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A novel highly sensitive electrochemical biosensor for the direct determination of the reactive oxygen
species superoxide, O3, using superoxide dismutase has been developed, by incorporating multiwalled
carbon nanotubes (MWCNT) together with the conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) in different configurations. After characterisation, the experimental conditions have been opti-
mized and the analytical parameters of superoxide dismutase biosensors based on PEDOT/CNT or
CNT/PEDOT modified glassy carbon electrodes, as well as those with one component only (MWCNT,
PEDOT), have been determined. The biosensor with CNT on top of PEDOT presented the best analyti-
cal performance due to synergistic effects, with fast, and selective response to O3, a high sensitivity
of ~1115pAcm—2 mM~! and a low detection limit of 1 wM, and was applied to the determination of
the antioxidant capacity of beverages. The biosensor exhibited outstanding stability over a period of 2
months, with a slight increase in the initial sensitivity.
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1. Introduction

Reactive oxygen species (ROS), which include hydroxyl radi-
cals, superoxide radicals and hydrogen peroxide, mediate chemical
reactions that are involved in various pathogenic processes, being
the initiators of the oxidative process and playing an important
role in the development of certain diseases, including cancer and
neurodegenerative diseases [1,2]. Organisms produce antioxidants,
such as catalase, superoxide dismutase, and uric acid, as part of
a defence system against ROS-mediated cellular injury. Recently,
exogenous antioxidants introduced through diet or by other means
are becoming popular. In this context, developing sensitive and
selective superoxide, O5~, sensors has received increasing attention
inrecentyears, with application for determining O3~ in healthy and
diseased tissues, and also the antioxidant activity of food, beverages
and pharmaceutical formulations.

Different technologies have been used for 05~ anion determina-
tion, such as chemiluminescence [3], fluorimetry [4], electron spin

* Corresponding author.
E-mail address: cbrett@ci.uc.pt (C.M.A. Brett).

http://dx.doi.org/10.1016/j.snb.2016.06.032
0925-4005/© 2016 Elsevier B.V. All rights reserved.

resonance [5], conductometric analysis [6], mass spectrometry [7]
and spectrophotometry [8,9]. Recently, electrochemical methods
have been investigated because of the possibility for direct, real-
time measurements and capability of in vivo detection [10]. An
electrochemical sensor has been developed based on the dismu-
tation of 05~ by Mn?*/MnO2* [11] as well as several biosensors
which rely on cytochrome c [12-14], or the enzyme superoxide
dismutase (SOD) [15-17], the last having the advantage of higher
specificity [18,19]. SOD converts 05~ to O, and H,0; via a cyclic
oxidation-reduction electron-transfer mechanism [17]. Due to the
excellent selectivity and high sensitivity of SOD, third genera-
tion O3~ biosensors based on the direct electron transfer of SOD
have been achieved, despite the difficult electronic communica-
tion between the enzyme and the electrode, since regardless of the
immobilization method, the redox centre of SOD is buried deeply
inside the proteic shell [20].

In order to improve electron transfer and prolong the life of
enzyme biosensors, the use of nanomaterials as carriers/hosts
to immobilize enzymes is promising [21]. Nanomaterials includ-
ing conducting polymers, redox polymers, metallic/polymeric
nanoparticles and carbon nanotubes (CNT) are ideal for the
immobilization of enzymes due to their large surface area, good bio-
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Fig. 1. (a) CVs recorded during the electropolymerisation EDOT on GCE (inset on
CNT/GCE) and (b) CVs of GCE modified with CNT and PEDOT in different configura-
tions in 0.1 M KCl, v=50mVs~'.

compatibility and excellent stability. The combination of CNT with
polymers can give rise to polymer-CNT hybrids with higher elec-
tronic conductivity and a three-dimensional nanostructure with a
large electroactive area, which can lead to biosensors with superior
performance [22-26].

The combination of CNT with conducting/redox polymers is
beneficial, since CNT can improve the electrical conductivity
and mechanical strength of the resulting polymer-CNT hybrids,
apart from the possibility of presenting superior analytical per-
formances due to synergistic effects. Redox and conducting
polymers, such as poly(methylene blue) (PMB) and poly(3,4-
ethylenedioxythiophene) (PEDOT) have both been recently and
successfully used in our group together with multiwalled CNT
(MWCNT) for the development of new (bio)sensors, e.g. [23].

The particular advantages of using PEDOT in sensing are, apart
from its high electrical conductivity, that it can be used over a wide
pHrange, itis highly stable, is easy to prepare by electropolymerisa-
tion in aqueous solution and can be made into composite materials
[27]. Although there are many examples of the use of PEDOT and
CNT together for sensing purposes, to our knowledge none of these
investigate the measurement of superoxide by SOD biosensors.

In the present work, electrochemical O3~ biosensors were
developed involving immobilization of SOD onto a glassy carbon
electrode (GCE) modified with poly(3,4-ethylenedioxythiophene)
(PEDOT) together with MWCNT in a chitosan dispersion in differ-
ent configurations. Initial experiments carried out with PMB and
CNT, asin [23], showed that in this case PEDOT and CNT would lead
to better analytical parameters, so PMB-CNT based biosensors were
not studied further.

Scanning electron microscopy (SEM) enabled the characteriza-
tion of the PEDOT/MWCNT, MWCNT/PEDOT and PEDOT surface
morphology. The modified electrodes with different architec-
tures were characterized electrochemically by cyclic voltammetry
and electrochemical impedance spectroscopy (EIS). Experimen-
tal conditions for SOD biosensors, after immobilisation of SOD by
cross-linking, were optimized and the performance of the devel-
oped SOD biosensors was tested by fixed potential amperometric
measurements, in order to determine the best combination of poly-
mer and CNT for further application. Interferences and stability
studies were performed using the biosensor with best performance,
and the antioxidant capacity of some food samples was determined
utilizing the SOD biosensor.

2. Experimental
2.1. Reagents and solutions

The enzyme bovine Cu-Zn superoxide dismutase (SOD),
potassium dioxide, chitosan (low molecular weight), 3,4-
ethylenedioxythiophene (EDOT), glutaraldehyde (GA), potassium
superoxide (KO,), monobasic and dibasic sodium phosphate,
ascorbic acid, citric acid, xanthine, tyrosine, H,O,, sodium chlo-
ride, sodium styrene sulfonate (NaSS) were from Sigma-Aldrich.
The MWCNT were from NanoLab, USA.

