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Abstract:

Isoproturon-imprinted polypyrrole films were electrochemically synthesized onto glassy
carbon (GC) electrodes in an ethanol/aqueous solution of pyrrole as a monomer, isoproturon
as a template molecule and LiClO, as supporting electrolyte. Electropolymerization was
performed by cyclic voltammetry and chronoamperometry. The isoproturon template
molecules were successfully trapped in the polypyrrole film where they created artificial
recognition cavities. After the electrochemical extraction of the template, the polypyrrole film
acted as a molecularly imprinted polymer (MIP) for the selective recognition of isoproturon
whereas the non-imprinted polymer (NIP) film, made in the same conditions except for the
presence of isoproturon, did not exhibit any interaction. The MIP and NIP films were
characterized by cyclic voltammetry in the presence of redox probes and the thickness of the
polymer layers was estimated by EQCM (Electrochemical Quartz Crystal Microbalance) and
calculated using Faraday’s law. The isoproturon-imprinted polypyrrole films were found to
selectively detect isoproturon even in the presence of the interferents carbendazim and
carbamazepine. Its limit of detection (LOD) in milli Q water, achieved via square wave

voltammetry was as low as 0.5 pg L™, whereas in real water samples it was found to be 2.2

ug L™
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1 Introduction

The use of many herbicides in agriculture, although beneficial for food production and
prevention against nuisance organisms, can lead to their release into the environment where
they have a negative impact on the ecosystem and human health. Furthermore their
degradation products and metabolites are toxic toward living organisms. Systematic quality
monitoring of groundwater and surface water showed that many aquifers have been
contaminated by these pollutants. Isoproturon (3-(4-isopropylphenyl)-1,1-dimethylurea or 3-
p-cumenyl-1,1-dimethylurea), a herbicide belonging to the phenyl urea family, is widely used

to Kill weeds in soils [1

]. Recent studies indicated that isoproturon has become an ecosystem contaminant due to its
intensive use [2] and in 2016, the EU decided to ban its use. Isoproturon has been detected
worldwide in soil, groundwater, surface water, or even in drinking water, exceeding the
threshold values (e.g., the European Union threshold is 0.1 pg L ™). Raw waters may become
contaminated with isoproturon from production plant discharges and diffuse agricultural

sources [3].

According to the World Health Organization (WHO), isoproturon has demonstrated toxicity
to the liver system and appears to be a tumor promoter [4]. Considering its hazardous effects,
the European Union (EU) has classified it as a priority micro-pollutant and has regulated its
maximum levels at 0.3 pg L™ for inland surface waters [5]. It is therefore necessary to
develop sensitive and selective techniques to monitor its presence in natural aquatic
environments. Sophisticated analytical techniques based on chromatography are frequently
used for isoproturon detection in environmental samples [3,6-10] with detection limits
between 10 and 100 ng L™ reported [3,5]. However, these techniques, in spite of their high
sensitivities, remain expensive and difficult to implement for on-site and in-situ analysis. In
addition, on-site sampling and its treatment involves a longer analysis time and complex
additional steps to overcome matrix effects and interferences [3,5,7]. There is an increasing
need to ensure efficient and continuous on-site and in-situ monitoring of environmental

waters, and to reduce the cost of analysis, which implies developing novel sensors.



Efforts are thus ongoing to develop rapid and inexpensive sensing devices for the detection of
pesticides in general and particularly isoproturon. Among all the conventional technigues,
electrochemical analysis is one of the simplest and least expensive. Voltammetric-based
methods have been widely reported for the determination of many pesticides and isoproturon
more specifically using various carbon electrode materials such as glassy carbon [11,12],
graphene [13], wall-jet glassy carbon electrode [14], carbon paste [15,16], carbon fiber [17],
doped diamond [18], and multiwalled carbon nanotubes (MWCNT) [19]. More recently,
numerous studies have focused on modified electrodes [20] and various assemblies have been
investigated for applications in isoproturon electrochemical sensors such as clay-modified GC
electrodes [21,22], or enzyme-modified [19,23-25] and conducting polymer modified
electrodes [26]. The attachment of the organic film on the electrode surface makes it possible
to increase the sensitivity and the selectivity of these modified electrodes toward a targeted
analyte. Still, one of the most ingenious methods to achieve this goal is to prepare molecularly

imprinted polymers [27-30].

