


alteration in the aforementioned surface, given that in many
cases the coating is irreversible. Thus, electrochemical,
chemical or mechanical cleaning of modified carbon electrodes
with MIP films is not sufficiently efficient, and the carbon base
remains contaminated. For these reasons a decision was made
to work with fiber microelectrodes which are cheap and easy to
dispose of after use. There is also an added advantage in the
miniaturization of the sensor with regard to its possible future
uses in in-vivo systems.

To carry out this study a molecule of paracetamol has been
chosen which presents electroactivity as it can be oxidized on
carbon electrodes. The popularity of paracetamol or acetami-
nophen as a perceived safe and efficient antipyretic and
analgesic has increased in recent times, hand in hand with it
becoming one of the most common agents of accidental or
intentional overdoses. In western countries it is now one of the
major causes of hepatic®® insufficiency.

As far as the authors are aware, this work describes for the
first time the use of a voltammetric sensor using carbon fiber
microelectrodes coated with an artificial receptor system,
prepared by imprinting electropolymerization (MIP-CFME).
Paracetamol was chosen as a model to work with, although it
is easy to contemplate the possibility of determining other
types of electroactive molecules using a suitable combination
of the template and the polymeric matrix.

Experimental
Chemicals and reagents

0-Phenylenediamine (0-PD) dihydrochloride and aniline were
obtained from Sigma-Aldrich. 0-PD solutions in water were
prepared every day before use. Aniline was distilled repeatedly
under vacuum until a colorless liquid was obtained, which was
kept under nitrogen in darkness at 4 °C. Stock solutions of
paracetamol (Sigma) were prepared in gradient grade metha-
nol (Romil, Cambridge, UK). All buffer solutions were
prepared with doubly-deionized water Milli-Ro and Milli-Q
water purification system (Millipore, Bedford, MA, USA).

Apparatus

All electrochemical experiments were carried out with an
pAutolab type II potentiostat-galvanostat controlled by a
GPES 4.9 software package (Ecochemie, Utrecht, The
Netherlands). A standard three-electrode system was used
for all measurements; a carbon fiber microelectrode as the
working electrode, a Pt auxiliary electrode and an Ag/AgCl/
KCI (3 M) reference electrode. Polymer films were examined
using a JEOL Scanning Electron Microscope (Tokyo, Japan)
model JSM-6400.

Fabrication of microelectrodes

The fabrication of carbon fiber microcylinder electrodes
(CFMEs) was similar to that previously reported.>* Briefly,
Thornel p55 continuous pitch-based carbon fibers of 10 pm
diameter (Cytec Carbon Fibers, USA) were used to prepare
the microelectrodes. The fibers were soaked in acetone and
dried at room temperature before use. A filament of these
fibers was inserted into a 100 pL propylene pipette tip and

sealed thermally. The cross section of a carbon fiber at 4 mm
of length was made with the help of a scalpel and an optical
microscope Olympus Model SZ30 (Olympus Optical Co.
Europe GmbH, Hamburg, Germany), with a calibrated micro-
tome eyepiece lens. Finally and prior to use, the surface of the
microelectrode was treated thermally.

Modification of microelectrodes

The co-polymerization of 0-PD and aniline was obtained by
electrogeneration on the surface of the carbon fiber micro-
electrodes using cyclic voltammetry in the potential range
between —0.1 and 1.25 V during 20 cycles at a scan rate of
50 mV s~ ! in H,SO4 0.1 M solution. The concentrations of
0-PD and aniline were 4 mM and 0.12 M respectively. For
imprinted polymerizations, paracetamol was also added to the
electrochemical cell at a concentration of 10 mM. Before
use, the imprinted electrode was rinsed several times in 0.1 M
phosphate buffer (pH 7) to remove the template entrapped in
the polymeric matrix.

A control electrode (non-imprinted polymer modified
microelectrode, NIP) was prepared in every case under the
same experimental conditions but without adding the tem-
plate, to ensure the reliability of the measurements.

Electroanalytical measurements

Voltammetry was carried out in a three-electrode cell, in phos-
phate buffer at pH 7.0, and at the optimized ionic strength.
Before tests, electrolytic solutions were purged with high-
purity nitrogen for 8§ min. Current measurements were carried
out using square wave voltammetry (SWV) in the potential
range between 0 and 1.0 V, at a scan rate of 250 mV sl
frequency of 50 Hz and pulse amplitude of 50 mV. All
electroanalytical measurements were made at room tempera-
ture (20 + 2 °C).