For electrochemical experiments, the supporting electrolyte
was sodium phosphate buffer saline (NaPBS) (0.1 M phosphate
buffer+0.05M NaCl, pH="7.0). Polymerisation of EDOT was per-
formed in 0.1 M NaSS containing 10 mM EDOT.

Standard solutions of KO, were prepared in dimethylsulphox-
ide, and were used as the source of superoxide ions.

Millipore Milli-Q nanopure water (resistivity > 18 M2 cm) was
used for the preparation of all solutions. All experiments were per-
formed at room temperature (254 1°C).

2.2. Instrumentation

Electrochemical experiments were performed with a computer-
controlled p-Autolab type I potentiostat-galvanostat with GPES
software (Metrohm-Autolab, Utrecht, Netherlands). EIS exper-
iments were carried out with a potentiostat/galvanostat/ZRA,
(Gamry Instruments, Reference 600). A sinusoidal voltage pertur-
bation of 10 mV rms amplitude was applied over the frequency
range 65 kHz-0.1 Hz, with 10 frequency values per decade.

A conventional three-electrode cell was used, containing a
modified GCE as working electrode, a platinum wire as counter
electrode and a Ag/AgCl (3 M KCl) electrode as reference.

The pH-measurements were carried out with a CRISON
2001 micro pH-meter (Crison Instruments SA, Barcelona, Spain) at
room temperature.

SEM (JEOL, JSM-5310, Japan) was used to characterize the
morphology of the different polymer/CNT developed in this
work, which were deposited on indium tin oxide (ITO, resistiv-
ity 30-60 €2/sq, Sigma-Aldrich, Madrid, Spain) electrodes, for SEM
imaging.

2.3. Preparation of modified electrodes and biosensors

Functionalised MWCNT were obtained by treating the MWCNT
in 3M HNO3 under continuous stirring for 24 h, afterwards being
thoroughly washed with Milli-Q water and dried at 60°C for 12 h.

Two types of GCE modified by MWCNT and the conducting poly-
mer PEDOT were prepared: PEDOT/CNT/GCE and CNT/PEDOT/GCE.

For MWCNT deposition, a suspension of 0.1% MWCNT was pre-
pared in 1% (w/v) chitosan dissolved in 1% (v/v) acetic acid. The
solution was sonicated for 4 h and used for drop casting on the GCE
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Fig. 2. SEM images of (a) PEDOT, (b) CNT, (c) PEDOT/CNT, (d) CNT/PEDOT; insets are 5 times magnifications.

Table 1

Equivalent circuit element values obtained by fitting the spectra from Fig. 3 a).
Modified electrode Zw[$2 5% cm? 7/ms o CPE/mF cm~2 s%! oy
CNT/PEDOT/GCE 700 60 0.45 6.4 0.95
PEDOT/CNT/GCE 33 7.0 0.25 19.1 0.95

— SOD

—CNT in chitosan

+— Polymer: PEDOT

Scheme 1. Schematic representation of SOD biosensors based on PEDOT and CNT.

with 1 pL per 0.01 cm?. The modified electrodes were left to dry at
room temperature for 1 h, being dried afterwards under N, stream,
before further use.

PEDOT was deposited on GCE or on CNT/GCE during 10 scans
at 50mVs~! between —0.6 and 1.2V vs. Ag/AgCl in 10mM
EDOT +0.1 M NaSSs [23].

For the preparation of biosensors, enzyme solutions contain-
ing bovine serum albumin (BSA) were prepared, 0.1% SOD (2698
units per mg solid) + 2% BSA. The enzyme solution was mixed with
a2.5% GAsolution, in a volume ratio of 2:1 enzyme:GA, and 1 L per
0.01 cm? of this mixture was dropped onto the GCE, and allowed

to dry for at least 4 h in ambient air. Biosensors were kept in 0.1 M
NaPBS pH 7.0, at 4°C.

2.4. Preparation of samples of beverages for determination of the
relative antioxidant capacity

Samples of red and white wines, port wines and berry juice
were used directly without any prior dilution or purification. For
the determination of relative antioxidant capacity (RAC), two fixed
potential chronoamperometric measurements were performed for
five injections of superoxide, corresponding to final concentration
increments of 40 wM KO», in the cell, one without and after addi-
tion of 8 L of the antioxidant sample in a 2 mL volume of solution
in the electrochemical cell. Following the injection of superoxide,
the disproportionation reaction of the superoxide radical, catal-
ysed by SOD, produces oxygen and hydrogen peroxide, the latter
being reduced at a negative potential and giving rise to a cathodic
change in current. The determination of RAC was based on the
decrease of this signal, since the antioxidant sample reacts with the
injected superoxide, decreasing its concentration in solution, and
thence the enzymatically produced hydrogen peroxide decreas-
ing the amperometric biosensor signal corresponding to hydrogen
peroxide reduction.

3. Results and discussion

3.1. Electrode modification by electropolymerisation of EDOT and
CNT deposition

Two polymer-CNT hybrids were formed by using MWCNT
together with the conducting polymer PEDOT. The polymerisation
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of the monomer EDOT was done after or prior to the modification
of GCE with MWCNT.

Electropolymerisation profiles of EDOT onto GCE and
MWCNT/GCE are shown in Fig. 1a, in which can be seen the
formation of radical cations at positive potentials, higher than
1.0V vs. Ag/AgCl, and the increase in the capacitive currents
upon cycling. The polymerisation of EDOT on bare GCE leads to
a significant increase in the capacitive currents with each cycle,
which was less visible on top of CNT, since MWCNT/GCE already
possesses high capacitive currents, as also observed in [25].

3.2. Characterization of polymer-CNT modified electrodes

3.2.1. Scanning electron microscopy characterization

SEM images of ITO electrodes modified with the two polymers
and MWCNT alone, as well as with their combinations in different
architectures are presented in Fig. 2. The polymer PEDOT presents
arough/porous structure, with globular structures between 100 to
450nm in diameter, Fig. 2a. The SEM images of CNT in chitosan,
Fig. 2b, revealed their typical tubular structures, with diameters
between 19 and 38 nm, which correspond with the values declared
by the producer (30 + 10 nm). The CNT curvy tubular structures are
observed in the SEM images of polymer-CNT hybrids, polymer/CNT
and CNT/polymer, similar to what was observed in [28], where the
chitosan concentration was much lower. When PEDOT polymer is
formed on the chitosan layer containing CNT, PEDOT is deposited in
between the pores of chitosan CNT material, filling those holes and
leading to a smoother PEDOT/CNT surface (Fig. 2¢). On the other
hand, when PEDOT is deposited on GCE, prior to CNT modifica-
tion, the rough/porous PEDOT structure is visible beneath the CNT
network, in the large pores of the chitosan CNT film, see Fig. 2d.

