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a b s t r a c t

This work reports on the performance of carbon nanotube modified screen-printed electrodes (SPE-
MWCNT) for the selective determination of dopamine (DA) in the presence of ascorbic acid (AA) by
adsorptive stripping voltammetry (AdSV). Several operating conditions and parameters were exam-
vailable online 12 November 2009
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creen-printed electrode
arbon nanotubes
opamine

ined including the electrochemical pre-treatment and the previous AA interaction and DA accumulation
in the presence AA at physiological conditions. Under the chosen conditions, DA peak current of dif-
ferential pulse voltammograms increases linearly with DA concentration in the range of 5.0 × 10−8 to
1.0 × 10−6 mol L−1 with a limit of detection of 1.5 × 10−8 mol L−1 in connection with 600 s accumulation
time. The sensitivity obtained for DA was independent from the presence or absence of AA; therefore,
the proposed method can be readily applied to detect DA in real samples. The proposed methodology

the q
scorbic acid was successfully used for

. Introduction

Dopamine (DA) is one of the most important and representa-
ive catecholamine which plays an important role in the function
f the central nervous, renal, hormonal and cardiovascular sys-
ems. The determination of DA is a subject of great significance
n the investigation of its physiological functions and the diagnosis
f nervous diseases resulting from DA abnormal metabolism, such
s epilepsy, Parkinsonism and senile dementia [1]. Since DA (and
he like catecholamines) is an easily oxidizable compound, electro-
hemical methods based on its anodic oxidation are an ideal choice
or its quantitative determination [2]. The electrochemical deter-

ination of dopamine allows reaching low detention limit but it is
ften complicated by many coexisting compounds. Among them,
scorbic acid (AA) is of particular importance because it accompa-
ies dopamine in biological samples. Usually, the concentration of
A is 10−8 to 10−6 mol L−1 while AA is as high as 10−4 mol L−1 in

hese samples (in the extracellular fluid of the central nervous sys-

em) [3,4]. Furthermore, DA and AA are oxidized at nearly the same
otential at almost all carbon-based or metal electrodes; hence an
verlapping voltammetric response for the oxidation of a mixture
f DA and AA is usually obtained. Moreover, the solid electrodes

∗ Corresponding author. Fax: +34 91 497 4931.
E-mail address: monica.moreno@uam.es (M. Moreno).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.11.022
uantification of DA in urine samples.
© 2009 Elsevier B.V. All rights reserved.

very often suffer from the fouling effect due to the accumulation of
oxidized products on the electrode surface which results in rather
poor selectivity and sensitivity [2].

Several examples are reported in the literature regarding on
the detection of DA using chemically modified electrodes includ-
ing electrochemically pre-treated electrodes [5], self-assembled
monolayer modified electrodes [6,7], covalent modification [8–10],
polymer film [11,12], composite electrodes [13–15], among other.
The different properties of each type of electrode define its own
associated advantages and limitations. The detection of DA in the
presence of excess of AA is still a challenging task in electroana-
lytical research where both sensitivity and selectivity are equally
important in the development of an appropriate sensor system.
Screen-printing technique is a well-established and simple process
for the mass production of single use electrodes and biosensors.
These electroanalytical tools combine ease of use, portability and
inexpensive manufacture procedure [16] with minimum analysis
volume, low reagent and sample consumption or minor generation
of contaminant residuals as well as their usefulness as disposable
devices. Their inherent miniaturization promotes and facilitates
the possibility of rapid in situ analysis even in a small scale

environment. The incorporation of nanomaterials to these screen-
printed devices is of great interest for the further development
of electrochemical sensors. Among these materials, carbon nan-
otubes present a singular structure and dimensions together with
unique electronic, chemical and mechanical properties [17,18].

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:monica.moreno@uam.es
dx.doi.org/10.1016/j.talanta.2009.11.022
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hese remarkable features open new venues for the construction
f sensors and the development of novel electrochemical bioas-
ays [19–22]. As electrode material carbon nanotubes can facilitate
lectron transfer between the electroactive species and the elec-
rode. In fact, different papers can be found in the literature where
he enhancement of the rate constants for the electron trans-
er or electrocatalysis has been already demonstrated [23] and
his was also observed when carbon nanotubes were employed
n screen-printed electrodes [24]. The goal of the present paper is
o investigate the voltammetric behavior of DA on screen-printed
arbon nanotube electrode with the aim to propose a new method-
logy for its determination at low levels in the presence of ascorbic
cid using a previous preconcentration step.

. Experimental

.1. Reagents

l-(+)-Ascorbic acid, K3Fe(CN)6 and FeSO4·7H2O were purchased
rom Panreac (Madrid, Spain) and 3-hydroxytyramine (dopamine)
hloride, glucose, uric acid, 3,4 dihydroxyphenylacetic acid (dopac)
nd Ru(NH3)6Cl3 were from Sigma (Madrid, Spain). All other
hemicals were analytical grade and were used as received with-
ut further purification. Ultrapure water (� > 18 M� cm) from a
illipore-MilliQ system was used for preparing all solutions.

