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1. Introduction

ABSTRACT

We report the characterization of a dispersion of multi-wall carbon nanotubes (CNT) in a solution of
polyethylenimine (PEI) functionalized with dopamine (Do), the electrochemical behavior of glassy car-
bon electrodes (GCE) modified with the resulting dispersion, and its analytical application for the highly
sensitive quantification of NADH without fouling of the surface. The dispersion was obtained by sonicat-
ing for 60 min 1.0 mg CNT in 1.0 mL of 1.0 mg/mL PEI-Do solution prepared in 50/50 (v/v) ethanol/water.
The presence of Do covalently bonded to PEI promotes hydrophobic 7 interactions with the CNT walls
and improves significantly the dispersability of CNT in this mixture. The dispersion is highly stable since
after 2 months resting at room temperature no phase separation was observed. This dispersion was drop-
coated over GCE, and after solvent evaporation, a very reproducible and uniform coverage was obtained.
An electrochemical pretreatment (activation) of such a modified GCE electrode allowed the sensitive
quantification of NADH at potentials as low as —0.025 V. The response of NADH at the electrochemically
activated GCE modified with the dispersion of CNT in PEI-Do solution (GCE/CNT-PEI-Do), demonstrated
to be highly reproducible. The R.S.D. for the NADH sensitivity obtained with 15 electrodes and 3 different
dispersions was 8.9%. Even more important, after 10 calibrations for NADH with the same surface the
decrease in the sensitivity was smaller than 10%. The dispersion was characterized by Field Emission
Scanning Electron Microscopy (FE-SEM), Fourier Transform Infrared Spectroscopy (FT-IR) while the elec-
trodes modified with the dispersion were evaluated using different electrochemical techniques (Cyclic
voltammetry (CV), Amperometry and Electrochemical Impedance Spectroscopy (EIS)).

© 2012 Elsevier Ltd. All rights reserved.

The functionalization of electrodes by using redox-active
species may sustain electrocatalytic processes granting an

The electrochemical quantification of reduced nicotinamide
adenine dinucleotide (NADH) through its oxidation to NAD* has
received considerable attention since it is an essential biological
molecule found in all living cells that participates as coenzyme in
many important redox reactions catalyzed by dehygrogenases [1].
However, the direct electrochemical oxidation of NADH is highly
irreversible with an elevated overpotential at common electrodes.
The oxidation products of NADH can be adsorbed on the electrode
surface producing passivation of the electrode and, consequently,
poor sensitivity, poor selectivity and unstable analytical signals [1].
Thus, one of the main challenges to sense NADH electrochemically
is to find a surface that avoids all these problems.

* Corresponding authors. Tel.: +54 351 4334169/80; fax: +54 351 4334188.
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enhanced reactivity towards a given analyte, and in some cases,
a poor reactivity towards species considered as interferents,
improving in this way the efficiency/selectivity of electroanalyti-
cal methodologies [1-5]. In that aspect, Rubianes and Strumia [6]
have reported the catalytic activity on NADH electrooxidation of a
GCE modified with polyethylenimine (PEI) covalently functional-
ized with the catecholamine dopamine (Do).

Carbon nanotubes (CNT) have been also used to successfully
modify electrodes due to their intrinsic electrocatalytic proper-
ties. The resulting electrodes have demonstrated to be an excellent
alternative in terms of surface and reactivity enhancement [7-9].
Despite their unique electrocatalytic properties, CNT tend to aggre-
gate in aqueous solutions due to strong -1 interactions between
their aromatic rings [10,11], making difficult their dispersion. To
overcome their aggregation and take profit of their full capabilities,
CNT have been generally dispersed in aqueous media by wrapping
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with different polymers. Nafion [12], chitosan [13,14], polylysine
[15,16],PDDA[17], polyacrylicacid [18,19], and hialuronic acid [20]
among other polymers, have been successfully used as dispersing
agents. Our group has previously reported the successful disper-
sion of CNT with PEI [21], which wraps the nanotubes, making
their environment more hydrophilic and favoring their disper-
sion. Glassy carbon electrodes (GCE) modified with this dispersion
have been used for the efficient quantification of bioanalytes either
in batch [21,22] or in flow involving Flow Injection Analysis and
Capillary Electrophoresis [23]. Aromatic molecules such as pyrene
[24], methylene blue [25] and imidazolium-containing ionic liq-
uids [26] have been employed to functionalize CNT through strong
m—r stacking interactions. Those aromatic systems are very sim-
ilar from the electronic point of view to graphite and can be seen
as a cut piece from a graphite sheet; therefore, the interaction
between two CNT or the different layers of a multi-walled carbon
nanotubes or between the aromatic molecules and CNT is quite
similar [24-27]. Nevertheless, there are rare examples of electrodes
modified by both CNT and polymers modified with aromatic redox-
active species [28].

In this work we report the dispersion of CNT in PEI functional-
ized with dopamine (PEI-Do) to obtain: (a) a dispersing agent for
CNT that confers more stability to the dispersion and its deposit
on GCE, (b) a redox-active polymer that allows to follow by elec-
trochemical techniques the modification of CNT through the redox
signal of Do, and (c) the precursor (Do) of the mediator that cat-
alyzes the electrochemical reaction of NADH immobilized in the
same dispersing agent.

