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Simultaneous Assay of Ascorbate and Urate Antioxidants in Human Blood
Serum Using PEDOT- Based Electrochemical Microsensor

Fadhila Sekli-Belaidi!,

. N N *
Anne Galinier® and Pierre Grog !

! Université de Toulouse, Laboratoive de Génie Chimique UMR CNRS/JINP/UPS 5503, Université Paul Sabatier, 31062

Toulouse Cedex, France

Laboratoire de biochimie, CHU Rangueil, 31059 Toulouse cedex 9, France

Abstract: An electrochemical micrasensor has been developed for the simultancous assay of ascorbate (AA) and urate
{UA} antjoxidants in human blood serum, The electrode surface was modified by means of electropolymerized conductive
poly(3,4-cthylenedioxythiophene) PEDOT organic films. Highly selective responses (detection potential difference more
than 25Q 1V} were obtained for both biomarkers by optimizing the PEDOT thickness. Contrary to most previous studies
the analytical performances were recorded by testing the microsensor dn-ectly in blood setum without any pretreatment of
the samples, Usmg differential pulse voltnmmctry (DFV) the sensxtw:ty and detection limit were 0.48] pA uM cm? and

42 pmo! L for AA and 1.815 pA pM’!

em™ and 2.0 pmol L™ for UA. The calibration curves were linear in the

concentration range 5-200 pmol L7 for AA and 3-700 umol L for UA. The accuracy of the sensor was satisfactorily
compared with the reference analytical methods provided that the synergic effect between both antioxidants was
considered. The sensor response was unmodified in the presence of the major biochemical interfering species.

Keywords: Antioxidants, ascorbic and uric acids, blood serum analysis, EC" mechamsm electrochemical ‘microsensor,

interfering species, PEDOT film,

1.INTRODUCTION

Oxidative stress has been one of the most widely studied
biochemical processes for several years. It is the
consequence of an excessive production of highly reactive
oxygen (ROS) and nitrogen (RNS) species like superoxide
anion Q2" hydrogen peroxide H;0,, hydroxy! radical OH®,
nitric oxide NO, or peroxynitrite ONOQ" [1] and leads to the
oxidation of lipids, proteins and nucleic acids, which
contributes to cellular dysfunction and death [2]. Oxidative
stress is known to be involved in aging processes and has
been proposed as one of the potential causes for cataract,
cancers, cardiovascular and degenerative
(Parkinson, Alzheimer} and even infertility in men [3-5].
One of the main antioxidant defence systems involves low
molecular weight antioxidants, i.e. ascorbic acid (AA), uric
acid (UA), ghutathione, B-carotene, a-tocopherol, coenzyme
Qip.. which reduce ROS and RNS by oxide-reduction
reactions [6]. Among them, AA and UA . are present in
highest concentrations in most biological fluids (plasma,
serum, uring, tears, cerebrospinal fluids...) and may thus be
considered as biochemical markers in a lot of pathologies
(preeclampsia desease, neonatal hypoxia, coronary heart
diseases..) where oxidative stress is involved [7-9].
Particularly AA is a powerful water soluble antioxidant at
physiological levels. In synergic action with other circulating
antioxidants, vitamin C plays a key role in protecting living
cells against oxidative injury and prevents lipid peroxidation
{10]. It is cwrently used clinically for the treatment and

diseases
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prevention of scurvy, common celd, mental illness, cancer,
AIDS or coronary artery desease [11]. AA deficit (less than
11 umol L™ in blood serum) is the principal cause of scurvy
whose incidences increase because of the societal and
economic cwrrent living conditions, For instance the
prevalence of serum hypovitaminosis C was found to be only
0.95% among French healthy volunteers [12] but arise to 16
and 25% in UK low income/materially female and male
respectively [13]. It also concerned 47.3% of hospitalized
adult patients [14] and 70% of children with cancer upon
diagnosis [15], Consequently a biological assay is of great
interest to quickly determine the diagnosis and thus avoid
additional expensive examinations. In contrast,- the role of
UA in conditions associated with oxidative stress is not
entirely clear. While commmonly regarded as an indicator of
gout, epidemiological studies suggest that high UA levels in
serum represent also a risk factor for cardiovascular diseases
[8] or Lesch-Nyhan syndrome [16]. Thus the selective and
convenient detection of AA and UA is very important for
biological researches as well as for routine analysis.

Numerous analytical methods have been developed for
the quantitative determination of AA and UA in biological
samples. They are generally based on enzymatic methods
[17], spectrofluorometry [18]), HPLC analysis [19] or
electrophoretic microship [20]. However these methods
suffer from costly materials and complex experimental
protocols, require sample prefreatment and are generally
time consuming., For instance the reference method for
biological assay of AA involved HPLC coupled with a

- fluorometric detection and requires the serum to be

previously  deproteinized (see section 2.5  below).
Comparatively electrochemical techniques present several
advantages such as simplicity, low cost, fast analysis and



good selectivity [21]. Moreover, analysis can be realized in
short time scales and in relative complex and resistive media
by using microelectrodes, However, a major problern is that
AA and UA require generally high overpotentials on usual
non-modified bare electrodes. Furthermore both antioxidants
are in these conditions oxidized at very close potentials
which make their simultaneous detection and quantitative
determination diffienlt [22],