A molecularly imprinted polymer (MIP) is obtained by polymerization of a monomer in the
presence of a template molecule and a cross-linker agent. After polymerization, the template
molecules, trapped in the polymeric matrix, are removed leaving behind cavities that are
complementary not just in shape but also in functionalities. The cavities contain functional
groups of the polymer that were left in a ‘‘frozen’” conformation/orientation that leads to the
specific uptake of the targeted analyte. High affinity and selectivity are based on the shape of
the print together with the specific interactions between the functional groups from the MIPs
and the target micro-pollutant [31,32,33].

For sensing issues, the selective recognition of the analyte by the MIPs can be achieved
through concentration of the samples via: i) MIP Solid Phase Extraction (SPE) cartridges or
membranes [34,35,36] or ii) coated electrodes by ex-situ prepared MIP or MIP films
deposited in-situ at the electrode [37,38,39]. After this concentration step, the analysis can be

achieved by several techniques (electrochemical, chromatographic, optical, etc.).

MIPs of different compositions and for different purposes can be prepared in several ways:
photo-polymerization [40,41], free radical [42][ and controlled radical polymerization
[43,44], polymerization by evanescent waves [45][ and in-situ electropolymerization. For the
MIPs used in electrochemical sensing, those prepared by the latter method are more numerous
because it is simple, fast and inexpensive. Moreover, electropolymerization allows a better
thickness control and adhesion of the polymer layer on the surface of substrates and shows the
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ability to attach selective films of any shape and size compatible with commercial and
industrial implementation [46]. Various types of electro-synthesized polymers based on
molecular imprinting have been reported including polyphenol, polymethacrylic-acid, [47]
polyaniline [48,49,50] and polypyrrole [51,52,53,54]. Recently the use of some Metal Organic
Frameworks (MOFs) based on the electropolymerization of monomer-functionalized gold

nano-particles was reported [55].

Among the abovementioned polymers, polypyrrole films are most advantageous for
environmental applications thanks to their easy in-situ electropolymerization at the electrode
surface with or without the presence of the template molecule [55]. Moreover, the formation
of the polypyrrole film is fast and it is well known to be a partially cross-linked polymer so
that there is no need to add a cross-linker agent [55]. Extraction and rebinding of the template
can be conducted electrochemically since polypyrrole is a conducting polymer, to some extent
[55]. In addition, the electropolymerization of polypyrrole leads to chemically and

mechanically robust films [56,57].

Therefore, thanks to all these properties, MIPs have inspired researchers in analytical
chemistry to address the massive demand for monitoring molecules of interest in different
fields such as biology [58,59,60,61], the environment [56,62], food science and technologies
[63,64], pharmaceuticals and controlled drug release [65,66].

While the number of studies on the use of MIP-based sensors in pesticide analysis is
increasing [67,68,69,70,71], only a few have focused on isoproturon detection, which has

been classified as a priority pollutant by the WFD [4].

Li et al. [71] developed a new molecularly imprinted polyaminophenol electrochemical
luminescence sensor (MIP-ECL sensor) for isoproturon determination based on the
competition reaction between isoproturon and glucose oxidase [72]. However, even though
the method has provided very low detection limits (0.8 ng L™), the use of additional reagents,
the equipment required and the complex preparation of the samples remain incompatible with

in-situ measurements.

Singh et al. (2013) developed an ex-situ polymethacrylic imprinted polymer solid phase
extraction for isoproturon detection [73] and reached a detection limit of 0.2 mg L™ which is
unfortunately too high in light of current standards [4]. In addition, an ex-situ MIP synthesis

involves additional steps, which complicates the implementation of the sensor.



In this context, the aim of the present work was to develop an electrochemically polypyrrole
MIP based electrode for the sensitive and selective detection of isoproturon. The influence of
the experimental parameters on the characteristics of the polymer matrix and its ability to
recognize and to concentrate isoproturon were studied. In order to maximize isoproturon
signal detection we adjusted several parameters during the MIP electrosynthesis. The

analytical performances of the modified electrodes were then assessed.