In the following sections we present: (i) The characteriza-
tion of the CNT-PEI-Do dispersion before and after deposition
on the electrode surface using different techniques: Field Emis-
sion Scanning Electron Microscopy (FE-SEM), Fourier Transformed
Infrared Spectroscopy (FTIR), Cyclic voltammetry (CV), Electro-
chemical Impedance Spectroscopy (EIS) and Amperometry; (ii) A
comparison of the electrochemical behavior of bare GCE and GCE
modified with different polymers or CNT dispersions: GCE/PEI,
GCE/PEI-Do, GCE/CNT, GCE/CNT-PEI, and GCE/CNT-PEI-Do, either in
buffer solution or in the presence of NADH; and (iii) The analytical
performance of GCE/CNT-PEI-Do for the amperometric quantifica-
tion of NADH.

2. Experimental
2.1. Reagents

Polyethylenimine (M,, 750kDa, catalog number P-3143),
dopamine, NADH and glutaraldehyde (reagent grade) were
purchased from Sigma and used without further purification.
Multi-walled carbon nanotubes powder (95% purity (30 +15)nm
diameter, (1-5) microns length), were obtained from NanoLab, Inc.
(MA, USA) and used as received.

A 0.050 M phosphate buffer solution pH 7.40 was employed as
supporting electrolyte, except stated otherwise. Ultrapure water
(resistivity =18 M2 cm) from a Millipore-MilliQ system was used
for preparing all the solutions.

2.2. Apparatus

Electrochemical experiments were performed with Epsilon
(BAS) and TEQ_04 potentiostats. The electrodes were inserted into
the cell (BAS, Model MF-1084) through holes in its Teflon cover.
Glassy carbon electrodes from CH-instruments (3 mm diameter)
were used as working electrodes. A platinum wire and Ag/AgCl,
3 M KCI (BAS, Model RE-5B) were used as counter and reference
electrodes, respectively. All potentials are referred to the latter. A

magnetic stirrer provided the convective transport during ampero-
metric measurements, with the agitation speed set at 800 rotations
per minute. An ultrasonic bath Testlab 160 W was used to prepare
the CNT dispersions.

Electrochemical Impedance Spectroscopy measurements were
performed with a Solartron 1287 FRA 1260. The impedance spectra
were analyzed by using the Z-view program.

UV-vis experiments were performed with a UV-1700 Pharma
Spec Shimadzu spectrophotometer. IR spectra were recorded using
a FTIR instrument (Bruker IFS 28) by drop-coating and drying
the samples on a ZnSe disk. Scanning Electron Microscopy (SEM)
images were obtained with a Field Emission Gun Scanning Electron
Microscope (Zeiss, ZIGMA model). The dispersions were previ-
ously drop-coated and air dried over GCE discs.

2.3. Synthesis and quantification of PEI functionalized with
dopamine (PEI-Do)

Synthesis, purification and characterization of PEI-Do were per-
formed as described by Rubianes and Strumia [6]. Briefly, the
covalent attachment of Do was performed through imination of
the amino groups of PEI with glutaraldehyde. The covalent attach-
ment of Do to PEI was confirmed from the presence of the imine
bands at 1630cm~! by IR spectroscopy (Section 3.1.3). The result-
ing PEI-Do was purified using a Sephadex G-10 column of 18cm
length and 1.3 cm width. Milli Q water was used as elution solvent.
After elution of the dead volume, the first fraction presented the
highest Do concentration covalently bond to PEI (obtained from
the absorbance at 280 nm, results not shown). The modified poly-
mer was readily separated from unbounded Do since the fractions
5-7 presented a clear absorption peak of Do at 280 nm. This purifi-
cation protocol was repeated on the complete crude sample and,
after UV-vis characterization, the first fractions were combined. A
portion of these combined fractions was evaporated to dryness and
the mass concentration was 4.5 g/L. The amount of Do immobilized
at the polymer was 10% (w/w). This amount was determined by
UV-vis spectroscopy from the band at 280 nm, and by amperom-
etry at 300 mV (potential that corresponds to Do oxidation peak
potential at GCE), from the corresponding calibration curves with
pure Do (not shown).

2.4. Preparation of dispersions and modified electrodes

PEI and PEI-Do solutions were prepared at 1.0 mg/mL in a 50:50
(v/v) ethanol/water media. CNT, CNT-PEI-Do and CNT-PEI disper-
sions were obtained by mixing 1.0 mg of CNT with 1.0 mL of the
corresponding solution (50:50 (v/v) ethanol/water, 1.0 mg/mL PEI-
Do, or PE], respectively) followed by 60 min sonication.

Previous to their modification, GCEs were consecutively pol-
ished with alumina slurries of 1.0, 0.30 and 0.05 pm for 2 min each,
and then cycled 10 times in a 0.050 M phosphate buffer solution pH
7.40 from —0.200 to +0.800V to obtain a stable profile.

The different tested modified electrodes (GCE/CNT-PEI-Do,
GCE/CNT-PEI, GCE/CNT, GCE/PEI-Do, or GCE/PEI) were prepared by
a simple casting method: the polished GCE were modified by drop-
coating with 20 pL of CNT-PEI-Do, CNT-PEI, CNT, PEI-Do, or PEI
dispersion/solution. The solvent was evaporated in air for 90 min.

2.5. Procedure

For the electrochemical measurements, 0.050M phosphate
buffer solution pH 7.40 was used as supporting electrolyte. Cyclic
voltammetry experiments were performed at 0.010Vs~!. The
amperometric experiments were carried out at —0.025V or by
applying the desired potential and allowing the transient current
to reach a steady-state value prior to the addition of the analyte
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Fig. 1. Pictures for dispersions of CNT (A), CNT-PEI (B) and CNT-PEI-Do (C) in
ethanol/H;0 (50:50, v/v), prepared by 60 min sonication and allowed to rest for
60 days.

and the subsequent current monitoring. All the experiments were
conducted at room temperature.

