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Abstract: A flexible electrode system entirely constituted by single-walled carbon nanotubes
(SWCNTs) has been proposed as the sensor platform for -nicotinamide adenine dinucleotide
(NADH) detection. The performance of the device, in terms of potential at which the electrochemical
process takes place, significantly improves by electrochemical functionalization of the carbon-based
material with a molecule possessing an o-hydroquinone residue, namely caffeic acid. Both the
processes of SWCNT functionalization and NADH detection have been studied by combining
electrochemical and spectroelectrochemical experiments, in order to achieve direct evidence of the
electrode modification by the organic residues and to study the electrocatalytic activity of the resulting
material in respect to functional groups present at the electrode/solution interface. Electrochemical
measurements performed at the fixed potential of +0.30 V let us envision the possible use of the
device as an amperometric sensor for NADH detection. Spectroelectrochemistry also demonstrates
the effectiveness of the device in acting as a voltabsorptometric sensor for the detection of this same
analyte by exploiting this different transduction mechanism, potentially less prone to the possible
presence of interfering species.

Keywords: single-walled carbon nanotubes; caffeic acid; catechol; NADH oxidation; electrocatalysis;
amperometric sensor; voltabsorptometric sensor; spectroelectrochemistry

1. Introduction

[3-Nicotinamide adenine dinucleotide (NADH) is the co-factor of many enzymes belonging to the
class of dehydrogenases [1,2]. For this reason, the development of an amperometric sensor for NADH
detection is the first, mandatory step for the analysis of a wide number of chemical species constituting
the substrate of NADH-dependent enzymes. Furthermore, abnormal levels of NADH in living cells
could indicate altered status of health. As an example, it was observed that NADH concentration in
malignant sites of breast tissue is significantly higher than in the non-malignant sites, whereas the
opposite occurs for malignant and normal tissues from the oral cavity [3].

Oxidation of NADH at conventional electrodes, namely glassy carbon, Pt, and Au, requires
particularly high overpotentials and induces massive passivation of the surface [4-7]. For this reason,
many materials have been developed and studied so far, aiming at realization of efficient amperometric
sensors for the detection of this analyte [8-10]. Among others, carbon nanomaterials are now attracting
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great attention; on the one hand, they can act as the catalysts for NADH oxidation [11-17] and, on the
other hand, they can allow the stable anchoring of a proper redox mediator [14,15,18]. In both cases,
the occurrence of an electrocatalytic oxidation in charge of NADH leads to considerable advantages,
first of all the possibility of obtaining the electrochemical oxidation of this species at low potential
values, possibly improving selectivity and sensitivity of the sensor system [19]. In this framework,
it is widely accepted that the o-quinone/o-hydroquinone redox couple constitutes an effective redox
mediator for NADH oxidation at an anode [8,10,20]. However, stable anchoring on an electrode surface
still constitutes an open problem.

Carbon nanotubes are nanomaterials consisting of rolled up graphene nanosheets, possessing
the typical tubular structure [14,21,22]. It is usual to distinguish between structures consisting of
single graphite sheets, named single-walled carbon nanotubes (SWCNTs), and those characterized
by coaxially wrapped nanosheets, named multi-walled carbon nanotubes (MWCNTs). They possess
an external diameter ranging between 1 and 2 nm in the case of SWCNTs and up to 100 nm for
MWCNTs, and a length in the order of the microscale. One of the most important advantages afforded
by their use in the frame of amperometric sensing is the possibility to stable anchor a high number
of molecules suitable to induce selective recognition of the target analyte in affinity biosensors or to
induce activation of effective redox mediation, in electrocatalytic (bio)sensors [11-14].

In this paper, flexible electrode systems entirely constituted by SWCNTs are proposed as the
sensor platform for NADH detection. Similar systems have been previously tested in electrochemical
and spectroelectrochemical experiments also devoted to quantitative analyses [23—27]. The crosslinking
between SWCNTs present in these devices is at the basis of the good conductivity of the film, necessary
to the use as an electrode platform. The performance of the electrode material was improved
here by functionalizing SWCNTs with catechol residues. To such a purpose, SWCNTs have been
electrochemically oxidized in strong acidic medium [20,28,29] and the resulting SWCNTy film has
been further modified by performing a voltammetric treatment in a caffeic acid (CFA) solution.
The effectiveness of the resulting SWCNTcpa surface in activating electrocatalytic processes in charge of
NADH oxidation has been ascertained by performing both electrochemical and spectroelectrochemical
experiments in absence and in presence of NADH. UV /Vis absorption spectroelectrochemistry has
demonstrated to be a very suitable technique to study electrochemical processes occurring at the
electrode surface [25-27]. These techniques also demonstrate the efficiency of SWCNTcpp in acting as
the sensitive element in optical and voltammetric sensors for NADH detection.

2. Materials and Methods

2.1. Reagents and Materials

CFA (>98%, Sigma-Aldrich, St. Louis, MO, USA), NADH (98%, Acros Organics, Geel, Belgium),
and HySOy4 (96%, Merck, Darmstadt, Germany) were used as received. Acetate buffer solution (0.1 M,
pH = 4) was prepared with acetic acid (100%, VWR, Radnor, PA, USA) and KOH (Panreac, Barcelona,
Spain), whereas 0.1 M phosphate buffer solution (PBS, pH = 7) was prepared from sodium dihydrogen
phosphate (NaH;PO,4-12H,0, VWR, Radnor, PA, USA) and disodium hydrogen phosphate (NayHPOy,
99%, Acros Organics, Geel, Belgium). All solutions were prepared daily using ultrapure water,
obtained from a Millipore DirectQ purification system provided by Millipore (18.2 MQ)-cm resistivity
at 25 °C, Burlington, MA, USA). All reagents were of analytical grade and used as received, without
further purification.

