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A B S T R A C T

A biomimetic sensor for cefquinome (CFQ) was designed at multi-walled carbon nanotubes modified graphite
screen-printed electrodes (MWCNTs-G-SPEs) as a proof-of-concept for the creation of a sensors array for β-lactam
antibiotics detection in milk. The sensitive and selective detection of antibiotic residues in food and environment
is a fundamental step in the elaboration of prevention strategies to fight the insurgence of antimicrobial re-
sistance (AMR) as recommended by authorities around the world (EU, WHO, FDA). The detection strategy is
based on the characteristic electrochemical fingerprint of the target antibiotic cefquinome. A conductive elec-
tropolymerized molecularly imprinted polymer (MIP) coupled with MWCNTs was found to be the optimal
electrode modifier, able to provide an increased selectivity and sensitivity for CFQ detection. The design of CFQ-
MIP was facilitated by the rational selection of the monomer, 4-aminobenzoic acid (4-ABA). The electro-
polymerization process of 4-ABA have not been fully elucidated yet; for this reason a thorough study and op-
timization of electropolymerization conditions was performed to obtain a conductive and stable poly(4-ABA)
film. The modified electrodes were characterized by electrochemical impedance spectroscopy (EIS), scanning
electron microscopy (SEM) and cyclic voltammetry (CV). CFQ-MIP were synthesized at MWCNT-G-SPEs by
electropolymerization in pH≈1 (0.1 M sulphuric acid) with a monomer:template ratio of 5:1. Two different
analytical protocols were tested (single and double step detection) to minimize unspecific adsorptions and
improve the sensitivity. Under optimal conditions, the lowest CFQ concentration detectable by square wave
voltammetry (SWV) at the modified sensor was 50 nM in 0.1M phosphate buffer pH 2.

1. Introduction

Biomimetic materials, and molecularly imprinted polymers (MIP) in
particular, are promising electrode modifiers for the design of electro-
chemical sensors able to selectively detect numerous food and en-
vironmental contaminants [1–3], such as β-lactam antibiotics [4–6].
MIP represent an appealing alternative to bioreceptors (enzymes, an-
tibodies or proteins) thanks to their higher stability, low cost and easy
preparation protocol [7]. The synthesis of MIP is characterized by three
main steps: (1) the formation of a pre-polymerization complex between
the template, i.e. the target molecule, and the functional monomers
(pre-arrangement step), (2) the (electro) polymerization of the monomer
and (3) the subsequent removal of the template (extraction step) that
leads to the formation of target-specific cavities within the polymeric
network. These cavities, complementary in size, shape and chemical

functionalities with the template, selectively bind the target molecules,
even in presence of structurally related compounds.

In recent years, the use of imprinted polymers for electroanalytical
applications gathered considerable attention thanks to the versatility of
these electrode modifiers [5,8]: their combination with conductive
nanomaterials such as carbon nanotubes, gold nanoparticles or gra-
phene allows to improve greatly the sensitivity [9,10] for electroactive
targets as well as non-electroactive ones [11]. The main advantages of
imprinted polymers for analytical environmental applications lie in
their robustness, the possibility to reduce matrix interferences and the
versatility of the possible analytical configurations [12,13]. Moreover,
compared to traditional MIP obtained by bulk polymerization, elec-
tropolymerized ones do not require an additional immobilization step, a
factor that could limit their application in electroanalysis [14–16].

MIP can be directly integrated with the transducer surface by

⁎ Corresponding author.
E-mail address: karolien.dewael@uantwerpen.be (K. De Wael).

https://doi.org/10.1016/j.snb.2019.126786
Received 29 March 2019; Received in revised form 17 June 2019; Accepted 5 July 2019

T

1

https://doi.org/10.1016/j.snb.2019.126786
https://doi.org/10.1016/j.snb.2019.126786
mailto:karolien.dewael@uantwerpen.be
https://doi.org/10.1016/j.snb.2019.126786
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2019.126786&domain=pdf


electropolymerization of the monomer under potentiostatic or po-
tentiodynamic conditions [17]. By varying the electropolymerization
working conditions, it is possible to adjust the rate of polymer nu-
cleation and growth, the film thickness and morphology obtaining
specific electrochemical properties [18]. The properties of the final
polymer mainly depend on the monomer concentration, the electro-
polymerization technique (potentiostatic or –dynamic) and the elec-
trolyte and solvents used during the polymerization [19,20].

