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This work describes the electrochemical performance of a novel composite based on nickel
tetrasulfonated phthalocyanine (NiTsPc), deoxyribonucleic acid from calf thymus (CT-DNA)
and reduced graphene oxide (rGO) for the electroanalysis of reduced B-nicotinamide adenine
dinucleotide (NADH), through electrocatalytic oxidation. The modified electrode was denoted as
CT-DNA/NiTsPc/rGO. Fourier transform infrared and ultraviolet-visible spectroscopies were
performed to characterize the composite material. The electrochemical performance of the
composite for NADH oxidation was investigated by cyclic voltammetry (CV), chronoamperometry
and differential pulse voltammetry (DPV). The CT-DNA/NiTsPc/rGO modified glassy carbon
electrode (GCE) showed an excellent electrocatalytic activity for NADH oxidation with
apparent electrocatalytic rate constant (k) of 7.35 x 10° L mol' s and linear response range for
NADH from 1 up to 1350 umol L' for n = 12 (r = 0.999). The proposed sensor shows sensitivity,
detection limit and quantification limit of 0.014 pA L mol™, 0.3 and 1 umol L, respectively. The
prepared sensor was further tested for the determination of NADH in artificial human urine samples,
showing promising biomedical applications.
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Introduction

B-Nicotinamide adenine dinucleotide in its reduced
(NADH) or oxidized form (NAD*) are ubiquitous
biomolecules found in both eukaryotic and prokaryotic
organisms. They are coenzymes of great importance in
hundreds of natural reactions catalyzed by dehydrogenases.'
NADH levels are related to cell proliferation, sickle cell
disease, tumor development, neoplasia and ischemia as
well as several brain diseases.>

Thereby, the electrochemical oxidation of NADH has
attracted special attention of many research groups in the
field of biosensors development.® In this sense, several
methods have been proposed for NADH determination
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including fluorometric,* high performance liquid
chromatography (HPLC),’ optical, photoelectrochemical,’
electrophoretic® and electrochemical ones.” However, even
if chromatographic as well as spectrometric techniques
perform better than electrochemistry in terms of selectivity,
both require numerous steps, analytical purity reagents,
making such analyses very laborious and high cost.

The electrochemical sensors are promising methods
for NADH determination since they are cheaper, highly
sensitive, easy to construct and do not need highly
specialized users. However, the direct oxidation of
NADH on several modified electrodes occurs in high
overpotentials, which leads generally to passivation of the
electrode surface. In order to avoid electrode passivation,
researchers have proposed a number of chemically modified
substrates with new materials able for electrocatalytic
oxidation of NADH.”!%-12
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Nowadays, graphene-based materials have been
recognized as a very promising nanomaterial for the
development of electrochemical sensors since they show
interesting properties including high electrical conductivity,
excellent thermal and mechanical properties, susceptibility
to chemical modification,"” and large surface-to-volume
ratio.'*'® However, the applications of graphene as
platform to the development of sensors is limited by two
main aspects, namely: (/) some forms of graphene present
low reactivity and cannot be easily dispersed in many
solvents'” and (ii) they show low ability to promote low
potential oxidation of several molecules.” In this sense,
two approaches have been suggested to circumvent the
limitations in graphene-based materials applications in
development of platforms for sensors. The first is based on
the use of dispersing agents, such as polymers, biopolymers
or surfactants. Among the various biomolecules, DNA has
emerged as an interesting alternative to the construction of
sets of nanomaterials. The interactions of specific pairing
sequence between the complementary chains of DNA may
act as a dispersant agent improving the dispersity of the
graphene in aqueous medium." In this sense, DNA can
protect the graphene from possible degradations ensuring
chemical and thermal stability to the composite material 2>
The second approach to improve graphene electrocatalytic
properties is related to the use of molecules with high
electrocatalytic capability such as metalo-N4-macrocyclic
compounds such as phthalocyanines.?® Thus, we have
investigated the interaction of a nickel tetrasulfonated
phthalocyanine (NiTsPc) with calf thymus DNA (CT-DNA)
and graphene.

