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Electrochemical molecularly imprinted polymers (e-MIPs) are reported
for the first time. Their elaboration is based on the introduction of a
redox tracer (vinylferrocene) inside the binding cavities of a cross-
linked MIP. Determination of the analyte (benzolalpyrene) can be
simply performed by measuring the redox tracer signal.

Molecularly imprinted polymers (MIPs) can advantageously
replace natural receptors in biosensor devices thanks to their high
selective recognition properties, their easy synthesis and high
stability.'> MIPs are commonly prepared by formation of a
three-dimensional polymer network around a template (such as
a molecule or an ion) via a cross-linking step. The removal of this
template creates binding cavities responsible for the recognition
process. Such polymers are frequently described as “plastic anti-
bodies” due to their high selectivity. Combined with various
transduction mechanisms, MIPs are the key stones of a large
panel of optical, electrochemical, acoustic, piezoelectric and calori-
metric sensors.”'® The main challenge remains the incorporation
of MIPs as sensing elements in such devices."" The MIP-based
electrochemical sensors can be schematically divided into two
categories depending on the nature of the template, electroactive
or non-electroactive.'*™ In the first case, the template itself can
generate the signal and classical MIP materials can be used in the
form of nanoparticles mixed with a conductive matrix or as thin
layer membranes, for instance. When non-electroactive targets are
involved, the signal should be produced either by an external
probe’®'” or by the transducer upon template rebinding. Electro-
synthesized MIPs based on conducting polymers are then
commonly used and their implementation in the form of thin
layer films of controlled thickness is quite easy. Nevertheless, the
crosslinking of such a phase is hard to process.
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Herein, we report a new generation of the electrochemical
sensing receptor based on the introduction of a redox tracer
inside the binding cavities of a cross-linked MIP. Such an
electrochemical MIP (e-MIP) can serve both as the recognition
and the measuring element for the electrochemical determina-
tion of a non-electroactive target. e-MIPs can be prepared in an
easy and conventional way by copolymerization of a functional
monomer presenting electroactive properties with a crosslinker
(Fig. 1). To the best of our knowledge, such an approach has
never been reported so far.

To validate our concept of e-MIPs, benzo[a]pyrene (BaP), a
polycyclic aromatic hydrocarbon (PAH) known for its high toxicity
and carcinogenic effects,"® was chosen as a model system. Its
high oxidation potential (E;,0x = 0.94 V vs. Saturated Calomel
Electrode (SCE)'®) prevents its direct detection in aqueous media
by an electrochemical method. The absence of any functional
group in the chemical structure of BaP limits its possible
interaction with functional monomers via H-bonding, ionic or
dipolar interactions,”® thus restraining those interactions with
hydrophobic and n-n ones.>" For this reason, we decided to take
advantage of its aromatic structure by using ferrocene as a redox
tracer. The two cyclopentadienyl rings in its structure could
generate aromatic stacking interactions with BaP.”* Such inter-
actions might promote the recognition of BaP by e-MIPs and
cause detectable modifications of the ferrocene redox properties.
Ferrocene constitutes an appropriate redox tracer since it can be
easily oxidized in a stable ferricenium ion. Ferrocene and its
derivatives have been widely used to develop electrochemical
sensors due to their reversible oxidation process that is sensitive
to the environment.”® In order to covalently bind this tracer to
the polymer network, it was functionalized by a vinyl group to
prepare vinylferrocene (VFc, Fig. 1) according to a previously
described procedure.?* In this work, ethylene glycol dimethacrylate
(EDMA) was chosen as a crosslinker because its chemical structure
prevents the generation of m-n interactions with BaP and avoids
interferences with the action of the ferrocene moiety.

Small MIP particles were required to introduce the electro-
chemical MIPs inside a working electrode or a sensing device.
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Fig. 1 Schematic representations of e-MIPs and e-NIPs syntheses, their
integration in the carbon paste electrode and the resulting electrochemical
responses.

Performing bulk polymerization followed by grinding and sieving
was avoided because of the inherent drawbacks of this method
(a tedious procedure with low yields leading to particles of
irregular sizes and shapes). Nano- or microsized MIP beads can
be easily obtained through precipitation polymerization without
addition of any surfactant in a diluted medium using a near-6
solvent.>® First attempts to prepare e-MIP particles by this
synthetic pathway were unsuccessful. For this reason, distillation—
precipitation polymerization was then performed.”® The basic
principle remained unchanged (near-0 solvent, diluted conditions)
but after a short period of polymerization, a partial distillation
of the solvent was achieved using a Dean-Stark apparatus. This
procedure led to microsized polymer beads in a quite short
reaction time (3 h compared to an average of 24 to 48 h for a
classical precipitation polymerization).

