditions
(T, pH, and MgCl, concentration as cofactor) was realized and
data are reported in the Electronic Supplementary Material
(ESM) (see Figs. S2 to S4). The outcome of these measure-
ments was as follows: T 37 °C, pH 9.5, and 1 mM MgCl,.

The electroanalytical and kinetic properties of either
MWCNTs, G or GP /PVA-SbQ/AIP biosensors were deter-
mined in a thermostated cell through amperometric experi-
ments at a fixed potential of 0.65 V vs. Ag/AgCl, by adding
known amounts of A2P standard solution in 0.1 M Tris buffer
with 0.1 M KCI, pH 9.5 at 37 °C with 1 mM MgCl, and by
recording the amperometric signal every 120 s after each ad-
dition. An AA oxidation current increase produced by the AIP
reaction was observed from these experiments, reaching a
maximum value (I,,.x) corresponding to the saturation of all
the active sites of the immobilized enzyme with a typical
behavior of the Michaelis-Menten kinetic (Fig. 3).

The results obtained allowed us to calculate the main ki-
netic and electroanalytical parameters (Table 1); the apparent
kinetic data were comparable with those reported in literature

-- MWCNT
-= Graphene
-¥ Graphite

[ o e S

—
0 2 4 6 8 10 12 14 16
[A2P] (mM)

Fig. 3 Amperometric current response of MWCNTs, G, and GP/PVA-
SbQ/AIP modified electrodes, with different concentrations of A2P
standard solution. Experimental conditions: 0.1 M Tris buffer with
0.1 M KCl, pH 9.5 with 1 mM MgCl, at 37 °C, applied potential:
0.65 V vs. Ag/AgCl
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[41], taking into account that different transducer materials
affect calculated data.

In Fig. 4, a comparison of the amperometric current re-
sponse of MWCNTs/PVA-SbQ/AIP and MWCNTSs/EDC-
NHS/AIP modified electrodes, with different concentrations
of A2P standard solution, was reported. As can be observed,
the use of photopolymer PVA-SbQ as immobilizing agent
coupled with MWCNTs as transducer allowed to improve
the sensitivity of the resulting biosensor thanks to its thick
layer hindering the diffusion of substrate [30, 42].

Inhibition experiments

The inhibition experiments were performed by incubating the
AlP-based biosensor in the presence of 2,4-D known concen-
trations and then by evaluating the Michaelis Menten kinetic
responses respect to those obtained in the absence of herbicide.

In Fig. 5, the results show the inhibition percentage of the
MWCNTs/PVA-SbQ/AIP biosensor in the presence of 2,4-D
at different incubation times. The inhibition process enhanced
with incubation time increasing; in agreement on these results,
we chose to perform our experiments for the determination of
2,4-D with an incubation time of 20 min, which represented a
good compromise between sensitivity and reduction of the
analysis time.

The inhibition effect of 2,4-D has been evaluated by mon-
itoring the amperometric current response of MWCNTs/PVA-
SbQ/AIP modified electrode, with different concentrations of
A2P standard solution in the presence of known amount of
herbicide after 20 min of incubation time (Figs. 6 and 7).

Inhibition Kkinetic characterization

To recognize the inhibition mechanism of 2,4-D towards AlP,
a set of Michaelis-Menten plots in the presence of 2,4-D dif-
ferent concentration were obtained (Fig. 8).

The kinetic parameters, wa and Ifnax, were calculated at the
different inhibitor concentrations. The obtained results were
used to validate the inhibition mechanism by modelling ex-
perimental results using Prism 5.04 software from GraphPad
Software, Inc. (USA), with respect to four different types of
reversible inhibition: competitive, non-competitive, uncom-
petitive and mixed [43] (http://www.graphpad.com/guides/
prism/6/curve-fitting/index.htm?reg_mixered model.htm).

