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Abstract

Levodopa (l-dopa), the biological precursor of catecholamines, is the most widely prescribed drug in the treatment of Parkinson’s disease.
The present work presents a proposal for the application of a gold screen-printed electrode an electrochemical sensor for monitoringl-dopa
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n stationary solution and a flow system. Using the electrooxidation ofl-dopa at +0.63 V in acetate buffer pH 3.0 on a gold screen-pr
lectrode it is possible to obtain a linear calibration curve from 9.9× 10−5 to 1.2× 10−3 mol L−1 and a detection limit of 6.8× 10−5 mol L−1.
nder amperometric conditions (Eapp= 0.8 V; flow rate = 14.1 mL min−1; pH 3.0), an analytical calibration graph forl-dopa was obtained fro
.0× 10−6 mol L−1 6.6× 10−4 mol L−1 with a detection limit of 9.9× 10−7 mol L−1. The method was successfully applied to the determin
f l-dopa in commercial dosage forms without any pre-treatment.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The development of screen-printing techniques for the
abrication of versatile, inexpensive and disposable elec-
rodes has been a boon to electroanalytical chemistry for var-
ous applications[1–3]. Screen-printed electrodes are planar
evices, based on different layers of inks printed on a plas-

ic, glass or ceramic substrate. Many ink-type substrates have
een used for sensor construction, where the most successful
ave included carbon and the noble metals as Au, Pt, Ag,
tc. The main advantage of this kind of electrode system is
ssociated with their modest cost, potential portability, sim-
licity of operation, reliable, and the small instrumental ar-
angement containing the working electrode, auxiliary and
eference electrodes. In addition, its disposable characteris-
ics permit the avoid one of electrode poisoning from repeated
euse of the same electrode surface for successive analyses.

∗ Corresponding author. Fax: +55 16 222 7932.
E-mail address:boldrinv@iq.unesp.br (M.V.B. Zanoni).

Therefore, screen- printing electrodes can be manufac
in bulk at relatively low cost, and their effective performa
has gained consideration in environmental, biomedical
cupational hygiene monitoring and all the major fields
analytical chemistry[1–9].

Levodopa (l-dopa), 3 (3,4-dihydroxyphenyl)-l-alanine
the medication of choice for the treatment of Parkins
disease, is principally metabolized by an enzymatic r
tion (dopa-descarboxilase) to dopamine compensating f
the deficiency of dopamine in the brain[10]. Parkinson’s
disease is a progressive neurological disorder that o
when the brain fails to produce enough dopamine. This
dition causes tremor, muscle stiffness or rigidity, slowne
movement (bradykinesia) and loss of balance. Dopamine
not be administered directly because it cannot penetra
blood–brain barrier. Therefore,l-dopa, which can be oral
administered, is used to provide a source of dopamine
is used in the treatment of Parkinson’s disease to pro
symptomatic relief to most patients at the initial stages o
disease.

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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In order to support the evaluation ofl-dopa in pharmaceu-
tical formulations and biological fluids many methods have
been developed for its determination. The literature has re-
ported several techniques for their analysis in pharmaceuti-
cal formulations and biological fluids, especially spectropho-
tometry[11–13]and high-performance liquid chromatogra-
phy [14–18].

Electrochemical methods are powerful techniques to fol-
low the oxidation of catecholamines[19]. The two hydroxyl
groups present inl-dopa can be electrochemically oxidized
at a glassy carbon electrode and this is the basis for its de-
termination. In agreement with the literature[20] l-dopa
under very acidic conditions, is oxidized on glassy carbon
electrodes by a quasi-reversible two-electron process to an
open-chained quinone at potential of around +0.61 V (H2SO4
1 mol L−1). In neutral solution the electrooxidation process
is an irreversible electrochemical process (Ep = +0.31 V) fol-
lowed by a chemical reaction, where dopaquinone cyclizes
to cyclodopa, leading to the generation of new electroac-
tive product assigned as dopachrome. In the reverse scan the
voltammograms show two peaks attributed to reduction of
the remaining dopaquinone and reduction of dopachrome to
cyclodopa generated after a fast chemical reaction. Although
the electrochemical behavior ofl-dopa on glassy carbon elec-
trodes is complex, its determination by voltammetric and am-
perometric methods are reported in the literature[21–27].
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Fig. 1. Schematic diagram of the electrochemical microflow cell (I) and
screen-printed gold electrode (II) used in the voltammetric and amperometric
measurements.