.2. Apparatus and electrodes

The planar screen-printed electrode (DropSens, Oviedo, Spain)
.4 cm × 1.0 cm × 0.05 cm (length × width × height) consists of
hree main parts which are a graphite counter electrode, a sil-
er pseudo-reference electrode and a graphite working electrode,
nmodified (SPE, ref. 110) or modified with multiwalled car-
on nanotubes (10 nm diameter and 1–2 �m length) containing
pproximately 5% ratio of carboxylic groups (SPE-MWCNT, ref.
10CNT). The graphite working surface is 4 mm in diameter. Fur-
her details about them can be supplied from the following web
ite: www.dropsens.com.

Electrochemical measurements were performed by placing a
0 �L drop of the corresponding solution on the working area. Elec-
rochemical measurements were conducted using a BAS 100B (BAS,

est Lafayette, USA) electrochemical analyzer controlled by BAS W
.3 software (BAS, West Lafayette, USA) through a Pentium IV PC
omputer or a �Stat 100 potentiostat (DropSens, Oviedo, Spain)
ontrolled by PSLite 1.6 software. A specific DropSens connector
ref. DSC) allowed the connection of the SPEs to the potentiostat.
ll experiments were carried out at room temperature (20–23 ◦C)
sing a new electrode for each assay.

.3. Procedures

.3.1. Electrode pre-treatment
The usual electrochemical pre-treatment of SPEs was carried out

y applying +1.4 V for 300 s in 0.050 M phosphate buffer solution
f pH 7.4.

.3.2. Adsorptive stripping voltammetry
A 50 �L drop of 5.0 × 10−4 M AA in 0.050 M phosphate buffer (pH

.4) was placed onto the working electrode area of a pre-treated SPE
or 200 s, then rinsed with water and a volume of 50 �L of the given
ccumulation solution was placed for 10 min. Finally, after washing

he electrode with water again, the differential pulse voltammetry
DPV) signal was recorded in fresh 0.050 M phosphate buffer (pH
.4). The DPV parameters are the following: scan rate: 20 mV s−1;
ulse amplitude: 50 mV; sample width: 17 ms; pulse width: 50 ms;
ulse period: 200 ms and quiet time: 2 s.
0 (2010) 2149–2156

2.4. Sample preparation

Dopamine hydrochloride injection (CLORHIDRATO DOPAMINA
GRIFOLS Amp. 200 mg/5 mL) was from GRIFOLS LABORATORY
(Barcelona, Spain). Saline serum (Lactato de Ringer Hartmann
Braun Sol. Iny) was from B. BRAUN MEDICAL, S.A. (Barcelona, Spain).
Fresh urine samples from healthy donors were collected over a
period of 24 h and they were acidified with HCl (to yield a final
concentration of 1% of acid) and centrifuged to precipitate pro-
teins. Then fractions of 10.0 mL of filtered urine were stored under
refrigeration.

Dopamine hydrochloride injection samples were suitably
diluted with 0.050 M phosphate buffer (pH 7.4) and doped with
AA to obtain the desired concentration while saline serum was
directly doped with AA and DA to obtain the desired concentra-
tions. Urine samples were 10-fold diluted with 0.050 M phosphate
buffer (pH 7.4) and spiked with DA and AA to obtain the desired
concentrations.

3. Results and discussion

3.1. Electrode pre-treatment

Carbon electrodes are often preconditioned by electrochemi-
cal pre-treatments (EP) to enhance their electroactivity. The main
effect of EP is the increase in the density of oxygenated groups on
the electrode surface and the consequent improvement on the elec-
tron transfer [25,26]. In the case of SPE, the polymers present in
the ink are responsible for slow charge transfer kinetics. There-
fore, the activation of SPEs is often necessary for an optimum
electrochemical performance via electrochemical pre-treatment
[27].

To find an appropriate electrochemical pre-treatment for SPE
and SPE-MWCNT, different electrolytes and conditions were stud-
ied using 1,4-benzoquinone in 0.050 M phosphate buffer solution of
pH 7.4 as benchmark redox system. The electrochemical reduction
of this marker in aqueous buffer to 1,4-hydroquinone is a well-
known diffusion-controlled process involving 2 electrons and 2
protons [28].

Initially, the EP of SPE and SPE-MWCNT was carried out by
applying anodic potentials ranging from +1.0 to +1.6 V in two dif-
ferent electrolyte solutions, 0.10 M H2SO4 and 0.050 M phosphate
buffer solution of pH 7.4 for 60 s. The anodic-to-cathodic peak
potential separation (�Ep), and the peak currents ratio (ipa/ipc)
obtained from the cyclic voltammograms of 1,4-benzoquinone at
untreated and pretreated SPE and SPE-MWCNT are summarized
in Table 1. Regarding the untreated electrodes, the decrease in
�Ep and the proximity of the obtained current ratio values to 1
at SPE-MWCNT, clearly demonstrate that the presence of MWC-
NTs at the SPE largely improved the electrochemical response
of 1,4-benzoquinone. Considering pretreated electrodes, the EP
mainly improves the electrochemical response of SPE. In general,
as the EP applied potential increases, the reversibility of the redox
couple improves at both electrodes, although in the case of SPE-
MWCNT potentials as high as +1.6 V produce a negative effect on
the response towards 1,4-benzoquinone. An EP is also necessary to
eliminate small current contributions due to impurities present at
SPE and SPE-MWCNT. Thus, a potential of +1.4 V was selected for
further work.

