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Abstract

A voltammetric microsensor has been developed for the simultaneous assay of ascorbic (AA)
and uric (UA) acids in aqueous solution. The electrode surface has been modified by means of
electropolymerized conductive poly(3,4-ethylenedioxythiophene) PEDOT organic films. The
electrocatalytic activity of the interface was dependent on the electropolymerization
parameters inducing change in the structure and the morphology of the resulting polymer. The
PEDOT thickness was optimized in order to maximize the peak potential separation between
both acids oxidation to more than 400 mV. By using differential pulse voltammetry (DPV),
the sensitivity of the microsensor was 0.87 A uM-* cm? and 4.05 pA pM* cm for AA and
UA respectively. The later was sensible to the presence of AA in the mixture, making
evidence of the catalytic mechanism of UA regeneration. The calibration curves were linear in
the concentration range 5.0 — 300 pmol L for AA and 2.0 — 600 umol L for UA. The
detection limits were 2.5 umol L and 1.5 pumol L respectively. The sensor response was
unmodified in the presence of the major electroactive biomarkers. The application of the
PEDOT modified microsensor to the analysis of human blood serum was evaluated.

Keywords: electrochemical microsensor; PEDOT film; electrocatalytic behavior; ascorbic

and uric acids assay.
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1- Introduction

Ascorbic acid (AA) and uric acid (UA) are both present in most of the biological fluids
(plasma, serum, urine, tears, cerebrospinal fluids). At physiological levels, AA is a powerful
water soluble antioxidant. It plays a key role in protecting living cells against oxidative injury
and has been used clinically for the treatment and prevention of scurvy, common cold, mental
illness, cancer and AIDS [1-4]. In the reverse, extreme AA levels can cause gastric irritation,
diarrhea and renal problems [2]. The role of UA in conditions associated with oxidative stress
is not entirely clear. While commonly regarded as an indicator of gout, epidemiological
studies suggest that high UA levels in serum represent a risk factor for cardiovascular diseases
[5], uric acid stones [6] and Lesch-Nyhan syndrome [7]. Both ascorbic and uric acids are
useful in the monitoring of oxidative stress and moreover may be considered as biochemical
markers in a lot of pathologies (neonatal hypoxia, coronary heart diseases...). Thus the
selective and convenient detection of AA and UA is very important for biological researches
as well as for routine analysis. This explains the numerous methods dedicated to their

qualitative and quantitative determination.

Usual procedures for the quantitative determination of AA and UA are generally based on
enzymatic methods [8], spectrofluorometry [9], HPLC analysis [10] or capillary
electrophoresis [4]. However these methods suffer from costly materials and complex
experimental protocols, require sample pretreatment and are generally time consuming. In the
last two decades, electrochemical procedures have been greatly employed due to their
advantages such as simplicity, low cost, fast analysis and good selectivity [11]. Moreover,
microelectrodes present some unique features that make their use advantageous as
electrochemical sensors, i.e. enhanced mass transport rate of electroactive species to the

electrode surface, reduced double-layer capacitance and less susceptibility to ohmic drop [12].



These characteristics make it possible to perform analysis in short time scales and in relative
resistive media with enhanced sensitivity [13-14]. Furthermore measurements can be done
without any added electrolyte and steady state currents are obtained without stirring the
solution. However, a major problem is that AA and UA require generally high overpotentials
on usual non-modified bare electrodes. Furthermore both acids are in these conditions
oxidized at very close potentials which make their simultaneous detection and quantitative

determination difficult [15].

Various approaches have been attempted to solve these problems. Chemically modified
electrodes have been particularly developed to discriminate between the electrochemical
responses of AA and UA oxidation. Several electrode modification processes have been
tested, using highly oxidized metal electrodes [16], metal electrodeposition [17], metal
complexes [18,19], electrochemical reduction of diazonium salts [20], mesoporous silica [21],
single [22] or multiwalled carbon nanotubes [23], self-assembled thiol monolayer [24], ion-
exchange Nafion membrane [25] or conducting polymers like poly vinyl alcohol [26],
polypyrrole [27] or luminol [28] for measurements in rat brain [29] or in human urine and
serum samples [30]. All these studies allowed the simultaneous detection and determination
of AA and UA under similar concentrations [31-33] or the assay of UA in samples containing
a large excess of AA [34-36]. The analytical performances of these modified electrodes are

listed in Table 1.