The nickel phthalocyanine was chosen because these
macromolecules are capable to electrocatalyzing several
redox reactions, with minimal reorganization energy, and
may act as mediators in electrochemical reactions.* In
addition, these molecular catalysts show high chemical,
mechanical and thermal stability, and they can adsorb on
the surface of graphene without disturbing its electronic
configuration.??’

In this sense, the present work reports the development
of an electrochemical sensor as a novel and efficient
alternative for NADH oxidation and electroanalysis with
a wide linear response range at low overpotential using as
mediator the hybrid material CT-DNA/NiTsPc/rGO.

Experimental
Reagents and solutions

NADH, deoxyribonucleic acid from calf thymus
(CT-DNA), graphite oxide, nickel tetrasulfonated

Ribeiro et al. 1769

phthalocyanine, hydrazine sulfate and 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES) were purchased
from Sigma-Aldrich. Tris (hydroxymethyl) aminomethane
(Tris), hydrochloric acid, acetic acid, boric acid, phosphoric
acid, sodium perchlorate and sodium hydroxide were
purchased from Vetec Fine Chemicals, Rio de Janeiro,
Brazil. Dibasic anhydrous sodium phosphate (Na,HPO,)
was purchased from Dindmica Analytical Reagents, Sdo
Paulo, Brazil. The reagents used in the experiments were
of analytical grade and all solutions were prepared using
water purified by the Milli-Q system from Millipore, with
resistivity greater than or equal to 18 MQ cm.

Apparatus and procedures

The electrochemical measurements were performed
with a potentiostat/galvanostat Autolab model PGSTAT
128N from Echo Chemie (Utrecht, The Netherlands)
coupled to a computer with the GPES 4.9 software for
potential control, acquisition and processing of data.
The electrochemical system used to perform the analysis
consisted of three electrodes immersed in an electrochemical
cell of 10 mL. The working electrode was a glassy carbon
with 2 mm of diameter mounted in Teflon®. An Ag/AgCl,,,
containing KCI (3 mol L) was the reference electrode and
aplatinum wire, an auxiliary electrode. The charge transfer
resistance of the sensors were measured by electrochemical
impedance spectroscopy (EIS) assays in 1.0 mol L'
KClI solution containing 1 mmol L' [Fe(CN)¢]*”* in the
frequency range of 10 mHz-0.1 MHz under AC amplitude
of 10 mV at formal potential. For pH control of the buffers
solutions, NaOH 0.2 mol L' or HC1 0.1 mol L' were used.

Fourier-transform infrared (FTIR) spectra were
obtained using a UV-Vis-NIR Cary-5000 spectrometer
in the region of 4000-400 cm™. KBr (1%) tablets were
prepared for analysis of the (NiTsPc) complex and the
CT-DNA/NiTsPc/rGO composite. UV-Vis spectra of
all materials were obtained using an AvaSpec-2048
spectrometer from Avantes. All measurements were carried
out in a 10-milimeter optical path quartz cell from Varian.
The spectra were recorded on wavelength range of 300
up to 800 nm. All measurements were performed at room
temperature (25 °C).

Reduced graphene oxide (rGO) and sensor preparation

Graphene oxide was prepared according to the
literature.'® The graphene oxide was reduced chemically
with hydrazine and the resulting mixture was filtered and
washed to get the reduced graphene oxide (rGO). After this
step, 0.5 mg of rGO and 1 mg NiTsPc were dispersed in
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1 mL of an aqueous solution containing 2 mg of CT-DNA.
The solution was mixed using magnetic stirring and
ultrasonic treatment to form a homogeneous mixture. After
this step, 7 uL of the suspension was added on the electrode
surface and dried in an oven for 10 minutes at 60 °C.
Finally, the CT-DNA/NiTsPc/rGO modified electrode was
washed with distilled water to remove non-adsorbed species
and submitted to electrochemical analysis. The modified
glassy carbon electrode was denoted as CT-DNA/NiTsPc/
rGO/GCE.