The EIS experiments were performed between 1.0 x 10° Hz and
1.0 x 102 Hz, with a potential perturbation of 10 mV and a working
potential of —0.025V in a 0.050 M phosphate buffer solution pH
7.40, in the absence and presence of 1.0 x 10~3 M NADH.

3. Results and discussion
3.1. Characterization of CNT-PEI-Do dispersions

3.1.1. Macroscopic observations

Fig. 1 shows pictures of vials containing 1.0 mg/mL CNT dis-
persed in ethanol-water 50/50 (v/v): (A) in the absence of any
polymer, (B) in the presence of 1.0 mg/mL PEI and (C) 1.0 mg/mL
PEI-Do after 60 min initial sonication and further 60 days repose at
room temperature. Itis evident that the sonication in ethanol/water
can not eliminate the bundles of CNT that are aggregated and settled
down at the bottom of the vial (A). On the contrary, the sonication of
CNT in the presence of PEI (B) decreases the number of aggregates
and facilitates the dispersion although some bundles still remains
and settle down. Interestingly, when sonicating CNT in the pres-
ence of PEI-Do (C), CNT dispersion looks even more homogeneous
than with PEI, and do not settle down still after 60 days. Even after
prolonged centrifugation a very dark aqueous phase was observed.
The m—1r interaction between the aromatic region of Do attached to
PEI and the hydrophobic side wall of CNT [24-27] promotes a better
wrapping of the polymer around the CNT, enabling them to disperse
more readily in water. The surface of the wrapped nanostructures
becomes more hydrophilic owing to the amine groups present in
the PEI, improving, thus, the quality of the dispersion. These results
are a clear evidence of the high physical stability of the CNT-PEI-Do
dispersion even after 2 months at room temperature.

3.1.2. SEM characterization

Fig. 2 displays SEM images of glassy carbon surfaces covered
with 1.0mg/mL CNT dispersed in (A) 50/50 (v/v) ethanol/water,
(B) 1.0 mg/mL of PEI in ethanol/water and (C) 1.0 mg/mL PEI-Do in
ethanol/water. When GCE is modified with the dispersion of CNT in
ethanol/water, the surface is completely covered by CNT, although
the coverage is unsymmetrical as it is more clearly shown in the
inset (Fig. 2A). When the dispersion is performed in the presence of
PEI, the glassy carbon surface shows a complete coverage although
it presents different density of CNT (inset in Fig. 2B). The addition
of PEI-Do to the dispersing solvent produces a very uniform and
homogeneous distribution of the deposit over the complete sur-
face of the electrode, with areproducible circle shape, in opposition

Fig. 2. SEM images of glassy carbon disks covered with 1.0 mg/mL CNT dispersed
in (A) 50/50 (v/v) ethanol/water, (B) 1.0 mg/mL of PEI in ethanol/water and (C)
1.0 mg/mL PEI-Do in ethanol/water. Magnification: 10,000x, scale bare 10 pwm. Inset:
lower magnification (250x) of the given surface.

to what is observed for CNT/PEI dispersion (Fig. 2C). Nevertheless,
when the glassy carbon disks were modified with CNT-PEI-Do, the
size of the domains seems to increase, showing less marked bound-
aries and a flattened and more homogeneous topography. Thus, the
presence of Do functionality in the polymer is decisive to ensure a
complete coverage of the GCE surface.

3.1.3. IR characterization

Fig. 3 displays IR spectra for Do (a), PEI (b), PEI-Do (c) and CNT
dispersed in PEI-Do (d). The Do spectrum (Fig. 3a) shows charac-
teristic absorption bands of the aromatic compounds: vibrations
due to C—H bonds appear at 900 and 675cm~! (out of plane) and
between 1300 and 1000cm~! (in plane), skeletal vibration that
involve C-C stretching between 1600 and 1400 cm~! and the com-
bination and overtones bands in the 2000-1650 cm~! region. The
spectrum of PEI (Fig. 3b) presents wider peaks, consistently with its
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Fig. 3. FTIR spectra for (a) Do, (b) PEI, (c) PEI functionalized with dopamine, (d) CNT
functionalized with PEI-Do.

polymeric nature. Peaks at 1575 and 1466 cm~! correspond to the
bending vibration of N-H, and those at 1306, 1110 and 1050 cm™!
to the stretching vibration of C-N of primary and secondary amines.
Absorption peaks at 2946cm~! and 2830cm~! can be assigned
to aliphatic C-H stretching frequencies of the ethylene group of
PEI. The spectrum corresponding to PEI-Do (Fig. 3c) presents a
broad and important band centered at 1630cm~"! that indicates
the formation of the imine linkage, confirming the reaction of glu-
taraldehyde with the NH, residues of PEI and Do. The spectrum
corresponding to CNT dispersed in PEI (not shown) presented the
peaks due to the presence of basic nitrogen-containing groups of
PEI previously indicated (1575 and 1466 cm—1), corroborating that
PEI is effectively wrapped on the CNT walls upon ultrasonication,
and that since those nitrogenated groups are hydrophilic, they
facilitate the dispersion of CNT in aqueous medium. The spectrum
of CNT-PEI-Do (Fig. 3d) displays some characteristic bands com-
mon to the spectra of CNT-PEI (not shown) and PEI-Do (Fig. 3c)
in the region between 1300 and 1700cm~!, and to that of Do
(Fig. 3a) between 900 and 1300cm™!. It is important to note that
the spectrum of a previously washed sediment of the CNT-PEI-Do

dispersion obtained after centrifugation (not shown), presented
bands in the Do characteristic region which remained even after
extensive washing, demonstrating a strong interaction between
the aromatic ring of Do and the CNT walls. These results con-
firm the effective and stable functionalization of CNT with PEI-Do,
which on one hand provides a strong CNT-polymer interac-
tion through the Do moieties, and on the other hand facilitates
CNT-polymer-solvent interactions through the hydrophilic amine
groups of the polymer backbone.