Concerning electrochemically generated polymers, attention has been devoted since the mid-
1990s to poly(3,4-ethylenedioxythiophene) (PEDOT) [37] and its derivatives [38,39]. These
polymers induce uniform and adherent polymer films on most of electrode materials, show
quite high conductivity in their oxidized state, present a good stability in agueous electrolytes

and above all biocompatibility with biological media [40]. Moreover PEDOT was found to be
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resistant to fouling by the AA oxidation products [41], thus indicating PEDOT to be very
promising in the design of amperometric sensors. Surprisingly works devoted to the detection
of UA and AA by means of PEDOT modified electrodes are very scarce. In most of them AA
and/or UA are considered as interfering species, particularly for the assay of dopamine [42-
45]. To our knowledge the only paper dealing with the simultaneous detection of UA and AA
was from Kumar et al. [41]. In this study UA was assayed in the presence of AA in large
excess (in the ratio 1:1000), which does not reflect the healthy human situation (the
concentration of AA in blood serum being one order of magnitude lower than that of UA in
physiological conditions [4, 46]). Consequently AA was only detected and not assayed while
its quantification represents a task of interest as well important as UA in clinical analysis. The
aim of our work is then to evaluate PEDOT modified electrodes to selectively detect and

simultaneously determine ascorbic and uric acids in aqueous solution.

Many studies have focused on the influence of the electropolymerization conditions on the
morphological, structural and physical properties of PEDOT films [37,47-53]. In contrast,
only a few studies have been concerned with the role of the PEDOT polymerization
conditions on the amperometric response of the resulting sensors. In particular, to the best of
our knowledge works dealing with the influence of PEDOT electropolymerization parameters
on the electrochemical detection and the simultaneous assay of AA and UA has not been
reported so far. In this paper the electrochemical behavior of the modified electrode has been
highlighted depending on the electrochemical parameters used for the voltammetric PEDOT
deposition (potential range, potential scan rate). In addition, the influence of the experimental
conditions (monomer concentration, polymer film thickness) on the analytical performances

of the resulting sensor is discussed.



2- Experimental

2.1. Chemicals

3,4-ethylenedioxythiophene (EDOT) was purchased from Aldrich. Ascorbic acid (AA), uric
acid (UA), dopamine, xanthine, hypoxanthine, glutamic acid, cysteine, N-Acetyl-L-cysteine
(NAC) and B-D glucose were purchased from Sigma. Tetrabutylammonium perchlorate
(TBAPC), potassium dihydrogenophosphate KH2PQOs, di-potassium hydrogenophosphate
K2PHO4 and acetonitrile were purchased from Acros. All reagents were of analytical grade
and used as received. The aqueous solutions were prepared with doubled distilled water. High

pure nitrogen was used for deaeration.

2.2. Materials

All electrochemical experiments were performed with an Autolab Metrohm potentiostat
(Eco-Chimie) interfaced to a microcomputer and using the GPES 4.9 software. A three-
electrode system was used for all the experiments. A 50 um diameter gold wire was
purchased from Goodfellow (Lille, France) and used as working electrode. Microelectrodes
were fabricated and characterized according to the procedure described by Ruffien-Ciszak et
al. [54]. The protocol involved glass capillaries from Clark Electromedical Instruments
(Phymep, Paris, France), a microelectrode puller (Model PC 10) and a microgrinder (Model
EG44) purchased from Narishige (London, UK). A 1 mm diameter platinum wire (1 cm
length) was used as auxiliary electrode. All potentials reported in the text are referred to a
saturated calomel reference electrode (SCE) (Hg/Hg2Cl2/KClsit) connected to the cell by a

Luggin capillary.

2.3. Preparation of PEDOT-modified gold microelectrodes



The procedure of PEDOT electrodeposition on gold microelectrodes was similar to that
reported by Kumar et al [41]. A gold disk microelectrode was polished with alumina slurry
and rinsed with distilled water. The polished surface was then pretreated by cycling the
electrode potential between -0.88 V and 1.5 V for 10 minutes at 10 mV s in 20 mL deaerated
acetonitrile containing 0.1 mol Lt TBAPC as supporting electrolyte. Deaeration was obtained
by purging the solution with nitrogen during 10 minutes; moreover a nitrogen atmosphere was
maintained over the solution during the experiments. The electropolymerization was
performed in deaerated acetonitrile containing different concentrations of EDOT monomer
and 0.1 mol Lt TBAPC. The polymer was synthesized by cycling the electrode potential
between -0.88 V and a variable upper potential (see results). The scanning potential rate, the
monomer concentration and the number of potential cycles were also variable. The modified
electrode was then rinsed with acetonitrile and distilled water successively to remove any
physically adsorbed monomer. This modified electrode is hereafter referred to as pAu-

PEDOT.