The possibility to obtain an electronically conductive polymer (ECP)
is of paramount importance for the detection of electroactive targets
because the selectivity provided by the key-and-lock mechanism of the
MIP cavities will be coupled with the specific electrochemical signal of
the target leading to highly selective biomimetic sensors. The most
investigated ECPs are based on pyrrole, 3-aminophenylboronic acid,
phenol, thiophenol and aniline [21]. Recently, carboxyl-substituted
anilines, known as aminobenzoic acids (ABAs), and in particular 4-ABA,
are giving promising results in sensing applications. 4-ABA has been
previously employed in chemical sensors [22,23] and biosensor plat-
forms [24–27], electrodeposited anticorrosion coatings [28,29] and as a
linkers for polyoxometalates immobilization on glassy carbon elec-
trodes [30]. Despite its numerous applications, the polymerization
mechanism of 4-ABA remains unclear [31] and no extensive studies
have been dedicated to map the film properties in different electro-
polymerization conditions. In the present work, the influence of certain
electropolymerization parameters such as pH, number of cyclic vol-
tammetry (CV) cycles and monomer concentration was investigated
and optimized to obtain a conductive 4-ABA based MIP sensor.

β-lactam residues in milk and other animal tissues are a cause of
concern for authorities and consumers: they induce allergic reactions in
hypersensitive individuals [32], interfere with the fermentation pro-
cesses used by dairy industries [33] and contribute to the spreading of
antimicrobial resistance [34]. To prevent such consequences, the Eur-
opean Union has established specific threshold values for each drug in
food commodities, namely the Maximum Residues Limits (MRLs) [35].
To undertake the monitoring plans prescribed in prevention strategies
protocols, it is necessary to design selective, sensitive, portable and
cheap analytical tools [36]. In this frame, an array of biomimetic
electrochemical sensors represents a promising option between the
currently used methods based on chromatographic techniques [37,38]
or screening tests [39,40]. To test the feasibility of a biomimetic sensor
array based on direct electrochemical detection, cefquinome (CFQ) was
chosen as a model target. CFQ is a fourth generation cephalosporin that
has a broad-spectrum activity, commercialized for veterinary treat-
ments as Cobactan® and Cephaguard® [41].

To detect nanomolar concentrations and thus reaching MRL levels
(MRLCFQ is c.a. 40 nM), biomimetic polymers can be combined with
other modifiers such as multi-walled carbon nanotubes (MWCNTs) able
to enhance the electron transfer. Other advantages of MWCNTs in
electroanalytical applications are related to their high surface area and
chemical and physical stability [42]. MWCNTS were successfully ap-
plied in other cephalosporins electrochemical sensors, for the de-
termination of cefixime and cefpirome [43,44].

In this work, the electrochemical fingerprint of CFQ was first stu-
died, then the electrochemical properties of 4-ABA polymer were ac-
curately mapped and the MIP synthesis protocol was optimized at
MWCNT-G-SPEs. Finally, two different analytical protocols were tested
(single and double step detection) and the performances of the final
sensor were fully evaluated.

2. Material & methods

2.1. Reagents

Cefquinome sulfate (CFQ) and 4-aminobenzoic acid (4-ABA) were
purchased from Sigma-Aldrich Ltd (Belgium); 2-(2-aminothiazole-4-yl)-
2-methoxyiminoacetic acid (SC), cefoperazone (CFP), cephalexin (CFX)

and ceftiofur (CFU) were obtained from TCI (Europe). Phosphate buffer
solutions (PB) 0.1 M were prepared by mixing stock solutions of 0.1M
NaH2PO4 and 0.1M Na2HPO4, purchased form Sigma Aldrich, to obtain
different pH values and 0.1M of NaCl was added to obtain the corre-
sponding saline buffer (PBS). To extend the pH range until 3 and 4,
suitable amounts of phosphoric acid (H3PO4) were added. The PB pH 2
was obtained from phosphoric acid, purchased form Sigma Aldrich. A
0.1 M H2SO4 solution was used for the lowest pH value (pH ≈ 1). Stock
solutions of 10mM CFQ in MilliQ water were kept at 4 °C for up to three
days. Standard working solutions of CFQ were obtained by dilution of
the stock solutions with the suitable buffer. Stock solutions of 10mM 4-
ABA in 0.1 M PBS at pH 7 were prepared every day. All other reagents
were of analytical grade and used without further purification. All
aqueous solutions were prepared using MilliQ water (R > 18 MΩcm).