2 Experimental

2.1 Reagents and apparatus

Pyrrole, lithium  perchlorate, LiCIO4,  isoproturon (ISO), tetrabutylammonium
tetrafluoroborate, acetonitrile, ferrocene, NBu,sBF,, ethanol, carbamazepine (Chd), diuron,
carbendazim (Cbmz) and sulfuric acid were purchased from Sigma-Aldrich. Electrochemical
measurements were carried out using a potentiostat/galvanostat PGSTAT 204 and PGSTAT
128N Autolab Metrohm interfaced with a PC under Nova 2.2 software and three electrodes in
a one-compartment cell. The working electrode was a glassy carbon (GC) disc (area of 0.07
cm?). Ag/AgCl saturated with KCI was used as a reference electrode and a curved platinum
wire was used as a counter electrode. The working electrodes were polished before each
experiment by using decreasing sizes of diamond paste, rinsed and sonicated with milli-Q
water, dried and stored in a clean place. The EQCM measurements were performed with a
Maxtek RQCM micro-balance on Maxtek 5 MHz Au-Cr crystals.

2.2 Synthesis of NIP-GC and MIP-GC electrodes

The electro-synthesis of molecularly imprinted polymer (MIP) films and that of non-
imprinted polymer (NIP) films was performed on glassy carbon electrodes, respectively
named MIP-GC and NIP-GC, in an ethanol and water (20/80) solution containing 10 mM of
pyrrole and 0.1 M of LiCIO, as electrolyte. For the preparation of MIP-GC, the template
molecule, 1 mM of isoproturon, was added. Electropolymerization was accomplished either
by applying cyclic voltammetry (CV), 5 scans in the potential range from 0 to 1.4 V vs
Ag/AgCl at a scan rate: v = 10 mV s, or by chronoamperometry (CA), with a potential set at
1.1V vs Ag/AgCl for a duration of 600 s.

The MIP-GC electrodes, once prepared, were rinsed with milli-Q water and immersed in an
ethanol/water (70:30 v/v) solution of 0.1 M sulfuric acid. They were biased to a potential
excursion between -0.4 V and 1.5 V vs Ag/AgCI for several scans until complete extraction of



the embedded isoproturon molecules. After extraction the MIP-GC electrode was used for

isoproturon detection.
2.3 Detection of isoproturon by MIP-GC electrodes

The MIP free of isoproturon and NIP coated electrodes were immersed in an aqueous solution
containing isoproturon as template molecule, under stirring, during an optimized time. Both
electrodes were then rinsed with milli-Q water in order to remove the isoproturon just
deposited on the MIP-GC and NIP-GC surface. The electrochemical detection of isoproturon
was achieved by square wave voltammetry (SWV), in an ethanol/water (70:30 v/v) solution
containing 0.1 M of sulfuric acid. The preparation of the MIP-GC and the detection steps are

presented on Scheme 1.

3 Results and discussion

The electropolymerization of pyrrole in the presence of isoproturon leads to the inclusion of
the template molecule in the polymer matrix during polymer growth. Isoproturon extraction
by CV creates cavities within the MIP, which are complementary in shape and functionalities
to the template molecule. These prints should therefore allow selective rebinding by
isoproturon, as the artificial receptors are shaped by the template [55], and finally the use of

SWV will enable to confirm the presence and to determine isoproturon concentration.
3.1 Electropolymerization of pyrrole

As mentioned in section 2.2, the electrochemical polymerization of pyrrole on the GC
electrode surface was performed by cyclic voltammetry with and without the presence of the

template isoproturon in the monomer solution, see Figure 1.

In both cases, we can observe the anodic current that increase after 0.75 V vs Ag/AgCl due to
the oxidation of the pyrrole on GC electrode with the current peak at 0.95 and 1.15 V vs
Ag/AgCI respectively in the solutions without and with 1 mM of the ISO template. The
potential shift is probably due to the presence of isoproturon in the solution which itself is

oxidized at a potential around 1.0 V, see below, Figure S1.