The design of the gold screen-printed gold electrode used
in all there electrochemical experiments is showed inFig. 1II.
The electrode is based on an alumina ceramic base(s) 26 mm
long, 7 mm wide and 0.65 mm of thick. On to this surface
the working (W), reference (R) and the auxiliary (A) elec-
trodes were applied. The working and auxiliary electrodes
were made of Au/Pd (98:2%) and the reference of Ag/AgCl
(60:40%). At the end of the sensor was a contacting field,
connected with the active part by the silver conducting parts
that are covered by a dielectric protection layer. The sensor
was connected with a cable to the potentiostat.

The arrangement of the microflow cell system is illustrated
in Fig. 1I. A driving shaft (2) was located in the center of a
conventional electrochemical vessel (1) carrying the body of
the microflow insert (7). The driving shaft was connected to
a pump rotor (3). The chamber located above the rotor (4)
was connected to the electrode cell containing the three elec-
trodes (8) via a capillary (6). The thin capillary was located
in the bulk solution guided the fluid coming from the rotor to
the electrode cell (7) where the screen-printed electrode was
positioned. The capillary fulfilled the function of stabilizing
the flow of liquid before it entered the electrode cell. Follow-
ing its passage through the cell the liquid was mixed into the
bulk content, repeating the cycle several times as necessary.
The sensor placed in the cell responds to the sample liquid
and this response was recorded as either amperometric or
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evertheless, may methods require the use of reagents
p of the electrode surface and complicated steps in

ng modified electrode construction. The use of a simple
apid method based on a screen-printed electrode could
ood strategy forl-dopa determination.

This paper reports on the application of a gold scr
rinting electrode as an amperometric sensor forl-dopa de

ermination. Taking into consideration that under flow a
sis conditions, it is possible to add amplification of the
erometric signal, simplification of manifolds features
apidity of analysis, a microflow cell system adapted to
creen-printed electrode was developed. The influence o
ral parameters (potential, pH and interference) beside
arameters of the flow system was studied and the me
ptimized for determiningl-dopa in pharmaceutical form

ations using a gold screen-printed electrode is describe

. Experimental

.1. Apparatus

Voltammetric and amperometric measurements were
ied out with an AUTOLAB PGSTAT-30 (EcoChimie) co
ected to a microcomputer for data acquisition and
erimental control. The measurements were performe
n conventional electrochemical cell and a microflow
ystem (BVT Technologies, Czhec Republic) where
creen-printed gold electrode (BVT Technologies, M
C1.W1.R1) has coupled.
voltammetric mode on the suitable potentiostat.
Cyclic voltammograms under static conditions w

recorded after immerging the gold screen-printed elect
directly into the conventional voltammetric cell contain
10 mL of supporting electrolyte and the analyte using a c
with banana plugs as termination. The potential was sca
from −0.2 to 1.2 V at a scan rate of 50 mV s−1.

Under flow conditions, the amperometric and volta
metric measurements were performed recording the ele
chemical signal obtained with the solution ofl-dopa flow-
ing through the gold screen-printed electrode using lin
sweep voltammetry (ν = 3 mV s−1, flow rate = 7.7 mL min−1)
and chronoamperometry (E= 0.8 V, t= 50 s and flow rate o
14.1 mL min−1). The parameters were controlled by a GP
4.9 software (EcoChimie).
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2.2. Reagents and solutions

Stock solutions of 0.01 mol L−1 l-dopa were prepared
daily by direct dissolution of the pure sample (l-
3,4-dihydroxyphenyalanine, 99,5%) purchased from BDH
(Poole, Dorset, UK) in demineralized water, purified in a
Milli-Q system (Millipore). All chemicals were of analytical
reagent grade and used without further purification. Acetate
buffer solutions 0.1 mol L−1 were used as the supporting elec-
trolyte in all experiments.

2.3. Preparation and analysis of pharmaceutical
samples

The proposed method was tested to determinel-dopa in
two pharmaceutical formulations, commercialized the tablets
Sinemet® and Prolopa®, using the following procedure: the
contents of three tablets were weight and the fine powder
dissolved in 0.1 mol L−1 acetate buffer pH 3.0 using an ultra-
sonic bath for 10 min. The solution obtained after filtration
was transferred quantitatively into a calibrated flask and di-
luted to a final volume of 100 mL of acetate buffer. All the
test solutions were obtained by direct dilution of this stock
solution with the supporting electrolyte. The amperometric
measurements were recorded using an applied potential of
0.8 V and a flow rate of 14.1 mL min−1. Thel-dopa content
w same
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Fig. 2. Cyclic voltammograms obtained for the oxidation of a solution of
1× 10−3 mol L−1 l-dopa in 0.1 mol L−1 acetate buffer at pH 3.0 on a con-
ventional gold electrode (a) and a gold screen-printed electrode (b). Scan
rate (ν) = 50 mV s−1. Reference electrode = Ag/AgCl.