2.2. Rational monomer selection

The computational modelling was performed as described by
Piletsky et al. [45]. A virtual library of electropolymerizable monomers
(≈ 20) was screened using the LEAPFROG™ algorithm (SYBYL® 7.3
software package, Tripos International, USA) to investigate their in-
teraction with the template. Energy minimization was conducted to a
minimum of 0.001 kcal mol−1 Å−1 gradient. The parameters of mole-
cular mechanics were: method Powell, force field Tripos and charges
Gasteiger-Huckel. The library of electroactive monomers was ranked
depending on the ΔG calculated as the difference between the energy of
each ligand-monomer complex and the corresponding energies of the
free monomers and the free CFQ. Among the first five monomers which
gave the lowest ΔG reported in Table S1, 4-aminobenzoic acid (4-ABA)
was selected (ΔG = -104.081 kJ mol-1).

2.3. Electrochemical measurements

CV and SWV were carried out using an Autolab potentiostat/gal-
vanostat (PGSTAT 302 N, ECOCHEMIE, The Netherlands) controlled by
NOVA 1.1 software. Graphite screen-printed electrodes, bare (G-SPEs)
and modified with multi-walled carbon nanotubes (MWCNT-G-SPEs)
were purchased from DropSens (Spain). They are composed of a gra-
phite working electrode (3mm diameter), a graphite counter electrode
and a silver pseudo reference electrode. The following parameters were
employed for the electropolymerization of 4-ABA by CV: -0.3 V to
+1.2 V potential range, 50 mVs−1 scan rate with seven consecutive
cycles. CVs used to investigate the CFQ electrochemical fingerprint and
its C7 side chain (2-(2-aminothiazole-4-yl)-2-methoxyiminoacetic acid)
were performed between 0.0 V and +1.5 V potential range, 50 mVs−1

scan rate, 0.1 M PB pH 2. To obtain SWVs of CFQ, the following
parameters were used: +0.4 V and +1 V potential range, 5 mV step
potential, 25mV amplitude, 10 Hz frequency. Except where otherwise
stated all the potentials are referred to Ag pseudo reference (+200mV
compared to SCE). All electrochemical experiments were performed at
room temperature.

2.4. Analytical protocol

For the single step detection (SSD), a drop of 100 μL of PB solution
spiked with different CFQ concentrations was left in contact with the
electrode for 1min before running a SWV. For the double step detection
(DSD) 50 μL of PB solution spiked with different CFQ concentrations
were placed at the modified electrode for various timeframes
(1–5min s) (step 1). Afterwards, the drop was removed and the elec-
trode surface was rinsed with 3mL of MilliQ water and 100 μL of 0.1M
PB pH 2 was placed at the electrode (step 2) before running a SWV. All
results obtained by SWV are presented after baseline correction using
the mathematical algorithm “Moving average” (peak width=1) con-
tained within NOVA 1.1 software, to improve the visualization and
identification of the peaks over the baseline.
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2.5. Electrode characterization

The modified electrodes were characterized by SEM and EIS. SEM
images were acquired with a Field Emission Gun – Environmental
Scanning Electron Microscope equipped with an Energy Dispersive X-
Ray detector (FEI Quanta 250, USA). EIS measurements were carried
out in 0.1 M PBS pH 7 with 2mM [Fe(CN)6]3−/4−, in the frequency
range between 0.1MHz and 1 Hz, with 0.01 V amplitude and DC po-
tential determined by Open Circuit Potentials.

3. Results and discussion

3.1. Cefquinome electrochemical behaviour

The electrochemical fingerprint of CFQ at G-SPEs in Fig. 1A was
characterized by two irreversible oxidation peaks at +0.7 V and
+1.3 V vs pseudo Ag reference electrode. The peak at +1.3 V corre-
sponds to the irreversible oxidation of the cephem nucleus; it is
common to all cephalosporins, thus not useful for a selective identifi-
cation of CFQ [46]. The oxidation peak at +0.7 V (red curve, Fig. 1A)
can be ascribed to CFQ C7 side chain (SC) that characterizes only the
more recent classes of cephalosporins such as the 3rd and 4th genera-
tions. Therefore, it is possible to base CFQ identification directly on the
SC signal.