2.4. Electrochemical detection of AA and UA

The PAU-PEDOT was immersed in a three-electrode cell where a nitrogen flux was
constantly maintained. Experiments were performed in 10 mL deaerated phosphate buffer
solution (PBS) pH 7.0 containing well-known amounts of AA and/or UA. Two
electrochemical methods were applied, i.e. cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). Cyclic voltammograms (CVs) were plotted between -0.2 V and 0.6 V
(unless otherwise indicated), with a potential scan rate of 50 mV s, thus avoiding the
reduction of water and the oxidation of gold as well as the overoxidation of PEDOT which
would irreversibly result in a non-conducting polymer [55]. For differential pulse

voltammograms (DPVs), the potential waveform was optimized with respect to the



determination of AA [56]: pulse amplitude 50 mV, step potential 6 mV, pulse time 119 ms,
interval time 1s, potential scan rate 6 mV/s. The particular features of the microelectrodes

made it possible to perform experiments without stirring the solution.

2.5. Blood serum analysis

Human blood serum was kindly given by the Laboratoire de Biochimie from Hépital Rangueil
— Toulouse and stored at 4°C before being used. Owing to the microelectrode size,
experiments were realized in 250 pL sample volume. Furthermore no electrolyte was added
and the sample was undiluted and not stirred. Electrochemical measurements were performed
by DPV using the same potential waveform described in § 2.4. The sample was left to come at

room temperature before the analysis.

3. Results and discussion

3.1. PEDOT electrodeposition

Fig. 1 shows five successive cyclic voltammograms recorded during EDOT
electropolymerization. The oxidation of the monomer began at about 1V on the first potential
cycle and the anodic current reached a peak value at 1.3 V. In the reverse scan, the current
decreased with a crossover at about 1.2 V. By analogy with metal deposition process, this
"nucleation loop™ reveals a nucleation process of the polymer film [57]. On the following
cycles, the oxidation reaction was shifted to more cathodic potential values. This phenomenon
is related to the fact that the oligomers produced can be oxidized more easily than the
monomer [58]. The anodic current increased from cycle to cycle consequently to the growth
of a conductive PEDOT film, thus increasing the apparent surface of the active electrode. The
voltammograms also revealed a quasi-reversible signal at a potential close to -0.3 V

corresponding to the redox activity of the polymer. Both anodic and cathodic peak currents
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increased with the number of potential cycles, thus depending on the amount of polymer

synthesized on the electrode surface.

3.2. Electrochemical behavior of AA and UA on PEDOT modified electrode

Fig. 2 shows cyclic voltammograms recorded with a bare-gold microelectrode (Fig. 2.A) and
a MAU-PEDOT modified electrode (Fig. 2.B) immersed in an equimolar solution of AA and
UA 1 mmol L. The PEDOT modified electrode was obtained by cycling the potential of the
gold microelectrode 5 times between -0.88 V and 1.5 V with a scan rate of 100 mV s* in the
electropolymerization solution containing EDOT 10 mmol L. Whatever the electrode, no
significant signal was observed in PBS pH 7.0 except for the electro-oxidation of gold starting
at about 0.8 V. The oxidation of AA and UA on the unmodified electrode resulted in a broad
anodic current. Two overlapped waves were present with half-wave potentials E12 close to
0.4 V and 0.6 V for AA and UA respectively. These results are in agreement with previous
works making evidence that both antioxidant species cannot be detected selectively on bare
electrodes [15]. In contrast, two well-defined oxidation signals were recorded with the pAu-
PEDOT electrode. The anodic peak potentials for AA and UA were shifted to more negative
values, i.e. -0.037 V and 0.33 V respectively, making the sensor less sensitive to possible
interfering species when used in real media. The potential difference was more than 300 mV,
thus allowing the simultaneous detection of both species with the same modified electrode.
The peak separation was attributed to different surface accumulations by means of
electrostatic and hydrophobic attractions. Several papers reported that conducting polymers
coated on electrode surfaces contain a distribution of reduced and oxidized forms [59-60].
Ascorbic acid (pKa=4.1) being in its anionic form at physiological pH interacts
electrostatically with the positively charged oxidized regions of the polymer. On the other