The effect of the pre-treatment time at +1.4 V (0–300 s) in sulfu-

ric acid and phosphate buffer solutions was also studied at SPE and
SPE-MWCNT (not shown). As the pre-treatment time increased,
up to 300 s, the reversibility of 1,4-benzoquinone improved. This
EP time was also enough to eliminate the small contributions of
fabrication impurities. A pre-treatment procedure consisting of

http://www.dropsens.com/
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applying +1.4 V for 300 s in 0.050 M phosphate buffer solution of
pH 7.4 was selected as the most advantageous and reproducible.

3.2. Electrochemical behavior of dopamine and ascorbic acid at
SPE and SPE-MWCNT

Fig. 1 shows the cyclic voltammograms obtained for
1.0 × 10−3 M AA (A and D), 1.0 × 10−4 M DA (B and E) and a
mixture of 1.0 × 10−3 M AA and 1.0 × 10−4 M DA (C and F) in
0.050 M phosphate buffer (pH 7.4) solution, on untreated SPE
and SPE-MWCNT (a) and pre-treated ones (b). A decrease in the
oxidation overvoltage for AA and a significant improvement in the
reversibility for DA, compound that displays a quasi-reversible
behavior at SPE (�Ep decreases 62 mV at SPE-MWCNT), was
found at untreated SPE-MWCNT, demonstrating that the carbon
nanotubes present at SPE-MWCNT make possible an important
improvement in the voltammetric behavior of both compounds.
At pre-treated SPE and SPE-MWCNT, the oxidation potential peak
of AA shifts to more negative potentials at SPE and SPE-MWCNT
(244 and 180 mV shifting, respectively); the �Ep for DA decreases
(85 and 16 mV, respectively) while the anodic-to-cathodic peak
currents ratio decreases from 2.5 to 2.3 at pre-treated SPE and from
3.1 to 1.7 at pre-treated SPE-MWCNT. Therefore, the EP improves
the electrochemical response of AA and the reversibility of electron
transfer processes for DA at both electrodes, although the most
significant decrease in the oxidation overvoltages is obtained at
pre-treated SPE. Nevertheless, as could be seen in panels C and
F, these good features are not enough to allow the voltammetric
quantification of a mixture of DA and AA, since unresolved sig-
nals were obtained either at untreated or pre-treated SPE and
SPE-MWCNT. Indeed, DA oxidation signal was shifted to more
positive potentials and overlapped with AA peak, probably as a
consequence of crossing reactions of electrochemically generated
DA oxidized forms with AA [2].

In order to evaluate the influence of adsorption processes on the
electrochemical oxidation of AA and DA at pre-treated SPE and SPE-
MWCNT, the effect of the scan rate on their voltammetric signals
was studied from 5 to 200 mV s−1 (not shown). The anodic peak
current, ip, of AA (1.0 × 10−4 M) increased linearly with the square
root of scan rate, v1/2, at both electrodes (ip (�A) = (0.26 ± 0.01)
v1/2 (mV s−1)1/2, r = 0.990, n = 8 for SPE; ip (�A) = (0.18 ± 0.01)
v1/2 (mV s−1)1/2, r = 0.991, n = 7 for SPE-MWCNT), indicating that
the AA electrode reaction is a diffusion-controlled process in
both cases. On the other hand, the results obtained for DA
(1.0 × 10−4 M) showed that, at variance with AA, the anodic (ipa)
and cathodic (ipc) peak currents are proportional to the scan rate
at SPE (ipa (�A) = (0.073 ± 0.004) v (mV s−1), r = 0.9997, n = 5; ipc

(�A) = (−0.047 ± 0.001) v (mV s−1), r = −0.9997, n = 7) and at SPE-
MWCNT (ipa (�A) = (0.12 ± 0.01) v (mV s−1), r = 0.997, n = 5; ipc

(�A) = (−0.073 ± 0.001) v (mV s−1), r = −0.996, n = 7) suggesting that
the electron transfer reaction is a surface (adsorption) controlled
process [29].

For further demonstration, a preconcentration experiment was
made by placing of AA (1.0 × 10−3 M) or DA (1.0 × 10−4 M) solutions
on the working area of pre-treated SPE and SPE-MWCNT for 10 min
and, after rising with water, recording the cyclic voltammogram
in fresh buffer solution. No signal was obtained for AA, while DA
peaks were clearly observed at SPE-MWCNT and weakly at SPE,
pointing that DA is significantly adsorbed onto the surface of the
SPE-MWCNT whereas AA was not.
3.3. Determination of DA in the presence of AA

The adsorption of DA at pre-treated SPE-MWCNT offers good
possibilities for selective voltammetric detection of DA after a pre-
concentration in the presence of AA under physiological conditions.
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positive potential up to 100 s (208 mV shifting). Hence, an interac-
tion time of 200 s was selected for subsequent measurements.