The electroactive surface area of the CT-DNA/NiTsPc/
rGO/GCE was calculated from Randles-Sevcik theory by
using ferricyanide (Fe[(CN)]*) as redox probe.?® The
electroactive area of modified electrode (0.14 cm?) was
evaluated from the slope of the plot of peak current versus
the square root of scan rate (Figure S1). On the other
hand, the heterogeneous apparent transfer rate constant
(k) of the CT-DNA/NiTsPc/rGO/GCE to redox probe
(Fe[(CN)¢]*") was evaluated by using electrochemical
impedance spectroscopy.?

Preparation of samples

The use of the proposed sensor in artificial urine
samples was also investigated by direct analysis of NADH
in two different artificial urine samples, described as
following: (i) artificial urine was prepared in distilled water
with the following constituents and final concentrations:
0.33,0.12,0.016, 0.007 and 0.004 mol L' of urea, sodium
chloride, potassium diphosphate, creatinine and sodium
monophosphate, respectively;*® (ii) artificial urine was
also prepared according to Laube et al.’' The solution
contains the following constituents and final concentrations:
0.411 mol L' urea, 0.0268 mol L' potassium chloride,
3 g L' sodium chloride and 0.0513, 0.014, 0.0186 and
0.0068 mol L' of sodium sulfate, potassium phosphate,
ammonium choride and dihydrated calcium chloride,
respectively. In both procedures, the pH value of the sample
solution was 6.6 (+ 0.1). The voltammetric measurements
were carried out for the recovery tests to determine NADH
in the artificial human urine samples.

Results and Discussion

Characterization of composite NiTsPc/rGO by infrared
spectroscopy and characterization of NiTsPc and CT-DNA
by UV-Vis spectroscopy

Fourier transform infrared spectroscopy (FTIR)
measurements were carried out to examine possible
interactions between reduced graphene oxide and the
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nickel-N4 macrocyclic complex (NiTsPc). FTIR spectra
were obtained for reduced graphene oxide, NiTsPc and
composite NiTsPc/rGO (Figure 1). The FTIR spectrum
presented in Figure 1a shows a broad band at 3446 cm™,
which can be associated to the stretching of OH group.
The peak observed at 1548 cm™ is due to C=C stretching,
which is common in this region and can also be attributed
to deformities of the O—H groups. The bands located
in the region between 1500 and 900 cm™ are possibly
assigned to stretching and strains of C—-O bonds as well as
to deformations in the O—H bond.?*%

The spectrum obtained for NiTsPc complex (Figure 1b)
shows bands between 650 and 812 cm™! related to
deformations of C—H bonds. The peaks located at 1031
and 1328 cm! refer to the stretching of the SO group and
of the isoindol group, respectively.?*3

The spectrum obtained for the NiTsPc/rGO composite
(Figure 1c) confirms the modification of rGO with the
nickel-N4 macrocyclic by adsorption, since the peaks
related to the complex and the graphene shown in
Figures la and 1b were verified in the composite spectra.
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Figure 1. FTIR spectra for (a) reduced graphene oxide; (b) NiTsPc and
(c) NiTsPc/rGO.

The interaction between NiTsPc and CT-DNA was
also accompanied by UV-Vis spectroscopy. The absorption
spectrum of NiTsPc shows two absorption bands. The
former, B band (or Soret), at approximately 340 nm
(a5,(m) — e (1*))*” appears in the UV region and the later,
Q-band, between 600 and 700 nm (a, () — e,(*))* in
the visible region of spectrum (Figure 2, black line). The
Q-band shows a sharper peak with maximum at 669 nm as
well as a weaker peak with maximum at 607 nm.