hand, Schop and KoBmehl [61] reported that the reduced form of polythiophene was



hydrophobic in nature. Uric acid (pKa= 5.4) is more hydrophobic than AA and is therefore
concentrated in the PEDOT matrix because of hydrophobic interactions. These interactions
certainly explain also why the amperometric responses at pAu-PEDOT (0.17 and 0.39 mA
cm?) were 2 and 3.5 fold higher for AA and UA 1 mmol L respectively compared to those
obtained on the unmodified electrode, thus improving the sensitivity of the sensor. Anyway
the PEDOT modified electrode clearly demonstrates a catalytic activity for the oxidation of

both antioxidant species.

Similar experiments were performed by differential pulse voltammetry (Fig. 2.C). Results
have led to the same conclusions, i.e. a broad non exploitable amperometric response with the
bare gold microelectrode and two distinct anodic peaks when using the pAu-PEDOT. By
optimizing the potential waveform [56], it was possible to shift the peak potentials to even
more cathodic values, i.e. -0.039 V and 0.246 V for AA and UA oxidation respectively.
Furthermore the response sensitivity was sensibly improved compared to that recorded by
CV, i.e. 0.23 and 0.62 mA cm? for AA and UA 1 mmol L* respectively. DPV was then

chosen in all the following electrochemical detection experiments.

3.3 Influence of the electropolymerization parameters
3.3.1. PEDOT film thickness

As the improved detections of AA and UA result from particular interactions with PEDOT,
investigation have been done concerning the effect of the PEDOT film thickness. The later
was varied consecutively to the number of potential cycles between -0.88 V and 1.5 V at 100
mV st in TBAPC-acetonitrile containing EDOT 10 mmol L. However it was easier to
control the polymer thickness by means of the total charge consumed during the
electropolymerization step since the charge consumed during one potential cycle did not keep

a constant value from cycle to cycle. Different charge densities ranging from 1 to 34 mC cm™
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have been tested. VVoltammograms were then recorded in PBS pH 7.0 containing AA and UA
1 mmol L. Fig. 3 shows the analytical performances obtained for AA oxidation in terms of
peak potential (Fig. 3.A) and of peak current density (Fig. 3.B). From these results two major
conclusions can be given: increasing the polymer film thickness improves the heterogeneous
electron transfer rate of AA oxidation since the peak potential shifted to more cathodic values;
the active surface area of the electrode increases with the polymer growth since the peak
current density corresponding to AA oxidation also increased. In consequence both selectivity
and sensitivity of the sensor were improved. Similar results have been obtained with UA (data
not shown). The evolution of the oxidation peak potentials for both antioxidant species as a
function of the electropolymerization charge is indicated in Table 2. The most important shift
in the oxidation potential occurred with charge densities ranging from 1 to 12 mC c¢cm. In this
later case, the potential difference reached 380 mV. Increasing further the thickness of the
film did not improve significantly the selectivity of the sensor. Previous studies have shown
that thin films are compact while the polymer becomes more ordered and conjugated with
thickness, inducing a higher conductivity [37]. It was also suggested that the increase of the
PEDOT thickness makes the polymer more hydrophilic [53]. Since AA and UA are
hydrophilic compounds, their interactions with the film would thus be amplified. It can be
concluded from the above results that the morphology and structural properties of
electrogenerated PEDOT films have considerable effects on the analytical performances of
the sensor. In order to improve significantly the selectivity of the modified electrode without
synthesizing a too thick polymer film, all the following experiments have been performed

with an electropolymerization charge of 12 mC cm,

3.3.2. Monomer concentration
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Several experiments were performed by changing the concentration of the monomer from 2.5
mmol L to 20 mmol L. All the electrodes were realized by cycling the electrode potential
between -0.88 V and 1.5 V with a total electropolymerization charge of 12 mC cm2. Table 3
shows the analytical performances in terms of peak potential and of peak current density for
the oxidation of AA and UA 1 mmol L by DPV. Whatever the modified electrode, AA and
UA oxidations occur approximately at the same potentials, i.e. -90 £ 3 mV and 240 £ 9 mV
respectively. On the contrary, the sensitivity for both substrates was strongly dependent on the
composition of the polymerization solution: the lower the monomer concentration, the higher
the electrocatalytic activity of PEDOT film. This result is in agreement with previous studies
showing that high monomer concentrations produce loose, poorly conducting films containing
significant amounts of soluble oligomers whereas low monomer concentrations improve both

the cohesion and the conductivity of the polymer [37, 47].