The effect of AA concentration (from 5.0 × 10−6 to 1.0 × 10−3 M)
on the differential pulse voltammetry peak of 1.0 × 10−5 M DA
was also investigated. The experiments were carried out setting

Fig. 2. DPV signals obtained in 0.050 M phosphate buffer (pH 7.4) with a pre-treated
SPE-MWCNT. (A) Direct measurement of DA (1.0 × 10−5 M), AA (1.0 × 10−3 M) and
ig. 1. Cyclic voltammograms for 1.0 × 10 M AA (A and D) and 1.0 × 10 M DA (B
C and F) in 0.050 M phosphate buffer (pH 7.4) solutions on SPE (A–C) and SPE-MW
lso shown (dotted lines). Electrode pre-treatment: applying +1.4 V during 300 s in

n this sense, the selection of the experimental parameters was
ptimized for the development of a methodology employed dif-
erential pulse voltammetry (DPV), which allows the sensitive and
elective determination of DA in the presence of a large excess of AA.

.3.1. Effect of AA on the voltammetric response of DA
Fig. 2A displays differential pulse voltammograms obtained at

re-treated SPE-MWCNTs for 1.0 × 10−3 M AA, 1.0 × 10−5 M DA and
mixture of both analytes in the same concentration as in the indi-
idual solutions. The results are consistent with those obtained in
he study by CV. The direct voltammetric determination of DA in
he presence of AA is severely interfered due to the co-oxidation of
scorbic acid and an overlapping DPV response was obtained from a
ixture of DA and AA. Furthermore, the results shown that the elec-

rochemical process of DA is strongly influenced by the presence
f AA (the oxidation peak of DA shifts to more positive potential),
o different experiments were performed with the aim to acquire
ore insights about the influence of AA in the final DA electrochem-

cal response. Fig. 2B displays a DPV obtained in 0.050 M phosphate
uffer (pH 7.4) solution at a pre-treated SPE-MWCNT previously
xposed for 5.0 min to 1.0 × 10−3 M AA and rinsed with ultrapure
ater (a). As expected, according to previous results, no oxidation

urrent was obtained for AA after 5.0 min in the AA solution. Panel b
hows a DPV obtained in 1.0 × 10−5 M DA solution at a pre-treated
PE-MWCNT previously exposed for 5.0 min to 1.0 × 10−3 M AA and
insed with water, the DA oxidation peak shifts to more positive
otentials (about 200 mV shifting) and the corresponding currents

ncreases (2.0-fold) compared to DA signal obtained at an electrode
reviously exposed for 5.0 min to the phosphate buffer solution and
insed with water (panel c). In this case, the oxidation peak poten-
ial and current for DA are the same as the ones obtained in the
olution of DA (Fig. 2A). These results suggest that, although there
s no electro-oxidation signal indicating the adsorption of AA, the
nteraction of AA with the electrode surface produces some mod-

fication that generates important changes in DA electrochemical
rocess.

In order to take advantage of the improvement in DA sensitiv-
ty after AA exposure, the effect of the interaction time (from 0 to
0 min) of pre-treated SPE-MWCNT with 1.0 × 10−3 M AA on the
and a mixture of both analytes in the same concentration as in individual solutions
D–F) before (a) and after (b) the EP. The corresponding responses for the blank are
M phosphate buffer (pH 7.4) solution. Scan rate: 25 mV s−1.

differential pulse voltammetric peak of 1.0 × 10−5 M DA was eval-
uated and the corresponding results are shown in Fig. 3A. The peak
current increases with the AA interaction time up to 150 s (2.0-fold)
and then remains constant while the peak potential shifts to more
a mixture of DA and AA (1.0 × 10−5 and 1.0 × 10−3 M, respectively). (B) DPV signals
of blank phosphate buffer (a) and DA (1.0 × 10−5 M) (b and c) with prior exposition
to 0.050 M phosphate buffer (pH 7.4) for 300 s at open circuit with (a and b) and
without (c) AA (1.0 × 10−3 M). EP as in Fig. 1. DPV operational parameters: pulse
amplitude: 50 mV; sample width: 17 ms; pulse width: 50 ms; pulse period: 200 ms;
quiet time: 2 s; scan rate: 20 mV s−1.
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ig. 3. Effect of AA on differential pulse voltammetry peak of DA (1.0 × 10 M) in
.050 M phosphate buffer (pH 7.4). Effect of the interaction time (A): AA concen-
ration: 1.0 × 10−3 M; effect of AA concentration (B): interaction time: 200 s. EP and
PV operational parameters as in Fig. 2.

n interaction time of 200 s. Fig. 3B shows that DA peak current
ncreases with AA concentration up to 1.0 × 10−4 M, to remain con-
tant thereafter. A similar trend was obtained for the peak potential
hich shifted to more positive values with AA concentration up to

.0 × 10−4 M.
The results obtained suggest that no further improvement could

e achieved in DA oxidation signal with larger AA concentration or
onger interaction time. In view of these results and taking into
ccount the concentration range of AA in biological samples, the
elected conditions for AA interaction were 5.0 × 10−4 M AA in a
.050 M phosphate buffer (pH 7.4) for 200 s. In this way, the DA
oltammetric signal should be independent of the concentration of
A in the sample.