Chemically modified electrodes have been largely
developed to solve these problems and to discriminate
between the electrochemical responses of AA and UA
oxidation. Several electrode modification processes have
been proposed, using highly oxidized metal electrodes [23],
metallic  films [24] and nanoparticles [25, 26]
electrodeposition, metal complexes [27], electrochemically
reduced diazonium salts [28], single [29] or multiwalled
carbon nanotubes [30-33]}, carbon-surface [34-37] and
carbon-paste [38] electrodes, self-assembled thiol monolayer
[39] or conducting polymers [40-43]. In this latter case,
attention has been devoted since the mid-1990s to poly(3,4-
ethylenedioxythiophene) (PEDOT) [44] which induces
uniform and adherent polymer film on most electrode
materials, shows quite high conductivity in its oxidized state,
presents good stability in aqueous electrolyte and above all
biccompatibility with biological media {45]). Moreover
PEDOT was found to be resistant to fouling by the AA
oxidation products [46], thus indicating PEDOT to be very
promising in the design of amperometric sensors [47-49].
Nevertheless the analytical performances of all these sensors
were systematically determined in model solutions whatever
the modification procedure chosen. Moreover the analysis of
real biological samples like human urine and blood serum,
when considered, was mostly presented as a feasibility study
realized in particular experimental conditions, ..
considering AA and UA as interfering species for the assay
of neurotransmitters like dopamine, or in presence of AA in
large excess which does not reflect the healthy human
sitwation (the concentration of AA in blood serum being ons
order of magnitude lower than that of UA in physiological
conditions [50]). Consequently AA was either assayed
separately to UA, or just detected and not assayed while its
quantification represents a task of interest as well important
as UA in clinical analysis. Finally AA was in other papers
not detected in the original sample but added amounts were
assayed by means of standard adding method.

In our previous studied [51] we evaluated PEDOT-
modified electrodes to selectively detect and simultaneously
assay ascorbic and uric acids under similar concentrations in
aqueous solution, Particularly we reported the influence of
PEDOT  electropolymerization  parameters on  the
amperometric response of the resulting microsensor.
However most results were obtained in synthetic aqueous
solutions and only one test was realized in blood serum, It is
now essential to evaluate such modified eclectrode in
biclogical medium in order to wvalidate its analytical
performances in real conditions and to apply the resulting
sensor in the field of clinical biology analysis, The present
paper experiences the voltammetric sensor in blood serum
analysis. The analytical performances have been determined
and discussed by considering the matrix effects of such
complex medium. The accuracy of the sensor was evaluated
by comparison with the reference analytical methods (HPLC

for AA and enzymatic assay for UA). The influence of the
major interfering species present in blood was also studied.
Finally the efficiency of the microsensor was proved by
analyzing 14 human blood serum samples.

2. MATERIALS AND METHODS
2.1, Chemicals

3,4-ethylenedioxythiophene (EDOT), potassium ferricia-
nide K;Fe(CN); and metaphosphoric acid HPO; were
purchased from Aldrich. Ascorbic acid, uric acid, dopamine,
xanthine, hypoxanthine, glutamic acid, cysteine, N-Acetyl-
L-cysteine (NAC), B-D glucose, albumin, uricase (E.C.
1.7.3.3) from Bacillus fustidiosus and peroxidase (E.C.
1.11.L.7) from horseradish were purchased from Sigma,
Tetrabutylammonium perchlorate (TBAPC), potassium
dihydrogenophosphate KH,PO,, di-potassium hydrogeno-
phosphate K;HPO,, acetenitrile and N,N-bis(4-sulfobutyl)
3,5-dimethylaniline (MADB) were purchased from Acros.
All reapents were of analytical grade and used as received,
The aqueous solutions were prepared with doubled distilled
water. High pure nitrogen was used for deaeration. Human
blood serum samples were kindly given by the Laboratoire
de Biochimie from Hépital Rangueil — Toulouse and stored
at -20°C before being used.

2.2. Materials

All electrochemical experiments were performed with an
Autolab 11 Metrohm potentiostat (Eco-Chimie) interfaced to
a microcomputer and using the GPES 4.9 software. A three-
electrode system was used, A 50 pm diameter gold wire
purchased from Goodfellow (Lille, France) was chosen as
working microelectrode. The fabrication process invelved
glass capillaries from Clark Electromedical Instruments
{Phymep, Paris, France), & microelectrode puller (Model PC
10) and a microgrinder (Model EG44) purchased from
Narishige (London, UK). A 1 mm diameter platimum 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/HgyCl/KCly) connected to
the cell by a Luggin capillary. AA analysis was performed
with a Dionex liquid chromatograph coupled to a
fluorimetric detector. An isocratic pump and an autosampler
were also used. Enzymatic assay of UA used an automate
Olympus AU 2700 spectrophotometer.

2.3, Fabrication and Preparation of PEDOT-Medified
Gold Microelectrodes - .

Microelectrodes were fabricated and characterized
according to the procedure described by Ruffien-Ciszak er
al. [52]. Briefly, the pold wire was inserted in the glass
capillary, The capillary was pulled in two microelectrodes
with the microelectrode puller. A tapered end was produced
and warmed up again in order to consolidate the cchesion
between glass and gold. Then this tip was polished on the
diamond particle whetstone microgrinder at an angle of 90°
for several minutes, The resulting microelectrodes presented
disk geometry with total radius less than 120 pm,

The PEDOT electrodeposition process was similar to that
previously reported [S1]. A gold disk microelectrode was



polished with alumina slurry and rinsed with disti!lec! water,
The polished surface was then pretreated by cyclmg. the
electrode potential between -0.88 V and 1.5 V for 10 min at
10 mV s in 20 mL deaerated acetonitrile containing 0.1 mol
L' TBAPC as supporting electrolyte, Deaeration was
obtained by purging the solution with nitrogen during 10
min; moreover a nifrogen atmosphere was maintained over
the solution during the experiments. The electropolymeri-
zation was performed by cycling the electrode potential
between -0.88 V and 1.5 V at 250 mV s in the previous
electrolytic solution alse containing 2.5 mmal L EDOT
monomer. The amount of polymer synthetized corresponded
to an anodic charge of 12 mC cm (about 6.10® mol em™)
and was previously optimized for the simultaneous detection
of AA and UA in synthetic aqueous solution [51]. The
modified electrode was then rinsed with acetonitrile and
distilled water successively to remove any physicaily
adsorbed monomer. This modified electrode is hereafter
referred to as pAu-PEDQT.