In the second scan, voltammograms of MIP and NIP electropolymerization show that the
pyrrole oxidation peak decreases drastically due to the change in the nature of the electrode
surface after the deposition of a polypyrrole layer that is less conductive than the carbon itself
[74].

3.2 Extraction of the template molecule
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The template extraction was achieved by the procedure described in section 2.2 by cyclic
voltammetry (voltammograms in Supplementary Material Figure S1). We observed an
oxidation peak, at around 1 V vs Ag/AgCl, corresponding to the isoproturon trapped within

the polymeric matrix.

Several scans were made until the oxidation peak was no longer observed due to the release of

the isoproturon.

The well-known reversible oxidation-reduction behavior of polypyrrole [75] is also clearly
observed at 0.4 V vs Ag/AgCI for the polypyrrole oxidation process and -0.25 V vs Ag/AgClI
for the reduction process in our MIP-GC electrode.

On the voltammogram of the NIP electrode (not shown), no peak at 1.0 V was observed while

the polypyrrole signal was present in the same region as for the MIP.

This method of template extraction is easy to achieve and avoids the use of a variety of
chemical reagents. Moreover, the voltammograms obtained validated the removal of the

template.
3.3 Optimization of the eletropolymerization procedure for the MIP-GC electrode

In this section, the detection signal of isoproturon served as a tool for the electrochemical
synthesis optimization of the MIP-GC electrode. The ISO detection was performed as
follows: after the electrochemical release of 1ISO, MIP-GC electrodes were immersed in a 5 x
107 M isoproturon water solution during 15 minutes and the analyses were performed by
SWV in an ethanol/water solution (70:30 v/v) of 0.1 M sulfuric acid.

The sensing properties of MIP-GC electrodes obtained by CV and by CA were compared
after optimizing the impact of the scan number for CV and the electrolysis time for CA and

establishing the influence of the ratio of ethanol in the electrolyte solution.

3.3.1 Preparation of isoproturon MIP-GC electrodes by cyclic voltammetry (CV):

influence of the scan number

In order to determine the effect of the number of cycles during electropolymerization on the
response of isoproturon detection by MIP-GC, the film was prepared with 1, 3 and 5 cycles,

see Figure 2A.

It clearly shows that the response of isoproturon is improved with the number of scans due to

the increase in the thickness of the polymeric matrix and consequently the number of cavities.
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In order to verify this assumption, the theoretical thickness of the layer was estimated from
the electrical charge (Figure 2B). To correlate polypyrrole thickness x (cm) and electrical

charge, Faraday’s law was used assuming 100% current efficiency for polypyrrole:

X = gM/pAzF

where q (C) is the electrical charge associated with polypyrrole formation, M (g/mol) is the
molar mass of the monomer, F is Faraday’s constant (C mol™), A (cm?) is the area of the
working surface, p (g cm™) is the polymer density and z (mol) is the number of electrons
involved in the electropolymerization process of pyrrole which in this case is 2.25 [76,77].
The nominal density for polypyrrole films (p) was taken as 1.5 g cm > [75]. By taking into
consideration all the above-mentioned parameters, the required charge density to grow a film
with an average thickness of 290 nm is 10.4 mC.cm ™ [76]. We can see, in Fig. 3B, that the
estimated thickness increases with the number of cycles to reach 290 nm after 5 scans in the
case of MIP-GC.

To confirm this result, the behavior of a ferrocene 2.5 mM redox probe in acetonitrile solution
containing 0.1 M NBu4BF, on MIP layers obtained at 1, 3 and 5 cycles was studied (Figure
2C). It shows that the blocking effect for the ferrocene signal increases with the number of
cycles due to the growth of the insulating polymer layer because of the over-oxidation
conditions [73].

Finally, in order to determine the electropolymerization efficiency, one experimental
thickness of the MIP layer deposited by EQCM assuming a density of MIP 1.5 g cm™ [74,75]
and the corresponding charge was measured. The electropolymerization yield was calculated
from the ratio between the experimental and the theoretical thicknesses and was found to be

close to 63%.