3.2.2. Electrochemical characterization

Electrode modification is an important step in the biosensor
development, because the surface state has a strong effect on
the sensing properties of the biosensor. The GCE modifications
were followed by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements.

3.2.2.1. Cyclic voltammetry. Fig. 1b shows CVs of PEDOT/CNT and
CNT/PEDOT modified electrodes. It was observed that, even though
the polymer formed better on bare GCE, the peak currents of
PEDOT/CNT/GCE are higher than those of CNT/PEDOT/GCE. This
is probably due to a more open structure of the polymer-CNT
hybrid, when PEDOT is formed on top of the CNT, when the poly-
mer can be formed inside the CNT 3D network, allowing easier
access/expulsion of the counter-ions in solution during the process
of doping/dedoping [29], as presented in Scheme 1.

Analysis of the influence of scan rate for the PEDOT-CNT
modified electrodes reveals a diffusion-controlled electrochemi-
cal process, for scan rates between 10 and 200mVs~! (results
not shown), demonstrating that counter-ion diffusion is the rate-
determining step of the redox process (Scheme 2).

3.2.2.2. Electrochemical impedance spectroscopy. EIS was used to
study the physical and interfacial properties of the polymer-CNT
modified electrodes. Spectra were recorded in 0.1 M NaPBS at
—0.30V vs. Ag/AgCl, the potential at which the biosensors will
be tested. Complex plane plots recorded at the two different
polymer-CNT architectures are shown in Fig. 3a, with the electrical
equivalent circuits used to fit the impedance spectra in Fig. 3b. The
parameter values obtained by fitting the spectra are presented in
Table 1.

In the equivalent circuit, Rq is the uncompensated cell resis-
tance, Zy is the Warburg element, with Zy = Rwcth[(Tiw o ](Tim) ™%,
where «<0.5, with Ry the diffusional resistance and t the
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)

Scheme 2. Representation of doping/dedoping of PEDOT polymer.
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Fig. 3. (a) Complex plane impedance plots recorded at GCE modified with the
PEDOT-CNT architectures in 0.1 M NaPBS pH 7.0, at —0.3V vs. Ag/AgCl and (b)
equivalent circuit used to fit the spectra.

diffusional time constant. CPE,; is a constant phase element rep-
resenting both the charge separation of the double layer and the
polarization of the polymer-CNT film, defined as CPE = [(Ciw)*]~1, a
pure capacitor in the case of ® =1 or as a non-ideal capacitor, due to
the porosity and non-homogeneity of the surface, for 0.5 <« < 1. The
value of R, is between 0.2 to 0.9 k2. The equivalent circuit used to
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fit the spectra was similar to that used in [25], for electrodes with
similar architectures.

As previously observed, CNT have a dominant influence when
placed together with polymer modifiers, especially in the low-
frequency region, the polymer-CNT hybrids presenting similar
spectral profiles as CNT/GCE [24,25]. In the low frequency region,
the capacitance is ascribed to charge separation inside the pores
of the material, which is directly influenced by the penetration of
ions inside the pores, therefore being strongly influenced by the
pore size and their distribution. Well-distributed pores with similar
average size as the penetrating ions give rise to higher pseudo-
capacitance values, pores larger than around 1nm leading to a
decrease in capacitance value according to the equation C=¢A/d,
where A is the surface area, d is the separation between carbon and
ions, and ¢ is the local dielectric constant of the electrolyte [30]. The
presence of CNT leads to an increased CPE for PEDOT modified GCE,
in both architectures, due to an increase in surface area and mate-
rial porosity. It was observed that higher CPE values were obtained
with polymer deposited on top of the CNT. With the polymer under-
neath the CNT layer, the diffusional region at high frequency was
broader with higher diffusional resistance, being attributed to a
more compact structure, which slows down the diffusion.

3.3. Superoxide detection

3.3.1. Effect of applied potential and dissolved oxygen

The determination of superoxide at SOD/GCE, SOD/CNT/GCE,
SOD/CNT/PEDOT/GCE was performed using fixed potential amper-
ometry in neutral solution (0.1 M NaPBS pH 7.0). The effect of
applied potential on the amperometric responses of the biosen-
sors was evaluated by comparing the change in current following
the addition by injection of 0.2 mM superoxide, at potentials from
—0.4 to +0.3V vs. Ag/AgCl. Typical responses for SOD/GCE and
SOD/CNT/GCE are shown in Fig. 4a and 4b. SOD/CNT/PEDOT/GCE
exhibited very similar response profiles with SOD/CNT/GCE. While
the SOD/GCE only senses superoxide at more negative potentials,
—0.4 and —-0.3V, the CNT-containing ones respond over a broader
potential range from —0.4 to 0.1V vs. Ag/AgCl, being more sensi-
tive at negative potentials. Since the sensor response was already
sufficiently sensitive at —0.3 V vs. Ag/AgCl, this was chosen in fur-
ther experiments, in order to minimize interferences from other
electroactive compounds.

The response of the developed sensors SOD/GCE and
SOD/CNT/GCE in the presence of the same amounts of super-
oxide as a function of potential, Fig. 4a, revealed a significant
increase of the change in current on incorporating CNT in the
biosensor architecture.

Amperometric studies were performed at SOD/CNT/GCE,
SOD/CNT/PEDOT/GCE and in solutions with different O, content:
normal oxygen content, saturated (O, bubbled) and deoxygenated
(N, bubbled). The best conditions for biosensor functioning were in
deoxygenated solution, regardless of biosensor architecture, when
the response was very clear and stable, also with higher sensitivity.
For normal O, content, the current decreased upon substrate injec-
tion, but over time the current increased leading to a very difficult
interpretation of the response, as exemplified in Fig. 4c. For these
reasons, the changes in current were not reproducible for the same
substrate concentration. When O, was bubbled into the solution, to
ensure O, saturation, no response was detected upon injection of
biosensor substrate. Therefore, the amperometric measurements
were performed in deoxygenated buffer solution.