3.2. 4-ABA electropolymerization study

The cyclic voltammograms accounting for the optimized electro-
polymerization of 4-ABA on MWNTs-G-SPE, in Fig. 1B are characterized
by: the monomer region in which 4-ABA is irreversibly oxidized around
+0.8 V (I) leading to the formation of radical species (activated mono-
mers) and the polymer region between −0.3 V and +0.4 V where the
redox peaks (II and III) allow to follow the polymer growth [24].

In the first cycle (red line, Fig. 1B), the monomer peak was preceded
by a shoulder at +0.7 V that could be ascribed to the adsorption of the
neutral monomer at the electrode surface before its oxidation [47] or to
the formation of different highly-reactive radicals [24]. Increasing the
number of cycles, the anodic peak current of the monomer (I) de-
creases, showing the progressive oxidation of the monomer at the
electrode surface. The main polymer redox peaks showed an Epc of
+0.17 V (II) and an Epa of +0.23 V (III) in the last voltammogram (blue
line, Fig. 1B); both peaks showed increasing currents (II and III) upon
increasing number of CV cycles. The constant increase of the polymer
peak currents together with the decrease in the monomer peak current

testifies the constant and surface controlled nature of the modification,
while maintaining the electrode surface conductivity.

A thorough study of the 4-ABA electropolymerization was then
performed on bare G-SPEs before reaching the optimal conditions (see
Fig. 1B) aiming to map the polymer properties and to optimize the main
parameters involved, namely the pH, the scan rate, the monomer con-
centration and the number of CV cycles.

3.2.1. Optimization of the pH
A pH study from 1 to 7 was performed to map the pH dependent

behaviour of 4-ABA and to choose the optimal value to obtain a con-
ductive and stable modification (Fig. S.1A–G). Comparing the peak
currents of the polymer, it was observed that for pH 2 to 6 the polymer
growth seems faster than at pH 1 and 7. At pH 2, 3 and 6 the polymer
peaks (II and III in Fig. 1B) remained constant after five CV cycles. At
pH 4 and 5 both peaks II and III started decreasing after three cycles
with a clear overlap in both oxidation and reduction peaks. The pH
influence was evident also considering the peak potential shifts: the
polymer Epc was +0.17 V at pH 7 and +0.55 V at pH 1 (see Fig. S.1.G
and A). These observations were justified considering the amphiprotic
nature of 4-ABA whose functional groups can be protonated or depro-
tonated depending on the pH of the electrolyte (pKa1= 2.38,
pKa2= 4.85 at 25 °C [48,49]). In the pH range 2 to 6, the hetero-
geneous forms of the functional groups could enhance the poly-
merization rate, while at pH 1 and 7 the monomers are completely
protonated or deprotonated resulting in a slower, but monotonic
polymer growth.

Aiming to perform surface controlled polymerization, the relation-
ship between the peak current and the number of cycles was accurately
evaluated (see Fig. 2). Only at pH 1 and pH 7 the polymer showed a
gradual growth resulting in an increased oxidation and reduction cur-
rents (peaks II and III in Fig. 1B) while in 2–6 pH range (with pH 5
shown in Fig. 2) a decrease in the same currents after the first few CV
cycles suggests the formation of a thicker and less conductive layer.
This behaviour is in agreement with many electropolymerization me-
chanisms reported for other electroactive monomers [50–52].

Despite the fast growth observed using pH from 2 to 6, these pH
values were discarded because of the difficulty in controlling the film
electrochemical properties. The passivating effect, evident from the
decrease of the current of the polymer peaks, was deemed not suitable
to monitor the effect of other parameters (e.g. monomer: template
ratio) on the conductivity of the obtained film. Differences in the peak
current and potential of the polymers peaks can thus be used as an
indication of the effect of the MIP protocol optimization on the

Fig. 1. (A) CVs of individual solutions of 500 μM CFQ and SC in 0.1M PB pH2 at G-SPEs, 50mVs−1; inset: CFQ structure with SC in red; (B) CVs obtained for the
electropolymerization of 1mM 4-ABA in 0.1M H2SO4 at MWCNTs-G-SPE, 50mVs−1. The arrows indicate the direction of the current increase/decrease as a function
of the number of CV cycles from the first cycle (red) to the 7th (blue). Inset: 4-aminobenzoic acid structure (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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obtained polymer (see Section 3.2.2). For the same reasons, both pH 1
and pH 7 were considered suitable for the present application and
further tested in the following optimization study, expecting different
responses because of the different ionic species involved during elec-
tropolymerization.