SWCNTs (Sigma Aldrich, St. Louis, MO, USA), 1,2-dichloroethane (DCE, 99.8%, Acros Organics,
Geel, Belgium), polytetrafluoroethylene membranes (Teflon®, filter pore size 0.45 um, Millipore
Omnipore, Burlington, MA, USA), polyethylene terephthalate film (PET, 175 um thick, HiFi Industrial
Film, Stevenage, UK), silver conductive paint (Electrolube, Leicestershire, UK) for the electrical
contacts, and Kapton®tape as insulator of the electrical contacts were used to fabricate the flexible
SWCNT electrodes.
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2.2. Instrumentation

In-situ time-resolved UV /Vis absorption spectroelectrochemical experiments were performed
with a customized SPELEC instrument (Metrohm-DropSens, Llanera, Asturias, Spain) with a
halogen/deuterium lamp. DropView SPELEC software (Metrohm-DropSens, Llanera, Asturias, Spain)
was used to control the instrument, allowing us to register real-time spectra synchronized with the
electrochemical data.

An Autolab PGSTAT30 potentiostat/galvanostat (Ecochemie, Utrecht, the Netherlands) controlled
by GPES software has been used to perform amperometric measurements aimed at testing the possible
use of the device as an amperometric sensor for NADH detection.

A tip-sonicator (CY-500, Optic Ivymen System, Sabadell, Spain) was used to disperse the SWCNTs
in DCE.

2.3. Fabrication of SWCNT Flexible Electrodes

SWCNT electrodes were prepared by the filtration-press transfer methodology proposed in
previous works [24,25]. Briefly, it consists of vacuum filtering 1 mL of a SWCNT suspension in DCE
(5mgL 1), obtained by tip-sonication, through a 0.45 pum pore size Teflon®filter. The obtained SWCNT
film was then transferred on a PET support by simply pressing the coating with the fingers. Afterwards,
the filter was dried at room temperature and separated from the PET support using tweezers, obtaining
a SWCNT film (10 mm diameter) on a flexible PET support. Silver conductive paint was deposited
and dried in an oven at 75 °C for 45 min to make the electrical contact. A schematic representation of
the electrode construction is reported in Figure S1 in Supplementary Materials.

2.4. Modification of SWCNT Electrodes

SWCNTs were electrochemically modified by CFA in three consecutive steps, as reported in Figure
S1 in Supplementary Materials: (1) SWCNT,x was obtained by immersing SWCNT-based electrodes
in a 1 M H,SO4 solution and by performing 10 consecutive voltammetric cycles between —0.50 and
+1.70 V at 0.10 Vs~1; (2) SWCNT,x was electrochemically functionalized by performing 10 successive
voltammetric cycles between —0.10 and +0.90 V at 0.02 Vs~! in a 103 M CFA, 0.1 M acetate buffer
solution (pH = 4); (3) SWCNTcpa was finally obtained by performing 25 voltammetric cycles between
—0.10 and +0.60 V at 0.10 Vs~ ! in 0.1 M PBS (pH =7), in order to remove the CFA molecules weekly
adsorbed on the SWCNT surface.

2.5. Amperometric Detection of NADH

Amperometric measurements on SWCNTcpa-based sensors were performed at a fixed potential
of +0.30 V, dipping the electrode in a magnetically stirred solution. The electrochemical cell was
completed, in this case, by a Pt wire counter-electrode and an Ag/AgCl/KCl 3 M reference electrode
(Amel, Milano, Italy). Aliquots of a 10~3 M NADH solution were added to a 0.1 M PBS (pH=7),
in order to vary the concentration between 0 and 4-10~> M. The whole calibration procedure was
repeated three times on the same SWCNTcpa electrode in order to evidence possible memory effects
and to test the repeatability of the sensor response. Furthermore, three electrodes realized under the
same conditions were used to perform calibration aiming at testing the reproducibility of the sensor
building up. Repeatability and reproducibility of the sensor response were quantified in terms of
relative standard deviation (%RSD).

2.6. UV/Vis Absorption Spectroelectrochemical Set-up and Measurement Procedures

For spectroelectrochemical measurements, the electrode preparation was completed as reported
in Figure S1 in Supplementary Materials. In particular, two naked 100 um optical fibers (Ocean
Optics) were fixed on the borders of the electrode surface in order to perform spectroelectrochemical
measurements in the parallel configuration, as shown in Figure 1 and Figure S2 in Supplementary
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Materials). They were aligned with each other, using Kapton®tape that also simultaneously allowed
isolating the electrode’s silver contact and delimiting the geometric area or the electrode. In this cell
configuration, the light beam coming from the halogen/deuterium light source passes throughout the
first optical fiber (OF1) and arrives at the solution layer (100 pm) just adjacent to the SWCNT electrode
surface. The light beam is then directed back to the spectrometer through the second optical fiber
(OF2). This instrumental configuration allowed us to register optical variation occurring inside the
diffusion layer involved in the electrochemical process, i.e., in close proximity of the electrode surface.