Results and discussion
Electrochemical copolymerization on CFMEs

The use of aniline as a copolymer in order to give stability to
the 0-PD polymeric coatings has been studied recently.?' The
phenomena that appear during the electrochemical copoly-
merization process on CFME can be analyzed by means of
cyclic scan techniques. Fig. 1 demonstrates the typical cyclic
voltammograms of copolymerization of 0-PD and aniline. The
high anodic peak (A) observed in the first anodic potential
scan at 0.5 V corresponds to the oxidation of the amino group
of 0-PD and the second one (B) at 0.9 V is due to the oxidation
of the aniline amino group. In the following potential scans,
both of the peak currents decrease. This indicates that the
copolymer film covering the microelectrode hinders subse-
quent 0-PD and aniline oxidations due to its low electric
conductivity. At the same time, new redox couples at —0.1 to
0.3 appear and grow progressively. These redox couples are
related to the formation of a poly(0o-PD, aniline) film and
include the three different states of polyaniline oxidation
(leucoemeraldine, emeraldine and pernigraniline) and the
formation of poly(0-PD). The grouping and growth of these
redox couples in the same potential zone in which the
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Fig. 1 Repetitive cyclic voltammograms during the electrocopoly-
merization of 0-PD (4.0 mM) and aniline (0.16 M) onto a carbon fiber
microelectrode. Scan rate: 50 mV s~ '. Supporting electrolyte: 0.1 M
H>SO,. Number of scans: 20.

individual polymerizations appear, suggest a copolymer growth
mechanism.

For imprinted electropolymerizations, paracetamol was also
added to the electrochemical cell at a concentration of 10 mM.
Fig. 2 shows the same cyclic scans of copolymerization of
0-PD and aniline, but this time in the presence of the template.
There are significant differences in the cyclic voltammograms
obtained under the same conditions but without the template.
A new oxidation peak appears (C) between 0.8-0.9 V corres-
ponding to the oxidation of the paracetamol. This oxidation
peak indicates that the template is becoming part of the
polymeric chain. Thus, the presence can be noted of an
eletroactive template, which diffuses towards the active surface
of the microelectrode during the copolymerization process.
This is the key process towards achieving a voltammetric
sensor based on MIPs. The creation of the molecular imprint
is favored by the diffusion of the electroactive template,
generating a far higher number of recognition sites than those
previously obtained with a non-electroactive template. If the
template is non-electroactive, molecular diffusion towards the
electrode is interrupted after the first scans by the formation of
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Fig. 2 Repetitive cyclic voltammograms during the electrocopoly-
merization of 0-PD (4.0 mM) and aniline (0.12 M) in the presence of
the template (paracetamol 10 mM) onto a carbon fiber microelectrode.
Scan rate: 50 mV s~ . Supporting electrolyte: 0.1 M H,SO4. Number
of scans: 20.

the non-conductive polymeric layer, which prevents the
template forming part of this layer and thereby reducing the
number of recognition sites.

It has been reported>! that for other types of MIP sensors,
the ratio of aniline to 0-PD has a significant effect on the
sensor response. This is due to the fact that the binding ability
of the template molecules onto the coating film depends on the
number of imprints, which in turn is related to the molecular
structure adopted by the template in the polymeric matrix. To
examine this aspect, a series of experiments were carried out in
which the concentrations of 0-PD and paracetamol were kept
constant (4.0 mM and 10 mM respectively) and the quantity of
aniline was changed, with the objective of obtaining copoly-
mers with different ratios of monomers. The results are shown
in Fig. 3, in which the influence of the 0-PD/aniline ratio on
the response to paracetamol of both the MIP sensor and the
non-imprinted sensor (NIP) is seen, the latter being obtained
through electrocopolymerization without the presence of the
template. It can be seen how, as the proportion of aniline in the
copolymer increases, the response to the paracetamol also
increases, even in the case of the NIP. This is due to an increase
in the conductivity of the polymeric film caused by the increase
in the concentration of aniline and the consequent non-
selective electrodic response to the paracetamol of those films.
To avoid this phenomenon the concentration of aniline in the
copolymer must be kept as high as possible without the NIP
producing any signal. It may be deduced from the graph that
the most appropriate value for the o-PD/aniline ratio is 1 : 30.

The electrochemical stability of the polymeric film depends
to a great extent on the pH of the medium. Fig. 4 shows the
response of an NIP in a Britton—Robinson solution at different
pH values. It can be observed that the response is null only at
neutral or basic pH, while at acidic pH there is a corresponding
signal to the oxidation of the copolymer due to the pro-
tonation of its phenazine rings. This signal may interfere in
determining the paracetamol, therefore the pH of the medium
in which the measurement with the microsensor is to be made
must be equal to 7.0 or above.