2.4. Electrochemical Detection of AA and UA

The pAu-PEDOT was immetsed it a three-electrode cell
where a nitrogen flux was constantly maintained.
Experiments were performed in 250 uL unstirred and
undiluted blood serum without adding any supplementary
electrolyte. The sample was left to come at room temperature
before analysis. Electrochemical measurements were
performed by differential pulse voltammetry (DPV) since
this electrochemical method induced higher currents than
those recorded by cyclic voltammetry [46], The experimental
conditions were optimized with respect to the determination
of AA [53]: pulse amplitude 50 mV, step potential 6 mV,
pulse time 119 ms, interval time 1s, potential scan rate 6 mV
s, AA and UA assays were performed by standard addition
method.

2.5. AA and UA Assay Using Reference Analytical
Methods '

AA concentration was determined indirectly from the
assay of its oxidized form dehydroascorbic acid (DHA)
obtained after addition of K3Fe(CN)s 0.3 mmol L, Serum
samples were previously deproteinized with 0.5 mo! L
metaphosphoric acid/methanol (75/25 v/v) and cenirifugated
at 3500 rpm at 4°C during 10 min. DHA analysis was
ac?omplished in the supematant by chromatography [54]
usitg an isocratic elution on a Phenomenex Onyx
C18100*4.6 mm column thermoregulated at 25°C, The
mabile phase consisted of 0.05 mol L phosphate buffer
solution (PBS)/methanol (90/10 viv) pH 7.8 whose flow rate
was kept constant at 1.6 mL min™!, The fluorimetric detection
was  performed after additon of 4 mmol L
orthophenylenediamine in the sample with an exciting and
emission wavelength set at 350 nm and 420 nm,
respectively, Each assay involved two chromatographic runs,
the first one to determine the initial concentration of DHA in
blood serum and the second one after oxidative treatment of
the sample. The concentration of ascorbate in serum was
calculated by subtraction of DHA to the total vitamin C. The
ca!ibration and intralaboratory assays were estimated by
using calibrator and internal standards delivered by
CromS8ystem Instruments. The limit of quantification was 5

umol L™, The repetability and reproductibilit_‘.{ for two level:
of total vitamin C (36.9 and 119.23 pmol L) were 2.5 an¢
9%, and 3.6 and 8%, respectively.

UA assay was performed as previously described [55],
Briefly UA was oxidized into allantoin in a first reaction

catalyzed by uricase:
UA + 0z + 2H,0 Alloxan + CO, + H;O, )]

Hydrogen peroxide was then reduced by MADB in a
second reaction catalyzed by peroxidase to give the blue
color quinoueimine:

2H;05 + MADB + 4-aminophenazone — quinoneimine +
OH" + 3H;0 , £2)

All reactions were realized at 37°C. 25 pl of serum
sample was added to 1 ml of phosphate buffer solution
(PBS) 0.042 mol L' pH 7.5 containing 0.15 mmol L7
MADB, 0.3 mmol L~ 4- aminophenazone, 3.9 kU Lt
peroxidase and 0.25 kU L' uricase. Detection of the
quinoneimine chromophor was performed spectrophoto-
mefrically at 660 um. Calibration was obtained by the
external standard method, The limit of quantification was 2
umol L™, The repetability and reproductibility were 1,11 and
1.71% for a concentration of UA equal to [71 pmol I
and 2,44% for 388 pmol L™ and 0.73 and 2.12% 5
umel L™,

3. RESULTS AND DISCUSSION
3.1. DPV in Blood Serum

Fig. (1) shows differential pulse voltammograms (DPVs)
recorded with a bare-gold microelectrode (dashed line) and
the pAu-PEDOT maodified electrode (solid line) immersed in
250 uL undiluted blood serum sample,

35 1 VA
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Fig. (1). DPVs recorded with a 50 um Au microelectrode (de
line) and a pAu-PEDOT (solid line) in blood serum s
containing 13.8 pmol L' AA and 225 pmol L UA. PEDO
was electropolymerized between -0,88 V and 1.5 V vs SCE
mV s? in 0.1 mol L TBAPC-acetonitrile containing EDO
mmol L, Electrochemical parameters are indicated in section

Whatever the clectrode, it has been previously v Ted
that no significant signal was observed in PBS pH 7.0 exien)
for the electro-oxidation of gold starting at about |
(tesult not shown). The oxidation of AA and UA o
unmodified electrode resulted in a broad and non explo;
wave starting at about 0.2 V, This result is in agreemen




previous works making evidence that both antioxidant
species cannot be detected selectively on non-modified
electrodes [22]. In contrast, two well-defined and distinct
anodic peaks were recorded with the pAu-PEDOT electrode.
By adopting the experimental conditions previously
described for PEDOT electrodeposition (section 2.3) and for
DPV parameters (section 2.4), it was possible to shift the
peak potentials to lower values, i.e. -0.03 V and 0.23 V for
AA and UA oxidation, respectively. This potential shift thus
makes the sensor less sensitive to possible interfering species
present in blood sample (see below). The potential difference
was more than 250 mV, thus allowing the simultaneous
detection of both species with the same modified electrode,
The peak separation was attributed to different surface
accumulations of each antioxidant on the polymer surface, It
is known that the interactions between PEDOT and AA are
essentially of electrostatic type (AA being anionic and the
polymer backbone being positively charged at the pH used)
[56] whereas UA is concentrated at the polymer mainly by
means of hydrophobic interaction {57]. These interactions
certainly explain also why the cwrents recorded at pAu-
PEDOQT were strongly higher compared to those obtained on
the unmodified electrode, thus improving the sensitivity of
the sensor. On the other hand both potential difference and
amperometric responses were lower than those obtained
previously in synthetic model solutions [51]. In the present
case the voltammogram was plotted in blood serum without
any dilution or pretreatment of the sample. The matrix effect
certainly explains these results. It is noteworthy that the
current depletion is more important for UA than for AA. In
the aqueous solution UA was the most hydrophobic species
whereas several other hydrophobic compounds (like lipids)
are present in blood. These latter could adsorb on the
polymer surface and thus prevent UA from being efficiently
oxidized at the modified electrode. Anyway the PEDOT
modified electrode clearly demonstrates a catalytic activity
for the oxidation of both antioxidant species,