Various solvent conditions were studied based on the use of the
classical solvents, such as acetonitrile and toluene. Pure aceto-
nitrile led to well-formed non-imprinted polymer (NIP) beads but
coalescence of the particles was observed for the corresponding
MIP (Fig. S1, ESIt). Toluene, a good solvent for BaP, was then
introduced in increasing proportions. Spherical independent
particles of e-MIPs could only be obtained from a volumetric
proportion of 20% of toluene in acetonitrile (e-MIP20), since for
lower ratios, the coalescence phenomenon was still observed.
Whereas a 30% ratio gave also beads (e-MIP30), no precipita-
tion was observed when 40% of toluene was introduced.
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The polymerization yields did not exceed 50% as a result of
the quenching of the macroradical due to the transfer between the
polymer chains and the vinylferrocene monomer. Indeed, the
intramolecular electron transfer from the iron center may generate
an anionic chain end resulting in a termination reaction.”” E-MIPs
and e-NIPs were analyzed by scanning electron microscopy
(SEM) (Fig. S2 and S3, ESIt). Microsized beads (from 1.5 to 2.4 pm)
were observed and a better homogeneity, in terms of sizes and
shapes, was found for e-MIP particles compared to those of
e-NIPs (Table S2, ESIT). Contrary to e-MIPs, e-NIP particles were
also better defined when the toluene percentage was low. These
observations showed the impact of the presence of BaP on the
polymerization of the vinylferrocene monomer with EDMA.
Elemental analysis was performed to assess the correct intro-
duction of the vinylferrocene monomer inside the polymer
matrix and the effective leaching of the BaP outside e-MIP
particles (Table S3, ESI).

The binding properties were investigated in an aqueous rich
medium (water/acetonitrile (99:1, v/v)) in batch mode. Both
imprinted polymers exhibited much higher affinity for BaP than
the corresponding non-imprinted materials (Fig. 2) leading to
imprinting factors of 1.3 and 1.7 for e-MIP20 and e-MIP30,
respectively. Binding capacity values of 3.3 and 3.7 mg g~ ' were
measured under those conditions. These relatively high values
could be the result of the occurrence of specific n-rn interactions
between BaP and the ferrocene moiety. The enhanced values of
the imprinting factor and the binding capacity of e-MIP30
compared to e-MIP20 are in agreement with a beneficial impact
of toluene on the imprinting effect.

Cross-selectivity of e-MIPs towards other PAHs was studied by
putting the imprinted and non-imprinted polymers in contact
with solutions of BaP with one interfering PAH (chosen between
fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
chrysene or dibenzo(a,#)anthracene). The selectivity coefficients
(k) ranged from 0.40 to 2.86 (Table S5, ESIt). This highest value
corresponded to the ratio of the distribution coefficient of BaP
vs. phenanthrene for e-MIP20. The low range of k values was in
agreement with the very similar aromatic structures of BaP and
other PAHs, and the lack of specific chemical functionalities for
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Fig. 2 Equilibrium binding isotherms of different polymers (Q = binding
capacity in mg of BaP per g of e-MIP/e-NIP particles) in water/acetonitrile
(99:1, v/v).
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such compounds. Except in the case of fluorene for e-MIP20, and
pyrene and chrysene for e-MIP30, the relative selectivity coeffi-
cients &, defined as the ratio of k(MIP)/k(NIP), were in favor of
the imprinted polymers. This still showed the imprinting effect
and spoke in favor of specific interactions between BaP and the
vinylferrocene monomer.

Carbon paste was chosen to immobilize e-NIPs and e-MIPs
for electrochemical characterization. Carbon paste electrodes
(CPEs) are very simple and easy to fabricate and present other
advantages such as stability in various solvents, relatively low-
background characteristics and a low residual current.”® For
each e-MIP or e-NIP, a mixture of carbon paste/e-MIP or e-NIP
(4:1, w/w) was prepared and put in a 5 mm diameter empty
working electrode (Fig. S4, ESIt). After drying under vacuum,
the carbon paste custom working electrode was polished and
used in a classical three electrode cell equipped with platinum
as a counter electrode and the Saturated Calomel Electrode
(SCE) as a reference electrode.

Cyclic voltammograms (CVs) of e-MIP20CPE and e-MIP30CPE
and their corresponding e-NIPCPE were recorded in acetonitrile
with n-Bu,NPF¢ (0.1 M) as a supporting electrolyte. All CVs
exhibited anodic and cathodic shoulders related to the oxidation
and the reduction of the redox system ferrocene/ferricenium
whereas the CV of the bare CPE in the same solution did not
show any redox system (Fig. S5 and S6, ESIt). In all cases, anodic
(Epa) and cathodic (Ep) potential values were constant with the
scan rate. Anodic (I,) and cathodic (I current values were
linearly dependent on the square root of the scan rate (5 to
500 mV s~ ') with correlation coefficients higher than 0.95. These
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data were in good agreement with a system under diffusion
control which could be due to electron hopping between neigh-
bouring redox sites and through counter-ion motion. This might
explain the peak separation potential (E,, — Ep) greater than
(59/n) mV indicating that ferrocene did not act as a reversible
system.