.3.2. Electrochemical characterization of the effect of AA
nteraction after EP

As it was already mentioned in Section 3.1, during anodic EP
everal processes take place on SPE surface producing important
hanges, such as increase of surface active area, water oxidation to
olecular oxygen (and other reactive species) [30,31] and forma-

ion of different carbon oxides [26]. When carbon nanotubes are
resent, EP could lead, in addition, to open their capped ends or
ide-walls, introducing in this way new edge plane like sites [31].
sually, after these treatments the electrochemical performance of

uch electrodes is finally improved by introducing catalytic oxy-
enated groups and edge plane like sites within their graphene
ayers structure, that increase the electron transfer rate of many
nalytes [23,26].

Changes induced by an AA exposition on an anodized SPE-
WCNT surface could be related to its reducing properties towards

arbon oxides and oxygenated species formed after EP. In order to
valuate such effect, CV of representative electrochemical bench-
arks, namely hexaammineruthenium (III), hexacyanoferrate (III),

ron (II), oxygen, AA and DA, were performed at untreated and
retreated SPE-MWCNT with and without AA interaction and the
btained results are summarized in Table 2.

The first tested probe was Ru(NH3)6
3+/2+ system, classified as
n outer-sphere electrochemical process and typically unaffected
y the chemical condition of the carbon electrode surface [26]. As
xpected, the observed electron transfer kinetics, expressed by the
easured �Ep, was similar and relatively fast in all cases. The EP

ffect observed was just the increase of active surface, which was
0 (2010) 2149–2156 2153

denoted by the peak current and capacitance (not shown) rise, and
a slight increase in �Ep.

Concerning the electrochemical behavior of Fe(CN)6
3−/4− sys-

tem, it has been reported that its electrochemistry is somehow
surface dependant in several conditions [26,32]. The results
obtained show that untreated SPEs display noticeable better
reversibility than the treated ones, with larger �Ep after EP than
after EP followed by AA interaction. This fact indicates that favor-
able electroactive sites for hexacyanoferrate were blocked after EP
and part of them were recovered after AA treatment. Compton et
al. have reported slower electron transfer kinetics for this elec-
trochemical system when oxygenated species were generated in
pyrolytic graphite and carbon nanotubes [32,33]. The suggested
explanation was the formation of epoxy-like bridges between
graphene layers in the edge plane of pyrolytic graphite which
prevent the electron transfer in these sites. MWCNT employed
in the SPE-MWCNT under study were functionalized with car-
boxylic groups by the manufacturer so these groups were present
at untreated electrodes. Therefore, they did not affect the electron
transfer rate as severely as EP did. It is very often assumed that
EP of carbon electrodes only introduces new oxides (typically car-
boxylic, carbonyl and quinone groups) in their graphene planes
structure but the generation of molecular oxygen and other reactive
species at the edge plane like sites is usually ignored. Since most of
these species were not removed from the electrode surface after EP,
probably they could be adsorbed at edge plane sites and disturbing
the electron transfer of redox systems such as hexacyanoferrate,
especially sensitive to these sites. After AA treatment, these reac-
tive oxygen species were reduced, liberating in this way the edge
plane sites and subsequently increasing the observed hexacyano-
ferrate electron transfer. This rationale could also explain the slight
increase on �Ep of hexaammineruthenium system after EP.

Next, attention was turned to Fe2+/3+ system, whose electron
transfer kinetics is well-known to be accelerated when carbonyl
groups are present in the electrode surface [34]. Untreated SPE-
MWCNT displayed large �Ep which indicated low density of
carbonyl groups in MWCNT surface and poor catalytic activity of
carboxylic substituents or edge plane like sites towards this system.
As expected, EP largely improved the reversibility of the elec-
trochemical system as a consequence of the introduction of new
carbonyl groups. When SPE-MWCNTs were treated with AA after
EP, measured �Ep was the same to the one obtained with SPE-
MWCNT subjected only to EP. Thus, the generated carbonyl groups
were not modified by AA and the same electron transfer kinetics
was observed. These results reinforce the idea that AA interacts
with other reactive substances or substituents distributed along
MWCNT surface rather than with carboxylic, carbonyl or quinone
ones.

The next electrochemical system studied was the molecular
oxygen reduction which is favored when a high density of edge
plane like sites is present at the electrode surface and it is also
catalyzed by quinone groups [35,36]. The overpotential needed
for oxygen reduction moderately decreases after EP while a larger
decrease was observed after AA interaction. The peak currents were
proportional to scan rate in all cases (not shown), indicating that
this electrochemical process is adsorption-controlled. These results
suggest again that after AA exposition, edge plane like sites are
liberated, increasing the electron transfer rate and promoting the
adsorption of oxygen. As a consequence of that, lower overpoten-
tials and higher currents are obtained.