by using acetate buffer pH 3.0 as blank. The cyclic voltammo-
grams obtained for both electrodes indicates a very similar
behavior, except for smaller peak current due to the small
geometric area of the electrode. When the external Ag/AgCl
reference electrode is not used the cyclic voltammogram is es-
sentially the same but it is observed a shift of around 50 mV to
less positive potential on the screen-printed electrode, which
was constant in all the voltammograms recorded. In addi-
tion, we verified that despite the fact that the screen-printed
electrodes are commercialized as disposable electrochemical
sensors, the cyclic voltammograms recorded successively for
l-dopa in acetate buffer at pH 3.0 showed negligible change
for the anodic peak for up to 20 repetitions.

The effect of pH on the oxidation ofl-dopa (1.0× 10−4

mol L−1) on screen-printed electrodes was investigated over
a pH range between 3.0 and 5.0. Althoughl-dopa presented
a well-defined peak at more acidic conditions than pH 3.0,
studies at lower pH values were not conducted because of the
potential deletion effects on the material used to construct the
electrode cell. In addition, pH values higher than 7.0 were
avoided since the oxidation ofl-dopa occurs very close to
the electrolyte/electrode discharge on the gold screen-printed
electrode and the cyclic voltammogram loses resolution. The
anodic peak potential obtained forl-dopa in acetate buffer at
pHs of 3.0, 3.5, 4.0, 4.5, 5.0 and 5.5 showed a shift of 60 mV
of the peak potential to more positive values, indicating that
t tions
[

et-
r
d was
i k
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r
R a
as determined using standard addition method. The
olution was also analyzed by an official method, base
he spectrophotometric characteristics of catecholamin
80 nm[28].

. Results and discussion

.1. Electrochemical behavior

Fig. 2b shows a typical cyclic voltammogram of a solut
f 1.0× 10−3 mol L−1 l-dopa in 0.1 mol L−1 acetate buffe
H 3.0 on a conventional gold electrode (diameter of 4 m
ith Ag/AgCl (3 mol L−1 KCl) as the reference electrode u
er these conditions,l-dopa was oxidized atEp = +0.64 V fol-

owing an irreversible electrochemical process complic
y a well established cyclization reaction[20,29,30]leading

o cyclodopa as an intermediate product and then the ge
ion of dopachrome as the final form in the oxidation proc
he corresponding reduction of dopachrome to cyclodop
urs at +0.28 V. Therefore, the fast cyclization reaction
ress as the peak intensity at +0.53 V (Fig. 2b), attributed to
eduction of the remaining dopaquinone, suggesting th
old electrode the chemical reaction of cyclization is fa

han for glassy carbon electrode cyclization[20].
In Fig. 2a the electrochemical profile of the some solu

n a gold screen-printed electrode (diameter of 0.8 mm
ng an external Ag/AgCl reference electrode, is shown. Al
oltammograms were recorded from−0.25 to +0.80 V. No
nterference from oxide formation was observed, estim
he electrode process is influenced by protonation reac
20]. The optimum pH forl-dopa detection was 3.0.

The effect of potential scan rate on the voltamm
ic response on concentration of 1.0× 10−4 mol L−1 l-
opa oxidation on the gold screen-printed electrode

nvestigated between 5 and 100 mV s−1. The anodic pea
urrent varied linearly with the square root of the s
ate, equation: ip (�A) = 0.0330 + 0.0970ν1/2 (ν, mV s−1),
= 0.9997,n= 5, suggesting thatl-dopa oxidation follows
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diffusion-controlled mechanism. From these results, a scan
rate of 50 mV s−1 was chosen for further studied.

After optimizing the best operating conditions (pH 3.0
and scan rate 50 mV s−1) the gold screen-printed electrode
was tested forl-dopa determination in static conditions. The
anodic peak current was linearly dependent on thel-dopa
concentration on the range 9.9× 10−5 to 1.2× 10−3 mol L−1

following the equation: ip (�A) = 0.01043 + 0.89157C (C,
mmol L−1), R= 0.9998,n= 10. The relative standard devi-
ation at 5× 10−4 was around 4.0% with three different elec-
trodes and around 3.2% using the same electrode (five repe-
titions). A detection limit of 6.8× 10−5 mol L−1 was deter-
mined. The screen-printed electrode forl-dopa determina-
tion showed some advantages, including low analysis costs,
fast response time, accuracy and simplicity, but the method
was not useful for low concentrations ofl-dopa.