Ag/AgCI/KCl 3M
RE Pt CE

o
b3
6 ¢
OF1 i’ ! OF2
SPELEC s SPELEC

Light-source Spectrometer

PET substrate

Figure 1. Schematic view of the UV/Vis absorption spectroelectrochemical set-up in parallel
configuration. WE: single-walled carbon nanotube (SWCNT) working electrode, CE: Pt counter
electrode, RE: Ag/AgCl/KCl 3 M reference electrode, OF1: Naked optical fiber that guides the light
beam from the source cell to the solution, OF2: Naked optical fiber that guides the light beam from the
solution to the spectrometer, PET: polyethylene terephthalate.

The spectroelectrochemical measurements were performed dropping 50 uL of the sample solution
onto the SWCNT electrode, acting as the working electrode (WE) of a three-electrode cell. The
sample should cover up the entire SWCNT surface and the two ends of the optical fiber fixed on it.
The electrochemical cell was completed by a home-made Ag/AgCl/KCl 3 M reference electrode (RE)
and a Pt wire counter electrode (CE).

Cyclic voltammetry (CV) combined with the simultaneous registration of the UV /Vis absorption
spectra was chosen as the technique to study the functionalization of SWCNTs and to estimate the
performance of the resulting SWCNTpa electrodes in NADH detection. These spectroelectrochemical
experiments were performed in the parallel configuration, as shown in Figure 1, by polarizing the
electrode in 0.1 M PBS (pH = 7) in absence and in presence of NADH at concentration values increasing
up to 3-10~* M. In particular, CV traces were recorded by scanning the potential between —0.10 and
+0.60 V at 0.02 Vs~! potential scan rate, and by concomitantly registering the UV /Vis spectra in the
200-1000 nm range. Solutions at different NADH concentrations were tested by randomizing the order
of their analysis, aiming at evidencing possible memory effects, especially due to electrode fouling,
or detachment of the chemical functionalization. To test repeatability, three consecutive replicates of
the calibration curves were performed using the same SWCNTcgp electrode and the slopes of the
three calibration models were compared. The reproducibility was tested using three different CFA
modified electrodes, once more comparing the slope of the relevant calibration plots. Also, in this case,
repeatability and reproducibility of the sensor response were defined in terms of %RSD.

3. Results and Discussions

3.1. Spectroelectrochemical Study of Electrochemical Functionalization of SWCNT

The first step toward functionalization consists of the electrochemical oxidation of SWCNTs in a
1 M H,SOy4 solution, to achieve, as suggested by the literature [29], partial breakdown of the graphitic
aromatic structure and formation of oxidized residues, namely aldehydic, ketonic, or carboxylic
groups, on SWCNTs. These residues are suitable to stably anchor redox-mediating molecules for
possible electrocatalysis.
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Figure 2a shows the typical CV response registered during the activation step of the SWCNT
electrode. At the highest applied potential, a steep and marked increase of the current intensity can be
observed, ascribable to the superficial oxidation of the SWCNT structure. Concurrently, increase of the
background current occurs scan after scan, as shown in Figure 2b, indicating progressive modification
of the electrode surface. As observed, the highest current increase was observed during the first few
scans, evidencing that SWCNT oxidation mainly takes place in this phase. From the eighth scan
onwards, the increase of the current was significantly lower, suggesting that the oxidation process
occurs to a lower and lower extent.
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Figure 2. (a) Ten consecutive cyclic voltammetry (CV) traces collected during SWCNT oxidation in 1
M H,S0; at 0.1 Vs~1; (b) evolution of the current intensity at +0.65 V in the forward scan.

The second step of this process consists of the electrochemical modification of SWCNTox by
CFA, which occurs by carrying out 10 successive voltammetric cycles in 1073 M CFA solution and
0.1 M acetate buffer (pH = 4). During this step, a Michael addition reaction takes place, consisting
of a nucleophilic attack afforded by the carboxylate moieties, generated on the SWCNTSs during the
activation step, to the double bond in {3 to the carboxylic group of the CFA [20,30-32]. The pH value of
the solution has been chosen for the purpose to avoid the competition of other nucleophilic species,
such as hydroxyl ions or deprotonated carboxylic groups of CFA, with carboxylic groups of the
electrode surface in reacting with CFA molecules. On the other hand, a solution at a lower pH value
could induce protonation of the carboxylic groups in the SWCNT surface [31]. CV traces recorded in
this step, as shown in Figure S3 in Supplementary Materials, were consistent with the presence of an
electroactive species that is reversibly oxidized around +0.60 V on the SWCNTpx conducting electrode
surface. The UV-Vis spectra concomitantly recorded in the parallel configuration allow us to obtain
direct evidence of the species present inside the diffusion layer as a consequence of the electrochemical
process, as shown in Figure S4 in Supplementary Materials. During the electrode polarization toward
more positive potentials, the spectra show the decrease of an absorption band at 350 nm, typical of CFA
molecules, indicating consumption of this species at the electrode surface. At the same time, two new
bands at 260 and 410 nm, ascribable to the oxidized quinone form, increased in height; they are due
to oxidized CFA molecules not anchored to the electrode surface. Due to the reversibility of this
electrochemical process, the spectra evolved in the opposite direction in the backward potential scans.