3.2. Analytical Performances

Fig. (ZA, B) exhibit the DPVs recorded with the pAu-
PEDOT electrode in blood serum under increasing
concentrations of AA and UA, respectively, Although using
high concentrated AA (resp. UA) stock solutions, the
successive additions in such a low (250 pL) sample volume
induced not only an increase in the corresponding peak
current but also a decrease in the UA (resp. AA) oxidation
signal. The resulting calibration curves are also shown
(inset). Both exhibited a linear variation of the peak current
as a function of the concentration of the corresponding
antioxidant species. Complementary experiments showed
that the linearity for AA was observed in the concentration
range 5-200 umol L', The detection limit was 4.2 pmol L
(S/N=3). Similarly the UA oxidation current density varied
linearly with the concentration in the range 3-700 pmol L’
and a detection limit of 2.0 pmol L™ (S/N=3) was reached. It
is interesting to notice that both Iimits of quantification are

very close to those of the reference methods (see section.

2.5). The sensor sengitivities were 0.431 pA pM" em? and
1.815 pA uM! om? for AA and UA, respectively. It is
noteworthy that the sensitivity was sensibly higher for UA
than for AA. This difference resulted not only from the

specific interactions of each antioxidant with the polymer as
previously discussed; it was also the consequence of an EC’
mechanism resulting from a chemical reaction in solution
coupled to the electrochemical step [58] as demonstrated
previously in our laboratory with synthetic aqueous solutions
comtaining a mixture of AA and UA [59]. 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 at pH 7.0, respectively [60, 61]), a
spontaneous oxidoreduction reaction between AA and the
UA oxidation product takes place, thus regencrating the
reduced form of UA at the vicinity of the modified electrode
surface. Consequently an obvious change was observed in
the sensitivity of the microsensor for UA oxidation current
depending on whether AA was present in the sample or not
[59]. This phenomenon was never considered before
certainly becausz AA was in most studies in excess
compared to UA. Consequently the regeneration process was
constant and the calibration curve correspending to UA
assay was the same whatever the AA concentration. In
confrast it is of particularly importance when AA and UA
concentrations are in the same order of magnitude since even
a liftle variation of AA concentration would modify sensibly
the UA anodic current. For all real samples AA has thus to
be agsayed before UA, the calibration curve of UA taking
account of the presence of AA and the consecutive synergic
effect between both antioxidants. The relative standard
deviations (R.5.D.) were 5.2 % and 4.8 % (n = 3 successive
measurements) for AA and UA, respectively, The
reproducibility was estimated at 7.4% for AA and 5.4% for
UA on the basis of 4 independent measurements. It is
noteworthy that these analytical performances are worse than
those recorded in aqueous synthetic solutions, This is
particularly true for the sensitivity which was found to be
equal to 0.87 pA uM™" em? for AA and 4.05 pA pM” cm™
for UA in the latter case [51]. This significant decrease in the
sensor sensitivity is no doubt the consequence of the
modifications of the electrode surface state during
measurements which are induced by matrix effects almost
gystematically present with real complex samples. However
all these performances are well suited to the assay of both
antioxidants in biologic fluids like blood serum, as well as
under  physiological conditions (the physiclogical
concentrations in blood serum are between 11 and 79 pmol
L for AA and between 180 and 420 pmol L for UA [507])
as in the presence of one of the two acids at high
concentrations. Table 1 indicates the analytical performances
of recently reported electrochemical microsensors based on
modified electrodes which were applied to the assay or
detection of AA and UA in biological fluids, From these data
one could rapidly conclude that the microsensor developed
in this work presents the worse analytical performances.
Comparison is not so easy since we have previously shown
that PEDOT-modified electrode provided amongst the best
results when used in model aqueous solution [51].

Actually maost results reported in Table 1 were obtained
in synthetic buffered sclutions and the sensors were tested
once in urine or blood gerum. Furthermore works devoted to
the simultaneous assay of AA and UA are very scarce. In
these studies AA were very often considered as an
interfering species or introduced in large excess, this latter
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Fig. (2). DPVs recorded with the pAu-PEDOT in blood serum
sample initially containing 13.8 umol L AA and 225 pmol L UA
(solid line) and after successive additions of AA (Fig. 2A) or UA
(Fig. 2B). (A) addition of AA : 10 pmol L (dashed line); 20 pmol
L (dotted line); 36 umot 1" (dashed dotted line). (B) addition of
UA : 75 pmol L' (dashed line); 100 pmol L (doited line); 125
umol L™ (dashed dotted line). Inset: calibration curves.

case not reflecting the healthy human conditions.
Consequently AA was generally only detected but not
assayed. In our study the analytical performances of the
microsensor were exclusively evaluated in blood serum and
both  antioxidant concentrations were determined
simultaneously as it is currently the case in clinic biology
analysis with other costly techniques, To the best of our
knowledge it is the first time that such study was performed
exclusively in real biologic sample with PEDOT-maodified
electrode,

The sensor accuracy was evalunated by comparing the
results of the voltammetric sensor (taking account of the
calibration curves) with those obiained by using the
reference methods (see section 2.5 for experimental
protocols). Fig. (3) shows the results recorded with several
blood samples for AA (Fig. 3A) and UA (Fig. 3B) assay. In
both cases an excellent correlation was observed in the
physiological concentration range studied as both slopes
(0,951 and 0.993 for AA and UA, respectively) and
correlation coefficients (0.997 and 0.998) were close to 1.
The electrochemical microsensor thus provides analytical
results very similar to those of the reference methods while
implying relatively cheaper apparatus. Furthermore results
are obtained in quasi real time (DPVs are recorded in less
than 1 min}.

