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Electrochemical sensors are developing very fast in the last decades due to the possibilities of generat-
ing miniaturized and simplified low-cost analytical devices. However, the search for highly detectable
electroactive labels and sensitive detection strategies is still required. In this work, the electrochemical
signal of a very promising molecule that can be employed as biolabel, methylene blue, is enhanced by
recording it on nanostructured (MWCNTs-NH,) gold screen-printed electrodes. A dispersion of amino-
functionalised CNTs in Nafion®/ethanol:water (1:1) is employed for modification by depositing a drop
on the surface of a screen-printed gold working electrode. This produces a change in the electrochemi-
cal behavior of MB, with increase of both, reversibility and peak current. On the other hand, unlike what
happens on bare electrodes where MB presents a diffusion controlled process, adsorption occurs on mod-
ified electrodes. This allows higher enhancement of the signal by introducing an accumulation time. In
this way, and once parameters that affect the modification are optimized, improvements up to fifteen
times are obtained. This is the first time such enhancement is produced for this molecule based on its
adsorption on nanostructured electrodes. In this way, a detection limit of 100 nM for differential pulse
voltammetry or square wave voltammetry is obtained after 120 s of accumulation time. The sensitivity
increases almost by seven times (from 0.711 to 5.029 wA wM~') when calibration curves obtained from
SW voltammograms recorded on bare and modified electrodes are compared. Modification is stable for
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at least 10 days.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Methylene blue (MB) is a thiazine type cationic dye, which was
used for dying silk, leather, plastics, paper and cotton, as well as
for the production of ink and copying paper in the office supplies
industry [1]. MB has long been used for staining in medicine, bacte-
riology and microscopy [2,3]. Although it is not considered to be a
very toxic dye, it can cause some harmful effects such as vomiting,
increased heart rate, diarrhea, shock, cyanosis, jaundice, quadriple-
gia, and tissue necrosis on human beings [4]. Consequently, MB
containing wastewater should be treated before discharge [5] and
its determination is justified. Furthermore, the reversible equilib-
rium between the reduced and oxidized forms of MB renders this
compound useful as redox indicator [6,7]. In this context, MB main
uses are related to the determination of glucose, oxygen or ascorbic
acid [8,9] and also as redox marker for electrochemical genosen-
sors. The hybridization event has been reported by means of a
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differential non-covalent interaction between MB and single or
double DNA-strands [10,11] or by using oligonucleotides labeled
covalently with MB [12,13]. Carbon paste electrodes [10], sputtered
[12,13] or screen-printed [11] gold electrodes were employed for
voltammetric detection, in the last case modified with polymeric
films of poly-L-lysine and chitosan.

Due to their unique structure, high chemical stability and
high surface-to-volume ratio, the use of carbon nanotubes (CNTs)
has been extremely attractive in electrochemical sensors [14-17].
Multiwalled carbon nanotubes (MWCNTSs) electronic properties
and catalytic activity makes them very interesting for develop-
ing promising applications in electrochemistry as novel electrode
materials [18,19]. Their electrical properties and biocompatibility
[20] can help to improve the biosensing performance on the elec-
trode surface and to amplify the signal [21]. Preliminary studies
performed in our research group have demonstrated the increase
in the electrochemical signal of methylene blue, dopamine or
iron sulfate [22] on nanostructured gold screen-printed electrodes
with carbon nanotubes in Nafion® as dispersing agent. Disposable
screen-printed electrodes (SPEs), fabricated via thick-film tech-
nology, provide attractive opportunities for the development of
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miniaturized low-cost electrochemical sensors for the detection
of different analytes [23-25]. The high precision attained in the
manufacturing processes allows performing parallel assays which
in turns produces a significant decrease on analysis time. There-
fore, SPEs are becoming an essential tool in the development of
electrochemical sensors.

Most of the electrochemical immunosensors are based on enzy-
matic detection principles due to the amplification possibilities of
enzymes, which convert several molecules of substrate in elec-
troactive product. On the other hand, most of DNA biosensors are
based on the detection of indicator molecules that interact selec-
tively with DNA single or duplex strands in different parts of the
DNA molecule. However, in both cases (enzymes [26] or indicators
[27]) anew interaction has to be included and therefore complexity
is added to the system. In this context, MB could be considered as a
molecule of high-interest in the development of biosensors based
on a direct electroactive labeling. Since in this approach amplifica-
tionis not possible, enhancement of sensitivity is needed. This could
be achieved by using highly detectable labels (as is MB) or through
nanostructuration of the electrode surface, which is made in this
paper through aminated multiwalled carbon nanotubes (MWCNTSs-
NH;). A notorious improvement in the electrochemical signal of
MB with a clear enhancement of the sensitivity on nanostructured
screen-printed gold electrodes is described for the first time. Not
only electrocatalysis but also adsorption of MB on modified elec-
trodes is here considered as responsible for these beneficial effects.