3.3.2. Analytical parameters of biosensor and enzymatic
mechanism

The amperometric response of the developed biosensors was
recorded in 0.1 M NaPBS, pH=7.0 at —0.3V vs. Ag/AgCl. Current
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Fig. 4. Effect of applied potential on (a) SOD/GCE and SOD/CNT/GCE, (b) on
SOD/CNT/GCE response in the absence and presence of 0.2 mM KO;; (c) example
of biosensor amperometric response in normal O, content 0.1 M NaPBS pH 7.0 at
—0.3Vvs. Ag/AgCl.

versus time responses with different electrode architectures for
the successive addition of superoxide concentrations are shown in
Fig. 5. As observed, the current becomes more negative upon super-
oxide addition, explained as follows. The detection mechanism of
03 is explained by a redox and reduction cycle of the SOD enzyme.
SOD can efficiently catalyse the dismutation of 05~ to O, and H,0;
via a redox cycle of the copper complex moiety (Cu/') couple in
Cu-Zn SOD. Two O3~ ions are stoichiometrically converted to one
0, molecule and one H,0, molecule with consumption of two H*
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Fig. 5. Typical amperometric responses of the (a) SOD/GCE (b) SOD/CNT/GCE mod-
ified electrodes to successive addition of KO, at applied potential —0.3 V vs. Ag/AgCl
in NaPBS 0.1 M pH 7.0; inset corresponding calibration plots.

ions during the dismutation. The mechanism follows the following
reaction sequence [17]:

SOD (Cu(l)) + 05~ + 2H" — SOD (Cu(Il)) + H,0, (1)
SOD (Cu(Il)) + 05" — SOD (Cu(I)) + Oy 2)

At —0.30V vs. Ag/AgCl the first reaction occurs, equation 2 being
exclusively for positive potentials. Therefore, the working principle
of the biosensors developed here is based on the amperometric
signal linked to equation 1, which is that the current becomes more
cathodic upon addition of superoxide, proportional to the change
in concentration of superoxide radical in solution.

The first step was to determine the SOD/GCE and SOD/CNT/GCE
biosensor response in order to examine the influence of CNT in
biosensor analytical properties (the amperometric response and
corresponding calibration plots are presented in Figs. 5a and b). It
was observed that no saturation is reached up to 3 mM superox-
ide, but for the determination of analytical parameters the upper
limit was chosen to be 300 wM. The biosensor sensitivity increased
significantly from 2.2 uAcm~2mM~! to 384.0 uAcm—2mM-! on
modifying with CNT, attributed to the increased surface active area
in the presence of the CNT (determined using hexacyanoferrate
(Il as electroactive standard probe) and to the porosity of the CNT
modified electrode [31].

Table 2 contains the analytical parameters of all biosensor
configurations tested, in order to assess the contribution of each

0
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-100 j UA xa AA TH DA HQ,
< -200
=1
: 4
-300
-400 T - T . T .
200 300 400 500
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Fig. 6. Influence of electroactive interfering compounds on the response to super-
oxide at SOD/CNT/PEDOT/GCE biosensor at —0.3V vs. Ag/AgCl in 0.1 M NaPBS pH
7.0; molar ratio KO,: interferent is 1:2.

component to the analytical properties of the final assembly and
whether architectures with CNT on top or beneath the polymer are
the better ones. The SOD/CNT/PEDOT/GCE biosensor had a sensitiv-
ity of 1115 pAcm—2 mM~1, and a detection limit of 1.0 wM. When
PEDOT was formed on the CNT modified electrode, the sensitiv-
ity of the biosensor was very similar to that of PEDOT alone, 176
compared to 184 wAcm—2 mM~1. Thus, with CNT as the top layer,
the sensitivity was higher than when it was beneath the polymer,
even though the peak currents and capacitance of the modified
electrodes with polymer on top of the CNT layer were superior.
This is clear evidence of the important role of CNT in enzyme
immobilization and maintenance of catalytic activity, as they are
biocompatible and create very good conditions for a porous layer
of the enzyme to be immobilized on top. Moreover, the chitosan
biopolymer, in which CNT are dispersed, is biocompatible, with
amino groups that are beneficial for cross-linking of the enzyme
via glutaraldehyde, in this way allowing more enzyme to be immo-
bilized when chitosan was in the outer layer covering the polymers
[32].

Some analytical parameters of SOD biosensors based on nanos-
tructured materials, reported since 2009, are summarised in
Table 3 [33-41]. As observed, the SOD/CNT/PEDOT/GCE biosen-
sor developed in this work had by far the highest sensitivity, only
two of those reported having comparable sensitivities, SOD/Pt-
Pd_NP/PDARGO and SOD/Pt-Pd_NP/CNT/SPEG, with 909.7 [40]
and 601 wAcm~2mM-~!, respectively [38]. Three biosensors had
significantly lower detection limits, all based on metal nanopar-
ticles, SOD/Fe304_NP/Au [33], SOD/chitosan_ AuNP/GCE [36] and
SOD/cys/denAu/GCE [39], with values within the nanomolar range.
Beside the high sensitivity, the new biosensor has the advantage to
work at negative potentials, where interferences from other elec-
troactive compounds are minimal, as will be seen in Section 3.3.3,
and a large linear range, up to at least 3 mM KO,.