3.3.3. Electropolymerization potential range

Previous works have shown that the morphology of PEDOT films depends on the potential
range used for electropolymerization: it changes from globular to fibrous morphology by
increasing the upper potential limit with a significant enhancement of the porosity of PEDOT
film [48]. In order to show the influence of the potential range on the analytical performances
of the voltammetric sensor, the following experiments were performed. Several modified
electrodes were elaborated by changing the upper potential boundary from 1.2 VV to 2 V. They
were then tested in an equimolar solution of AA and UA 1 mmol L* pH 7.0. Results are
shown in Fig. 4. When the upper potential was less than 1.2 V (curve a), a large oxidation
signal was observed for the oxidation of AA and UA. This behavior was quite similar to that
observed with the unmodified electrode, even if the curve was slightly shifted to cathodic

potentials in the former case. When the upper potential reached 1.3 V (curve b), two well
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defined and separate peaks were recorded at -0.1 V and 0.23 V. Further increase of the upper
potential to 1.5 V did not significantly improve the detection selectivity for both acids (curves
c and d). However both peak current densities increased with the upper potential boundary,
thus improving the sensitivity of the sensor. When the upper electropolymerization potential
was beyond 1.5V, a second anodic peak appeared at about 1.6 V during the
electropolymerisation step, corresponding to the overoxidation of the polymer [48] (result not
shown). Overoxidation of PEDOT is known to reduce irreversibly its conductivity [55].
Consistently the DPVs of the resulting modified electrode highlighted that the peak current
densities corresponding to the oxidation of AA and UA decreased (Figure 4, curve e). Finally
by increasing the upper potential to 2V during the electropolymerization step induced a
serious degradation of the polymer because the solvent was oxidized in the same time. In
order to keep the electroactivity of the polymer while maximizing the sensitivity of the

resulting sensor, the upper potential was limited to 1.5 V.

3.3.4. Potential scan rate during electropolymerization

Fig. 5 shows the DPVs obtained for AA and UA oxidation when adopting various potential
scan rates ranging from 50 to 400 mV st during the voltammetric PEDOT
electropolymerization. In all cases, the amount of charge used was kept constant. For potential
scan rates lower than 250 mV s, the lowest oxidation potential and the highest amperometric
response for both acids were obtained with the highest potential scan rate. Increasing the scan
rate resulted in higher electrodeposition currents (results not shown). The
electropolymerization reaction rate increased in the same way, thus improving the film
porosity [51]. Consequently the interaction between the polymer and both acids was
improved. For potential scan rate higher than 250 mV s the analytical performances of the

resulting microsensor were not significantly improved. For instance the increase of the
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amperometric signal due to UA oxidation was only 17.5% (from 1.78 to 2.09 mA cm?) when
changing the potential scan rate from 250 to 400 mV s during the electropolymerisation step.
This result is probably due to the difficulty to obtain an homogenous and ordered polymer

film with such high scan rate.

3.4. Analytical performances

The analytical performances of the HAU-PEDOT modified electrode for AA and UA assays
were evaluated with the optimized values of the electropolymerization parameters, i.e.
potential range from -0.88 V to 1.5 V, potential scan rate 250 mV s, monomer concentration
2.5 mmol L, electropolymerization charge density 12 mC c¢cm™. Fig. 6.A and Fig. 6.B exhibit
the DPVs recorded under increasing concentrations of AA and UA respectively. The resulting
calibration curves are also shown (inset). For AA, The peak current density increased linearly
with the concentration in the range 5.0 - 300 umol L with a sensitivity of 0.87 pA uM-*cm?
and a detection limit of 2.5 pmol L (S/N=3). The UA oxidation current density varied
linearly with the concentration in the range 2.0 — 600 pmol L with a sensitivity of 3.06 pA
UM cm2 and a detection limit of 1.5 pmol L (S/N=3). The relative standard deviations
(R.S.D.) were 1.1 % and 1.4 % for 3 successive measurements of AA and UA 1 mM
respectively. These analytical performances were compared to those obtained on different
modified electrodes and reported recently in the literature (Table 1). To the best of our
knowledge, the PEDOT modified voltammetric microsensor presented in this paper induced
the highest separation peak potential and one of the greatest sensitivities for UA assay.
Comparison concerning the sensitivity for AA was not so easy since AA was introduced in
large excess and consequently not systematically assayed in most of the papers published.
Anyway these analytical performances are well suited to the assay of both acids in biologic