3.3.2 Preparation of isoproturon MIP-GC electrodes by chronoamperometry (CA):

3.3.21 Effect of solvent: the role of the ethanol/water ratio

During the electropolymerization of a MIP film (see section 2.2), knowing that the solubility
of isoproturon is limited in water (70.2 mg/L at 25°C) we added ethanol in water at different
quantities. Figure 3A shows the film thickness calculated from chronoamperometry curves for
a constant electropolymerization time using Faraday's law for different ratios of ethanol. It is
shown that the thickness of the MIP film produced is directly dependent on the amount of

ethanol, hence when the amount of ethanol is greater than 40% the film thickness is less than
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50 nm. Below 40% of ethanol, the film thickness increases linearly until it is six-fold the

initial thickness.

The same MIP-GC electrodes were used for ISO detection. Figure 3B shows the 1SO peak
current as a function of the ethanol ratio. The best results were achieved with MIP-GC
electrodes prepared in water-ethanol solutions containing lower amounts of ethanol. The
thickest MIP films were produced with a maximum between 15 and 20% of ethanol. This

value was therefore chosen for further study.
3.3.2.2 Influence of electropolymerization time

The influence of the electropolymerization time was studied for the MIP films prepared by
CA at 1.1 V vs Ag/AgCI at different times that were used later for 1SO detection. The
theoretical thickness of the growing layer was estimated from the chronoamperograms on
Figure 4A and a rapid increase in this thickness up to 100 s was observed. Thereafter, its
further growth is slowed down, reaching an almost linear increase after 200 s. This is most
probably because of the decrease in the electronic transfer due to the thickness of the layer

and to the partially insulating character of the MIP.

The electrochemical detection ability of isoproturon on MIP-GC electrodes prepared by CA at
different electropolymerization times is presented in Figure 4B. These results are in
agreement with those presented in Figure 3A. During the first 100 s, the ISO detection signal
was very significant, corresponding to the film thickness growth. From 100 s to 600 s, the
signal of the target analyte increased more slowly. We can assume that the blocking effect of
the charge transfer limits the oxidation of isoproturon during detection. Moreover, the thicker
the film is, the more difficult it is for isoproturon molecules to access the cavities and to reach
the conducting surface. The sharp signal decrease after 600 s is probably due to the film
breaking during its growth. This assumption was validated with measures made by EQCM,
Figure 4C. The sharp mass decline also started after 600 s. It should be noted that the sharp
decrease both in the ISO peak detection and in the MIP layer mass was observed for the
thickest MIP films but not always at the same time. This fact is due most probably to

mechanical constraints in the thick films.

As for CV MIP preparation, see below, the electropolymerization yield obtained from CA
with EQCM measurement was calculated and the corresponding charge was found to be close

to 66 %. This value is of the same order as that obtained with CV electropolymerization. For



both methods, the charge loss is consistent with the high potentials applied during the MIP-
GC preparation.

These results show that the optimal electropolymerization time for the isoproturon response is
600 s. In addition, the sensitivity and the reproducibility of the MIP-GC (results not shown)
are better for films prepared by chronoamperometry, which is consistent with the literature
[53].

34 Electrochemical detection of isoproturon by the GC-MIP electrode

3.4.1 Optimization of incubation time

The incubation time is an important factor in the analytical procedure since it will impact the
overall time of the analysis. The influence of the incubation time in the range of 0 — 40
minutes on the isoproturon signal responses was evaluated in aqueous media containing 5 x
10" M of isoproturon. As illustrated in Figure 5 the isoproturon oxidation peak intensity
increases proportionally with the incubation time in the first 15 minutes due to its rebinding to
the created cavities. Beyond 15 min, the rebinding kinetic slows down, suggesting the
beginning of saturation of the cavities or a more difficult access of isoproturon. An
incubation time of 15 min was therefore chosen to obtain the best analytical performances for
this study. This parameter impacts the quantification: in the linearity domain, the longer the
time, the more the lower limit of quantification (LOQ) diminishes. Moreover, a lower
incubation time leads to less accurate values because monitoring the immersion time is less

easy and the signal is lower.