3.3.3. Biosensor selectivity and stability

One of the most important problems to solve in the practical
application of amperometric sensors is to minimize the effect of
interfering species that may be present in real samples together
with the analyte. Possible compounds that may interfere in the
amperometric determination of superoxide, such as uric acid (UA),
xanthine (XA), ascorbic acid (AA), thiazine (TH), dopamine (DA) and
peroxide were investigated. Chronoamperometric measurements
at a fixed potential of —0.3V are shown in Fig. 6. Superoxide was
injected before the above-mentioned interferent compounds, so
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Table 2
Analytical parameters of different SOD biosensors.
Biosensor Sensitivity/wAcm=2 mM-! RSD (n=3)/% LoD/uM R?
SOD/GCE 2.1 £0.1 4.8 81 0.9910
SOD/PEDOT/GCE 184 + 11 6.0 8.2 0.9994
SOD/CNT/GCE 384 + 18 4.7 7.7 0.9994
SOD/PEDOT/CNT/GCE 176 + 12 6.8 4.1 0.9980
SOD/CNT/PEDOT/GCE 1115 £ 20 1.8 1.0 0.9999
Table 3
Comparison of recently reported SOD biosensors based on nanostructured materials (2009-present).
Modified electrode E[V vs. Ag/AgCl Sensitivity pA Linear range/uM LoD/puM Reference
cm~2 mM-!
SOD/Fe304-NP/Au +0.50 183.1 0.2-14 35e-3 [33]
SOD/CNT/PPy/Pt +0.07 190.0 0.1-750 0.1 [34]
PMMA/PANI-AuNP/SOD-ESCFM +0.30 425 0.5-24 03 [35]
SOD/chitosan_AuNP/GCE -0.19 6.7° 0.006-2.7 1.7e-3 [36]
SOD/Cys- SG/AuNP/ITO +0.17 185 0.08-0.64 0.2 [37]
SOD/Pt-Pd_NP/CNT/SPEG -0.1 601 40-1550 0.71 [38]
SOD/cys/denAu/GCE +0.26 6.3 0.01-540 2.1e-3 [39]
-0.24 7.0 0.05-440 0.03
SOD/Pt-Pd_NP/PDARGO -0.30 909.7 16-240 2.0 [40]
MeSOD/AuFs/GCE Mn -0.30 4.2 158-2030 92.1 [41]
Mn(N;~) 8.8 97-1020 9.1
Fe 11.8 58-655 3.1
SOD/CNT/PEDOT/GCE -0.30 1115 20-3000 1.0 Present work

Data are all obtained under physiological conditions (PBS pH 7.0-7.4)

SOD: superoxide dismutase, Fe304_NP: Fe304 nanoparticles; PPy: polypyrrole, SA: sodium alginate, PMMA: poly(methyl methacrylate), PANI: polyaniline, AuNP: gold nanopar-
ticle, ESCFM: electrospun composite functional membrane, Cys: L-cysteine, SPEG: Screen printed gold electrode, SG:silica sol gel, denAu: dendritic Au nanostructure.;
PDARGO-polydopamine deposited on reduced graphene oxide; Me SOD — artificially SOD with metal centres, AuFs-nanostructured Au flowers.

2 Electrode area not specified.
b Linear range up to 300 uM used to calculate LoD.

that its final concentration (40 wM in the cell) was a factor of two
lower than that of the interferents, which were injected sequen-
tially. None of these compounds oxidises or reduces at —0.3 V, and it
was confirmed that they have no interference in superoxide deter-
mination. Sensor recovery was determined to be close to 100%.

The SOD/CNT/PEDOT/GCE biosensor performance was moni-
tored during a period of 2 months, being tested 2-3 times per week
(a full calibration curve). When not in use, the biosensor was kept
in 0.1 M NaPBS pH 7.0, at 4°C. The biosensor sensitivity increased
by 10% during the first week and by another 5% during the sec-
ond week. After this period, the biosensor sensitivity remained
constant up to 5 weeks, after which it gradually decreased, main-
taining, however, a slightly higher response, of ~105%, after 8
weeks, compared to the biosensor initial response. These results
indicate excellent preservation of enzyme activity. The increase in
sensitivity during the first two weeks of storage/usage is probably
due to conformational changes providing better accessibility of the
substrate to the active centres of the enzyme.

3.3.4. Determination of antioxidant activity

Natural antioxidants, such as vitamins and polyphenols, play
an important role in the prevention of diseases associated with
free radicals. Among such natural antioxidant compounds, it has
been confirmed that resveratrol, a natural polyphenol, is an effec-
tive scavenger of hydroxyl, superoxide, and metal-induced radicals
[42] having protective effects against cardiovascular diseases [43].
Some of the most popular food sources of resveratrol are the
skin of grapes, blueberries, raspberries, and mulberries. Therefore,
samples of red, white and Port wine were evaluated for their antiox-
idant capacity together with a juice containing a mixture of berries.

The determination of the antioxidant capacity of a sample pos-
sessing antioxidant properties is based on the fact that by reacting
with the superoxide radical, the concentration of these species in
solution is lowered. Consequently, both the amount of released

Table 4
RAC of wine and juice determined by the SOD/CNT/PEDOT/GCE biosensor.
Beverage RAC/%
Port wine (ruby) 70.0
Port wine (tawny) 68.3
Red wine 1 82.7
Red wine 2 80.3
White wine 1 66.0
White wine 2 62.5
Berry juice 10.0

H,0, and thence the amperometric current of the biosensor is
diminished.

The value of the antioxidant capacity was expressed in “Rela-
tive Antioxidant Capacity” (RAC) units, defined by the following
equation:

RAC = [1_%] « 100

where m is the slope of the calibration curve of change in amper-
ometric response vs. KO, concentration in the absence and m,jox
is the slope in the presence of the sample containing antioxidant
[44].

The RAC values were determined for 2 port wines, 2 red wines,
2 white wines and berry juice, and the values obtained are given
in Table 4. Superoxide was injected prior to and after the addition
of the beverage sample, and sensitivities and corresponding RAC
calculated, as exemplified in Fig. 7. As observed, red wines had the
highest RAC values of 80.3 and 82.7, followed by the port wines
(both red varieties) and white wines. The lowest RAC of 10% was
obtained for berry juice.
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Fig. 7. Example of determination of RAC at SOD/CNT/PEDOT/GCE biosensor for red
wine by addition of increasing amounts of KO in the absence (® ) and presence (A
) of red wine (8 wL added to 2 mL solution). Experimental conditions as in Fig. 6.

4. Conclusions

Superoxide dismutase biosensors have been developed based on
PEDOT-CNT hybrid nanocomposites, among which the one based
on the conducting polymer PEDOT with CNT on top of the poly-
mer layer exhibited the best analytical parameters. The biosensor
operated at —0.3V vs. Ag/AgCl, and exhibited excellent selectivity
and stability over a period of 2 months, with a considerably higher
sensitivity than other recently-reported SOD biosensors. The devel-
oped biosensor was successfully applied to the determination of the
relative antioxidant capacity of red and white wines, port wines and
berry juice, which augurs well for future widespread application.