fluids like blood serum, as well as under physiological conditions (the physiological
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concentrations in blood serum are between 34 and 79 umol L for AA and between 180 and
420 umol L for UA [4, 46]) as in the presence of one of the two acids at high concentrations.
The DPVs were also recorded in the presence of both acids in the mixture solution (Fig. 6.C).
Both calibration curves exhibited a linear variation of the peak current as a function of the
concentration of the corresponding antioxidant specie (not shown). The resulting sensitivity
was roughly unchanged for AA whereas it increased to 4.05 pA uM?* cm2 for UA. This
enhancement of the sensitivity of the microsensor for UA in the presence of AA reveals an
EC’ mechanism resulting from a chemical reaction in solution coupled to the electrochemical
step [62]. The apparent standard potential of the (ascorbyl radical / ascorbate ion) redox
system being lower than that of the (alloxan / urate) one (0.28 V and 0.59 V vs SCE at pH 7.0
respectively [63-64]), a spontaneous oxidoreduction reaction between AA and the UA
oxidation product takes place, thus regenerating the reduced form of UA at the vicinity of the
modified electrode surface. Further experiments have been performed in the laboratory to
highlight this mechanism. For example, addition of 200 pL of a solution of AA 8 mmol L in
10 mL of a solution of UA 300 umol L (corresponding to a final concentration of AA equal
to 156 pumol L) induced an amplification of 14.5% of the anodic current corresponding to
UA oxidation recorded near 0.3 V by DPV. If the coupled chemical reaction was not present,
the later would be constant or would decrease slightly due to the dilution of the initial
solution. This was for instance the case when aliquots contained only buffered solution
without AA. The amplification of the current was not due to the polymer since similar results
were observed when the experiments were realized on a non-modified gold microelectrode:
using the same protocol, the increase of the anodic current recorded at 0.8 V was each time
about three fold the increase that was expected by considering only the additional current due
to the introduction of AA in solution. In consequence, in contrast with several previous

published papers indicating that AA induced no interference in the assay of UA (sometimes in
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contradiction with the experimental results presented, see for example ref [26, 28, 33]), an
obvious change was observed in our case in the UA oxidation current depending on whether
AA was present in the sample or not. Consequently two different protocols have to be
practically adopted depending on the composition of the samples: in the case where all
samples contain AA (particularly if in large excess), the assay of UA would induce no bias
provided that the calibration curve is performed in the presence of AA. In the case where AA
is not present or is in concentration similar to that of UA, AA has to be assayed before UA,

the calibration curve of UA taking account of the presence or the absence of AA.

3.5. Interfering species

In order to be used further in real samples the voltammetric sensor has been tested in the
presence of the main common substances co-existing in the same concentration range and
which could interfere with the detection of AA and UA in biological fluids. In this respect the
effect of dopamine, xanthine, hypoxanthine, glutamic acid, NAC, cysteine, glucose and
albumin was examined. Fig. 7 shows the DPVs obtained with a solution containing all these
species. Compared to the curve obtained with only AA and UA (Fig. 2.C) no change was
observed in the oxidation peak potentials of both antioxidant species. Furthermore, their
amperometric responses were not affected except in the presence of xanthine. In this later case
the peak current density corresponding to UA oxidation increased during the second potential
sweep only when the potential reached 0.64 V in the first scan, thus allowing the
electrochemical oxidation of xanthine into uric acid [61]. In consequence, the potential range
of the HAu-PEDOT voltammetric sensor has to be reduced from -0.3 V to 0.5 V in order to
obtain selective and reliable results for the assay or AA and UA in complex media. In this

potential range, glutamic acid was not detected and glucose presented no electrochemical
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activity. Finally the presence of aloumin induced a slight positive shift of about 30 mV in the

oxidation peak potentials of all the electrochemically detected species.