2. Experimental
2.1. Reagents and solutions

Nafion® (perfluorinated ion-exchange resin, 5wt. % solution in
a mixture of lower aliphatic alcohols and water), methylene blue
and tris-hydroxymethyl-aminomethane hydrochloride (Trizma),
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sulfu-
ric acid (95-97% purity) and ethanol were purchased from Merck
(Darmstadt, Germany) and iron(Ill) sulfate was purchased from
Panreac (Barcelona, Spain). Finally, amine-functionalized carbon
nanotubes, MWCNT-NH,, were obtained from Belgium Nanocyl
(Auvelais, Belgium). CNTs were produced via catalytic carbon vapor
deposition (CCVD) process. They have 9.5nm of average diame-
ter, <1 wm of average length, >95% in carbon purity and <0.5% of
functionalization.

2.2. Apparatus

Voltammetric measurements were performed with an Autolab
PGSTAT 10 (ECO Chemie) potentiostat interfaced to a Pentium 120
computer system and controlled by Autolab GPES software version
4.8. An Elma ultrasonic bath, a Nahita centrifuge with interchange-
able car, a Mettler Toledo (AB54) balance, a Crison Micro-pH 2001
pH-meter, a magnetic stirrer Asincro (J.P. Selecta), a Sanyo refrig-
erator and a Sanyo (MIR-162) incubator were also used.

2.3. Gold screen printed electrodes (AuSPE)

Gold screen-printed electrodes purchased from DropSens
(Llanera, Spain) include a traditional three system electrode config-
uration printed on the same strip. The format of these SPEs includes
a gold disk electrode (12.6 mm?2) as working electrode, a silver
pseudo-reference electrode and a gold counter electrode using the
same ink of the working electrode. All of them are screen-printed
on a ceramic substrate (3.4cm x 1.0cm x 0.05 cm) and subjected
to high-temperature curing (AuSPE-AT). An insulating layer serves
to delimit the working area and electric contacts. The production

characteristics of commercial SPEs are regarded by the manufac-
turers as proprietary information. A specific connector supplied by
DropSens allows their connection to the potentiostat.

2.4. Dispersion of carbon nanotubes

Generally, carbon nanotubes are presented in the market as
a black solid powder and therefore, most of the applications of
CNTs, electrode modification among them (especially with screen-
printed electrodes), require a pre-solubilisation for obtaining a
homogeneous suspension. Achieving this step is not easy because
CNTs are not dispersed in many solvents. The CNTs weight/solvent
volume ratio and the dispersion procedure are very important. In
this case, an ultrasonic bath and a centrifuge with interchangeable
car for 1.5 and 5 mL were employed for dispersion, following a pro-
cedure previously optimized [14]. Briefly, 1 mg of MWCNTs was
solved in 1 mL of 0.5% Nafion® (in EtOH) and 4 cycles (2 h under
sonication and 10 min of centrifugation) were applied. After each
cycle the precipitate is discarded and supernatant is subjected to
a new cycle. Finally, a completely homogeneous dispersion was
obtained.

2.5. Nanostructuration of screen printed electrodes

Nanostructuration of electrodes with CNTs was carried out by
evaporation at room temperature of a drop of CNTs dispersion
deposited on the working electrode. Volumes between 1 and 4 pL
were used. The electrochemical characterization of gold screen
printed electrodes nanostructured with carbon nanotubes (CNTs-
AuSPE) was carried out by recording voltammograms in methylene
blue solutions.

2.6. Voltammetric measurements

In all cases, voltammograms were recorded in a 10 or 20 uM
MB solution in 0.1 M Tris-H,SO4 pH 8.0 buffer solution [ 14]. Differ-
ent techniques were employed: cyclic (v=0.25Vs™1), square wave
(f=50Hz, A=0.05V, s=0.008V) and differential pulse (A=0.05V,
s=0.008 V) voltammetry, scanning the potential from 0.0 to —0.7 V.
Due to its low cost and since possibility of adsorption exist, elec-
trodes were considered as single-use. All measurements were
recorded on 3 electrodes and error bars are included in the cor-
responding graphics.

3. Results and discussion

MB presents a well-defined two-electron redox process [28]
with cathodic (conversion to leucomethylene blue (LB)) and anodic
(oxidation to MB) peaks. The electrochemical behavior of this
molecule converts it into a suitable candidate for covalent electro-
chemical biolabel. Since direct signaling is employed, enzymatic
conjugation and further substrate to product conversion is not
needed. Similarly, covalent labels allow eliminating interaction
with indicator molecules and further separation of free molecules
is not required. Analysis time is then reduced with a simpler
procedure. However, sensitivity is needed, overall when decreas-
ing detection limits is being continuously required. Two different
strategies, one focusing on the label itself and other on the detection
surface could enhance it. Even when the label is highly detectable,
a covalent attachment does not have necessarily to produce a
high label density. Therefore, the detection surface has to be care-
fully designed for favoring charge transfer. Based on a previous
gold screen-printed electrodes characterization [29], AuSPE-AT has
been chosen as very adequate transducers. Nanostructuration has
been performed with MWCNTs-NH, dispersion and voltammo-
grams have been recorded in MB solutions in a pH 8.0 buffer
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