3.2. Flow analysis conditions

In order to improve the sensitivity of the screen-printed
electrode for the determination ofl-dopa studies were con-
ducted utilizing hydrodynamic conditions.

Fig. 3shows typical voltammograms for the oxidation of
a solution of 1× 10−3 mol L−1 of l-dopa in acetate buffer
at pH 3.0 on a gold screen-printed electrode under hydrody-
n −1
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Fig. 4. Effect of the applied potential in the amperometric response (A) and
normalized current variation (B) obtained for the oxidation of 9.9× 10−5,
2.0× 10−4 and 2.9× 10−4 mol L−1 solution ofl-dopa in acetate buffer at
pH 3.0.

gram for l-dopa obtained under flow conditions using ac-
etate buffer as carrier electrolyte was constant at least for 10
voltammograms recorded successively, indicating great ana-
lytical potentiality.

Taking into consideration that the gold screen-printed
electrode, polarised at positive potentials in acetate buffer
at pH 3.0, seems to be a viable amperometric detector for
on-line flow-through analysis some parameters were investi-
gated in order to optimize detection.

Fig. 4A shows the effect of the applied potential from 0.40
to 0.80 V on the amperometric curve taken forl-dopa at con-
centration of 9.9× 10−5, 2.0× 10−4 and 2.9× 10−4 mol L−1

in 0.10 mol L−1 buffer acetate at pH 3.0. The electrode re-
sponse was quite rapid and proportional to thel-dopa con-
centration at the applied potential (Eapp) higher than 0.50 V,
but higher current intensity is observed for 0.80 V. This value
is in agreement with the potential where maximum current
is observed forl-dopa oxidation, measured in voltammetric
curves recorded in hydrodynamic conditions. Nevertheless,
potentials higher than 0.90 V wear avoided since it was ver-
ified that some anomalies on the amperometric signal which
were attributed to the oxidation of the gold surface electrode.
Fig. 4B shows the influence of applied potential on the sen-
sitivity of the electrode response, normalized by the rela-
tionship of�i/�C, taken as maximum current response for
each concentration value from 9.9× 10−5, 2.0× 10−4 and
2 en-
t
w

ro-
m
b ted
f
T in-
c nt
amic conditions using a constant flow rate of 7.7 mL min.
wing to the decrease of the diffusion layer at the elect

urface the hydrodynamic voltammogram presents a h
imiting current since there is a consequent increase in th
usion current[31]. Therefore, the anodic peak obtained in
ow cell is five times higher than when using the gold scre
rinted electrode under stationary condition. The maxim
urrent response obtained from a hydrodynamic voltam

ig. 3. Cyclic voltammograms (B) of the oxidation of a 1.0× 10−3 mol L−1

olution of l-dopa in 0.1 mol L−1 acetate buffer solution at pH 3.0 on
old screen-printed electrode in stationary (B) conditions, with a sca
f 50 mV s−1. Linear sweep voltammograms (C) obtained for the oxida
f 1.0× 10−3 mol L−1 solution ofl-dopa on a gold screen-printed electr

n the flow cell (hydrodynamic conditions), flow rate = 7.7 mL min−1, curve
, at a scan rate 3 mV s−1, Out (A) supporting electrode on hydrodynam
onditions.
.9× 10−4 mol L−1. The results confirm that at any conc
ration the best values are obtained forEapp= 0.80 V, which
as chosen for further experiments.
In order to optimize the flow rate effect on the ampe

etric response, thel-dopa (1.0× 10−4 mol L−1 in acetate
uffer, pH 3.0) oxidation signal at + 0.80 V was investiga
rom 7.7 to 16.1 mL min−1. The results are shown inFig. 5.
he current value increased linearly with the flow rate
reases from 7.7 to 14.1 mL min−1 and was nearly consta
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Fig. 5. Influence of the flow rate (mL min−1) on the amperometric response
of the gold screen-printed electrode for a 1.0× 10−4 mol L−1 solution of
l-dopa (B) in acetate buffer at pH 3.0.Eapp= 0.80 V.

at the highest value. With respect to sensitivity, the best value
was at a flow rate of 14.1 mL min−1. A critical aspect of sen-
sor performance is the signal stability under the selected am-
perometric conditions. This was evaluated by verifying the
long-term response of the gold screen-printed electrode for a
continuous flux ofl-dopa, repeated for periods of 50 s. The
experiment was carried out for almost 4 h and in the interval
between measurements the electrode was maintained, non-
polarized, in stationary solution. The sensor response proved
to be fairly stable for a series of successive measurements
of 1.0× 10−4 mol L−1 l-dopa with a standard deviation of
3.5%, demonstrating its practical utility in routine analysis.