3.6. Blood serum analyses

The application of the pAu-PEDOT modified electrode to the detection of AA and UA in
human blood serum was evaluated. Figure 8 shows preliminary results obtained by DPV in
250 pL undiluted sample (curve a). The voltammogram showed two well defined and separate
peaks recorded at -0.03 V and 0.20 V. It was verified that these anodic signals corresponded
to the oxidation of AA and UA respectively by successively adding both acids in the sample
(curves b and c). This confirms that the voltammetric PEDOT modified microsensor is
suitable to detect simultaneously submicromolar AA and UA concentrations in real samples.
Nevertheless the peak potentials were not exactly the same as those recorded in standard
aqueous solutions (Figure 6.C). This was certainly due to the matrix effect in blood serum.
Works are now in progress to quantitatively assay both antioxidant species taking into account

the EC” mechanism of UA regeneration.

4. Conclusion

Modification of gold microelectrode surface by means of PEDOT electropolymerization has
proved to be efficient to elaborate a voltammetric sensor for the assay of AA and UA.
Optimization of the major electropolymerization parameters (monomer concentration,
potential range, potential scan rate, polymer film thickness) induced analytical performances
(in terms of sensitivity, concentration range and detection limit) in agreement with the
concentration of both species in biological fluids. As reported in literature studies, these
parameters determine to a large extent the structure and the electrocatalytic properties of the

polymer. The optimized selectivity and sensitivity of the sensor have been reached with
16



parameters inducing ordered and porous matrix with high electrical conductivity. The pAu-
PEDOT electrode thus exhibits a potential and persistent electrocatalytic behavior which
makes possible to consider it as a convenient probe for the assay of many compounds of
biological importance. Works are in progress in our laboratory to evaluate the performances

of such sensor in real physiological fluids.
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Fig.1. Successive CVs obtained with a 50 um diameter Au microelectrode in a deaerated 0.1

mol Lt TBAPC-acetonitrile containing EDOT 10 mmol L. Potential scan rate: 100 mV s,

Fig.2. (A) and (B): CVs obtained with (A) a 50 um Au microelectrode and (B) a pAu-PEDOT
modified electrode in PBS pH 7.0 (dotted line) and in an equimolar solution of AA and UA 1
mmol L pH 7.0 (solid line). (C) DPVs recorded with a 50 um Au microelectrode (dotted
line) and a HAU-PEDOT (solid line) in the equimolar AA/UA solution. Electrochemical

parameters for CVs and DPVs are indicated in section 2.4.

Fig.3. Effect of the polymerization charge density on (A) the peak potential and on (B) the
peak current density recorded for the oxidation of AA 1 mmol L pH 7.0 on a pAu-PEDOT
modified electrode by DPV. The polymerization was performed by cyclic voltammetry
between -0.88 and 1.5 V vs SCE at 100 mV s* in 0.1 TBAPC-acetonitrile containing EDOT

10 mmol L1,

Fig.4. DPVs recorded with a 50 um Au microelectrode (dotted line) and with a pAu-PEDOT
(solid lines) in an equimolar AA/UA solution 1 mmol L pH 7.0 solution. Influence of the
upper potential used for the electropolymerization in 0.1 mol L' TBAPC-acetonitrile

containing EDOT 2.5 mmol L (a) 1.2 V; (b) 1.3 V; (c) 1.4 V; (d) 1.5 V; (e) 1.6 V vs SCE.

Fig.5. DPVs recorded with a pAu-PEDOT in an equimolar AA/UA 1 mmol L pH 7.0.
Influence of the potential scan rate used during the electropolymerization between -0.88 V
and 1.5 V vs SCE in 0.1 mol L TBAPC-acetonitrile containing EDOT 2.5 mmol L. (a) 50;

(b) 100; (c) 150; (d) 200; (e) 250; (f) 400 mV s.

Fig.6. (A) and (B): DPVs recorded with a pAu-PEDOT in (A) different AA solutions and in
(B) different UA solutions pH 7.0. Inset: calibration curves. (C): DPV recorded with the
modified electrode in mixture solutions containing AA and UA respectively at: (1): 5 and 6
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umol L%; (2): 17 and 12; (3): 38 and 30; (4): 54 and 50; (5): 69 and 89; (6): 84 and 135; (7):
103 and 181; (8): 122 and 210; (9): 148 and 279; (10): 181 and 396 and (11): 220 and 499
umol L. PEDOT film was electropolymerized between -0.88 V and 1.5 V vs SCE at 250 mV

s1in 0.1 mol L TBAPC-acetonitrile containing EDOT 2.5 mmol L.