3.4.2 Electroanalytical performances

3.4.2.1. Calibration curve and determination of LOD/LOQ

In this sub-section, the optimal conditions to achieve the best sensitivity for isoproturon
detection were selected: the MIP-GC film obtained by CA at 1.1 V vs Ag/AgCl during 600 s
was used and isoproturon detection by SWV was carried out in an ethanol/water solution
(70:30 v/v) of 0.1 M sulfuric acid free of isoproturon after 15 min immersion of the film in a
milli Q water solution containing isoproturon at concentrations in the range of 2.5 x 107 - 5 x
10® M. The calibration curve is presented in Figure 6A. The square wave voltamogramms
clearly showed clearly a current peak increasing with concentration during ISO detection in
Figure 6B.
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The sensitivity was obtained from the slope of the calibration curve; its value was 4.8701
A/M. The calibration plot was found to be linear between 0 and 107 M and obeyed the
following relation: I (LA) = 4.8701 [Isoproturon] - 0.0043 (R?=0.9959).

The isoproturon limits of detection (LOD) and quantification (LOQ) that were calculated
statistically [78] were 2.76 x 10° M (0.5 pg L™) and 9.2 x 10° M (1.9 pg L™) respectively.

Repeatability was evaluated after seven analysis replicates of isoproturon 5 x 107 M solution
with a single electrode. Well-shaped voltammograms were obtained for all experiments: the
calculated relative standard deviation (RSD) was 7.6 %. Reproducibility of the procedure was
evaluated by performing a series of analyses with five different electrodes. The RSD obtained
was 12 %. These results indicate that isoproturon MIP-GC electrodes are reliable tools for
isoproturon detection and quantification. Each MIP-GC electrode can be used for 25 cycles of
analyses with a change of the isoproturon peak intensity less than 20%. Then a decrease of the
signal is observed during the 20 next analysis with an extinction of the signal comprising

between 50 to 90% depending on the electrode.

3.4.2.2. Interference study

The selectivity of the prepared MIP-GC electrodes toward isoproturon was tested for three
interfering molecules (Figure 7): carbendazime, diuron and carbamazepine, at two
concentrations, 5 x 10° M, 5 x 107 M and 107 M, for each molecule, in the presence of
isoproturon at 5 x 107 M. These molecules are widely found in environmental waters and
have a structure and oxidation potentials quite close to those of isoproturon. Thus, these

molecules may interfere with the determination of isoproturon.

The results, presented in Figure 7A and 7B show that according to the RSD found (see
previous sub-section), neither carbendazim nor carbamazepine seem to affect the MIP-GC
sensitivity toward isoproturon, whereas the presence of diuron (Figure 7C) at the same
concentration or at a concentration 10 times higher as isoproturon lowers its signal by 50%
and 80% respectively. However, in natural environments, diuron is found at concentrations up
to 17 times lower than that of isoproturon [79]. Thus, we can reasonably assume that diuron

does not exhibit major interferences with isoproturon.

3.4.2.3.  Application of the electrochemical sensors in real water samples
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The electrochemical methods developed were applied to the detection of isoproturon in a real
water sample. A groundwater sample located in France, Région Centre was chosen in
accordance with the funding project (CAPEL MIP, see Acknowledgements). The site is
located in the commune of Saint-Rémy-Du-Val (Sarthe, province of Loire-Bretagne region).
The monthly monitoring performed in this aquifer revealed that the groundwater is
contaminated by several pesticides and notably triazines and chloroacetanilides and their
metabolites, but does not contain isoproturon (< 0.005 ug L™). The samples were prepared
with this natural groundwater, adding a known quantity of isoproturon to obtain
concentrations from 1 x 10®to 5 x 107 M. The calibration plot obtained with these samples
was found to be linear between 0 and 5 x 107 M (shown in Supplementary Material Figure
S2) and obeyed the following relation: I (nA) = 4.1853 [Isoproturon] + 0.0056 (R?*=0.999).
The LOD and LOQ were 1.1 x 108 M (2.2 pg L™) and 3.7 x 10® M (7.6 pg L™), respectively.
The sensitivity obtained from the slope of the calibration curve was 4.1853 A/M. The
oxidation current of the preconcentrated isoproturon in the MIP film is easily visible in the

solutions that contain concentrations higher than 1 x 10® M of isoproturon.