Figure 2 (spectra 2-3) show the interaction of NiTsPc
with CT-DNA. The results show that the presence of
CT-DNA promotes a decrease of the Q-band intensity at
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669 nm. A considerable hypochromicity without red-shift
in the Q-band of phthalocyanine is caused by its interaction
with the DNA surface.

Thereby, the nickel(II) center of phthalocyanine
is presumably coordinated by the carbonyl group of
thymine or nitrogen-containing ring of the base pairs. The
interaction between metallic phthalocyanines and DNA has
been reported in the literature by other research groups.°
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Figure 2. UV-Vis spectra of NiTsPc (10 pmol L' in water/DMSO) in the
absence (spectrum 1) and presence of 25 and 75 pL (spectra 2 and 3) of
CT-DNA aqueous solution (0.01 g L").

Electrochemical characterization of the CT-DNA/NiTsPc/
rGO modified electrode

In order to characterize the electrochemical performance
of the sensor, electrochemical impedance studies were
performed in ferricyanide as redox probe. Figure S2
shows the Nyquist plot for CT-DNA/NiTsPc/rGO modified
electrode in a solution containing 5 mmol L' [Fe(CN)4]*" in
1.0 mol L' KCI. The semicircle shown in Figure S2 clearly
indicates that charge transfer is kinetically controlled. We
obtained from the diameter of the semicircle a R, equal
to 112.16 Q for the Fe[(CN)4]*~ redox processes on
CT-DNA/NiTsPc/rGO modified electrode. For the bare
electrode a R, of 500 Q2 was found. The electron transfer
rate constants (k,,,) of the redox probe at modified GCE
and bare GCE were calculated according to the following
expression:?

RT
k =—n—— (1
e nzeARctC )
where A is the geometric area of the electrode, C is the
bulk concentration of the [Fe(CN)]*~ (mol cm™), R, is the
charge transfer resistance, and R, T, n and F have their usual
meanings. The value of k,, found was 6.68 x 10 cm s
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for the modified electrode and 1.50 x 10 cm s for
bare electrode. It is worth noting that the presence of
the composite (CT-DNA/NiTsPc/rGO) enhances the
rate constant by 4.5-fold, suggesting that it presents high
electronic transfer constant in comparison to bare electrode.

In addition, cyclic voltammograms (CVs) were carried
out in the absence and in the presence of 200 umol L-!
NADH (Figure 3) and they were analyzed in comparison
to the voltammograms obtained for each of the surface
modifiers in the presence of 200 umol L' NADH.

The CV obtained for the CT-DNA/NiTsPc/rGO modified
electrode in absence of NADH (Figure 3, curve 1) shows no
redox process in phosphate buffer solution (pH 7.0). In fact,
the nickel tetrasulfonated phthalocyanine, when immobilized
on the surface of an electrode, presents a redox couple, in
solutions with pH values near to 12. On the other hand,
the Ni-complex does not show redox pair when electrolyte
solutions with pH values below 12 are employed. However,
neutral solutions do not preclude the ability of nickel
phthalocyanines to catalyze redox reactions.**

Figure 3 (curve 2) shows the CV on the bare GCE in the
presence of 200 pmol L' NADH. The NADH oxidation on
bare GCE resulted in a low peak current with high oxidation
potential of about 800 mV vs. Ag/AgCl. Figure 3 (curve 3)
refers to NADH oxidation (200 umol L'') on the electrode
modified with CT-DNA. As can be seen, the NADH
oxidation potential was about 130 mV vs. Ag/AgCl lower
than that observed with the unmodified electrode (curve 2),
which can be consequence of interaction between CT-DNA
and NADH, causing a shift in the oxidation potential of
the analyte to a less positive potential. On the other hand,
the electrode modified with CT-DNA shows a smaller
peak current compared with bare electrode, suggesting a
slight resistance to the charge transfer process between the
electrode and analyte.