3.2.2. Optimization of scan rate, monomer concentration and number of CV
cycles

A literature survey allowed to identify the most commonly used
parameters for scan rates, monomer concentrations and number of CV
cycles [23,24]. These parameters were tested following a one-variable-
at-a-time approach (OVAT), keeping constant the other two. The first
criterion considered in the selection of the optimal value of a parameter
was the consistency of the electropolymerization voltammograms with
the standard presented in Fig. 1B, upon changing the investigated
parameter. If no discernible differences in the voltammograms pattern
were identified, the selected subset of parameters was further compared
using the oxidation signal of 50 μM CFQ to select the best value for each
parameter.

The second selection criterion was based on the expected CFQ re-
sponse (oxidation peak at +0.7 V vs pseudo Ag) and a sensible differ-
ence in its intensity (Ip) between the bare and the 4-ABA modified
electrode. Indeed, CFQ oxidation should be detectable in the presence
of a stable conductive modification giving a less intense signal if com-
pared to bare electrodes. The decrease in signal can be used as an in-
dication that the film formed on the surface is thick enough to host
imprinted cavities while still maintaining good conductivity and al-
lowing the ET with the antibiotic.

The first parameter studied was the scan rate: literature [7,8] gives
values of 50 or 100 mVs−1 for electropolymerization, thus these two
values were tested at both pH (1 and 7). Scan rate of 50mVs−1 showed
a evident difference between the bare and the modified electrode signal
(Ip= 1.4 μA at G-SPE and an Ip=0.8 μA at 4-ABA modified G-SPE, for
50 μM CFQ) with a smaller STD. At 100mVs−1, the peaks of the
polymer in the electropolymerization CVs showed a behaviour similar
to the one of intermediate pH values (see Section 3.2.1) with overlaps
after a few cycles of electropolymerization. Thus, 50mVs−1 was chosen
as the optimal scan rate value; indeed increasing the scan rate of the

Fig. 2. Focus on polymers Ipa and Ipc for the electropolymerization of 4-ABA (from left to right) at pH 1, 7, 5; 10 consecutive cycles of CV at 50mVs−1 for 1mM 4-
ABA at G-SPE.

Fig. 3. Comparison of peak currents of CFQ (50 μM) at G-SPEs modified with 4-ABA using: (A) different monomer concentrations or (B) different numbers of CV
cycles during the electropolymerization.
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electropolymerization CVs has been proven to result in an increase in
ΔEp of the polymer peak indicating a less reversible system [53].

Considering the monomer concentration, the tested values were:
0.5, 1, 2.5, 5 and 7.5 mM (see Fig. 3A). The performances of inter-
mediate concentrations (1, 2.5, 5 mM) were found to be comparable
with an associated error of 4% at pH 1 and 6% at pH 7 on average,
while the lowest and highest monomer concentrations gave sensibly
different responses. The films with 7.5 mM of 4-ABA provided signals
with an intensity three times lower in comparison to intermediate
monomer concentrations in acid conditions while at pH 7 a smaller
difference was recorded (≈ 0.1 μA). The results obtained for 0.5mM
were very similar to the ones recorded at bare electrodes suggesting
that the films were probably too thin and inhomogeneous to form stable
target-specific cavities. Thus, the 7.5mM and the 0.5mM were dis-
carded and only the intermediate monomer concentrations were found
to be suitable for these kind of modifications. Considering the two pHs,
in all cases, pH 1 gave better results in terms of CFQ signal intensity and
reproducibility. From the present study, the electropolymerization of
1mM 4-ABA solution at pH 1 appeared to be the optimal combination
to obtain a conductive film with a good balance between reproduci-
bility and CFQ signal intensity.