Similarly to oxygen reduction, AA oxidation is an example of

inner-sphere electrochemical process [26] whose overpotential is
typically decreased by the presence of edge plane like sites [37]
as well as after EP [35,38]. As expected, EP of SPE-MWCNT pro-
duces a significant decrease of the overpotential and an important
enhancement of the associated currents. The AA treatment only
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Table 2
Summary of cyclic voltammetry data for different electrochemical benchmarks before and after the treatmentsa.

Compound Electrode treatment Epa (mV) Epc (mV) �Ep (mV) ipa (�A) ipc (�A) ipa/ipc

Ru(NH3)6
+3

Untreated −194 −264 70 15.0 −19.9 0.75
Pre-treated −191 −271 80 13.4 −24.5 0.55
Pre-treated + AA −199 −276 77 12.2 −23.9 0.51

K3Fe(CN)6

Untreated 155 55 100 19.0 −19.2 0.99
Pre-treated 188 35 153 15.1 −15.8 0.95
Pre-treated + AA 184 60 124 17.5 −17.5 1.00

FeSO4·7H2O
Untreated 591 68 523 13.6 −8.17 1.67
Pre-treated 270 160 110 16.3 −21.5 0.76
Pre-treated + AA 287 177 110 16.5 −22.7 0.73

AA
Untreated 358 – – 21.8 – –
Pre-treated 205 – – 19.0 – –
Pre-treated + AA 195 – – 20.8 – –

DA
Untreated 158 84 74 3.88 −1.72 2.26
Pre-treated 147 100 47 9.36 −4.32 2.17
Pre-treated + AA 150 110 40 10.4 −4.24 2.46

O2

Untreated – −959 – −43.6 – –
Pre-treated – −844 – −53.1 – –
Pre-treated + AA – −495 – −49.1 – –

in KCl
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A linear dependence between DA concentration and stripping peak
current was observed for the concentration range studied with a
regression equation of ip (�A) = (0.16 ± 0.04) + (3.01 ± 0.08) × 106 C
(mol L−1), r = 0.993, n = 8. The limit of detection was 1.5 × 10−8 M,
a Experimental conditions: 1.0 × 10−3 M Ru(NH3)6
+3 and 1.0 × 10−3 M K3Fe(CN)6

A in 0.050 M phosphate buffer solution (pH 7.4). Scan rate: 50 mV s−1. Results sh
tandard deviations of measured potentials were lower than 10 mV in all cases.

upposes a slight decrease in the observed peak potential indicat-
ng that the main improvement in the electron transfer kinetics was
ue to oxygenated groups generated after the EP. In all cases, this
lectrochemical process was diffusion-controlled as peak currents
ere proportional to the square root of scan rate. Since adsorption
id not control this electrochemical process, the positive effect of
A treatment was lighter in this case.

Finally, the effect of EP and AA exposure on DA electrochemical
xidation was also studied. This process is known to be strongly
ffected by surface cleanliness, presence of oxygenated groups
nd presence of edge plane sites, since both electrocatalysis and
dsorption play a key role in DA electrochemistry [39,40]. The
esults obtained were qualitatively equal to those described in the
recedent section where EP promotes an enhancement in electron
ransfer kinetics as well as an electrocatalytic effect revealed by
he increase of peak currents. The further improvement in �Ep and
ensitivity after AA treatment should be ascribed to liberation of
ore edge plane sites for DA adsorption.
From the results exposed all along this section it could be con-

luded that the improvements achieved using the AA treatment
fter EP are related to the reduction and elimination of reactive
pecies located preferentially at edge plane sites which decrease the
lectron transfer kinetics but also especially prevent the adsorption
n these sites of electroactive targets as DA in our case. The result of
uch treatment is a noticeable improvement in the electron transfer
rocess and an important favoring of adsorption-controlled pro-
esses.

.3.3. Adsorptive behaviour of Dopamine at pre-treated
PE-MWCNT

Taking into account the capability of the pre-treated SPE-
WCNT for the selective adsorption of DA in the presence of AA,
A was determined by adsorptive stripping voltammetry (AdSV)

n presence of a large excess of AA. The experiment was carried out
s follows: a 5.0 × 10−4 M AA was placed onto the pre-treated elec-
rode during 200 s, then it was rinsed with water and the given

ccumulation solution was placed on the electrode for 600 s at
pen circuit. Finally, after washing the electrode with water again,
he DPV signal was recorded in a fresh phosphate buffer solution.
ig. 4 shows the voltammograms obtained employing different
ccumulation solutions: blank phosphate buffer (a), 5.0 × 10−4 M
0.1 M; 1.0 × 10−3 M FeSO4·7H2O in HClO4 0.1 M; 1.0 × 10−3 M AA and 1.0 × 10−4 M
ere obtained from the average at three measurements using different electrodes.

AA (b), 1.0 × 10−5 M DA (c) and a mixture of 5.0 × 10−4 M AA
and 1.0 × 10−5 M DA (d). An oxidation peak around 120 mV was
obtained only when DA was present in the accumulation solution,
demonstrating that DA is selectively adsorbed on the electrode sur-
face. These facts are consistent with the results obtained in the
previous studies. The difference in the peak oxidation current for
the neurotransmitter alone or in the presence of AA is 16% (16 �A
vs 19 �A for DA and DA + AA, respectively). The same behavior was
observed for an accumulation solution containing 10-fold lower DA
concentration and the same AA excess.