Determination of the amount of ferrocene oxidized during
the anodic potential sweep was carried out by evaluation of the
electrical charge (Q) associated with the process. Q was deter-
mined from the area of the oxidation peak and was related to
the number of moles by the equation: Q = nFN, where F is the
Faraday constant, n is the number of electrons involved in the
oxidation process (n = 1 for the ferricenium/ferrocene couple)
and N is the number of moles of the transformed electroactive
species. In all cases the charge Q decreased with the scan rate
and this might be attributed to the carbon paste used to prepare
custom electrodes.”®

To evaluate the BaP effect on the redox signal of ferrocene,
electrochemical behaviors of e-NIP20CPE and e-MIP20CPE, on
one hand, and of e-NIP30CPE and e-MIP30CPE on the other
hand, were investigated by Differential Pulse Voltammetry (DPV)
and Square Wave Voltammetry (SWV), respectively (Fig. 3). As
expected anodic DPV scans for e-NIP20CPE and e-MIP20CPE
showed one electron oxidation peaks of ferrocene at E;, = 0.42
and 0.43 V vs. SCE, respectively (Fig. 3(a) and (b)). After addition
of 100 pL of a 10 mg L™ " BaP solution in acetonitrile directly into
the electrolyte solution (final concentration of BaP = 0.2 mg L™ ),
a very small variation of the current intensity with an amplitude
of 1-2 pA was observed for e-NIP20CPE with an oxidation peak
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Fig. 3 DPV of e-MIP20CPE (a) and e-NIP20CPE (b) with and without BaP after 4 h. SWV of e-MIP30CPE (c) and e-NIP30CPE (d) with and without BaP
after 4 h. Voltammetric conditions for DPV: 50 mV pulse amplitude, 5 mV step potential; for SWV: 150 mV pulse amplitude, 2 mV step potential.
(e) Change in the current intensity of e-MIP30CPE and e-NIP30CPE using SWV and as a function of BaP concentration in electrolyte solution.
(f) Normalized current curves where [ is the current obtained in the presence of BaP and /o the current before BaP addition (formulated in percentage as a

function of added BaP).
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value rather constant (Fig. S7, ESIt). In contrast, for e-MIP20CPE
significant modifications of current intensity and oxidation peak
values were rapidly observed. The oxidation peak of ferrocene
shifted positively and decreased under the initial value before
addition of BaP. On the other hand, the oxidation peak value
of ferrocene with BaP was unstable (Fig. S7, ESIf). SWV of
e-NIP30CPE and e-MIP30CPE revealed the anodic peak of ferrocene
at Ey;, = 0.53 and 0.47 V vs. SCE, respectively (Fig. 3(c) and (d)).

After addition of 100 uL of BaP at 10 mg L™ in acetonitrile
(final concentration of Bap = 0.2 mg L™ "), only a decrease of the
current intensity by 4-5 pA was observed with a constant oxida-
tion peak value for e-NIP30CPE. Nevertheless, e-MIP30CPE
showed a different behavior compared to e-MIP20CPE. After
addition of BaP, an increase of the current intensity was
observed first with a constant value of oxidation peak (Fig. S7,
ESIt). After 4 h, an important decrease of the current intensity
was observed with a positive shift of the oxidation peak from
0.47 to 0.55 V and then the signal stayed relatively constant.

Because SWV showed a much higher current sensitivity, it was
used to estimate the limit of detection of BaP (Fig. 3(e) and (f)).
The plot of percentage of current intensity variation of e-MIP30CPE
and e-NIP30CPE at 0.46 V vs. concentration of BaP consisted
of two linear segments with slopes of 3.55 and 1.80%/uM,
respectively, in the concentration ranges of 0 to 1 mg L™"
(0.08 to 3.97 uM; R*> > 0.995 in both cases). The limits of
detection calculated for e-MIP30CPE and e-NIP30CPE were
found to be 0.09 and 0.24 pM of BaP, respectively. Limits of
quantification obtained for e-MIP30CPE and e-NIP30CPE were
0.32 and 0.82 uM of BaP respectively.

In conclusion, original MIPs were synthesized integrating a
redox tracer during the polymerization process. This tracer was
used as an electrochemical sensing element to recognize a
target compound without redox properties (BaP in this study).
Therefore, intrinsic electrochemical MIPs were reported for the
first time and are called e-MIPs. Electrochemical measure-
ments revealed drastically different behaviors of e-MIPs and
their corresponding e-NIPs. This property is very promising for
future applications in the field of sensors. A versatile kind of
MIP-based receptor for electrochemical sensors has thus been
designed and can be applied to a wide range of analytes, with or
without redox properties, by only changing the template, with a
compatible redox tracer, during the MIP synthesis.

As far as BaP detection is involved, next challenges will be:
(i) to increase selectivity and sensitivity by choosing a more
aromatic redox probe in order to enhance m-stacking inter-
actions with BaP during polymerization, and (ii) to prepare a
screen printed carbon electrode with two working electrodes

This journal is © The Royal Society of Chemistry 2014
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designed for e-MIPs and e-NIPs, respectively, in order to conduct
relative electrochemical measurements.
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