Keeping 4-ABA concentration fixed at 1mM, the electro-
polymerization was performed at 10, 20 and 30 consecutive CV cycles.
For all the three values, a good agreement with the standard electro-
polymerization pattern in Fig. 1B and no significant differences in the
SSD results (Fig. 3B) were found. Thus, the lower value, 10 cycles, was
chosen to reduce the total protocol time.

The final optimal conditions for 4-ABA electropolymerization at G-
SPEs were: 50mVs−1 scan rate, 1 mM monomer concentration and 10
CV cycles.

3.3. MWCNTs

After having optimized the main electropolymerization conditions
and before the CFQ-MIP synthesis design, the possibility to integrate
MWCNTs was evaluated. The voltammetric response of CFQ solutions
at different concentrations was recorded at MWCNTs-G-SPEs. An in-
crease in the faradic peak currents of 40% compared to the bare G-SPE
was observed (see Fig. S.2A). The lowest detectable concentration de-
creased from 0.5 to 0.1 μM in 0.1M PB pH 2. Aiming to monitor na-
nomolar CFQ concentrations the improvement of the signal provided by
these modifiers was considered fundamental.

Switching from G-SPEs to the MWCNTs-G-SPEs, further tests of the
electropolymerization conditions were needed. The number of CV cy-
cles was reduced from 10 to 7. Indeed, after 7 CV cycles on MWCNTs-G-
SPEs the redox peaks of the polymer showed an overlapped pattern
similar to the result reported for intermediate pH value (2–6) for the
study of 4-ABA electropolymerization (see Section 3.2.1). As already
concluded, this overlap is indicative of a less conductive modification
[51,52]. This behaviour could be ascribed to the improved conductivity
and active area provided by the MWCNTs which promoted the growth
of the polymer on the electrode.

The MWCNTs-G-SPEs modified with poly(4-ABA) were character-
ized by SEM analysis, CV and EIS. From the SEM image in Fig. 4B, it is
possible to observe that the MWCNTs are partially wrapped by a
smooth polymer layer (see Fig. 4A). CVs in presence of 2mM [Fe
(CN6)]3−/4− confirmed that the deposition was successful and that the
electrode surface is still conductive. Looking at the CV (full line in
Fig. 4C) it is possible to see that, after the electropolymerization, the
ΔEp increases (˜220mV) and the peaks are broader compared to the
bare electrode (dashed line in Fig. 4C). In addition, the Nyquist plot in
Fig. 4D indicates that the deposition was successful, registering an in-
crease in the semi-circular area of the spectrum at higher frequencies,
related to the charge transfer resistance on the electrode surface.

3.4. CFQ-MIP synthesis protocol on MWCNTs-SPE

To finalize the design of CFQ-MIP, two other important set of
parameters were taken into account: the monomer:template ratio and
the parameters for the extraction procedure, both in terms of solvent
and extraction time. The optimal value for each parameter was selected
comparing the performances of the film after the CFQ rebinding in term
of oxidation signal intensity and reproducibility. The rebinding of the
target was performed by allowing a drop of the target solution in PB (50
μM) in contact with the modified electrode for 2min, before rinsing
with MilliQ water to remove unspecific adsorbed species and finally
running a SWV in a fresh microvolume of 0.1 M PB pH 2 to detect the
oxidation signal of CFQ. As a comparison, non-imprinted polymers
(NIP) were also synthesized using the same protocol without the ad-
dition of the target template and used as a control to verify the success
of the imprinting approach. Concerning the monomer:template ratio,
two values, 5:1 and 3:1, were studied. Preliminary tests suggested that
with higher ratios (10:1) a lower number of cavities were created, while
with lower ratios (1:1, 2:1) unstable modifications were obtained.
Instead, both 5:1 and 3:1 ratios gave stable modifications with a sig-
nificant difference in MIP and NIP responses in terms of signal re-
producibility. The results showed that the 3:1 ratio gave an average
current intensity higher than the 5:1, but it was less reproducible with
an error of 12% against the 6% of the 5:1 (see Fig. S3). Reproducibility
being a fundamental issue for the proposed modification, the mono-
mer:template ratio 5:1 was chosen as the best alternative. The effect of
the template in polymerization solution was also ascertained looking at
the electropolymerization CVs for both MIP and NIP (electro-
polymerization patterns reported in Fig. S4). The voltammetric pattern
is the same for both modified sensors: the only difference is the absence
of the shoulder at +0.7 V (see also Fig. 1B) in the first cycle for the MIP.
Thus we may conclude that the presence of the template does not
hinder the formation of the 4-ABA film on the electrode surface. The
extraction step aims to remove the template without interfering with
the architecture of the polymeric network and to allow the rebinding of
the target. To design this step, warm (˜60 °C) and RT MilliQ water,
water:acetonitrile (4:1) and 0.1M PB pH 12 were tested as extraction
solvents with a fixed extraction time of 5min. As underlined in Fig. 5A,
only the extraction in 0.1M PB pH 12 assured a complete removal of
the template. Using the other extraction solutions, CFQ remained par-
tially entrapped as can be seen by the presence of its electrochemical
signal after the extraction. Moreover, the 0.1M PB pH 12 did not
hamper the detection of the CFQ after the rebinding. The corresponding
signal (0.84 μA) was higher than the one obtained with RT (0.68 μA)
and warm MilliQ water (0.76 μA). In presence of water:acetonitrile
(4:1), the increased signal observed was ascribed to the presence of
template residues interacting with the solvent.