Figure 3 (curve 4) shows the NADH oxidation
(200 umol L") on the modified electrode with rGO.
The oxidation of the analyte occurs at potential near
670 mV vs. Ag/AgCl. However, the anodic current obtained
for NADH oxidation on the rGO modified electrode
(curve 4) is higher and more defined than that obtained
when the electrode was modified with CT-DNA (curve 3),
suggesting a good electronic transfer between rGO and
NADH. The curve 5 of Figure 3 shows oxidation of
NADH (200 umol L) on the NiTsPc complex-modified
electrode. The anodic peak potential of NADH occurs
at about 560 mV vs. Ag/AgCl enabling a reduction of
240 mV NADH oxidation potential in comparison to that
with unmodified electrode (Figure 3, curve 2). This result
suggests that the nickel macrocyclic complex exhibits
excellent electrocatalytic ability toward NADH oxidation.
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The curve 6 of Figure 3 shows the voltammetric
profile of NADH oxidation (200 pmol L) on the
CT-DNA/NiTsPc/rGO modified electrode. As can be seen,
the NADH oxidation potential was reduced to 240 mV vs.
Ag/AgCl with a significant increase in anodic current in
comparison to NADH oxidation on unmodified electrode
(Figure 3, curve 2).

The higher anodic current of NADH on CT-DNA/
NiTsPc/rGO can be attributed to the low resistance to
charge transfer of the composite NiTSPc/rGO, as well
as good dispersion, fixation and stability of graphene
and nickel complex on the electrode surface promoted
by CT-DNA."2° These results suggest that the composite
material properties come from synergistic effects among
the nickel complex, rGO and CT-DNA.
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Figure 3. CVs of the GCE modified with CT-DNA/NiTsPc/rGO in
the absence of NADH (curve 1); CVs on the bare electrode, in the
presence of NADH (curve 2) and CV of the modified electrode with:
CT-DNA (curve 3); rGO (curve 4); NiTsPc (curve 5) and modified
CT-DNA/NiTsPc/rGO (curve 6). Experimental conditions: 200 umol L!
NADH in 0.1 mol L' phosphate buffer pH 7.0, scan rate of 0.05 V s.

Figure 4 shows cyclic voltammograms for CT-DNA/
NiTsPc/rGO in presence of different concentrations of
NADH in 0.1 mol L' phosphate buffer pH 7.0. As can
be seen, the peak current for NADH oxidation depends
on NADH concentration (inset of Figure 4), suggesting
that the CT-DNA/NiTsPc/rGO modified electrode can be
successfully applied for NADH detection. Thus, the peak
current for NADH oxidation was evaluated in more details
to obtain new insights about the electrocatalytic processes
on the sensor surface.

Electrocatalytic oxidation of NADH on CT-DNA/NiTsPc/
rGO/GCE

Cyclic voltammograms and amperograms were also
performed to analyse the electrocatalytic oxidation of
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Figure 4. CVs related to oxidation of NADH at the following
concentrations: (1) 10; (2) 20; (3) 30; (4) 38; (5) 48; (6) 57; (7) 65 and
(8) 78 umol L. Figure inserted: plot of I, vs. [NADH].

NADH on CT-DNA/NiTsPc/rGO/GCE. Figure 5A shows
CV obtained for NADH (200 umol L) oxidation on
CT-DNA/NiTsPc/rGO/GCE at different scan rates. The plot
of I, vs. v (Figure 5B) shows a linear relationship, which
suggests a diffusion-controlled NADH oxidation process
on the composite modified electrode.”® As can be seen in
Figure 5A, CVs of NADH on modified electrode present
only the anodic peak in the investigated potential range,
which is typical of totally irreversible systems.”

Assuming an irreversible oxidation, the following
equation was employed to find the number of electrons for
NADH oxidation:*

1,=(29910)[(1- a)n, AR @)

where I is the peak current, n is the total number of
electrons involved in the reaction, o is the coefficient of
electron transfer, n, is the number of electrons involved
in the determining step of the reaction, D, is the diffusion
coefficient of the electroactive species (2.4 x 10 cm?s),*
A is the area of the electrode, C * is the concentration of
electroactive species within the solution (mol cm™) and v,
the scan rate.