Acknowledgements

Financial support from Fundacdo para a Ciéncia e a Tec-
nologia (FCT), Portugal PTDC/QUI-QUI/116091/2009, POCH, POFC-
QREN (co-financed by FSE> and European Community FEDER
funds through the program COMPETE and FCT project PEst-
C/EME/UI0285/2013) is gratefully acknowledged. M.M.B. thanks
FCT for postdoctoral fellowships SFRH/BPD/72656/2010. This
work was partially supported by the European Commission 7th
Framework Programme Marie Curie Actions IRSES FP7-PEOPLE-
2012-IRSES N° 318053: SMARTCANCERSENS project.

References

[1] J.T. Hancock, R. Desikan, S.J. Neill, Role of reactive oxygen species in cell
signaling pathways. Biochemical and biomedical aspects of oxidative
modification, Biochem. Soc. Trans. 29 (2001) 345-350.

[2] P.D. Ray, B.-W. Huang, Y. Tsuji, Reactive oxygen species (ROS) homeostasis
and redox regulation in cellular signalling, Cell Signal. 24 (2012) 981-990.

[3] S. Yamaguchi, N. Kishikawa, K. Ohyama, Y. Ohba, M. Kohno, T. Masuda, A.
Takadate, K. Nakashima, N. Kuroda, Evaluation of chemiluminescence
reagents for selective detection of reactive oxygen species, Anal. Chim. Acta
665 (2010) 74-78.

[4] A. Gomes, E. Fernandes, ].L.F.C. Lima, Fluorescence probes used for detection
of reactive oxygen species, ]. Biochem. Biophys. Methods 65 (2005) 45-80.

[5] N. Warwar, A. Mor, R. Fluhr, R.P. Pandian, P. Kuppusamy, A. Blank, Detection
and imaging of superoxide in roots by an electron spin resonance spin-probe
method, Biophys. J. 101 (2011) 1529-1538.

[6] S.Ander, Studies on UV and x-irradiated water, Strahlentherapie 132 (1967)
135-142.

[7] S.N. Foner, R.L. Hudson, Mass spectrometry of inorganic free radicals, Adv.
Chem. Ser. 36 (1962) 34-49.

[8] L. Andrew, Infrared spectra and bonding in the sodium superoxide and
sodium peroxide molecules, J. Phys. Chem. 73 (1969) 3922-3928.

[9] B.Tang, Y. Wang, L. Ma, Simple and rapid catalytic spectrophotometric
determination of superoxide anion radical and superoxide dismutase activity

in natural medical vegetables using phenol as the substrate for horseradish
peroxidase, Anal Bioanal. Chem. 378 (2004) 523-528.

[10] Z. Deng, Q. Rui, X. Yin, H.Q. Liu, Y. Tian, In vivo detection of superoxide anion
in bean sprout based on ZnO nanodisks with facilitated activity for direct
electron transfer of superoxide dismutase, Anal. Chem. 80 (2008) 5839-5846.

[11] Y.P. Luo, Y. Tian, Q. Rui, Electrochemical assay of superoxide based on
biomimetic enzyme at highly conductive TiO, nanoneedles: from principle to
applications in living cells, Chem. Commun. 21 (2009) 3014-3016.

[12] B. Ge, F. Lisdat, Superoxide sensor based on cytochrome ¢ immobilized on
mixed thiol SAM with a new calibration method, Anal. Chim. Acta 454 (2002)
53-64.

[13] K.V. Gibi, F. Mizutani, Efficient mediatorless superoxide sensors using
cytochrome c-modified electrodes: surface nano-organization for selectivity
and controlled peroxidase activity, J. Electroanal. Chem. 484 (2000) 172-181.

[14] R. Buffemeyer, A.W. Philipp, L. Schlenzka, ].W. Mall, F. Lisdat, Epigallocatechin
gallate can significantly decrease free oxygen radicals in the reperfusion
injury in vivo, Transplant. Proc. 35 (2003) 3116-3120.

[15] T. Ohsaka, Y. Shintani, F. Matsumoto, T. Okajima, K. Tokuda, Mediated
electron transfer of polyethylene oxide-modified superoxide dismutase by
methyl viologen, Bioelectrochem. Bioenerg. 37 (1995) 73-76.

[16] Y. Tian, L. Mao, T. Okajima, T. Ohsaka, Electrochemistry and electrocatalytic
activities of superoxide dismutase at gold electrodes modified with a
self-assembled monolayers, Anal. Chem. 76 (2004) 4162-4168.

[17] J. Di, S. Bi, M. Zhang, Third-generation superoxide anion sensor based on
superoxide dismutase directly immobilized by sol-gel thin film on gold
electrode, Biosens. Bioelectron. 19 (2004) 1479-1486.

[18] W. Qian, Q.-H. Luo, Z.-L. Wang, M.-C. Shen, An electrochemical study on
bovine erythrocyte superoxide dismutase - the novel electrochemical
behaviors on mercury electrodes, J. Electroanal. Chem. 568 (2004) 143-149.

[19] J.M. McCord, L. Fridovich, Superoxide dismutase. An enzymic function for
erythrocuprein (hemocuprein), J. Biol. Chem. 244 (1969) 6049-6055.

[20] X. Wang, M. Han, ]. Bao, W. Tu, Z.H. Dai, A superoxide anion biosensor based
on direct electron transfer of superoxide dismutase on sodium alginate
sol-gel film and its application to monitoring of living cells, Anal. Chim. Acta
717 (2012) 61-66.

[21] J. Shi, ].C. Claussen, E.S. McLamore, A. Haque, D. Jaroch, A.R. Diggs, P.
Calvo-Marzal, J.L. Rickus, D.M. Porterfield, A comparative study of enzyme
immobilization strategies for multi-walled carbon nanotube glucose
biosensors, Nanotechnology 22 (2011) 355502.

[22] M.M. Barsan, M.E. Ghica, C.M.A. Brett, Electrochemical sensors and biosensors
based on redox polymer/carbon nanotube modified electrodes: a review,
Anal. Chim. Acta 881 (2015) 1-23.

[23] S. Kakhki, M.M. Barsan, E. Shams, C.M.A. Brett, New robust redox and
conducting polymer modified electrodes for ascorbate sensing and glucose
biosensing, Electroanalysis 25 (2013) 77-84.