3.3. Interfering Species

The analytical performances of the voltammetric
microsensor have also been evaluated in the presence of the
main common co-existing substances which could interfere
with the detection of AA and UA in blood serum. In this
respect the effect of dopamine, xanthine, glutamic acid,
cysteine, glucose and albumin was examined. The
concentrations were chosen in order all the clectroactive
species to be clearly identified in the voltammogram.
Supplementary addition of interfering species was realized if
necessary. Fig. (4) shows the DPVs obtained with a blood
sample containing all these species. Compared to the curve
obtained with only AA and UA (Fig. 1, solid line) no
significant change was observed in the oxidation peak
potentials of both antioxidant species (-0.065 V instead of -
0.030 V for AA and 0.260 V instead of 0.230 V for UA). In
this potential range, glutamic acid was not detected and
glucose presented no electrochemical activity.

Table 2 reports AA and UA anodic currents recorded in
the absence and in the presence of the different compounds.
The values were not affected except in the presence of
xanthine. In this latter case the peak current density
corresponding to UA oxidation increased during the second
potential sweep when the potential reached 0,70 V in the
first scan, thus allowing the electrochemical oxidation of
xanthine into uric acid [S7], In consequence, the potential
range of the WAW-PEDOT voltammetric sensor was reduced
from -0.2 V t0 0.4 V in order to obtain selective and reliable
results. Finally the presence of albumin induced a slight
negative shift of about 30 mV in the oxidation peak
potentials of all the electrochemically detected species and a
decrease in both AA and UA anodic currents of about 10%.

3.4. Analysis of Blood Serum Samples

The voltammetric sensor has been tested with 14 blood
serum samples and the results compared with the reference
analytical methods. Data are reported in Table 3. In all cases
the electrochemical assays of AA and UA were confirmed by
referent procedures. It is noteworthy that the microsensor
allowed the detection of both antioxidants in a single
measurement without any prefreatment or dilution of the
sample. Furthermore, it was possible to proceed with the
calibration using the standard addition method and a single
calibration point per antioxidant species as the responses of
the sensor were linear in a large concentration range,

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
in human blood serum. The pAu-PEDOT elecirode exhibited
an efficient electrocatalytic behavior which makes possible
to detect both antioxidant species in human blood serum
without any pretreatment of the sample nor dilution or
addition of any electrolyte. Contrary to most previous studies
the analytical performances of the microsensor were adapted
to the simultaneous determination of both concentrations in
physiological conditions. Even if the sensitivity of the sensor
was significantly lower in blood serum than in aqueous



Tablel  Comparison of the Analytical Performances of Different Electrochemical Microsensors for the Determination of
Ascorbate (AA) and Urate (UA) Antioxidants in Physiological Samples
Motifieation Mathod | AE, mV Linear Range/pM | Detection Limit/pM | Sensitivity/pA pM™ em™ Sample Ref.
AA UA AA UA AA UA AA UA

PVA 130 10-250 2-50 1.6 0.6 0.89 3.1 NR urine [34]
PMPy/Pdane 440 50-1000 0.5-20 7 .027 0.006 0.28 NR urine f40]
ApHCFNPs 400 4-78 2-150 0.42 0.08 0,152 1.22 NR serum [25]
GNF/LC 320 3-2500 0.5-300 1 0.2 0.36 - - serum [26]
, PEDOT 372 500-3500 | 20-130 74 14 0.004 0.136 NR serum [41]
| PG-activated 375 25-500 2.5-30 13 14 0.012 1.52 NR serum [35]
| MWCNT 355 15800 0.55-90 77 042 0.041 0.34 AA tablets | serum [30}
‘ PMTIP Ao 520 10-160 NR 7 NR 0.013 NR serum NR [43]
ETPG 390 NR 0.05-10 NR 0.001 NR 32,75 NR serum [37]
TNCPE 240 [-100 0.4-100 05 0.08 NR NR AA tablets | serum [38]
CILE 295 50-7400 2-220 20 i NR NR NR urine {36]
Fe(lINP/MWCNT 460 14-2500 6-1300 3 0.3 0.081 0.059 ND serum f31]
PPD 343 2-2000 50-1600 0.4 25 0.007 0,005 ND senm f42]
Baglbp/Cu 223 5-160 5-300 2 2 0.49 0.51 serum serum [27]
FEDOT 403 5-300 2-600 2.5 1.5 0.875 4.05 synthetic solutions [51]

PEDOT 250 5-200 3700 4.2 2.0 0.481 1.815 serum serum | This work

Note. PYA: poly (vinyl alcohol); PYPMPy/Pduq.: pely (N-methyipyirole)/Pd-nanoclusters; AgHCFNPs! silver hexncyanoferrate nunoparticles; GNP/LC: gold nanaparticles self-

assembled; PEDOT: poly(3,-dethylenedioxythiophene); PG-aciivated: pyrolytic graphite aclivaied; MWCNT: multi walled carbon nsnotubes; PMT/PA,,. poly(3-
methylthiophene)/Pd nanoparticles; ETPG: electrochemicatly trcated peneil graphite; TNCPE: thionie-nafion carbon paste modified electrode; CILE: carbon jonic liquid electrode;
Fe(11))P/MWCNT: Non-covalent lran{ItT}-porphyrin functionnlized multi-walled carbon nanotubes; PPE: para-phenylenediamine; Baelbp/Cyu: 2-[bis(2-aminoethyl)aminolethancl,
4,40-bipyridine bridged dicopper{tl); ND: not determined; NR: not reported.
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Fig. (3). Comparison of the analytical resulis obtained with the
HAU-PEDOT microsensor with those recorded with the reference
methods for AA (Fig, 3A) and UA (Fig. 3B) assays (see section 2.5.
for experimental details), -
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Fig, (4). DPV recorded with the pAu-PEDOT in blood serum
sample containing ascorbic acid 10,7 pumol L™, dopamine 50 pmol
L7, uric acid 19.2 pmol L, eysteine 200 pmol L™, xanthine 100
pmol L™, glutamic acid 500 pmol L, glucose 5.5 mmol L and
albumin'2 g L,

solution due to matrix effects, the amperometric responses
were not modified by the presence of the major biochemical
interfering species. The sensor thus provided results in good
agreement with those obtained with reference methods with
an analytical procedure involving only one calibration point
per antioxidant. Disposable sensors being preferable in
clinical biology in order to avoid contamination between
samples, works are in progress in our laboratory to evaluate
the stability of the sensor under storage conditions.