Different extraction times (tex= 2, 5, 10, 15min) were tested using
0.1 M PB pH 12 as extraction solution and the results were compared
with the ones obtained on the corresponding NIP (see Fig. 5B) for the
rebinding of 50 μM of CFQ. At tex lower than 10min, the CFQ signal
was lower than expected because of an incomplete removal of the
template. At tex higher than 10min no difference was observable and
the CFQ signal remained stable for longer extraction times. Thus, an
extraction step of 10min in 0.1 M PB pH 12 was chosen. Also the dif-
ference between MIP and NIP responses was evident for tex equal or
higher than 10min. This behaviour can be explained by the presence of
the target-mimetic cavities on the MIP which are free to rebind the
target, while for the NIP the signal is only due to non-specific adsorp-
tion on the polymeric network which is not influenced by the extraction
step.

To avoid shifts in the CFQ peak potential and poorly reproducible
results (due to the presence of an unchecked pH in the MIP polymeric
network), an additional conditioning step was performed after the ex-
traction, consisting in the incubation of a 100 μL drop of 0.1M PB pH 2
at the modified electrode for 1min.
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The final CFQ-MIP synthesis protocol involved the following steps:

1 Pre-incubation of the electropolymerization solution of 1mM 4-ABA
and 0.2mM CFQ in 0.1M H2SO4 pH 1 for 10min.

2 Electropolymerization at the MWCNT-G-SPEs for 7 CV cycles, from
−0.3 V to +1.2 V at 50mVs−1.

3 Rinse with 3mL of MilliQ water and perform a 10min template
extraction with 100 μL of 0.1 M PB pH 12.

4 The modified electrode was rinsed and incubated for 1min with

100 μL of 0.1 M PB pH 2 before the rebinding.

The modified electrodes were thus ready for the rebinding step.

3.5. Analytical protocol and calibration plot

The performances of two different detection strategies, the SSD and
the DSD described in part. 2.4, were compared to find the most suitable
analytical protocol. The two protocols were compared considering the

Fig. 4. (A) SEM images of bare MWCNTs-G-SPEs and (B) 4-ABA- MWCNTs-G-SPEs; (C) CV of 2 mM [Fe(CN)6]3−/4− in 0.1 PBS pH 7 for bare MWCNTs-SPE, 50mVs-1

(dashed line) and 4-ABA-MWCNTs-SPE (full line); (D) Nyquist plot for 2mM [Fe(CN)6]3−/4− in 0.1 PBS pH 7 at bare MWCNTs-G-SPEs (square) and 4-ABA-MWCNTs-
SPE (dots), inset: Randles equivalent circuit used to fit the data.