Furthermore, the template concentration at the moment of
polymerization may also be a significant factor in the response
of the sensor, particularly in aspects concerned with selectivity.
Indeed, as can be seen in Fig. 5, as the template concentration

RATIO O-PD / ANILINE

1/5 110 1/20 1/30 1/40 1/50
RATIO

Fig. 3 Responses of MIP-CFME and of NIP-CFME to a para-
cetamol concentration (0.5 mM) depending on the ratio of aniline to
0-PD. Signal measured through SWV at 250 mV s ! and at a
frequency of 50 Hz, in a phosphate buffer medium at pH 7.0.
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Fig. 5 Effect of the template concentration during the film electro-
deposition. Response was measured through SWV in solutions
with paracetamol 5 x 10™* M. Dopamine 5 x 107* M was used as
a control substance.

grows in the polymerization solution, the response to
paracetamol of the MIP-CFME obtained is also higher. This
is to do with the greater number of specific cavities generated,
although, evidently, the process has its limitations. A greater
number of cavities will permit a greater diffusion of
paracetamol to the active surface of the microsensor, but at
the same time the holes generated may increase in size causing
a fall in selectivity. This phenomenon can be seen in Fig. 5, in
which it is confirmed that as the response of the microsensor to
paracetamol increases, the more it also increases to a control
substance such as dopamine. Logically, it is necessary to select
a template concentration to which the response to paracetamol
is highest, without obtaining a signal for dopamine. The value
chosen was 10 mM of paracetamol used as a template.

In order to remove the entrapped template, various
strategies are possible:>> microwave assisted extraction, super-
critical fluid desorption, oxidation/reduction of the template in
the polymer or, most commonly, the use of a solvent that
strongly interacts with the polymer causing the swelling of the
coating necessary for template release. In the case which
concerns us, the removal of the template entrapped in the
copolymer matrix was achieved in a simple way: introducing
MIP-CFME in a phosphate buffer solution at pH 7.0, while
being constantly shaken with a magnetic stirrer for 1 minute.
Under these conditions, the microsensor offered responses to
solutions without paracetamol which were exactly the same as
to non-imprinted coated CFME.

Under the electrocopolymerization conditions described
above, the amount of coating can be accurately controlled.
Furthermore, cutting the carbon fiber under a microscopic lens
ensures reproducible electrodic surfaces.

Voltammetric response of the MIP-CFME

Previous studies of the electrochemical oxidation of para-
cetamol have been reported.?® The mechanism for the electro-
chemical oxidation of paracetamol is different depending on
the pH of the medium. For this study acidic media have been
ruled out as in these mediums the 0-PD/aniline polymeric
films are not electrochemically stable, as has been previously
demonstrated (Fig. 4). In basic and neutral media the
paracetamol oxidizes to N-acetyl-p-quinoneimine in a rever-
sible mechanism involving 2H" and 2e~. The measurements
with CFMEs were carried out in phosphate buffer using SWV
techniques. Only one oxidation peak is obtained, which is
displaced towards more negative potentials as the pH increases
(Fig. 6). The best results are obtained at a pH of 7.0, with a
phosphate concentration of 0.1 M, giving an oxidation peak
at 425 mV. No further improvements were observed at higher
ionic strengths.

Several parameters such as pulse amplitude, step potential
or scan rate were modified in order to achieve an optimum
analytical response. Thus it was observed that pulse ampli-
tudes greater than 50 mV did not achieve more intense peaks,
but did, however, give significant peak widths, with the
resulting loss of resolution. Also a step potential of 5 mV was
chosen to achieve a sufficiently fast scan rate (250 mV s~ ') and
thus confining the oxidation process to the first stage. Likewise
a frequency of 50 Hz was chosen, given that higher values
provoked serious alterations in the morphology of the
oxidation wave. Fig. 7 shows the SWV curves obtained with
non-imprinted, imprinted polymer-modified microelectrode,
and CFME, under these experimental conditions. A dis-
placement of the peak potential towards more positive
potentials was observed, due to the existence of a diffusion
coefficient which differs whether working with CFME or with
MIP-CFME.

One of the fundamental procedures in working with this
kind of MIP sensor is the washing step to avoid carryover of
the analyte after determination. As in the case of template
elimination good results were obtained through the immersion
of the microsensor in a cell containing phosphate buffer while
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Fig. 6 The influence of pH on CFME response. Electrochemical
instability zone of the polymeric film is shadowed.
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being shaken. Nevertheless, after the first ten determinations a
carryover effect was detected. This effect was eliminated if,
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Fig. 8 MIP-CFME sensor response to the concentration. The upper
limit of linearity appears at 2.0 mM and outlines the calibration
straight line.

after the first measurement, an electrochemical cleaning of the
microsensor was carried out, through cyclic scans between 0.0
and 1.0 V on a phosphate buffer solution at pH 7.0, for a
period of 5 minutes.
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Fig. 9 Schematic of the voltammetric microsensor (MIP-CFME) construction and operation. The drawing is not to scale.