Table 2, Effect of Interfering Species on AA and UA Anodic
Peak Currents Rccorded at -0.05 V and 0.23 V,
Respectively, Blood Serum Initially Containing 10.7
pmol L' AA and 19.2 pmol L7 UA

Peak Current (A em™)
Interfering Species Concentration
AA UA
Nao interfering - 10.4 20
Dopamine (M) 50 10.2 19.85
ﬂ Cysteine (M) 200 103 20.1
' N-acetyl-cysteine (M) 100 104 20.1
Glucose (mM) 55 10.5 19.97
Glutamic acid (pM) 500 10 20.2
20
Xanthine (uM) 100 104 -
22
Hypoxanthing (uM) 100 9.98 20.1
Albumin (g/L) 2 9.46 182

*UA oxidation current recorded during (he second DPVs.

Table3, Determination of AA and UA Concentration in
Blood Serumn Samples with the Voltammetric
Microsensor and the Reference Analytical Methods.
AA and UA were Detected on the pAu-PEDOT at -
0,05V and 0.23 V, Respectively

Sample AA/pmol L UA/umol L
pAu-PEDOT | Ref, Mcthod | pAu-PEDOT | Ref Method
| 425 439 431 429
2 18.7 192 205 208
3 220 258 192 193
4 138 123 248 251
5 423 442 369 579
6 74 73 355 335
7 262 248 336 304
8 42 56 304 301
9 83.7 848 442 413
10 184 163 769 769
1t 10.7 2.0 368 365
12 350 58.9 28 232
13 42 326 436 433
14 139 172 252 251
CONFLICT OF INTEREST

Authors declare that they have no conflict of interest by
any means with respect to the instant research manuseript.

ACKNOWLEDGEMENTS

The authors would like to thank Laure Latapie from the

Laboratoire de Génie Chimique and the Laboratoire de
Biochimic for technical support.

REFERENCES

(1
{2]

(3]
(4]
(51

(€]

7
[8]
19

[16]

(1]
(12]

[13]

(14

[15]

[16]
[17]

[18]

[19]

[20]

(21)

Lowenstein, C.J.; Snyder, S.H. Nitic oxide, a novel biologic
messenger. Ceff., 1992, 70, 705-707.

Ames, B.N,; Shigenaga, M.K.; Hagen, T.M. Oxidants, antioxidants
and the degencrative diseases of aging. Proe. Natl Acad. Sci.,
1993, 90,7915-7922,

Halliwell, B.; Gutteridge, 1. Free radicals in biclogy and medicine,
3rd ed.; Oxford University Press: New York, 1999,

Bast, A.. Haenen, GRMM,; Doelman, C.J.A, Oxidants and
antioxidants: state of the art, Am. J. Med., 1991, 9/,2-13.

Colagar, AH.; Marzony, E.T. Ascorbic acid in human seminal
plasma: determination nd its relationship to sperm quality, J. Clin,
Biachem, Nut-., 2009, 45, 144-149,

Favier, A. Le stress oxydent : intérés de sa mise en évidence en
biclogie médicale et problémes posés par le choix d’un marquenr.
Ann. Biol. Clin.; 1997, 55, 9-16.

Amigoni, O.; Tullio, M. Ascorbic acid: much more than just an
antioxidant, Biochin. Riophys. Acta, 2002, 1569, 1-9.

Alderman, M.H. Uric acid and cardiovascular risk. Curr. Opin,
FPharmacel., 2002, 2, 126-130.

Afzal-Ahmed, 1; Manm, G.E.; Shennan, A.H.; Poston, L.; Naftalin,
R.J. Preeclampsia inactivates glucose-§-phosphate dehydrogenase
and impairs the redox ststus of erythrocytes and fetal endothelial
cells. Free Radic. Biol, Med., 2007, 42,1781-1790.

Exner, M.; Hermann, M.; Hofbauer, R.; Hartmann, B.; Kapiotis, §.;
Gmeiner, B. Thiocyanate catalyzes myeloperoxidase-initiated lipid
oxidation in LDL. Free Radic Biel Med., 2004, 37, 146-1335,

Li, Y.; Schellhom, H.E. New developments and novels therapeutic
perspectives for vitemin C.J. Nuw., 2007, 10,2171-2184.

Faure, H.; Preziosi, P.; Roussel, A.M.; Bertrais, S.; Galan, P,;
Sercberg, S.; Favier, A, Factors influencing bleed concentration of
retinol, o-tocopherol, vitamin C, and [B-carotene in the French
participants of the SUVILMAX trial. Eur. S Clin, Nuir, 2006, 60,
706-717.

Mesdel, A,; Erens, B.; Brunner, E.J. Estimated prevalence and
predictors of vitamin C deficiency within UK’z low-income
popwlation, J. Pub, Health, 2008, 30, 456-460.

Fain, O.; Paries, J.; Jacquart, B,; Le Moél G.; Keitanch, A.;
Stimermann, J.; Heron, C.; Sitbon, M.; Taleb, C.; Letellier, E.;
Betari, B.; Gattegno, L., Thomas, M. Hypovitaminosis C in
hospitalized patients. Eur. J. Int, Med,, 2003, 14, 419-425.

Lima de Aradjo, L., Maciel Barbosa, J; Gomes Ribeiro, AP,
Oliveira Dos Santos, A.C.; Pedrosa, F. Nutritional status, dietary
intake and setum levels of vitamin C upon diagnosis of cancer in
children and adolescents, Nurr. Hosp,, 2012, 27, 456-503.

Jinnah, H.A, Lesch-Nyhan disease: from smechanism to model and
back again, Dis. Models. Mech.,2009, 2, 116-121.

Zhao, Y Yang, X.; Lu, W,; Liso, H; Liao, F. Uricase based
methods for determination of uric acid in serum, Microchim Acta,
2009, 164, 1-6.