The value of (1 — a)n, for NADH oxidation was
calculated according to the following equation:

47.7 mV
l-a)n, = ———— (3)
(1-0) R

where E, is the potential peak and E,, the potential at the
half height of the peak current. The value of (1 — o)n, was
0.72. In this sense, the value of (1 — o))n, from equation 3
was inserted in equation 2 to give a value of n of 1.7, which
suggests that the total number of electrons involved in
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Figure 5. (A) CV obtained for GCE modified with CT-DNA/NiTsPc/rGO
in pH 7.0 phosphate buffer in scan rate (1) 0.01 V s to (10) 0.10 V s7';
(B) plot of peak current (I,) versus the square root of scan rate, v is
varying from 0.01 to 0.10 V s in the presence of 200 umol L'' NADH in
0.1 mol L' phosphate buffer pH 7.0.

the electron transfer process between the analyte and the
modified electrode is about 2 electrons. This value is similar
to that determined by other researchers.'#%

The electrocatalytic oxidation of NADH on the surface
of CT-DNA/NiTsPc/rGO modified electrode was also
verified by chronoamperometry. Figure 6A shows the
plot of limiting current (I;,,) vs. the inverse of the square
root of the time (") for modified electrode in presence
of different concentrations of NADH (50, 100, 150, 200
and 250 pymol L) while maintaining the potential at
0.56 V vs. Ag/AgCl. The amperograms are inserted in
Figure 6A.

The plot of I, vs. t'2 (Figure 6A) confirms that the
observed currents are controlled by diffusion of NADH
from solution to electrode surface. Thus, the corresponding
current of the electrochemical reaction follows the Cottrell
equation:?®

L, =nFA D, C, 't )

lim
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Based on the equation 4, the graph I vs. t'*? presents a
linear behavior for NADH concentrations between 50 and
250 umol L' (Figure 6B). Taken into account that NADH is
oxidized to NAD* via 2 electrons,** the average diffusion
coefficient was 3.30 x 10° cm? s”!, which is in agreement
with the value determined by CV in this work.

Chronoamperometry can be utilized for the evaluation
of the apparent electrocatalytic rate constant (k) between
the NADH and redox sites of the CT-DNA/NiTsPc/rGO
modified electrode based on the following equation:

L /Ty =¥ [ erf (y"?) + exp (-y) / 7] (5)

where catalytic current (I.,) and I, are the currents of
the CT-DNA/NiTsPc/rGO/GCE in the presence and
absence of NADH, respectively. C, is the concentration
of NADH in mol L, y = k,,,C,t and erf (y"?) is the error
function.

In cases where y exceeds the value of 2, the error

function (erf (y"?)) is almost equal to unity and therefore,
the above equation can be reduced to:
Lo/Lim = Y2 T2 = (K., C, T0)V2 1172 (6)
where k,,, is the apparent electrocatalytic rate constant
(L mol! ') and t is the elapsed time (s). From the slope
of the plot of I_,/I,;, vs. t2 (Figure 6C), it was possible to
calculate the k,,, value for NADH concentrations in the
range of 50 to 250 umol L.

From the values of the slopes, the average value of k
was found to be 7.35 x 10° L mol"! s!. The average k,
value estimated from plot of I, /I, vs. t'? represents a
higher electrocatalytic rate constant, in comparison with
other electrodes for NADH detection (Table 1), suggesting
that the electronic transfer process for NADH oxidation on
CT-DNA/NiTsPc/rGO/GCE is very fast.

Influence of the concentrations of rGO, NiTsPc, and pH on
the electrochemical oxidation of NADH

The response of the CT-DNA/NiTsPc/rGO can be
affected by DNA, rGO, and NiTsPc concentrations.
The concentration of CT-DNA was kept constant at
2 mg mL"! for all subsequent experiments, since CT-DNA
concentrations higher than 2 mg mL"' resulted in films
with low responses toward NADH. On the other hand,
films prepared with CT-DNA concentrations lower than
2 mg mL" leach out of the electrode surface.