3.1.4. Electrochemical characterization

In order to perform a rational design of an electrochemical sen-
sor for NADH using GCE/CNT-PEI-Do, it is necessary to know the
response of NADH at GCE modified with the different constituents
of the proposed dispersion. Fig. 4 shows the voltammetric response
of six different electrodes, three without CNT: (A) GCE, (B) GCE/PEI,
(C) GCE/PEI-Do, and three with CNT: (D) GCE/CNT, E) GCE/CNT-
PEI, F) GCE/CNT-PEI-Do. The voltammograms were obtained in a
0.050 M phosphate buffer solution pH 7.40 without (dashed lines)
and with (solid line) 2.0 mM NADH.

To facilitate the comprehension of the electrochemical per-
formance of the different platforms, we will first describe their
behavior in buffer solution (Fig. 4, dashed lines): (a) The current
increase observed in B and E at potentials higher than 0.4V is
attributed to the oxidation of PEI amine groups [29]. The same
explanation can be given to the wave observed at similar poten-
tials in C and F. (b) The presence of CNT on the electrode surface
(D-F) produces an important enhancement in the capacitive and
faradaic currents due to the increment in the electroactive area
and to the electroactivity of CNT. It is interesting to mention that
the areas corresponding to the different surfaces, evaluated by
chronopotentiometric experiments using hydroquinone as a redox
probe, present the following order: GCE/CNT-PEI-Do > GCE/CNT-
PEI > GCE/CNT > GCE (not shown). This order is in agreement with
the macroscopic observation of the different dispersions and the
SEM images of GCE-modified surfaces that show a more effi-
cient dispersion of CNT in PEI-Do solution than in PEI solution
or just ethanol/water. This improvement in the efficiency of the
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Fig. 4. Cyclic voltammograms obtained in 0.050 M phosphate buffer (dashed line) and 2.0 mM NADH (solid line) at (A) GCE, (B) GCE/PEI, (C) GCE/PEI-Do/, (D) GCE/CNT, (E)

GCE/CNT-PEI, (F) GCE/CNT-PEI-Do. Scan rate: 10 mV/s.
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Fig. 5. Cyclic voltammograms obtained at GCE/CNT-PEI-Do. (A) First (dashed line) and second (dotted line) cycles in 0.050 M phosphate buffer pH 7.40. (B) Second cycle in

buffer (dotted line) and in 2.0 mM NADH solution (solid line).

dispersion produces an increment in the density of CNTs at the
electrode surface and, as a consequence of that, an increase in
the electroactive area of GCE/CNT-PEI-Do. (c) At the GCE/PEI-Do
(C), the peak observed in buffer solution at 0.240V is attributed
to the oxidation of Do attached to the polymer [6]. (d) When the
GCE is modified with CNT-PEI-Do (F), two overlapped peaks appear
at 0.170 and 0.260V. These peaks can be attributed to the oxida-
tion of two fractions of Do within the deposited dispersion that
could differ either in their protonation state (charged vs. uncharged
species), and/or entanglement within the dispersion (surface vs.
bulk), and/or contact with the CNT (delocalized vs. isolated -
electrons).

In the presence of 2.0 mM NADH (Fig. 4, solid lines), the elec-
trodes present the following features: (a) At the bare GCE (A) NADH
electrooxidation occurs at highly positive potentials (0.590V). (b)
At the GCE/PEI (B) there is a small shifting of the NADH oxidation
peak potential towards less positive values (0.500V vs. 0.590V)
compared to GCE, indicating that PEI does not passivate the elec-
trode surface at variance with other polymers. (¢) The comparison
of the oxidation signal of NADH (solid line) on the GCE/PEI (B)
with that on the GCE/PEI-Do (C) reveals that the modification of
the surface with Do shifts the oxidation peak of NADH to 0.230V.
This peak matches the oxidation potential of Do moieties already
observed in buffer solution (C, dashed line) but is three times
more intense in NADH solution (C, solid line). Thus, it can be
assumed that the catalytic oxidation of NADH on this electrode
is mediated by the oxidation product of Do (dopaminequinone)
in agreement with the results previously reported [6]. This was
confirmed by the observation of a current rise along with the incre-
ment in NADH concentration (not shown). (d) When incorporating
CNT (GCE/CNT (D)), the oxidation of NADH occurs at a potential
520 mV less positive than at bare GCE (A) with a three-fold current
increase, indicating an important electrocatalytic effect of CNT. (e)
At the GCE/CNT-PEI (E), NADH is oxidized at a potential 130 mV
more positive than at the GCE/CNT (D) and the peak current is
smaller. These results indicate that, even when PEI does not pas-
sivate the electrode, its small physical blocking effect reduces the
global catalytic activity of CNT. (f) At the GCE/CNT-PEI-Do (F), a
new anodic peak at 0.100V appears in NADH solution (solid line)
with respect to the voltammetric response of the electrode in buffer
solution (dashed line). Additional cyclic voltammetry experiments
performed at different concentrations of NADH (0.10, 0.50, 1.0 and
2.0 mM)demonstrated that the peak at 0.100 V increases as the con-
centration of NADH increases, confirming that it is due to NADH
oxidation (not shown). On this electrode the oxidation of NADH
occurs 70mV before the oxidation of Do moieties, implying that
in the presence of carbon nanotubes, NADH might be oxidized
before the dopaminequinone is formed, preventing it from any cat-
alytic activity. In the following section we investigate the effect of

forming dopaminequinone at the GCE/CNT-PEI-Do on the oxidation
of NADH.