In Table 2, the correlation coefficients obtained for the
different types of inhibition are reported. The best fitting of
the experimental data was obtained with the equation charac-
teristic of the mixed inhibition and the calculated kinetic data
were: a=2.76; K;=29.62 ppb. Moreover, thanks to the re-
versibility of interaction, it was possible to reuse the ampero-
metric biosensor for about 12 measurements with a 30 % de-
creasing of its performance (see ESM Fig. S5). In Table 3, the
main electroanalytical parameters of the MWCNTSs/PVA-
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Table 1 Main kinetic and

analytical parameters obtained Transducers  Linearity LOD*  Sensitivity = Jmax (HA) | SVik Lna/K™ 1
with the several AIP biosensors, range (UM)  (LM) (HA mMil) (mM) (HA mMil)
using A2P as substrate
MWCNTs 17.0-890.1 8.0 5.19+0.18 12.22+036 1.28+£0.14 95 0.9953
Graphene 80.2-890.1  45.0 3.33+0.19 6.94+0.19 0.81+0.09 8.6 0.9911
Graphite 170.4— 82.0 1.49+0.05 396+0.18 127021 3.1 0.9963
890.1

#LOD is calculated based on three times the standard deviation of the blank sample measurement

SbQ/AIP biosensor in the analysis of 2,4-D standard solutions
are reported.

Theoretical considerations for AIP-based first generation
electrochemical biosensors for 2,4-D detection

We have developed, starting from previously published papers
[44-49], a theoretical-methodological approach for the exper-
imental characterization of the interaction between substrate
and enzyme in presence of inhibitor thereof. According to the
well-known enzymatic behavior, AIP is a hydrolase enzyme
which is able to remove phosphate group from several sub-
strates. In particular, in this work, we have taken into account
the hydrolysis reaction of A2P to AA, according to Scheme 1.

The catalytic activity is evaluated by amperometric moni-
toring the oxidation of the AA produced at the working elec-
trode. According to the steady-state approach for solving the
enzyme kinetic [50], the reaction rate catalyzed by AIP can be
expressed by:

_ kealAIP][42P]

Ks + [A2P] m

In order to simplify the kinetic treatment of the electro-
chemically monitored AIP catalyzed reaction, the following
boundary conditions have been arranged:

1. A2P and 2,4-D concentration at x=L (where L is the
Nernst layer thickness) is the same as that of the bulk
solution (no mass transfer resistance of the liquid film).

- MWCNTs/AIP/PVA-SbQ
-+ MWCNTs/EDC-NHS/AIP

o771 7

0 2 4 6 8
[A2P] (mM)

—
10 12

—
14 16

Fig. 4 Amperometric current response of MWCNT/PVA-SbQ/AIP and
MWCNTs/EDC-NHS/AIP modified electrodes, with different
concentrations of A2P standard solution. Experimental conditions:
0.1 M Tris buffer with 0.1 M KCl, pH 9.5 with 1 mM MgCl, at 37 °C,
applied potential: 0.65 V vs. Ag/AgCl

2. AIP is homogeneously distributed throughout the PVA-
SbQ layer.

3. The concentration of the oxidized form of the product AA
on the electrode surface (x=0) is equal to that one of the
reduced form.

4. Diffusion occurs in only one dimension.

In the investigated system, we can observe the production
of two kinds of flows: (i) scalar, having no direction in space;
(ii) vectorial with directional properties.

The scalar flows are considered as derived from the hydro-
lysis of A2P to AA, and the interaction between 2,4-D and
AIP, while the vectorial flows are due to diffusion phenomena
of A2P and 2,4-D to the working electrode surface. Two dif-
ferent forces generate these flows: (i) affinity reactions, for
scalar flows; (ii) chemical potential gradients, for diffusion
flows.

Our experimental model considers A2P and AIP homoge-
neously distributed in the solution and in the immobilizing
layer respectively. The mass conservation law is assumed as
valid also when chemical and redox reactions take place (non-
conservative case).

We can write:
dg¢

= —div J; + 02> 2
iv +Udt (2)

oc i
ot

Where J; is the flow, v represents the stoichiometric coeffi-
cient, while % is the rate of chemical change per unit volume.

100 - _
. -+ 30 min
80 - —— 20 min
g 1 - 10 min
E 60 - -~ 5 min
= .
£ 404
2 .
204
0 T v T v T v T

1
100

o

20 40 60 80
[2,4]-D (ppb)

Fig. 5 Inhibition percentage of MWCNTs/PVA-SbQ/AIP biosensor in

presence of known 2,4-D concentrations at different incubation times.