Feng, S.L., Wang, J; Chen, XG.; Fan, J Kinetic
spectrofluorimetric determination of trace ascarbic acid based on
its inhibition on the oxidation of pyronine Y by nitrite,
Spectrochim. Acta. Part 4., 2008, 61, 841-844.

Kand'ar, R,; Drabkova, P.; Hampl, R.The determination of
ascorbic acid and uric acid in human seminal plasma using an
HPLC with UV detection. J. Chromaroge. B., 2011, 872, 2834-
2839, .

Liang, R.P; Gan, G.H,; Qiu, JD. Surfape maodification of
poly(dimethylsiloxane) microfluidic devices and its application in
simultaneous analysis of uric acid and ascorbic acid in human
urine. J. Sep, Sei,, 2008, 37, 2860-2867. .
Strochkova, EM.; Tur'yan, Y.I; Kuselman, I; Shenhar, A
Simultaneous voitammefric determination of uric and ascorbic
acids in urine. Tafanta, 1997, 44, 19231928,



[22]

[23]

[24]

(23]

(26]

27]

(28]

[29]

£

(31]

B2]

33]

[34]

(35]

(36]

[37]

f38]

39

(40]

Zheng, D.; Ye, 1; Zhow, L; Zhang, Y.. Yu, C. Simultancous
determination of dopamine, ascorbic acid and uric acid on ordered
mesoporous  carbon/Nafion composite filin, J. Electroanal, Chem.,
2009, 625, 82-87,

Premkumar, I.; Kheo, 8,B. Electrocatalytic oxidations of biological
molecules (ascorbic acid and wric acid) at highly oxidized electrodes. J,
Electroanal. Chem., 20058, 576, 105-112.

Matos, R.C.; Augelli, M.A.; Lago, C.L.; Angnes, L. Flow injection
analysis-amperomelric determination of ascorbic and uric acids in urine
using arrays of gold microelectrodes modified by electrodeposition of
palladium, Anal. Chin, Acta, 2000, 404, 151157,

Norcozifar, M.; Khorasani-Motlagh, M.; Taleri, A. Preparation of
silver hexacyanoferrate nanoparicles and its application for the
simultaneous determination of ascorbic acid, dopamine and uric acid.
Talanta, 2010, 80, 1657-1664,

Hu, G.; Guo, Y; Shao, S. Simultaneous determination of dopamine and
ascorbic acid using the nano-gold self-assembled glassy carbon
electrode, Electroanalysis, 2009, 21, 1200-1206.

Wang, M.Y., Xu, XY, Yang, F; Zhang, SY.; Yang, X.J.
Development of an  amperometric sensor for  simwlaneous
determination of uric acid and sscorbic acid using 2-[bis(2-
aminoethyljaminoJethanol,  4,40-bipyridine  bridged  dicopper(Il)
complex.J. Appl, Electrochem., 2008, 18, 1269-1247,

Nassef, HM.; Radi, AE.; O'Sullivan, C, Simultaneous detection of
ascorbate and uric acid using a selectively catniytic surface, Anal. Chim.
Acta, 2007, 583, 182-189,

Yue, Y.; Hu, G.; Zheng, M.; Guo, Y,; Cao, J.; Shao, 5. A mesoporous
carbon nanofiber-modified pyrolytic graphite electrode used for the
simultaneous determination of dopamine, uric acid and ascorbic acid.
Carbon, 2012, 50, 107-114,

Habibia, B.; Poumaghi-Azarb, M.H, Simultancous determination of
ascorbic acid, dopamine and urc acid by use of a MWCNT modified
carbon-ceramic  electrode and differential pulse  voltammetry.
Electrochim, Acta, 2010, 55, 5492-5498,

Wang, C.; Yuan, R; Chai, Y.; Chen, 8.; Zhang, Y.; Hu, F.; Zhang, M.
Non-cavalent iron{il)-poiphyrin functionalized multi-walled carbon
nanotubes for the simultaneous determination of ascorbic acid,
dopamine, uric acid and nitrite. Efecfrochim. Acta, 2012, 62, 109-115,
Zare, HLR.; Shishehbore, M.R.; Nematollahi, D. A highly sensitive and
selective sensor on the basis of  4-hydroxy-2-
(triphenylphosphonio)phenolate and multi-wall carbon nanotubes for
electrocatalytic determination of folic acid in presence of ascorbic and
uric acid. Electrochim. Acta, 2011, 58, 654-661.

Yang, §.; Li, G.; Yang R.; Xia, M.; Qu, L. Simultaneous voltammetric
detection of dopamine and uric acid in the presence of high
concentration of ascorbic acid using multi-walied carbon nanotubes
with methylene blue composite film-modified electrade. J. Solid State
Electrochem., 2011, 15, 1909-1918.

Li Y. Lin, X, Simultancous electroanalysis of dopamine, ascorbic acid
and uric acid by covalently modified glassy carbon electrode. Sers.
Actuators B., 2006, 115,134-139,

da Silva, RP; Lima, A'W.0. Serrano, S.HP. Simultaneous
voltammetric detection of ascorbic acid, dopemine and uric acid using a
pyrolytic geaphite electrode modified into dopamine solution. Aral.
Chim. Acta, 2008, 613, 89-98.

Safavi, A, Maleki, N.; Moradiow, O,; Tajabadi, F. Simultaneous
determination of dopamine, ascorbic acid and uric acid wsing carbon
ionic liquid electrode. Anal. Biochem., 2006, 359, 224-229,

{zcan, A Sshin, Y. Preparation of selective and sensitive
electrochemically treated pencil graphife electrodes for the
determination of wric acid in uring and blood serum. Riosens.
Bioelectron,, 2010, 25, 2497.2502.

Shahrokhian, $.; Ghalkhani, M. Simultaneons voltammetric detection
of ascorbic acid and wric acid at a carbon-paste modified electrode
incorporating fhionine-—nafion ion-pair as an elecron mediator,
Electrochim, Acta, 2006, 51, 2599-2606.