A subsequent stabilization process was carried out in order to remove CFA weakly linked to
the SWCNTpp electrode surface. Repeated CV scans were performed between —0.10 and +0.60 V at
0.10 Vs~1. The occurrence of the cleaning process was testified by voltammetric responses recorded
in pure electrolyte solution (0.1 M PBS solution, pH = 7) on the electrode previously modified by
CFA, as shown in Figure 3a: the anodic peak current significantly decreased during the first scans,
reaching a stable value of about 2-107° A after ca. 20 scans, as shown in the inset of Figure 3a.
Once this stabilization procedure was completed, the SWCNT gy electrode was suitable to be used
for NADH detection. No significant variation of the current peak, in fact, occurred by performing
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25 further scans in conditions similar to those reported in Figure 3a, and no improvement in NADH
detection was achieved when using SWCNTpa electrodes obtained after performing this second
stabilization procedure.
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Figure 3. (a) Twenty-five successive CV scans recorded during the stabilization step of SWCNTcgp in
0.1 M phosphate buffer solution (PBS). (b) Contour plot reporting the evolution of absorbance spectra
during the whole experiment. Inset of (a) shows the evolution of the current intensity of the anodic
peak during the 25 scans. Inset of (b) shows the evolution of absorbance at 250 nm recorded during the
different scans.

The spectra recorded simultaneously to CV traces in Figure 3a only show the growth of the
absorption band centered at ca. 250 nm, as shown in Figure 3b, due to the oxidized form of CFA.
This absorption dramatically increased during the first three scans, owing to desorption of poorly
stable CFA molecules from the electrode that diffused into the solution layer adjacent to it, as shown
in the inset of Figure 3b. In the following cycles, the amount of CFA species present in the diffusion
layer decreased continuously: the diffusion away from the electrode was no more compensated by
desorption from the electrode surface. This indicates that the faradaic contribution to the current
recorded at the end of this stabilization step was only due to electroactive CFA stably anchored on the
electrode surface.

3.2. Study of Electrocatalytic Efficiency of Functionalized SWCNT for NADH Oxidation

The effect of SWCNT functionalization with CFA was firstly investigated by performing CV
experiments with SWCNT, SWCNTpx, and SWCNTcpa electrodes in the pure electrolyte solution,
as shown in Figure 4a. As already outlined, electrochemical oxidation of the carbon-based surfaces in a
strongly acidic medium induces significant variation of the electrode surface, evidenced by the different
values of background current passing from the pristine to the oxidized SWCNTs. Two ill-defined pairs
of peaks ascribable to reversible electrochemical processes were observable around +0.10 and +0.20 V
in the CV curves on SWCNTpx. The latter couple was enhanced by further functionalization by CFA
molecules. On the basis of this result, we can reasonably suggest that the process of electrochemical
activation of SWCNTs induces breaking of carbon aromatic structure and formation of (poly)phenol
residues that can induce reversible redox processes, as in the case of hydroquinone and catechol.
Functionalization of the SWCNT surface by CFA molecules was confirmed by the presence of a
well-defined anodic/cathodic peak system ascribable to the o-quinone/o-hydroquinone redox couple.
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Figure 4. (a) CV scan of SWCNT-based electrodes recorded in 0.1 M PBS; (b) forward CV scan on the
same electrodes in 2-10~4 M NADH, 0.1 M PBS solution, subtracted for the relevant background signal.

The performance of the three materials in respect to NADH oxidation is compared in Figure 4b.
As observed, the use of SWCNTy led to the remarkable anticipation of the oxidation peak. The peak
was quite broad, suggesting that it was relative to two different electrode processes at potential values
close to those observed in the voltammogram registered in the pure electrolyte. This conclusion is
supported by the electrochemical responses obtained for NADH oxidation at SWCNTcpa: strong
increase of the current peak at +0.25 V was observed, suggesting that catechol residues introduced
by functionalization with CFA were effective in inducing electrocatalytic oxidation of NADH.
In conclusion, the electrochemical results suggest that SWCNTcpy is the most suitable material to act
as the active element of sensors for NADH determination.

3.3. Use of SWCNT cra as an Amperometric Sensor

On the basis of the previous results, the performance of SWCNTcpa has been tested for the
possible use as an amperometric sensor. To this aim, the electrode was polarized at the fixed potential
of +0.30V, i.e., at a potential value at which the electrochemical process was limited by the mass transfer
of electroactive species to the electrode surface; the oxidation current was recorded concurrently to
subsequent increases of the NADH concentration in solution, as shown in Figure S5 in Supplementary
Materials. Calibration was replicated three times on the same electrode, using seven concentration
values in each regression, in order to test response repeatability, as shown in Figure 5. The sensor
showed a linear correlation of the current value vs. NADH concentration, with a slope 5.26-10~2
A-M~1. An R? value of 0.9985 and a regression standard deviation (Sy/x) of 2.5-1078 A indicate
that the model fits suitably to the experimental data. The accuracy of the calibration model was
evaluated by comparing the true values of different NADH solutions and the predicted ones, obtaining
a linear model with slope and intercept values not significantly different from 1.0 and 0.0, respectively.
This indicates that the calibration model is unbiased.
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Figure 5. Calibration curve of the current intensity values from amperometric measurements polarizing
the electrode at +0.30 V vs. the NADH concentration. Each point has been replicated three times using
the same electrode for all measurements. Error bars account for standard deviation.
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Furthermore, the %RSD of the slope values of three regressions on the same electrode (with a
mean value of 5.35:1072 A-M~!) resulted as 8.7% (n = 3). This value denotes repeatability of the
experiments, indicating that the same electrode can be used in at least 27 consecutive experiments
without significant changes to its surface.