Experimental conditions: 0.1 M Tris buffer with 0.1 M KCI, pH 9.5
with 1 mM MgCl, at 37 °C, applied potential: 0.65 V vs. Ag/AgCl
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-e- 0 ppb 2,4-D
=10 ppb 2,4-D
-+ 25 ppb 2,4-D
=¥ 40 ppb 2,4-D
-4~ 80 ppb 2,4-D

O 7T+ T7T T
0 2 4 6 8 10 12 14 16

[A2P] (mM)

Fig. 6 Amperometric current response of MWCNTs/PVA-SbQ/AIP
biosensor, for increasing A2P concentration in presence of known
herbicide concentrations at 20 min of incubation time. Experimental
conditions: 0.1 M Tris buffer with 0.1 M KCI, pH 9.5 with 1 mM
MgCl, at 37 °C, applied potential: 0.65 V vs. Ag/AgCl

This can be further simplified into:
% _ gy Jit Y v (3)
8; - 1 1

Where v, represents the rate reactions involving the substances
taken into account.
Flow divergence (div(J;)) can be expressed as:

oJ, oJ, oJ.

div(J;) = 4
M) =t T “)
By applying the first Fick’s law in stationary state condi-
tions: J; = —D %, we can write:
e e e
() — _pldc . oc o¢
div(J;) [6x2 + P + 822} (5)
oc Pe e e
== apl==4, 2" 2 °
5= 2T [axz T2t 622} (6)
100 -
80 - )
5 |
= 601 *
2
= |
£ 40
2 ]
20
0 - T T T T T T T 1
0 30 60 90 120

[2,4-D] (ppb)
Fig. 7 Calibration graph % inhibition vs. 2,4-D concentration in the

presence of a fixed concentration of A2P (1 mM) for an incubation time
of 20 min
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Fig. 8 Chronoamperometric experiments with the MWCNTs/PVA-SbQ/
AIP biosensor in the presence of A2P or AA. Experimental conditions:
0.1 M Tris buffer with 0.1 M KCl, pH 9.5 with 1 mM MgCl, at 37 °C,
applied potential: 0.65 V vs. Ag/AgCl

By using a planar electrode, a monodimensional diffusion
occurs:

oc &ec

By applying this equation to the AIP catalyzed reaction:

o[A2P] *[A2P]  kXP[AIP),[42P]
=D - 2 7 (8)
ot ox? [42P] + K3

Where [AIP], is referred to the concentration in the PVA-
SbQ immobilizing layer.

The resulting production of a current flow derives from the
redox reaction of AA on the electrode surface.

Current intensity can thus be obtained by means of the
following general equation:

o[4A] o[42P)

I =nDppFA| —— =nDppFAB| —— 9
n op <6x )xo n op ﬁ( o >x0<)

where (3 is the correction factor that takes into account the
oxidation efficiency of AA in the presence and in the absence
of AIP; 3 value has been calculated as the current ratio be-
tween the two corresponding signals for a kinetic of zero order
for the enzymatic reaction in order to evaluate the electro-
chemical response in the same conditions for the two
substrates.

Table2  Correlation coefficients referred to different inhibition models

Inhibition type Correlation coefficients
Mixed 0.9946
Noncompetitive 0.9922
Uncompetitive 0.9839
Competitive 0.9859
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Table 3 Main electroanalytical parameters obtained with the
MWCNTs/PVA-SbQ/AIP biosensor in the analysis of 2,4-D standard
solutions. Experimental conditions: 0.1 M Tris buffer with 0.1 M KClI,
pH 9.5 with 1 mM MgCl, at 37 °C, applied potential: 0.65 V vs. Ag/AgCl

Applied potential (V vs. Ag/AgCl) 0.65
Linearity range (ppb) 2.1-110.0
Slope (inhibition %/ppb) 0.84
Correlation coefficient 0.9940
Lower detection limit* (ppb) 1.0
Reproducibility of the measurements (as pooled 2.0

standard deviation in the linearity range) (%)

2LOD is calculated based on three times the standard deviation of the
blank sample measurement

The experimental determination of /3 value has been real-
ized by chronoamperometric measurements performed by two
experiments with the MWCNTs/PVA-SbQ/AIP in the pres-
ence of A2P and AA (Fig. 8). According to the experimental
data, 3 value was calculated as 0.64+0.02.