[24] M.M. Barsan, C.T. Toledo, C.M.A. Brett, New electrode architectures based on
poly(methylene green) and functionalized carbon nanotubes:
characterization and application to detection of acetaminophen and
pyridoxine, ]. Electroanal. Chem. 736 (2015) 8-15.

[25] V. Pifferi, M.M. Barsan, M.E. Ghica, L. Falciola, C.M.A. Brett, Synthesis
characterization and influence of poly(brilliant green) on the performance of
different electrode architectures based on carbon nanotubes and
poly(3,4-ethylenedioxythiophene), Electrochim. Acta 98 (2013) 199-207.

[26] M.E. Ghica, C.M.A. Brett, The influence of carbon nanotubes and polyazine
redox mediators on the performance of amperometric enzyme biosensors,
Microchim. Acta 170 (2010) 257-265.

[27] C.Zanardi, F. Terzi, R. Seeber, Polythiophenes and polythiophene-based
composites in amperometric sensing, Anal. Bioanal. Chem. 405 (2013)
509-531.

[28] M. David, M.M. Barsan, M. Florescu, -C.M.A. Brett, Acidic and basic
functionalized carbon nanomaterials as electrical bridges in enzyme loaded
chitosan/poly(styrene sulfonate) self-assembled layer-by-layer glucose
biosensors, Electroanalysis 27 (2015) 2139-2149.

[29] M.M. Barsan, E.M. Pinto, C.M.A. Brett, Methylene blue and neutral red
electropolymerisation on AuQCM and on modified AuQCM electrodes: an
electrochemical and gravimetric study, Phys. Chem. Chem. Phys. 13 (2011)
5462-5471.

[30] C.Largeot, C. Portet, J. Chmiola, P.-L. Taberna, Y. Gogotsi, P. Simon, Relation
between the ion size and pore size for an electric double-layer capacitor, J.
Am. Chem. Soc. 130 (2008) 2730-2731.

[31] C. Punckt, M.A. Pope, I.A. Aksay, On the electrochemical response of porous
functionalized graphene electrodes, J. Phys. Chem.C 117 (2013) 16076-16086.

[32] M.E. Ghica, R. Pauliukaite, O. Fatibello-Filho, C.M.A. Brett, Application of
functionalised carbon nanotubes immobilised into chitosan films in
amperometric enzyme biosensors, Sens. Actuators B Chem. 142 (2009)
308-315.

[33] K. Thandavan, S. Gandhi, S. Sethuraman, J.B.B. Rayappan, U.M. Krishnan, A
novel nano-interfaced superoxide biosensor, Sens. Actuat. B 176 (2013)
884-892.

[34] S. Rajesh, A.K. Kanugula, K. Bhargava, G. llavazhagan, S. Kotamraju, C.
Karunakaran, Simultaneous electrochemical determination of superoxide
anion radical and nitrite using Cu, Zn SOD immobilized on carbon nanotube in
polypyrrole matrix, Biosens. Bioelectron. 26 (2010) 689-695.

[35] P.Santhosh, K.M. Manesh, S.-H. Lee, S. Uthayakumar, A.l. Gopalana, K.-P. Lee,
Sensitive electrochemical detection of superoxide anion using gold


http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0005
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0010
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0015
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0020
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0025
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0030
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0035
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0040
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0045
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0050
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0055
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0060
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0065
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0070
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0075
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0080
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0085
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0090
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0095
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0100
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0105
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0110
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0115
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0120
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0125
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0130
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0135
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0140
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0145
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0150
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0155
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0160
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0165
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0170
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175

582 M. Braik et al. / Sensors and Actuators B 236 (2016) 574-582

nanoparticles distributed poly(methyl methacrylate)-polyaniline core-shell
electrospun composite electrode, Analyst 136 (2011) 1557-1561.

[36] L. Wang, W. Wen, H. Xiong, X. Zhang, H. Gu, S. Wang, A novel amperometric
biosensor for superoxide anion based on superoxide dismutase immobilized
on gold nanoparticle-chitosan-ionic liquid biocomposite film, Anal. Chim.
Acta 758 (2013) 66-71.

[37] Y. Wang, Y. Wu, J. Wang, ]. Di, Disposable superoxide anion biosensor based on
superoxide dismutase entrapped in silica sol-gel matrix at gold nanoparticles
modified ITO electrode, Bioprocess Biosyst. Eng. 32 (2009) 531-536.

[38] X.Zhu, X. Niu, H. Zhao, ]J. Tang, M. Lan, Immobilization of superoxide
dismutase on Pt-Pd/MWCNTs hybrid modified electrode surface for
superoxide anion detection, Biosens. Bioelectron. 67 (2015) 79-85.

[39] L. Wu, X. Zhang, J. Chen, A new third-generation biosensor for superoxide
anion based on dendritic gold nanostructure, J. Electroanal. Chem. 726 (2014),
112-11.

[40] ]. Tang, X. Zhu, X. Niu, T. Liu, H. Zhao, M. Lan, An amperometric superoxide
anion radical biosensor based on SOD/PtPd-PDARGO modified electrode,
Talanta 137 (2015) 18-24.

[41] Q. Ye, W. Li, Z. Wang, L. Zhang, X. Tan, Y. Tian, Direct electrochemistry of
superoxide dismutases (Mn-, Fe-, and Ni-) from human pathogen Clostridium
difficile: toward application to superoxide biosensor, J. Electroanal. Chem.
729 (2014) 21-26.

[42] S.S. Leonard, C. Xia, B.-H. Jiang, B. Stinefelt, H. Klandorf, G.K. Harris, X. Shi,
Resveratrol scavenges reactive oxygen species and effects radical-induced
cellular responses, Biochem. Biophys. Res. Commun. 309 (2003) 1017-1026.

[43] S. Bradamante, L. Barenghi, A. Villa, Cardiovascular protective effects of
resveratrol, Cardiovasc. Drug Rev. 22 (2004) 169-188.

[44] L. Campanella, R. Gabbianelli, T. Gatta, E. Mazzone, M. Tomassetti, A
superoxide dismutase biosensor for measuring the antioxidant capacity of
blueberry based integrators, Curr. Pharm. Anal. 9 (2013) 208-216.

Biographies

Mourad Braik received his Ph. D degree from the Faculty of sciences of Tunis (FST),
University of Tunis EL Manar in 2015. His main current interests are: develop-
ment and characterization of electrochemical micro/nano-structured (bio) chemical
sensors and photovoltaic cells.