Using the best experimental conditions (Eapp= 0.8 V; flow
rate = 14.1 mL min−1; pH 3.0) an analytical calibration graph
was obtained for thel-dopa amperometric response from
1.0× 10−6 to 1.2× 10−3 mol L−1. The current values were
always sampled during the first 10 s after analyte addition.
The current increases in all concentration range investigated,
as shownFig. 6A. A plot of amperometric current as a func-
tion of l-dopa concentration yielded straight lines (Fig. 6B)
from 1.5× 10−6 to 6.6× 10−4 mol L−1, with a sensitivity of
8.4�A L mol L−1. The detection limit of 9.9× 10−7 mol L−1

was calculated from the standard deviation of signal/slope
[32]. The results show that the method using the flow cell cou-
pled to a gold screen-printed electrode markedly increased the
sensitivity relative to that obtained at the stationary solution.

Fig. 6. Amperometric response (A) and analytical curve obtained forl-
dopa in acetate buffer at pH 3.0 (B) on the gold screen-printed electrode
in a microflow cell operating atEapp= 0.8 V, flow rate: 14.1 mL min−1. (a)
1.5× 10−6, (b) 4.3× 10−6, (c) 9.5× 10−6, (d) 2.0× 10−5, (e) 4.2× 10−5,
(f) 8.5× 10−5, (g) 1.7× 10−4,(h) 3.4× 10−4 and (i) 6.6× 10−4 mol L−1

l-dopa.

Fig. 7. Amperometric response and standard addition curve (inset curve)
obtained for determination ofl-dopa in the commercial pharmaceutical for-
mulation (Sinemet®). Eapp= 0.8 V; flow rate 14.1 mL min−1.

3.3. Analysis ofl-dopa in pharmaceutical formulations

The proposed method was applied to the determination
of l-dopa in two pharmaceutical formulations commercial-
ized as Sinemet® and Prolopa®, using the standard addiction
method. The amperometric response obtained for a claimed
concentration of 0.2 mmol L−1 of l-dopa in Sinemet is shown

T
D tric detection on gold screen-printed electrode operating in a flow system atEapp= 0.8 V

S r tablet or capsule) E1 (%) E2 (%)

Procedure proposed

S 262 +2, 7 +4, 8
P 108 +1, 9 +8, 0

F on official method[33].E1 = relative error = amperometric method vs. official method;
E s of three determinations.
able 1
etermination ofl-dopa in pharmaceutical formulations by amperome

ample Label value (mg) l-dopa (mg/pe

Official method

inemet® 250 255
rolopa® 100 106

low rate = 14.1 mL min−1 and acetate buffer at pH 3.0 electrode and by

2 = relative error = amperometric method vs. label value; Mean value
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in Fig. 7. The corresponding graph obtained is also shown in
the inset ofFig. 7. Recoveries of 104± 4% and 108± 8% of
l-dopa, respectively wee obtained for the two pharmaceutical
formulation samples (n= 3).Table 1gives the results obtained
using both, the official method[33] and the amperometric
method, as well as the label values of the samples analyzed.
The statistical calculations for the assay results suggested
good precision for the amperometric method. The results ob-
tained were also compared by applying theF-test andt-test at
95% confidence level[34]. In the case did the calculatedFand
t values exceed the theoretical values (F4.4= 6.39,t8 = 2.306),
confirming that there were no significant differences between
both methods.

4. Conclusions

The gold-screen-printed electrode is a promising tool
for direct l-dopa determination and can be used for di-
rect applications in real samples without prior chemi-
cal/electrochemical treatment. The good analytical perfor-
mance of the amperometric detector has been demonstrated
in a continuous-flow assembly, the results being in agree-
ment with those found by an alternative method. The detec-
tion limit, sensitivity and the stability of the screen-printed
electrode, and the absence of poisoning of the electrode sur-
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