3.2. Influence of the pretreatment of the electrode

One of the goals in attaching Do to PEI was to generate species
with catalytic activity. Considering that dopaminequinone, the oxi-
dation product of Do, can be converted into dopaminechrome and
that p-quinone-imines are catalytically active for the oxidation of
NADH [30], we investigated the effect of the pre-oxidation of Do
attached to the polymer on the electrochemical behavior of NADH.

Fig. 5A displays cyclic voltammograms obtained in a 0.050 M
phosphate buffer solution pH 7.40 at GCE/CNT-PEI-Do between
—0.200V and 0.400V, that is, at potentials where Do is completely
oxidized. The first cycle (dashed line) shows two contributions
in the anodic scan at 0.170 and 0.260V, and a reduction peak
at 0.120V, in agreement with Fig. 4F. However, at variance with
the voltammetric profile displayed in Fig. 4F, a second reduction
peak appears at —0.150V. In the second cycle (dotted line), this
new peak gives rise to an additional reversible peak system with
oxidation at —0.090V. This peak system is obtained only if the
anodic potential reaches 0.400V but does not exceed this value,
and it is attributed to the oxidation of the leucodopaminechrome
formed as a consequence of the conversion of dopaminequinone
into dopaminechrome [31]. When the potential is scanned up to
0.200V, that is, before the definition of the second Do oxidation
peak, the peaks at —0.090V do not appear. The CVs obtained after
performing similar pretreatment on the GCE, GCE/PEI, GCE/PEI-Do,
and GCE/CNT-PEI did not exhibit the peaks system at —0.100V,
indicating that this process develops only when Do and CNT are
simultaneously present at the electrode surface and the electrode
is “activated” by scanning the potential up to 0.400V. Herein, we
will refer as “activation” to the process of performing a potential
scan at a freshly prepared GCE/CNT-PEI-Do electrode in phosphate
buffer from —0.200V to 0.400V at 0.010Vs~1.

Fig. 5B shows the voltammetric profiles between —0.300V and
0.075V obtained at a GCE/CNT-PEI-Do previously “activated”: in
buffer (dotted line) and in 2.0mM NADH solution (solid line).
The voltammogram obtained in the presence of NADH, shows a
large increase in the oxidation current at potentials higher than
—0.090V (solid line), while the associated reduction current signif-
icantly decreases with respect to the voltammogram obtained in
buffer solution (dotted line). These results are a clear evidence of
the catalytic oxidation of NADH: the compound generated during
the activation of GCE/CNT-PEI-Do is oxidized at —0.090V, then is
chemically reduced in the presence of NADH, and reoxidized elec-
trochemically, giving place to the catalytic wave at —0.040 V. In this
way, the local concentration of this compound decreases and the
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Table 1

Comparison of the parameters obtained from the electric circuit model (EC) and the Cole-Cole plots for the GCE/CNT-PEI-Do in absence and presence of 1.0 x 10~ M NADH.

Sensing surface Cq (F)

I' (molcm~2)

49%x104+£04x10°4
5.6x10744+0.7 x 104
48x1074+0.7 x 1074
45%x1074+£0.7 x 1074

CNT-PEI-Do (EC)

CNT-PEI-Do (Cole-Cole)
CNT-PEI-Do/NADH (EC)
CNT-PEI-Do/NADH (Cole-Cole)

1.7x1072+£0.3 x107°
1.9%x109+0.3 x10°°
1.8x109+0.3 x107°
1.7x1079+£0.3 x10°°

C, =pseudocapacitance of surface-confined electroactive species. I = concentration of surface-confined electroactive species calculated from I" = 4RTC,/F?A.

reduction wave at —0.150V is less intense in the presence of NADH
than in buffer.

3.3. Electrochemical impedance spectroscopy characterization of
“activated” GCE/CNT-PEI-Do

EIS is a powerful method for characterizing the electrical
interfacial properties and is a very sensitive technique to study
surface-confined electroactive species. The impedance of the sur-
face confined species is analyzed using a modified Randles circuit.
The simplest model for surface-confined electroactive species
includes contributions to the electrochemical response from three
sources: uncompensated solution resistance (Rs), double layer
film capacitance (Cgy), and faradaic activity of surface-confined
electroactive species, which is represented by a charge-transfer
resistance (Rs) and a pseudocapacitance (C,) (see inset Fig. 6).
Therefore, C; and R values can be determined from the spectra
fitting using the mentioned equivalent electrical circuit [32,33].