The analytical features of DA detection using the proposed
scheme were subsequently evaluated. Fig. 5A displays differential
pulse voltammograms obtained from solutions containing DA in
concentration between 5 × 10−8 and 1.0 × 10−6 M in the presence of
5.0 × 10−4 M AA and the resulting calibration plot (shown as inset).
Fig. 4. AdSV obtained for different accumulation solutions: (a) blank 0.050 M phos-
phate buffer (pH 7.4); (b) 5.0 × 10−4 M AA; (c) 1.0 × 10−5 M DA and (d) mixture of
5.0 × 10−4 M AA and 1.0 × 10−5 M DA. Measuring procedure: (1) EP as in Fig. 2; (2)
50 �L drop of 5.0 × 10−4 M AA in 0.050 M phosphate buffer (pH 7.4) during 200 s; (3)
50 �L drop of accumulation solution during 600 s at open circuit; (4) DPV obtained
in 0.050 M phosphate buffer (pH 7.4), operational parameters as in Fig. 2.
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Table 3
Determination of dopamine in injections.

Sample no. Content Dopamine found (×10−7 M) Recovery (%)

Dopamine (×10−7 M) Ascorbic acid (×10−4 M)

1 3.0 0 2.8 93
2 3.0 0 3.1 103
3 3.0 0 2.9 97
4 3.0 1.0 2.8 93
5 3.0 1.0 3.1 103

c
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s

F
a
2

6 3.0 5.0
7 3.0 5.0

alculated using the S/N = 3 criterion, being S the sensitivity and N
he standard deviation of 10 background signals. The reproducibil-
ty of the method was determined by performing 10 successive

easurements of 1.0 × 10−6 M DA solutions in the presence of
.0 × 10−4 M AA using different SPE-MWCNT. The relative standard
eviation obtained was 5.6% (n = 10).

A closer approach to actual capabilities under physiological con-
itions was carried out using a synthetic serum as model matrix.
ifferential pulse voltammograms from samples with DA concen-

ration between 5.0 × 10−8 and 1.0 × 10−6 M in the presence of
.0 × 10−4 M AA in such saline serum (Na+ 131, K+ 5.4, Ca2+ 3.6, Cl−

12, lactate 28 mEq L−1 with pH range 5.0–7.0) were obtained. As
hown in Fig. 5B, the signal of DA was not affected by the presence of
hese ions and the sensitivity obtained working under these phys-
ological conditions ((3.2 ± 0.2) × 106 (�A L mol−1)) was similar to
hat obtained measuring in phosphate buffer solution, indicating
hat the components of saline serum do not compromise the perfor-

ance of the SPE and this methodology could be readily employed
o DA analysis in serum samples. In addition the possible interfer-
nce of coexisting 1.0 × 10−3 M glucose, 1.0 × 10−4 M uric acid or
.0 × 10−5 M dopac was studied and variations on 1.0 × 10−6 M DA
ignal were similar to those observed for different SPE-MWCNT in

he reproducibility study.

.3.4. Analytical applications
The utility of the developed DA electrochemical detection

cheme involving SPE-MWCNT was demonstrated in connection

ig. 5. Effect of DA concentration in the presence of AA 5.0 × 10−4 M upon the stripping
t pre-treated SPE-MWCNT. Dopamine concentration: (A) (a) 0, (b) 5.0 × 10−8, (c) 1.0 × 1
.5 × 10−7, (c) 5.0 × 10−7, (d) 7.5 × 10−7, and (e) 1.0 × 10−6 and (f) 1.3 × 10−6 M. Measuring
2.9 97
2.8 93

to the DA quantification in a pharmaceutical product (Dopamine
chlorhydrate, 40 mg mL−1) and in spiked samples of human
urine.

Diluted samples of pharmaceutical product were determined
using the proposed method in the presence or absence of different
concentration of AA. Recovery results were obtained under these
conditions by the standard addition method (three 2.0 × 10−7 M
DA additions were made) and they are shown in Table 3. Recovery
values close to 100% were obtained in all cases, demonstrating the
ability of SPE-MWCNT for the selective determination of DA in real
samples.

Fresh urine samples collected over a period of 24 h were treated
as described in Section 2. Urine samples were 10-fold diluted with
phosphate buffer (pH 7.4) and then spiked with increasing amounts
of DA in the range of 1.0 × 10−7 to 2.0 × 10−6 M while keeping a
constant AA concentration of 5.0 × 10−4 M. Fig. 6 shows the voltam-
mograms obtained and the resulting calibration plot (shown as
inset). Unspiked samples showed a weak DA response, insuffi-
cient for a suitable quantification. A linear dependence between
DA concentration and stripping peak current was observed
for spiked samples in the concentration range studied, with a
regression equation of ip (�A) = (0.05 ± 0.01) + (7.9 ± 0.3) × 105 C