Considering the arranged experimental conditions, the so-
lution of Eq. 9 leads to an equation indicating the attainment
of a limiting current in stationary state conditions. The current
changed as a function of A2P concentration and attained a
limiting current value (I,,,,x) when all the active sites of the
immobilized AIP enzyme were saturated.

By applying this equation:

Lo [A2P]
fim = Cop] + K o
We have calculated the limiting current obtained in the pres-
ence of 0.3 mM A2P and the result obtained is: 2.3+0.1 pA.
The value is in good agreement with that one obtained as

2,4-D

MWCNTs/PVA-SbQ/AIP

Scheme 1 Schematic representation of inhibition-based biosensor
mechanism

limiting current of cyclic voltammetry experiments (Fig. 1)
with the MWCNTs/PVA-SbQ/AIP biosensor in the presence
of the same concentration of A2P.

In the presence of the AIP inhibitor (2,4-D), according to
the experimental data, indicating a mixed inhibition model for
the interaction of AIP and inhibitor, the following equation
can be applied:

0[42P]
ot

0°[A2P] I [A2P]
X2 [A2P] + K1,

&*[2,4-D]
11
o (11)

=Ls

Where K%, is obtained according to the experimental data
showing the mixed inhibition of AIP towards 2,4-D.
Moreover, the current recorded is:

I [42P]
[42P]) + K1,

lim

Real sample analysis

Finally, the MWCNTs/PVA-SbQ/AIP biosensor was applied
to the determination of the 2,4-D in four spiked samples of real
water by using the standard addition method.

Aliquots of spiked samples were added to the electrochem-
ical cell containing 5 mL of 0.1 M Tris buffer with 0.1 M KClI,
pH 9.5 with 1 mM MgCl, to obtain 2,4-D concentration of 25,
50, 75 and 100 ppb. For each sample, three determinations
were performed, and the standard deviations were calculated
(Table 4). As it can be observed, the found values are very
close to the nominal ones, being the recovery always above
91 % and accuracy (calculated as the percent ratio between
measurement error and nominal value) between 0 and 8.3 %;
these results are significantly better than those reported in
literature by using similar inhibition systems for 2,4-D [35].

Conclusions

In this work, an inhibition AlP-based biosensor for 2,4-D de-
termination was characterized both from the point of view of
enzyme immobilization and that one of employed transducer.

Table 4 Experimental data obtained using MWCNTs/PVA-SbQ/AIP
biosensor, in real water samples analysis (for each sample three
determinations were carried out)

Nominal value (ppb) Found value (ppb) Recovery % Accuracy %

25 23.1+0.4 924 =76
50 50.0£0.9 100 0

75 742+1.5 98.9 1.1
100 91.7£1.8 91.7 —8.3
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Several theoretical aspects involved in the first-generation in-
hibition-based electrochemical biosensor measurements have
been discussed. In particular, a theoretical-methodological ap-
proach for the kinetic characterization of the AlP/2,4-D inter-
action has been discussed.

As far as the detection of 2,4-D is concerned, under opti-
mum experimental conditions, the best performance in terms
of catalytic efficiency has been demonstrated by MWCNTs
screen-printed electrode. The inhibition biosensor showed a
linearity range towards 2,4-D within 2.1-110 ppb, a LOD of
1 ppb, and acceptable repeatability and stability. This analysis
method was applied to spiked lake water samples with recov-
eries above 90 %.

This inhibition-based biosensor compared to other electro-
chemical biosensors for 2,4 D (commonly immunosensors)
shows some peculiar advantages such as cheapness due to
lower costs of enzyme versus antibody and higher reusability,
since it can be used for 12 measurements with only a 30 %
decrease of its performance; no need to label the
biorecognition element to perform the measurement.

The overall analytical performances suggest its application
for the screening and monitoring of 2,4-D in real matrices.

Compliance with ethical standards This statement is to certify that all
authors have neither conflict of interest to declare, nor research involving
Human Participants and/or Animals.
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