4 Conclusion

In this work, a novel electrochemical sensor for the sensitive and selective SWV
determination of isoproturon, a priority micro-pollutant, was developed. It is shown that
ultra-sensitive MIP films for its detection can be prepared in a simple way by CV or CA on
GC electrodes. The key parameters of MIP electro-synthesis such as electrodeposition time,
scan number, solvent ratio and incubation time were optimized. The extraction step of the
template molecule was conducted electrochemically in aqueous solution, thus avoiding the

use of toxic organic solvents.

The MIP-GC sensor was able to detect isoproturon in nano-molar concentration with good
reproducibility and repeatability. The functionalized electrode surfaces showed good

robustness during several analyses.

The performances in terms of LOD, LOQ and selectivity are satisfactory for the contaminated
natural waters of the Loire-Bretagne region, where isoproturon concentrations up to 1.2 pg L™
have been measured in 67% of the stations [79]. For other sites, this LOQ is not low enough
as worldwide occurrence in the environment showed for effluent a maximum concentration of
0.27 pg/l with a 51% frequency of detection in the effluent of conventional wastewater

treatment plants in Europe [78], and for surface water of inland seas a maximum
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concentration of 0.06 pg/l with a 100% frequency of detection in estuaries on the Baltic coast
[79]. But in spite of these good performances, they are still higher than the maximum allowed
levels set by the WFD. Thus, investigations are currently being carried out into the nano-
structuration of the polypyrrole path in order to enhance the sensitivity of these sensors and to

increase the number of accessible cavities.
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Captions:

Scheme 1: Schematic representation of the procedure used for the preparation of imprinted
polypyrrole films on GC substrate MIP GC and the electroanalysis of isoproturon.

Figure 1: Cyclic voltammograms taken during electropolymerization of pyrrole (0.01 M) in
absence (NIP) and in presence of ISO (I mM) (MIP) onto GC electrode, electrolyte: 0.1 M
LiClO4 in ethanol/water (20:80 v/v). Scan rate 10 mV s’

Figure 2: Influence of the scan number during electropolymerization of the MIP on GC
electrode (A) on isoproturon response on MIP-GC electrode (B) on MIP film thickness
estimated using Faraday’s law from the voltammogram (C) on CV ferrocene response (2.5
mM) in NBusBF4 (0.1 M) acetonitrile solution on bare and MIP-GC electrodes - scan rate 100
mV.s,

Figure 3: Electropolymerization of MIP-GC electrode for different ratios of ethanol/water
with LiClO4 0.1M (A) film thickness calculated from chronoamperogram and (B) ISO peak
intensity electropolymerization : CA 1.1 V during 600 s ; pyrrole 0.01 M in presence of ISO 1
mM.

Figure 4: Effect of electropolymerization time on the electrochemical response of 5 x 107 M
of ISO at the MIP-GC electrode in ethanol/water (70:30 v/v) of H2SO4 0.1 M, (A) the
thickness of the MIP film estimated from the chronoamperogram (B) isoproturon
electrochemical response, MIP film was formed by chronoamperometry setting the potential
at 1.1 V, incubation time 15 min (C) comparative study of the MIP film thickness estimated
by Faraday’s law calculations and by EQCM experiments in order to follow the
chronoamperometry electropolymerization process (potential applied 1.1 V, time duration 885
sec) of ISO (1 mM) and pyrrole (0.01 M) on gold quartz used as a working electrode,
electrolyte: 0.1 M LiClOs in ethanol/water (80:20 v/v).

Figure 5: Isoproturon (5 x 10" M) response on the MIP-GC electrode for different incubation
time.

Figure 6: The calibration curves of isoproturon detection obtained at MIP-GC electrode in
milli-Q water. Current-concentration calibration curve (A) includes linear region for ISO
concentration, and calibration linear equation (B) square wave voltammograms obtained
during electrochemical determination of isoproturon.

Figure 7: Effect of the interferences on the determination of ISO (5 x 10”7 M) using the MIP-
GC electrode: (A) carbamazepine (B) carbendazim and (C) diuron.
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