In the case of a surface confined redox system, the results can
also be presented as Cole-Cole plots [32,33], where the data are
shown in the 1/jwZ plane in the form of C;,, versus G, (where Cp,
and Cg, are the imaginary and real parts of the interfacial complex
capacitance, respectively, j=(—1)!/2, and Zis the impedance). In the
Cole-Cole plot, the data are shown in the 1/jwZ plane, rather than
in the Z plane. In general, if the impedance of a system is given by:

Z:ZRe —jZIm (1)
The abscissa in Cole-Cole plot is:

ZIm

1
Re (7) =Cre=—5>5——>— (2)
joz) " oz, + 2
While the ordinate is:
1 ZRe
_Im <7) — C = —— R 3)
joz) T oz, +27,)
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Fig. 6. Cole-Cole plots for GCE/CNT-PEI-Do obtained in the absence (a) and in the
presence (b) of 1.0 x 103 M NADH in 0.050 M phosphate buffer solution pH 7.40.
Frequency: between 1.0 x 10° Hz and 1.0 x 10~2 Hz; potential perturbation: 10 mV;
working potential: —0.025 V. Inset: electric circuit model (EC) used.

where j=(—1)'/2; w=2xf; fis the frequency, and Re and Im repre-
sent the real and imaginary components, respectively.

Fig. 6 shows a comparison of the Cole-Cole plots for GCE mod-
ified with CNT-PEI-Do in the absence (a) and presence (b) of
1.0 x 10-3 M NADH in a 0.050 M phosphate buffer solution pH 7.40.
From these plots, it is possible to obtain the surface concentration
of redox species (I") (in moles per surface area) if the pseudocapac-
itance is known according to equation (4):

4RTCq

F2A
where R is the universal gas constant, T is the temperature, F is
the Faraday constant, and A is the area of the electrode. C4 can be
obtained both from the equivalent circuit and also from the max-
imum of the semicircle of the Cole-Cole plot. Table 1 shows the
values of I and C; determined from both methods: the electrical
circuit fitting (EC) and the Cole-Cole plots. With both methods, the
obtained C, values are quite similar either in buffer or NADH solu-
tion. Additionally, the concentration (/") of the surface-confined
redox species originated during the pretreatment of GCE/CNT-PEI-
Do are similar either in the absence or presence of NADH, indicating
that, as expected, the amount of immobilized redox species at the
electrode surface is the same in both cases and does not depend on
the presence of NADH, solely on its generation by the pretreatment
activation of the electrode.

To confirm the importance of Do as precursor of the redox medi-
ator electrogenerated during the potentiodynamic activation of
GCE/CNT-PEI-Do and the catalytic effect of this mediator towards
NADH oxidation, we compare the R values obtained from Nyquist
plots at —0.025V for GCE/CNT-PEI and GCE/CNT-PEI-Do in 0.050 M
phosphate buffer solution pH 7.40 in the absence and presence
of 1.0 x 103 M NADH solution (not shown). The results obtained
for GCE/CNT-PEI were fitted with an (R(RC)) circuit, while those
obtained for GCE/CNT-PEI-Do, were fitted with the modified Ran-
dles circuit. In the case of GCE/CNT-PEI-Do the R obtained in buffer
solution was almost 1200 times smaller than the one obtained at
GCE/CNT-PEI (2.32 x 102  vs. 2.78 x 10° ) due to the presence
of the oxidation product of dopamine generated during the acti-
vation of the electrode. In the presence of NADH, the R.; value for

I = (4)

-200 -100 0 100 200

E vs (Ag/AgCI)/V

Fig. 7. Hydrodynamic voltammograms for 1.0mM NADH at GCE/CNT (a, W),
GCE/CNT-PEI (b, ®) and GCE/CNT-PEI-Do(c, a).



Table 2

Comparison of the analytical performance of several amperometric sensors for NADH quantification.

Sensing surface E vs. (Ag/AgCl) (V) Linear range (moldm~3) Sensitivity DL RSD Stability Ref
(nAdm? mol') (nmoldm~3)

Poly-6-vinyl coenzyme Qu/GCE 0.425 1.0x10°°-1.0x10~* 3.3 x 10%5* NR NR NR [36]

Poly-hematoxylin/GCE 0.300 1.0x1077-1.5x 1074 NR NR 2.2%(n=6) [37]

Cyt C:DOPE +UQq¢/poly- 0.175 1.0x10°6-5.0%x 1073 0.851 500 2.6%(n=5) 90%-1 month 4°C [38]
TTCA/AuNP/SPCE

NADoxidase-Fc/SPCE 0.25 5.0x1074-3.8x 103 1.423 x 10* High NR NR [39]

PEDOTSDS-AgNP-MB/GCE —0.050 1.0x107°-5.6 x 1074 2x 103 0.1 NR NR [40]

branched CNT-modified carbon 0.55°% 0-2.5x 1073 5508 8 NR NR [41]
microfiber

Ru and Rh NP/single carbon fiber 0.4 0-1.2x 1073 48 10 5.9%(n=3) 90%-35 measurem. [42]

Si0,/Sn0,/Sb, 05 /MB graphite —0.05 8.0x 10-5-9.0 x 104 2.76 0.15 5% (n=10) 90%-100 CV cycles [43]
composite

Titania sol-gel doped with —-0.050 9.0x10°-23x 1073 1.25x10° 12 2% (n=10) 88%-8 measurem. [44]
MB/graphite electrode

Carbon black dispersion/SPCE 0.4** 0-2x10~* 1.28 x 104 0.3 4% intraelect.; 13% interelect. NR [45]

LMC/GCE 0.25 25x107°-2.0x 104 8.86 x 103 0.2 NR NR [46]

OMC-PNR/GCE 0.7 0-1.6x 1073 1.2 x 104 0.15 NR NR [47]

IL-graphene-chitosan/GCE 0.45 25x104-2.0x 103 3.743 x 104 cm—2 NR NR 95.4%-10 min; 90%-30 min [48]

GO/SPCEs 0.40 8.0x1077-5.0x 104 2.52 x 103 0.10 NR 96.7%-90 days at 4°C [49]