(mol L−1), r = 0.9994 n = 4. It could be noted that the sensitiv-
ity obtained in this matrix was lower than that achieved only
in the presence of phosphate buffer, pointing that the proposed
methodology is yet useful and applicable but the interference
of urine components make mandatory the use of the standard

voltammetric signal in 0.050 M phosphate buffer (pH 7.4) (A) and saline serum (B)
0−7, (d) 4.0 × 10−7, (e) 6.0 × 10−7, (f) 8.0 × 10−7 and (g) 1.0 × 10−6 M; (B) (a) 0, (b)
procedure as in Fig. 4.
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Fig. 6. Effect of DA concentration in the presence of AA 5.0 × 10−4 M upon the strip-
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ing voltammetric signal in urine sample at pre-treated SPE-MWCNT. Added DA
oncentration: (a) 0, (b) 1.0 × 10−7, (c) 5.0 × 10−7, (d) 1.0 × 10−6, and (e) 2.0 × 10−6 M.
easuring procedure as in Fig. 4.

ddition method for reliable DA quantification under these con-
itions.

. Conclusion

The results presented in this work have demonstrated that
he electrode pre-treatment and the presence of carbon nan-
tubes played a key role in the final electrochemical response
f SPE-MWCNT. The proposed methodology have allowed the
ighly sensitive and selective DA quantification in the pres-
nce of large AA excess using low sample with little reagent
onsumption and simple sample treatment, showing potential
pplication to DA determination in serum and urine. Therefore, the
mportant advantages obtained when combining screen-printing
evices with nanomaterials for one-shot electrochemical analy-
is, especially required for bionalytical applications, have been
roved, opening the doors to the design of further bioanalytical
evices.
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19] A. Merkoçi, M. Pumera, X. Llopis, B. Perez, M. Valle, S. Alegret, Trends Anal.

Chem. 24 (2005) 826–838.
20] M. Trojanowicz, Trends Anal. Chem. 25 (2006) 480–489.
21] K. Balasubramanian, M. Burghard, Anal. Bioanal. Chem. 385 (2006) 452–468.
22] M. Pumera, S. Sanchez, I. Ichinose, J. Tang, Sens. Actuators B 123 (2007)

1195–1205.
23] C.E. Banks, R.G. Compton, Analyst 131 (2006) 15–21.
24] P. Fanjul-Bolado, P. Queipo, P.J. Lamas-Ardisana, A. Costa-García, Talanta 74

(2007) 427–433.
25] R.L. McCreery, in: A.J. Bard (Ed.), Electroanalytical Chemistry, Dekker, New York,

1991, pp. 221–374.
26] R.L. McCreery, Chem. Rev. 108 (2008) 2646–2687.
27] J. Wang, M. Pedrero, H. Sakslund, O. Hammerich, J. Pingarron, Analyst 121

(1996) 345–350.
28] J. Zhang, S. Yao, L. Nie, W. Wei, Anal. Sci. 16 (2000) 87–91.
29] A.J. Bard, R.L. Faulkner, Electrochemical Methods. Fundamentals and Applica-

tions, 2nd ed., Willey, New York, 2001.
30] R. Larciprete, S. Gardonio, L. Petaccia, S. Lizzit, Carbon 47 (2009) 2579–2585.
31] M. Pumera, T. Sasaki, H. Iwai, Chem. Asian J. 3 (2008) 2046–2055.
32] X. Ji, C.E. Banks, A. Crossley, R.G. Compton, Chemphyschem 7 (2006) 1337–1344.
33] A.F. Holloway, G.G. Wildgoose, R.G. Compton, L. Shao, M.H. Green, J. Solid State

Electrochem. 12 (2008) 1337–1348.
34] P. Chen, M.A. Fryling, R.L. McCreery, Anal. Chem. 67 (1995) 3115–3122.
35] K. Gong, S. Chakrabarti, L. Dai, Angew. Chem. Int. Ed. 47 (2008) 5446–5450.
37] F. Wantz, C.E. Banks, R.G. Compton, Electroanalysis 17 (2005) 1529–1533.
38] M. Musameh, N.S. Lawrence, J. Wang, Electrochem. Commun. 7 (2005) 14–18.
39] S.H. DuVall, R.L. McCreery, J. Am. Chem. Soc. 122 (2000) 6759–6764.
40] A.G. Crevillén, M. Pumera, M.C. González, A. Escarpa, Analyst 134 (2009)

657–662.


	Selective detection of dopamine in the presence of ascorbic acid using carbon nanotube modified screen-printed electrodes
	Introduction
	Experimental
	Reagents
	Apparatus and electrodes
	Procedures
	Electrode pre-treatment
	Adsorptive stripping voltammetry

	Sample preparation

	Results and discussion
	Electrode pre-treatment
	Electrochemical behavior of dopamine and ascorbic acid at SPE and SPE-MWCNT
	Determination of DA in the presence of AA
	Effect of AA on the voltammetric response of DA
	Electrochemical characterization of the effect of AA interaction after EP
	Adsorptive behaviour of Dopamine at pre-treated SPE-MWCNT
	Analytical applications


	Conclusion
	Acknowledgement
	References