To evaluate the reproducibility of the building up process, three amperometric calibration curves
were computed using three different SWCNTcpa electrodes. The mean of the slopes resulted as
5.56-102 A-M~1; a relative standard deviation (RSD) of 9.8% (n = 3) denotes that the overall fabrication
process of SWCNTcpy electrodes is reproducible.

Finally, the NADH concentration in three test samples, the true value being 1.09-107° M,
was estimated. The confidence interval resulted as [1.01 =+ 0.30]-107> M (RSD = 12%, n = 3), indicating
high accuracy and precision.

3.4. Use of SWCNT cra as a Voltabsorptometric Sensor

SWCNTcpa electrodes were also tested for a possible use as voltabsorptometric sensors for
quantitative determination of NADH. Potential sweep techniques, in fact, are preferred to amperometry
at a constant potential when different electroactive species are present in the same matrix. Even better
selectivity can be reached by recording, at any applied potential, the relevant absorption spectrum.
This approach aims at further improving the selectivity of the sensor system developed here [27].

In order to verify the effectiveness of SWCNTcpa in NADH detection using a potential scan
technique, both electrochemical and spectroscopic signals have been concomitantly acquired in NADH
solutions at different concentrations. Figure 6 displays the spectroelectrochemical responses obtained
during the electrochemical oxidation of 3-10~* M NADH in 0.1 M PBS, scanning the potential between
—0.10 and +0.60 V at 0.02 Vs~ 1. The spectra show a band with a maximum at 260 nm, which increased
during the oxidation of NADH. It is related to the m—m* transition of the adenine aromatic ring of
the electrogenerated NAD*. Concomitantly, the absorption band at 340 nm, ascribable to the n—7*
transition of the dihydronicotinamide portion of NADH [33], decreased due to the consumption of this
species at the electrode surface. The same experiment, when carried out in pure 0.1 M PBS, i.e., in the
absence of the analyte, does not show either of these two bands, supporting the explanation given
above, as shown in the inset of Figure 6a.
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Figure 6. (a) Spectra registered during the oxidation of 3-10~* M NADH and 0.1 M PBS. (b) Comparison
of the linear sweep voltabsorptograms (LSVA) and the derivative voltabsorptogram at 340 nm. Inset in
(a) shows the spectra registered in 0.1 M PBS.

The trend of these two bands is in good agreement with the voltammetric responses, as suggested
by the perfect overlap of electrochemical signal with the derivative voltabsorptogram (DVA) at 340 nm
and at 260 nm, as shown in Figure 6b and Figure S6 in Supplementary Materials, respectively).



Sensors 2019, 19, 518 90f12

When considering linear sweep voltabsorptograms (LSVA) recorded in the different NADH
solutions, the correlation between the peak current and the NADH concentration was very poor,
as suggested by a correlation coefficient value around 0.75, as shown in Figure S7 in Supplementary
Materials. These results indicate that the voltammetric technique is not appropriate to determine
NADH. This conclusion should be ascribed to the fact that the voltammetric signal actually combines
contributions of both faradic and non-faradic processes, being also very difficult to trace a good
baseline, and, consequently, to properly estimate the height of the anodic peaks.

At variance with voltammetric responses, spectroscopic variations in the UV /Vis spectral region
were only directly ascribable to NADH consumption in the diffusion layer, as shown in Figure 7a,
leading to a better linear relationship between absorbance and NADH concentration. Since DVA
traces were in very good agreement with the electrochemical responses due to NADH oxidation,
spectroscopic absorption can be also used for the quantitative estimation of this species. Figure 7b
shows absorbance variations at 340 nm collected during the LSVA experiments performed in solutions
at different NADH concentrations. Similar behavior was found for the band peaking at 260 nm.
Since absorbance changes at 340 nm are twice those observed at 260 nm, that wavelength was chosen
for more sensitive analyses.

@) —oM of ] [—om
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5 ' 1.00-10% M 5 1.00-10* M
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< 0.06 < .0.06
8 -0.08
250 300 350 400 450 0 02 04 06
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Figure 7. (a) Spectra at +0.60 V and (b) voltabsorptograms at 340 nm registered during the oxidation of
different concentrations of NADH in 0.1 M PBS.

The calibration procedure was replicated three times with the same electrode, to evaluate the
response repeatability, as shown in Figure 8. Solutions at different NADH concentrations were
randomly tested, in order to minimize the bias induced by possible memory effects. A good correlation
was found with the linear regression model, relating the values of absorbance at 340 nm to the
NADH concentration when the potential applied during the voltabsorptometric experiment was
+0.60 V. The slope of the calibration model was —251.0 M~! (R* = 0.9986, Sy = 1.02:107> M1).
The repeatability, estimated in terms of %RSD value, resulted as 9.7% (n = 3), indicating that the same
electrode can be used in different calibration procedures.