Madalina Maria Barsan received her Ph. D. degree at University of Coimbra,
Portugal, in 2011, where she is currently a Postdoctoral Researcher. Her research
interests include the development and characterization of new nanostructured
electrode materials and methods for biomolecule immobilization for new electro-
chemical (bio)sensors and their application in the environmental, health, food and
pharmaceutical areas.

CherifDridi is a Professor/principal investigator in the Center of Research on Micro-
electronics and Nanotechnology CRMN Technopark of Sousse and co-founder of the
GREENS Team in ISSAT of Sousse, University of Sousse. He received his MSc degree
in general physics and his DEA (master) in materials and devices for electronics from
the faculty of Sciences of Monastirin 1994/1996 and his PhD degree in Physics: “Rela-
tionship between structural and electronic properties in conjugated polymers” from
Faculty of sciences of Tunis in 2003. In this period he conducted several works in
Polymer and Biomaterials Laboratory (Lyon, France), Quantum Physics Laboratory
(ESPCI, Paris France) and Institut Charles Sadron (Strasbourg, France). He received
a HDR: “Nanomaterials for Environment and Solar Energy Harvesting” in physics

from faculty of sciences of Tunis in 2010. His research activity concerned in the last
years the study of structural, optical and electrical properties of new organic and
hybrid nanomaterials from which devices for solar energy conversion, environment
monitoring and health diagnostic has been developed particularly chemical sensors,
biosensors and solar cells. Moreover, he is recently interested by study of Microsys-
tems for diseases monitoring. He was a principal investigator in 5 international
projects funded by NATO (“Development of Bio/Chemical Sensors for Detection of
Amines and Aldehydes in Fish Meat”), Tunisian-French cooperation PHC Utique
CMCU (i) “Nanomaterials for energy conversion and environment”, (ii) “Design,
simulation and fabrication of embedded implantable Microsystems: Application for
Health”, and Tunisian-Algerian “Metallic Oxydes and Application for Photovoltaics”.
He is an expert researcher in 2 projects funded by NATO SFP “Novel Electrochemical
Nano-Sensors for Toxic lons Detection” and FP7 European commission CANCER-
NANOSENS. He has published/presented over 80 papers/communications in the
above mentioned scientific research areas.

Mounir Ben Ali is a Full Professor at the High Institute of Applied Science and
Technology of Sousse (ISSAT, Tunisia) working mainly in the field of Biosensors
and Bioelectronics. He received his M.Sc. degree in Physical chemistry from the
faculty of Sciences (Monastir, Tunisia) in 1995 and his PhD degree in integrated
electronic devices from Ecole Centrale de Lyon (Lyon, France) in 2000. Then he occu-
pied a postdoctoral position focused on Nano-fucntionnalisation of Nano devices
at CEMES (Toulouse, France). He obtained a HDR in physics (faculty of sciences
Tunis) in 2007. He is now the leader of the GREENS research group working mainly
on the development of electrochemical sensors and biosensors, Microsystems and
physical chemistry of nano structured bio-membranes. He has extensive experience
(>15years) in mentoring and training researchers from undergraduate through to
doctoral level. Prof. BEN ALl is part of worldwide renowned scientists as editorial
member of several peer-reviewed scientific journals. He was a principal investigator
in different international projects funded by NATO and French-Tunisian coopera-
tion: NATO Linkage CLG980621 (2004-2006), CNRS/DGRSRT 18469 (2007-2009).
He was a coordinator of Science For Peace NATO Project (2012-2015) and FP7 Euro-
pean Project CANCERNANOSENS (2012-2016). He has published/presented over
80 papers/communications in the area of chemical and biosensors devices, non-
material’s and their applications. His main current interests are: simulation and
characterization of electrochemical micro/nano-structured (bio) chemical sensors.

Christopher Brett is a professor of chemistry at the University of Coimbra, Portugal.
His research interests include new nanostructured electrode materials and modified
electrode surfaces, electrochemical sensors and biosensors, electroactive polymers,
corrosion and its inhibition, and applications of electrochemistry in the environ-
mental, health, food and pharmaceutical areas. He was President of the International
Society of Electrochemistry (ISE) in 2007-8. He is an elected member of the Bureau
of the International Union of Pure and Applied Chemistry (IUPAC) for the period
2012-19 and a member of the IUPAC Executive Committee 2016-17. He was Pres-
ident of the Physical and Biophysical Chemistry Division of IUPAC in 2006-7, is a
former Chairman of the IUPAC Electrochemistry Commission, and was President of
the Analytical Division of the Portuguese Chemical Society (2003-5). He is a Fellow
of the Royal Society of Chemistry. He is also Director of the Electroanalysis and Cor-
rosion Laboratory, Instituto Pedro Nunes, Coimbra, the technological innovation link
between the University of Coimbra and the industrial sector. His research activity
is documented by more than 270 papers and 20 chapters in multi-author books,
and has been presented in many conferences and invited lectures. He is co-author
of 2 undergraduate/graduate textbooks “Electrochemistry. Principles, methods and
applications”, 1993, and “Electroanalysis”, 1998, both Oxford University Press.


http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0175
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0180
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0185
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0190
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0195
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0200
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0205
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0210
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0215
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220
http://refhub.elsevier.com/S0925-4005(16)30884-X/sbref0220

	Highly sensitive amperometric enzyme biosensor for detection of superoxide based on conducting polymer/CNT modified electr...
	1 Introduction
	2 Experimental
	2.1 Reagents and solutions
	2.2 Instrumentation
	2.3 Preparation of modified electrodes and biosensors
	2.4 Preparation of samples of beverages for determination of the relative antioxidant capacity

	3 Results and discussion
	3.1 Electrode modification by electropolymerisation of EDOT and CNT deposition
	3.2 Characterization of polymer-CNT modified electrodes
	3.2.1 Scanning electron microscopy characterization
	3.2.2 Electrochemical characterization
	3.2.2.1 Cyclic voltammetry
	3.2.2.2 Electrochemical impedance spectroscopy


	3.3 Superoxide detection
	3.3.1 Effect of applied potential and dissolved oxygen
	3.3.2 Analytical parameters of biosensor and enzymatic mechanism
	3.3.3 Biosensor selectivity and stability
	3.3.4 Determination of antioxidant activity


	4 Conclusions
	Acknowledgements
	References

	Biographies