Fig.7. DPV recorded with a pAu-PEDOT in PBS 0.1 mol L pH 7.0 containing ascorbic acid
200 pmol L%, dopamine 50 pmol L, uric acid 150 pumol L, xanthine 100 pmol L%,
hypoxanthine 100 pmol L%, cysteine 200 pumol L, NAC 100 pumol L, glutamic acid 500
umol L2, glucose 5.5 mmol L and albumin 2 g LY. PEDOT film was electropolymerized
between -0.88 V and 1.5 V vs SCE at 250 mV s? in 0.1 mol L TBAPC-acetonitrile

containing EDOT 2.5 mmol L.

Fig.8 DPV recorded with a pJAu-PEDOT in (a) 250 pL undiluted blood serum; (b) addition of
AA 19 umol L% (c) addition of UA 35 umol L. PEDOT film was electropolymerized
between -0.88 V and 1.5 V vs SCE at 250 mV s in 0.1 mol L' TBAPC-acetonitrile

containing EDOT 2.5 mmol L.
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Table 1. Comparison of the analytical performances of different electrochemical microsensors

for the determination of ascorbic (AA) and uric (UA) acids.

Ref Ep/ mV vs SCE AEp/mV Sen5|t|_v|ty/_ L|r_n|t of Linear range / uM
UA UMt cm2 detection / uM
AA UA AA UA AA UA AA UA
16 200 599 399 - - 100 0.2 100-7000 0.2-60
17 -100 300 400 - - - 0.01 1-40 20-50
18 5 320 270 0.645 3.97 5 0.5 9-2000 2-400
19" 314 400 104 0.116 0.156 0.1 0.06 0.5-100 0.1-100
20 263 600 337 0.167 89.32 0.3 14 2-20 150-600
21 0 250 250 - - 10 0.24 40-4000 0.5-75
22 13 376 363 0.283 84.35 5 0.2 30-400 0.06-10
23" - 252 - - 0.078 - 0.17 - 3.3-96.3
24 120 380 260 0.382 0.741 - 1 - 1-300
26 6 330 324 7.12 24.88 7.6 0.6 10-250 2-50
28" 29 295 266 excess 0.06 - 2 - 30-1000
29" 50 - - 0.0048 - 40 - 100-1000 -
30 270 460 190 - - 0.5 0.08 1-80 0.4-100
31 280 610 330 3.50 11.46 1.43 0.016 5-240 0.1-18
32 210 480 270 141 191 - - - -
33 104 327 223 6.98 7.26 2 2 5-160 5-300
34 6 410 404 1.40 2.39 0.92 0.57 30-240 10-80
35 3 300 297 0.044 0.815 15 0.18 75-3000 0.74-230
36 5 300 295 excess 2.80 - 1 - 1-50
41 -35 335 370 excess 6.76 - 1 - 1-20
42 100 420 320 - - - - - -
43 8 - - 0.169 - - 6 300-1500 -
44 100 350 250 - - - - - -
This -94 308 403 0.875 4.05 2.5 15 5-300 2-600
work

*In these references sensitivities are expressed in HA pM because the surface area of the electrode is not
mentioned.
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Table 2. Influence of the PEDOT polymerization charge density on the peak potential for the
oxidation of AA and UA 1 mmol L* pH 7.0 by DPV. PEDOT films were synthesized by
cyclic voltammetry between -0.88V and 1.5V vs SCE at 100 mV s* in 0.1 mol L* TBAPC-

acetonitrile containing EDOT 10 mmol L.

Q/mCcm? Er AA/mV vs SCE Er UA/mV vs SCE AEp/ mV

0 263 475 212
0.2 20 357 337
0.6 0 347 347
1.2 -16 349 365
2.5 -26 352 378
6.7 -42 338 380
10 -48 322 370
12 -72 308 380
20 -80 308 388
23 -93 308 401
34 -95 308 403
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Table 3. Variation of the peak potential and of the peak current density for the oxidation of
AA and UA 1 mmol L pH 7.0 by DPV as a function of the concentration of EDOT monomer
in the polymerization solution. PEDOT films were synthesized by cyclic voltammetry

between -0.88V and 1.5V vs SCE at 250 mV s with a total charge of 12 mC cm.

monomer Ep/ mV vs SCE jo/ AM1cm
concentration / mM AA UA AA UA
2.5 -92 246 0.275 1.43
5 -91 234 0.236 1.22
10 -85 230 0.187 0.951
20 -92 252 0.110 0.289
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