1016 | Analyst, 2005, 130, 1012-1018

This journal is © The Royal Society of Chemistry 2005



The amperometric determination of paracetamol using MIP-
CFME results in well-defined concentration dependences.
Fig. 8 displays square wave voltammograms for solutions
containing increasing quantities of paracetamol. A linear
response to paracetamol concentration from 6.5 x 107°
to 2.0 x 107> M was found, with sensitivity of 0.180 +
0.005 nA pM™' (r = 0.9954). The detection limit for
paracetamol using MIP-CFME, based on a signal-to-noise
ratio (S/N) of 3, was found to be 1.5 uM. Concentrations of
higher than 4.0 x 107° are indistinguishable due to the
saturation of MIP recognition sites. The signal is clearly lower
than that obtained with CFMEs, with which a linear response
from 4.0 x 1077 to 8.0 x 1073 M with sensitivity of 1.739 +
0.025 nA pM ! (r = 0.9976) is obtained. Obviously, in this
latter case the signal is not selective to the paracetamol.

Fig. 9 shows a scheme of the construction of the MIP-
CFME and the voltammetric determination principle.

In order to test the general reproducibility of the coating
preparation process and the posterior voltammetric deter-
mination ten microsensors were fabricated under the same
conditions. For 5 x 107> M paracetamol solution, the average
peak intensity was 7.47 nA with a standard deviation of
0.86 nA. Using only one microsensor the values were 7.83 nA
and 0.44 nA (n = 10), thereby demonstrating the reproduci-
bility of the process.

A series of different compounds were used to examine the
selectivity of the designed MIP microsensor. The response of
paracetamol imprinted poly(o-PD/aniline) film was researched
using a solution containing the analyte and different amounts
of potential interfering substances. Experiments were per-
formed by using some structurally related compounds such as
the catecholamines, dopamine, adrenaline and noradrenaline.
These substances are present in biological fluids and interfere
with the determination of paracetamol through conventional

Table 1 Selectivity of MIP-CFME to paracetamol. Response-selectivity coefficient of solutions containing 5 x 10~% M paracetamol and 5 x
107 *and 5 x 107> M of each of the catecholamines
Structure Kpe (1:1) Kpe (1 :10) Signal
H 1 1 - — Paracetarmol
N CH 2 10.0 0.5mM
£ 10.0
<
o] g 30.0
HO' =
0 50.0 r T T T L]
Paracetamol 0 025 0.5 0.75 1
Potential (V)
0.052 0.28 Paracetamol
HO 10,0 P
T 100 f\ e
NH £ 300 S
Ho E 50.0
Dopamine 0 025 0.5 075 1
Potential (V)
0.034 0.13 Paracet I
HO _ 100 ke
< .
——— Adrenal
.E. 10.0 Pl
c :
HN @ Adrenaline
£ 30.0 )
HO' \CH3 5 0.5 mM
Adrenaline 0. 25 0 5 0. 75 1
Potential (V)
OH 0.044 0.14 -5.0 Paracetamol
oz T 0.5mM
g 15.0 ,\ Nuradrenalme
Ho. ot
< 35.0
@ Noradrenaline
é 55.0 0.5mM
NH,
HO 0. 25 D 5 0. 75
Potential (V)
Noradrenaline
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techniques such as HPLC-ED.?” To this end Kpe = ipfic was
defined as the response-selectivity coefficient where i, is the
peak intensity-response of the microsensor to 5 x 107* M
paracetamol and i. is the peak intensity-response caused by
5 x 107%and 5 x 107> M catecholamines. The results are
shown in Table 1. It was found that catecholamines produce
negligible changes in the paracetamol response even when
an analyte-interferent ratio of 1 : 10 was used. An excellent
selectivity of the imprinted microsensor to the paracetamol
can be seen. That is, the electrocopolymerized—molecularly
imprinted film modified carbon fiber microelectrode can
recognize the paracetamol molecules by means of shape
selection and the size of functional groups.

The microsensor used here could be used at least 30 or
35 times with subsequent washing and measuring operations.
Alternatively another MIP-CFME could be easily prepared
with the procedure described above.

Conclusions

Molecularly imprinted poly(aniline, 0-PD) films were pre-
sented as selective coatings in order to obtain voltammetric
microsensors for paracetamol. The coated films were obtained
by electropolymerization, allowing good reproducibilities to
be achieved. The template elimination stage for MIP genera-
tion is both quick and simple and does not generate carryover.
The voltammetric microsensor functions through direct
immersion in the measuring solution, without the need for
performing incubation steps, so that later measurements
can be carried out in a new background solution. The
selectivity of the sensor compared with molecules of a similar
structure is excellent.

Future work will focus on developing clinical applications
for in-vivo monitoring of pharmaceuticals and their metabo-
lites in laboratory animals and on extending this technique
to devices with dense arrays of microelectrodes. This will
enable more practical advances to made more quickly in
the understanding of the pharmacodynamics of experimental
drugs.
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