EGNs/GCE 0.32 2.0x107%-47x 1073 5.35 x 10° cm—2 NR NR 92%-60 min [50]

pTB/carbon felt 0.20 1-3x 105 3.18 x 10° 0.3 NR NR [51]

PPS-SWCNT/EPPG 0.0 0-1.7x 107 5.76 x 10° cm~2 0.01 NR NR [52]

SWCNT-HA/GCE 0.4 NR 6.86 x 10 cm—2 63 9.2% (n=3) batch to batch 95%-22 hs continuous [53]

operation
PEDOP/MW(CNTs-Pd/GCE 0.42 1.0x10°6-1.3x1072 1.27 x 10* 0.18 1.64% (n=10) 99%-20 days at 4°Cin [54]
0.1 M PBS pH:7.4
PP-MWCNT/GCE 0.645 2.0x10°-8.0x 104 4.04 x 10* cm—2 10 NR NR [55]
0XMWCNT-Chi/GCE —-0.05 1.0x10°5-1.0x 10~* (a)3.2x 103 cm2; (b) (a)4.0; (b) 2.0 NR 70%-1.5 hs continuous [56]
1.2 x 10*cm—2 operation
AuNP-MWCNTs-Teflon composite 0.3V 1.0x107°-1.0x 10~4 37.7 NR 37.7 (n=10) NR [57]
MW(CNT-PEI-Do/GCE -0.025 1.0x105-1.0x10~* 1.9 x 104 3 8.9% (n=15) intra and inter >90%-10 calibrations same This work

electrode and batch to batch

surface equivalent to 3 hs
continuous operation

All oxidation potentials (E) are referred to Ag/AgCl reference electrode or converted to that potential if initially reported vs. other reference electrode.

Stability = Percentage of initial response after-“the stated condition”; NR=not reported; °=estimated from data shown when not stated in the paper; *DPV was used instead of amperometry; *

*

reported vs. Ag pseudo

reference electrode; measurem = measurements; Cyt C:DOPE + UQ;o/poly-TTCA/AuNP/SPCE = Au nanoparticles electrodeposited on SPCE further covered with poly-5,20:50,200-terthiophene-30-carboxylic acid (poly-TTCA) mod-
ified with 1,2-dioleolyl-sn-glycero-3-phosphoethanolamine (DOPE), ubiquinone (UQ;¢) and cytochrome c (Cyt C); SPCE =Screen printed carbon electrode; NADoxidase-Fc/SPCE =NAD oxidase and carboximethyl ferrocene (Fc)
solution drop casted on SPCE; PEDOTSDS-AgNP-MB/GCE = GCE where modified potentiodynamically with poly(3,4-ethylene dioxythiophene-sodium dodecyl sulfate) [PEDOTSDS] + potentiostatically formed Ag nanoparticles
(AgNP) +adsorption of MB; MB =Meldola’s blue; SiO,/Sn0,/Sb,05/MB graphite composite = mixed oxide containing 25 wt% of SnO,, coated with a thin layer of Sb,05 chemically formed on the SiO,/SnO, mixture and embedded
with Meldola’s Blue mixed with a graphite composite 60/40 (w/w); LMC/GCE = Large mesoporous carbons on GCE; OMC-PNR/GCE = potentiostatically polymerized poly(neutral red) (PNR) onto ordered mesoporous carbon (OMC)
drop-coated on GCE; IL =ionic liquid; GO/SPCEs = SPCEs pre-oxidized at 1.9V in 0.1 M PBS and drop-coated with Graphene Oxide (GO) dispersion; EGNs/GCE = exfoliated graphite (1 mg/mL in DMF) drop casted on GCE; pTB/carbon
felt = electropolymerized poly(toluidine Blue) [pTB] on carbon felt; PPS-SWCNT/EPPG = poly(phenosafranin) [PPS] electropolymerized onto single wall carbon nanotubes [SWCNT] in DMF drop-casted onto edge-plane pyrolytic
graphite [EPPG] electrode; SWCNT-HA/GCE = single-walled carbon nanotubes (SWCNT) dispersed in hyaluronic acid (HA) drop casted on GCE; PEDOP/MW(CNTs-Pd/GCE = potentiodinamically polymerized 3,4-ethylenedioxypyrrole
(PEDOP) on GCE drop casted with palladium-modified-multi-wall carbon nanotubes (MWCNTs-Pd); PP-MWCNT/GCE = diphenylalanine peptide (PP)-covered MWCNT dispersion drop casted on GCE; oxXMWCNT-Chi/GCE = pre-
oxidized MWCNT: water boiled (a) or microwaved in a concentrated nitric acid (70%) (b), dispersed in 0.01 W% Chitosan (Chi) solution drop casted on GCE; AuUNP-MW(CNTs-Teflon composite = colloidal gold (AuNP)-multi-walled
carbon nanotubes (MWCNTs) composite electrode using Teflon as binding material.
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Fig. 8. Amperograms performed at —0.025V for successive additions of 1.0 x 10-5 M, NADH comparing: (A) the first amperometric response between GCE (a), GCE/CNT-PEI
(b) and GCE/CNT-PEI-Do surfaces (c); (B) 10 successive amperograms on the same GCE/CNT-PEI-Do surface.

the GCE/CNT-PEI-Do is 157 &5 €2, demonstrating that this surface
oxidation product acts as redox mediator for the electrooxidation
of NADH.