+0.60V _ 2 4404 . i 2_
0 A340 am 3.4-10 CNADH 251.0 (R” = 0.9986),

Cynapn ™ x107

Figure 8. Calibration curve of the absorbance values at +0.60 V from the voltabsorptograms at 340 nm
vs. NADH concentration. Each point has been replicated three times using the same electrode. Error
bars, accounting for the standard deviation, are shown.
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To test the reproducibility of the activation-modification procedure of the SWCNT electrode
surface, the mean slope values of three linear regression models were calculated with three different
electrodes. Table 1 displays the figures of merit of these calibration models. Good reproducibility
was estimated on the basis of the RSD value of 2.8% (n = 3) relative to the mean of the three slopes
(—267.3M71).

Table 1. Figures of merit of the three linear absorptometric calibration plots obtained by the ordinary
least square regression model from data obtained using three different SWCNTcga electrodes.

SWCNTcpa-1 SWCNTpa-2 SWCNTcpa-3
Slope /M1 —267.7 —259.6 —274.7
Intercept /a.u. 0.0015 0.0011 0.0007
R2 0.9998 0.9986 0.9960
Syix 0.4-1073 1.1-1073 2.0-1073

Finally, the concentration of three samples of NADH with a true concentration of 1.25:10~* M
was estimated. The interval of confidence obtained resulted as [1.24 & 0.19]-10~* M (RSD = 6.1%,
n = 3). The mean value found testifies the accuracy, and the RSD value and the low relative error in
the determination of the NADH concentration, resulting lower than 1%, denotes high precision of the
procedure followed.

Reliability of the calibration model was also verified by repeating the previously described
procedure with a further eight NADH solutions. The concentration values predicted by the model
were plotted vs. the true values, exhibiting a linear correlation with slope and intercept values not
significantly different from 1.0 and 0.0, respectively. This analysis indicates the absence of bias.

4. Conclusions

The results reported in this paper demonstrate that SWCNTs electrochemically functionalized
by CFA molecules are suitable to act as the sensing element for detection of NADH. In particular,
the presence of catechol residues as a consequence of the electrochemical functionalization leads to
electrocatalytic oxidation of NADH, inducing significant anticipation of the electrochemical process to
particularly low potential values. Furthermore, deposition of SWCNT on a flexible substrate constitutes
an interesting added value for the possible use of this device in the frame of sensors, especially when
used ‘in the field’. The device can be used both as an amperometric and as a voltabsorptometric sensor,
depending on the analytical frame. In particular, the voltabsorptometric sensor can be of great interest
when analyzing matrices containing different electroactive species that can be oxidized at similar
potential values but absorb radiation in different spectral ranges.

Supplementary Materials: The following material is available online at http:/ /www.mdpi.com /1424-8220/19/
3/518/s1; Figure S1: Schematic representation of electrode fabrication and functionalization of SWCNTs, Figure
S2: Photograph of the UV /Vis absorption spectroelectrochemical set-up, Figure S3: CV trace collected during CFA
deposition on SWCNT,y, Figure S4: UV-Vis spectra collected during the first forward scan of CFA deposition on
SWCNT,y, Figure S5: Amperometric trace recorded during subsequent additions of NADH in the test solution,
Figure S6: Overlapping of voltammetric and derivative voltabsorptometric trace recorded at 260 nm, Figure S7:
CV traces collected in different NADH solutions and relevant calibration plot.

Author Contributions: Conceptualization, C.Z.; Data curation, A.H. and A.C.; Investigation, EV,,].G.-R., and N.P;
Methodology, ET.; Supervision, A.H., R.S., and C.Z.; Writing—original draft, A.H. and C.Z.; Writing—review &
editing, ET., A.C., and R.S.

Funding: Authors acknowledge the financial support from FEDER and both the Spanish Ministerio de Economia
y Competitividad (Grants CTQ2017-83935-R-AEI/FEDER-UE) and the Consejeria de Educacion -Junta de Castilla
y Leén- (Grant BU297P18). Jesus Garoz-Ruiz thanks Ministerio de Economia y Competitividad for his postdoctoral
contracts (CTQ2014-55583-R; CTQ2017-83935-R AEI/FEDER-UE). Fabio Vulcano thanks the ISOF institute of CNR
for supporting his PhD Grant. Nicola Porcelli thanks Universita di Modena e Reggio Emilia for supporting his
stay at the University of Burgos.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/1424-8220/19/3/518/s1
http://www.mdpi.com/1424-8220/19/3/518/s1

Sensors 2019, 19, 518 11 of 12

References

1. Bartlett, PN.; Simon, E.; Toh, C.S. Modified electrodes for NADH oxidation and dehydrogenase-based
biosensors. Bioelectrochem. 2002, 56, 117-122. [CrossRef]

2. Katakis, I; Dominguez, E. Catalytic electrooxidation of NADH for dehydrogenase amperometric biosensors.
Mikrochim Acta. 1997, 126, 11-32. [CrossRef]

3. Uppal, A.; Gupta, PK. Measurement of NADH concentration in normal and malignant human tissues from
breast and oral cavity. Biotechnol. Appl. Biochem. 2003, 37, 45-50. [CrossRef]