Dey, R.S.; Gupta, 8, Paira, R.; Chen, §.M.; Raj, C.R. Flow injection
amperometric sensing of uric acid and ascotbic acid vsing the self
assembly of heterocyclic thiol on Au electrode J. Solid State
Efectrochem., 2012, 16, 173-178.

Atta, N.F,; E[-Kady, MF,; Galal, A Snnulfaneous determination of
cutecholamines, uric acid and ascorbic acid at physiolegical levels using

41]
[42]
(43]
4]
[45]

[46]

[47]

[48]

{49

£50]
[51]

(52]

£33]

[54]

(s3]
[56]

[57)
(s8]

[59]

1607
[61]

poly(N-methy!pyrrale)/Pd nanoclusters sensors. Anal. Biochem., 2010,
400, 78-88.

Jeyalnkshmi, SR.; Kumar, $5,; Mathivarasu, J; Pham. K.L.N;
Yegnaraman, V. Simultaneous determination uf ascorbic acid,
doparnine and uric acid using PEDOT polymer modified electrodes.
Indian. J, Chem., Sect. A., 2007, 46, 957-561.

Mazloum-Ardakani, M.; Sheikh-Mohseni, M.A. Benvidi, A.
Electropolymerization of thin film conducting polymer and is
application for simultanecus determination of ascorbic acid, dopamine
and vric acid, Elechoanalpsis, 2011, 23, 2822.2831,

Atta, NF; El-Kady, M.F. Novel poly(3-methylthiophene)/Pd, Pt
nanoparticles sensor: synthesis, characterization and its application to
the simultaneous analysis of dopamine and ascorbic acid in biological
fluids. Sems. detuators B., 2010, [43,259-310.

Roncali, }. Conjugated poly(thiophenes): synthesis, functionalization
and applications. Chem. Rev., 1992, 92, 711-738.

Guimard, N.K.; Gomez, N.; Schmidt, C.E. Conducting polymers in
biomedical engineering. Prog. Polym. Sci, 2007, 32, 876-921,

Kumar, §.5.; Mathivarasy, J.; Fhani, K.L,; Jain, Y.K.; Yegnaraman, V.
Determination of uric acid in the presence of ascorbic acid using
poly(3,4-ethylenedioxythiophene)-modified electrode, Electroanalysis,
2005, 17, 2281-2286.

Balamurugan, A.; Chen, S.M. Poly(3 4-ethylenedioxythiophene-co-(5-
amino-2-naphthalenesulforic acid)) (PEDOT-PANS) film modified
glassy carbon elecirode for selective detection of dopamine in the
presence of ascorbic acid and uric acid, dwal. Chint. Acta, 2007, 5946,
02-98.

Vasantha, V.S.; Chen, S.M. Symergistic effect of a catechin-
inumobilized poly(3,4-sthylenedioxythiophene)-madified electrode on
glectrocatalysis of NADH in the presence of ascarbic acid and uric acid.
Electrochim. Acta, 2006, 52, 665-674,

Lupy, §,; Mucci, A} Pigani, L.; Seeber, R.; Zanardi, C, Polythiophene
derivative conducting polymer modified electrodes and microelectrodes
for determination of ascorbic acid. Effect of possible interferents.
Electroanalysis, 2002, 14, 519-525,

Polidori, M.C.; Stahl, W.; Eichler, O.; Niestroj, I.; Sies, H. Profiles of
antioxidents in human plasma. Free Rad. Biel Med, 2001, 30, 456-
462,

Sekli-Belaidi, F.; Temple-Boyer, P.; Gros P. Voltammetric microsensor
using PEDOT-modified gold electrode for the simultaneous assay of
ascorbic and uric acids. /. Efecfroanal, Chem,, 2010, 647, 159-168.
Ruffien-Ciszak, A.; Gros, P,; Comtat, M.; Schmitt, A.M.; Questel, E,;
Casas, C.; Redoules, ). Exploration of the glohal antioxidant capacity
of the stratum comeum by cyclic voltammetty. J Pharm. Biomed,
Anal., 2006, 40, 162-167.

Bello, A.; Gianmeto, M.; Mori, G.; Seeber, R.; Terzi, F.; Zanardi, C.
Optimization of the DPV potential waveform for defermination of
ascorbic acid on PEDOT-madified electrodes. Sens, Aetuators B., 2007,
121,430-435.

Speck, A-l.; Schrijver, J.; Scheur, W-H. Fluorimetric determination of
total viamin C in whole blood by high performance liquid
chromatography with pre-column derivatization. J Chromatogr., 1984,
305, 53-60,

Barham, D, Trinder, P.; An improved colour reagent for the
determination of blood glucose by the oxidase system. Analyst, 1972,
97,142-145,

Martin, C.R.;; Van Dyke, L.S. In: Mass and Charge Transport in
Elecironically Conducrive Polymers; R. W, Mumay, Ed.; Wiley: New
York, 1992, pp. 403424,

Schapf, G.; KéBmehl, G. Electrically Conductive Polpmers; Springer-
Verlag: Berlin, 1997, p. 80.

Bard, AJ.; Faulkner, LR. Elechrochimie:
applications; Masson : Paris, 1983, p. 486.
Sekli-Belaidi, P.; Evrard, E.; Gros P. Evidence of an EC' mechanism
occurring duting the simultanecus assay of ascorbic and uric acids on
poly(34-ethylenedioxythiophene)  modified gold  microsensor.
Electrochem, Commun,, 2011, 13,423-425,

Buetiner, G.R.; Jurkiewicz, B.A. In: Handbook af antioxidanis; .,
Cadenas, L. Packer, Ed.; M. Dekker: New-York, 1996, pp. 91-115.

Jacob, C.; Giles, G.L; Giles, N.M.; Sies, H. Sulfur and selenium: the
tole of oxidation state in protein ytracture and fanction, Angew, Chem. -
Int, Ed,, 2003, 42, 47424758,

principes, méthodes et