3.4. Analytical applications of GCE/CNT-PEI-Do for NADH
quantification

Hydrodymamic voltammograms (HDV) for a 2.0mM NADH
solution were performed to establish the working potential for
further amperometric quantification. Fig. 7 shows a compari-
son between HDV obtained at different electrodes: GCE/CNT (a),
GCE/CNT-PEI (b) and GCE/CNT-PEI-Do (c).

The improvement in the oxidation current obtained at the
activated GCE/CNT-PEI-Do electrode is evident, since from poten-
tials as negative as —0.100V, the oxidation current is 3.5 and 8.0
times higher than those obtained at GCE/CNT and GCE/CNT-PE],
respectively. The maximum current difference between the three
electrodes with a small relative error was obtained at —0.025V.
Therefore, —0.025V was chosen as working potential for further
amperometric studies.

Fig. 8A depicts typical amperograms obtained at —0.025V at
GCE (a), GCE/CNT-PEI (b) and activated GCE/CNT-PEI-Do (c), for
successive additions of NADH. No response is observed at bare GCE,
while at GCE/CNT-PEI, the signal is low and poorly defined due
to the slow oxidation of NADH. On the contrary, at the activated
GCE/CNT-PEI-Do, a clear, well defined and fast response is obtained
after each addition of NADH. Excellent analytical parameters were
obtained using this electrode as the relationship between oxidation
current and NADH concentration is linear between 1.0 x 10~> and
1.0 x 10~% M with a sensitivity of (19+2) x 103 pAM~! (obtained
from 15 electrodes prepared with 3 different dispersions), the
detection limit is 3.0 x 10~ M (taken as 3.3 x o/S, where o is the
standard deviation of the blank signal and S is the sensitivity), and
the quantification limit is 1.0 x 10> M (taken as 10 x o/S).

One of the challenges when developing NADH electrochemi-
cal sensors is to obtain a design that makes possible successive
determinations of NADH without passivation of the surface. Fig. 8B
shows ten consecutive amperograms for NADH performed at
—0.025V using the same electrode surface. In all cases the response
is clear and well defined. The difference in sensitivity between the
first and the tenth calibration is just 12% (17.7 x 103 uAM~1 vs.
15.6 x 103 WA M1, respectively) without passivation by NADH oxi-
dation products, demonstrating that the platform is robust, stable
and reproducible.

Table 2 compares the analytical performances for the detection
of NADH of our sensing platform and other sensors reported in the
literature in the last two years (including diverse sensing platforms

that are not directly comparable with ours since they use other
electrode materials than polymer-modified MWCNTSs). The related
work previous to 2009 has already been extensively reviewed in
literature [34,35] and therefore is not repeated here.

One of the main advantages of GCE/MWCNT-PEI-Do is that it
allows the amperometric quantification of NADH at a low poten-
tial (—0,025V) where most easily oxidizable interferents can be
avoided. It is important to remark that among the results shown
in Table 2, only four cases reported the NADH detection at nega-
tive potentials [40,43,44,56], but are less sensitive than our system.
All other reported sensors used positive working potentials where
other substances might interfere. Only few of them presented
higher sensitivity [36,50-52], although they used other electrode
materials like exfoliated graphite on GCE [50], carbon felt elec-
trodes [51], or edge-plane pyrolytic graphite [52] which have
higher surface area, and consequently, provide higher associated
sensitivity. Comparing with other GCE or composite electrodes
modified with MWCNT [55-57], the analytical performance of our
system represents an improvement for NADH quantification since
we can achieve better detection limits without additional doping-
nanoparticles. Another important remark of our results is that
we can accomplish at least 10 consecutive amperometric deter-
minations, equivalent to 3 h of continuous operation of the same
surface, which is not commonly achieved with other reported plat-
forms. Only two groups have presented a similar stability at longer
times [43,53]. This comparison clearly demonstrates that our sen-
sor presents one of the most competitive performances, not only in
terms of sensitivity and detection limits achieved, but also in terms
of reproducibility, repeatability, long term stability of the surface
and circumvention of potential interferents.

4. Conclusions

We can conclude that the covalent modification of PEI with Do
has allowed: (i) to obtain a dispersing agent for CNT that confers
better stability to the dispersion and mechanical strength to the
deposit at GCE due to the -1 interaction of Do with the walls
of CNT. (ii) To have a polymer modified with a redox marker that
allows to follow the presence of CNT-PEI-Do, (iii) to have the pre-
cursor of the redox mediator that catalyzes the electrochemical
reaction of NADH immobilized in the same dispersing agent. There-
fore, PEI-Do is presented here as a very effective dispersing agent
for CNT.

The modified electrode obtained with that dispersion, GCE/CNT-
PEI-Do, gathers several properties: (i) the presence of PEI-Do
greatly improves the mechanical resistance of the electrode, pre-
venting any exfoliation of CNT to occur during measurements,
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problem usually found in the case of GCE/CNT; (ii) the distribution
of CNT deposits on the electrode surface is notably more homoge-
neous when the nanotubes are dispersed in PEI-Do compared to
the dispersion in non-modified PEI.

The pretreatment of GCE/CNT-PEI-Do by cycling the potential
between —0.200 and 0.400 V allows the formation of a redox couple
able to catalyze the oxidation of NADH, permitting the sensitive
quantification of NADH at potentials as low as —0.025V without
passivation of the electrode using the same surface for succesive
amperometric detection of NADH.

The proposed sensing platform presents remarkable advantages
such as high sensitivity, low detection limits, robustness, operation
at low overpotentials, and highly stable electrochemical response
without the common passivation of the surface by NADH oxidation
products. Therefore, the electrode represents an interesting alter-
native for further developments of enzymatic biosensors based on
NAD* mediation.
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