4. Schmakel, C.O.; Santhanam, K.S.V.; Elving, PJ. Nicotinamide adenine dinucleotide (NAD™) and related
compounds. Electrochemical redox pattern and allied chemical behavior. J. Am. Chem. Soc. 1975, 97,
5083-5092. [CrossRef] [PubMed]

5. Blaedel, W].; Jenkins, R.A. Study of the electrochemical oxidation of reduced nicotinamide adenine
dinucleotide. Anal. Chem. 1975, 47, 1337-1343. [CrossRef] [PubMed]

6.  Moiroux, J.; Elving, PJ. Mechanistic aspects of the electrochemical oxidation of dihydronicotinamide adenine
dinucleotide (NADH). J. Am. Chem. Soc. 1980, 102, 6533-6538. [CrossRef]

7. Maddar, EM.; Lazenby, R.A ; Patel, A.N.; Unwin, P.R. Electrochemical oxidation of dihydronicotinamide
adenine dinucleotide (NADH): Comparison of highly oriented pyrolytic graphite (HOPG) and
polycrystalline boron-doped diamond (pBDD) electrodes. Phys Chem Chem Phys. 2016, 18, 26404-26411.
[CrossRef]

8.  Gorton, L.; Dominguez, E. Electrocatalytic oxidation of NAD(P)H at mediator-modified electrodes. Rev. Mol.
Biotechnol. 2002, 82, 371-392. [CrossRef]

9. Prieto-Simén, B.; Fabregas, E. Comparative study of electron mediators used in the electrochemical oxidation
of NADH. Biosens. Bioelectron. 2004, 19, 1131-1138. [CrossRef]

10. Radoi, A.; Compagnone, D. Recent advances in NADH electrochemical sensing design. Bioelectrochem. 2009,
76,126-134. [CrossRef]

11.  Wang, J. Carbon-nanotube based electrochemical biosensors: a review. Electroanal. 2005, 17, 7-14. [CrossRef]

12.  Balasubramanian, K.; Burghard, M. Biosensors based on carbon nanotubes. Anal. Bioanal. Chem. 2006, 385,
452-468. [CrossRef] [PubMed]

13.  Wang, J; Lin, Y. Functionalized carbon nanotubes and nanofibers for biosensing applications. TrAC Trends
Anal. Chem. 2008, 27, 619-626. [CrossRef] [PubMed]

14. Yafez-Sederio, P.; Pingarrén, ].M.; Riu, ].; Rius, EX. Electrochemical sensing based on carbon nanotubes.
TrAC Trends Anal. Chem. 2010, 29, 939-953. [CrossRef]

15.  Chen, D.; Feng, H.; Li, ]. Graphene oxide: preparation, functionalization, and electrochemical applications.
Chem. Rev. 2012, 112, 6027-6053. [CrossRef] [PubMed]

16. Maccaferri, G.; Zanardi, C.; Xia, Z.Y.; Kovtun, A,; Liscio, A.; Terzi, F.; Palermo, V.; Seeber, R. Systematic study
of the correlation between surface chemistry, conductivity and electrocatalytic properties of graphene oxide
nanosheets. Carbon 2017, 120, 165-175. [CrossRef]

17.  Arduini, F; Amine, A.; Majorani, C.; Di Giorgio, F,; De Felicis, D.; Cataldo, F.; Moscone, D.; Palleschi, G.
High performance electrochemical sensor based on modified screen-printed electrodes with cost-effective
dispersion of nanostructured carbon black. Electrochem. Commun. 2010, 12, 346-350. [CrossRef]

18. Lei, J.; Ju, H. Signal amplification using functional nanomaterials for biosensing. Chem Soc Rev. 2012, 41,
2122-2134. [CrossRef]

19. Seeber, R.; Pigani, L.; Terzi, F,; Zanardi, C. Amperometric sensing. A melting pot for material, electrochemical,
and analytical sciences. Electrochim. Acta. 2015, 179, 350-363. [CrossRef]

20. Zanardi, C.; Ferrari, E.; Pigani, L.; Arduini, F; Seeber, R. Development of an electrochemical sensor for nadh
determination based on a caffeic acid redox mediator supported on carbon black. Chemosensors 2015, 3,
118-128. [CrossRef]

21. Singh, P; Campidelli, S.; Giordani, S.; Bonifazi, D.; Bianco, A.; Prato, M. Organic functionalisation and
characterisation of single-walled carbon nanotubes. Chem. Soc. Rev. 2009, 38, 2214-2230. [CrossRef]

22. Banerjee, S.; Hemraj-Benny, T.; Wong, S.S. Covalent surface chemistry of single-walled carbon nanotubes.

Adv. Mater. 2005, 17, 17-29. [CrossRef]