Fig. 5. (A) Comparison of performances after rebinding of 50 μM CFQ in 0.1M PB pH 2 using different extraction solvents for MIP AEx: after extraction, AR: after
rebinding, extraction time 5min; (B) Signal intensity of 50 μM of CFQ after rebinding with different incubation times for the extraction step with 0.1M PB pH 12 for
MIP and NIP. Error bars calculated on triplicates.
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differences between the MIP and the NIP responses. By applying SSD,
this difference appears to be negligible for all tested concentrations and
CFQ concentrations lower than 10 μM were not detectable. On the
contrary, using the DSD the signal intensity results were higher for MIP
than NIP modified sensors. This difference became relevant when na-
nomolar concentrations were considered, i.e. at 0.1 μM the CFQ signal
was only visible when using the MIP modified electrodes. Thus, nano-
molar CFQ concentrations (≤100 nM) were detectable only using the
MIP-MWCNT-G-SPEs coupled with a DSD, while the NIP was not able to
detect such low concentrations of CFQ. Moreover, this approach proved
to be more reliable, reducing the non-specific absorption on the
polymer network and increasing the response of the MIP for con-
centration in the nanomolar range.

With the DSD approach it was possible to obtain a calibration plot
for CFQ between 50 nM and 1 uM (see Fig. 6) in 0.1M PB pH 2 and also
the sensor’s reproducibility was satisfying (STD < 5% at 4 different
electrodes). The corresponding calibration plot at the NIP modified
electrode shows first of all that the imprinted sensor is capable of
reaching lower concentrations while the NIP is not capable of detecting
concentrations lower than 250 nM. The imprinting factor (IF), calcu-
lated dividing the slope of the linear fit of the MIP with the one of the
NIP, is 3.5.

3.6. Interference study

To test the selectivity of the proposed sensor towards CFQ, three
other electroactive cephalosporins [46] used in cattle treatment
(namely CFU, CFX and CFP) were analysed at MIP and NIP sensors
using the DSD protocol and 1 μM spiked solutions. Especially the re-
sponse of CFU, a third generation cephalosporin that differs from CFQ
only in the C3 side chain (Fig. S5), was assessed on both MIP and NIP
modified electrodes. It is worth reminding that CFU is the only other
cephalosporin licensed for cattle treatment that has the same active side
chain as CFQ. As can be seen from Fig. 7, CFX and CFP gave no signal
on both the MIP and the NIP at the oxidation potential of CFQ (+0.7 V
vs pseudo Ag). For CFU the response is the same for MIP and NIP
(220 nA); this can be explained by the non-specific interaction of the
antibiotics with the sensor. This is a first hint of the specificity of the
MIP cavities. For CFQ instead the signal for 1 μM is higher on the MIP
(380 nA) than the NIP (250 nA) with a lower associated error. The very
high standard deviation on the NIP is due to the employed detection
strategy, the DSD described in part. 2.4: the rebinding step, performed
removing the spiked solution from the electrode and placing a fresh
drop of buffer, make the subsequent detection on non-imprinted elec-
trodes less reproducible. The cavities of the MIP selectively capture the
antibiotics on the electrode surface, while the NIP signal is only due to

non-specific interaction between the bulk polymer and the targets,
which can vary sensibly between different analysis.

The proposed modification is also capable of distinguishing between
the native and degraded form of CFQ. The signal for 1 μM of CFQ after
24 h of basic degradation at pH 12 on MIP and NIP is almost the same (˜
50 nA). It is worth reminding that the MRLs value are referred to
pharmacologically active form of the antibiotics, so the proposed
modified sensor shown better selectivity toward the native form of the
antibiotic.

4. Conclusions

The proposed MIP for CFQ has shown, first of all, the potentialities
of the chosen research methodology regarding the MIP protocol opti-
mization and on the other hand the synergistic effect between nano-
materials and direct electrochemical detection of contaminants. It was
indeed possible to obtain an electronically conductive MIP using 4-ABA
as functional monomer, elucidating its electrochemical behaviour in a
wide range of pHs. The findings about the effects of the pH on the
conductivity and the film performances of poly(4-ABA) can be easily
exploited also in other applications such as coatings for microchips or
batteries. The electopolymerization at pH 1 was proven to be the best
choice to obtain conductive polymers and stable molecularly imprinted
cavities. Moreover, CFQ identification can be based on the signal of its
C7 side chain; the specificity of the electrochemical signal combined
with the selectivity of the MIP permitted to distinguish between closely
related compounds and more important between intact and degraded
from of the antibiotic. A further improvement in the electrode surface
modifiers, such as the integration of additional nanomaterials, would
allow to reach CFQ concentrations even lower than the MRL value and
focus on real sample analysis. Nevertheless, the modified electrode al-
ready possess the qualities required for a successful technological
transfer and for on-site applications.
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