http://dx.doi.org/10.1016/S1567-5394(02)00047-6
http://dx.doi.org/10.1007/BF01242656
http://dx.doi.org/10.1042/BA20020052
http://dx.doi.org/10.1021/ja00851a010
http://www.ncbi.nlm.nih.gov/pubmed/240879
http://dx.doi.org/10.1021/ac60358a034
http://www.ncbi.nlm.nih.gov/pubmed/167612
http://dx.doi.org/10.1021/ja00541a024
http://dx.doi.org/10.1039/C6CP05394G
http://dx.doi.org/10.1016/S1389-0352(01)00053-8
http://dx.doi.org/10.1016/j.bios.2003.10.010
http://dx.doi.org/10.1016/j.bioelechem.2009.06.008
http://dx.doi.org/10.1002/elan.200403113
http://dx.doi.org/10.1007/s00216-006-0314-8
http://www.ncbi.nlm.nih.gov/pubmed/16568294
http://dx.doi.org/10.1016/j.trac.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19122842
http://dx.doi.org/10.1016/j.trac.2010.06.006
http://dx.doi.org/10.1021/cr300115g
http://www.ncbi.nlm.nih.gov/pubmed/22889102
http://dx.doi.org/10.1016/j.carbon.2017.05.030
http://dx.doi.org/10.1016/j.elecom.2009.12.028
http://dx.doi.org/10.1039/c1cs15274b
http://dx.doi.org/10.1016/j.electacta.2015.03.074
http://dx.doi.org/10.3390/chemosensors3020118
http://dx.doi.org/10.1039/b518111a
http://dx.doi.org/10.1002/adma.200401340

Sensors 2019, 19, 518 12 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Garoz-Ruiz, J.; Izquierdo, D.; Colina, A.; Palmero, S.; Heras, A. Optical fiber spectroelectrochemical device
for detection of catechol at press-transferred single-walled carbon nanotubes electrodes. Anal. Bioanal. Chem.
2013, 405, 3593-3602. [CrossRef]

Garoz-Ruiz, J.; Heras, A.; Palmero, S.; Colina, A. Development of a novel bidimensional
spectroelectrochemistry cell using transfer single-walled carbon nanotubes films as optically transparent
electrodes. Anal. Chem. 2015, 87, 6233-6239. [CrossRef]

Garoz-Ruiz, J.; Heras, A.; Colina, A. Direct determination of ascorbic acid in a grapefruit: paving the way for
in vivo spectroelectrochemistry. Anal. Chem. 2017, 89, 1815-1822. [CrossRef]

Garoz-Ruiz, J.; Guillen-Posteguillo, C.; Heras, A.; Colina, A. Simplifying the assessment of parameters of
electron-transfer reactions by using easy-to-use thin-layer spectroelectrochemistry devices. Electrochem.
Commun. 2018, 86, 12-16. [CrossRef]

Garoz-Ruiz, J.; Guillen-Posteguillo, C.; Colina, A.; Heras, A. Application of spectroelectroanalysis for the
quantitative determination of mixtures of compounds with highly overlapping signals. Talanta 2019, 195,
815-821. [CrossRef]

Palacios-Santander, ].M.; Terzi, E; Zanardi, C.; Pigani, L.; Cubillana-Aguilera, L.M.; Naranjo-Rodriguez, IL;
Seeber, R. Electrocatalytic and antifouling properties of CeO,-glassy carbon electrodes. ]. Solid State
Electrochem. 2016, 20, 3125-3131. [CrossRef]

McCreery, R.L. Carbon electrodes: structural effects on electron transfer kinetics. In Electroanalytical chemistry;
Bard, A.J., Ed.; Marcel Dekker: New York, NY, USA, 1991; Volume 17, pp. 221-374.

Pariente, F,; Tobalina, F.; Darder, M.; Lorenzo, E.; Abrufia, H.D. Electrodeposition of redox-active films of
dihydroxybenzaldehydes and related analogs and their electrocatalytic activity toward NADH oxidation.
Anal. Chem. 1996, 68, 3135-3142. [CrossRef]

Zare, H.R.; Golabi, S.M. Electrocatalytic oxidation of reduced nicotinamide adenine dinucleotide (NADH) at
a chlorogenic acid modified glassy carbon electrode. J. Electroanal. Chem. 1999, 464, 14-23. [CrossRef]

Zare, H.R.; Golabi, S.M. Caffeic acid modified glassy carbon electrode for electrocatalytic oxidation of
reduced nicotinamide adenine dinucleotide (NADH). J. Solid State Electrochem. 2000, 4, 87-94.

Huang, X.; El-Sayed, .H.; Yi, X.; El-Sayed, M.A. Gold nanoparticles: Catalyst for the oxidation of NADH to
NAD™. J. Photochem. Photobio. B: Biology 2005, 81, 76-83. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00216-013-6762-z
http://dx.doi.org/10.1021/acs.analchem.5b00923
http://dx.doi.org/10.1021/acs.analchem.6b04155
http://dx.doi.org/10.1016/j.elecom.2017.11.001
http://dx.doi.org/10.1016/j.talanta.2018.12.002
http://dx.doi.org/10.1007/s10008-016-3413-2
http://dx.doi.org/10.1021/ac960280u
http://dx.doi.org/10.1016/S0022-0728(98)00459-8
http://dx.doi.org/10.1016/j.jphotobiol.2005.05.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Instrumentation 
	Fabrication of SWCNT Flexible Electrodes 
	Modification of SWCNT Electrodes 
	Amperometric Detection of NADH 
	UV/Vis Absorption Spectroelectrochemical Set-up and Measurement Procedures 

	Results and Discussions 
	Spectroelectrochemical Study of Electrochemical Functionalization of SWCNT 
	Study of Electrocatalytic Efficiency of Functionalized SWCNT for NADH Oxidation 
	Use of SWCNTCFA as an Amperometric Sensor 
	Use of SWCNTCFA as a Voltabsorptometric Sensor 

	Conclusions 
	References