CVs on the electrode modified with several
concentrations of rGO and NiTsPc were performed in
the presence of 200 umol L' NADH, in order to obtain
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Figure 6. (A) Plot of I vs. t'2 Insert in (A): Chronoamperograms for
different concentrations of NADH (50, 100, 150, 200 and 260 pmol L'
NADH) in a fixed potential of 0.56 V vs. Ag/AgCl. (B) Plot of
L,/L;, vs. 2. Experiments carried in 0.1 mol L' phosphate buffer solution
(pH 7.0) for 20 seconds.

the optimal concentrations of rGO and NiTsPc for the
electrochemical oxidation of NADH on CT-DNA/NiTsPc/
rGO/GCE.

The amount of rGO on the surface of GCE was
controlled by using the same volume of the suspension
with different concentrations of rGO (0.5, 0.75, 1.0, and
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1.5 mg mL™!'), maintaining the CT-DNA (2 mg mL™") and
NiTsPc (10.0 mmol L!) concentrations.

The effect of the rGO amount on the sensor response
is shown in Table 2. As can be seen, the peak current for
NADH oxidation decreases with the increase of rGO
concentration. Films prepared with rGO concentrations
lower than 0.5 mg mL" presented low stability. In this
sense, the rGO concentration was kept at 0.5 mg mL"' for
all subsequent measurements in order to find the better
stability of the film and response toward NADH oxidation.

The NiTsPc concentration also affects the sensor response
(Table 2). As can be seen in Table 2, the anodic peak current
toward NADH oxidation increased when the macrocyclic
concentration increased from 0.1 to 1.0 mmol L. Sensors
constructed from solutions with NiTsPc concentrations
lower than 1.0 mmol L' showed low peak currents toward
NADH oxidation. In addition, sensors prepared with NiTsPc
concentrations higher than 1.0 mmol L' were also inefficient
to provoke the electrocatalysis of the NADH oxidation. Then,
all subsequent sensors were prepared with 1.0 mmol L of
Ni-complex, 2 mg mL"! of CT-DNA, and 0.5 mg mL' of rGO.

The influence of the solution pH on the electrochemical
response of NADH was also investigated for 0.1 mol L'
PBS buffer solutions with pH between 5.0 and 8.5
(Figure S3). The experimental results indicate that pH
has a significant influence on the values of the anodic
peak potential. According to Figure S3, the anodic peak
potential (E,,) shifted to more negative potentials with
an increase of pH value from 5.0 to 7.0. The E,, values
shift linearly with changes in pH values with a correlation
coefficient of 0.998. The linear correlation obtained
between pH values of 5.0 to 7.0 showed a slope of
—22.68 mV/pH. This slope is close to that expected for an
electrode reaction of proton/electron ratio of 1/2, which is
29.6 mV/pH at 25 °C. In addition, the number of electrons
determined in the oxidation of NADH in this work was two
electrons. The number of protons involved in this process
should be one and a number of electrons equal to 2 for pH
between 5.0 and 7.0, which is in accordance to proton/
electron ratio determined by other researchers.*

Table 1. Kinetic parameters for the electro-oxidation of NADH in different electrodes

Electrode Matrix Mediator pH Koy / (mol' L s) Reference
GCE - o-aminophenol 7.0 1.1x10° 43
CPE SWNT 3,4-di-hydroxybenzaldehyde 7.0 2.0x10° 46
GCE - 2-nitro-9-fluorenone 8.0 5.0 x 10* 47
GCE PEDOT catechin 7.0 9.8 x 10° 48
GCE rGO CT-DNA/NiTsPc 7.0 7.35 % 10° this work

GCE: glassy carbon electrode; CPE: carbon paste electrode; SWNT: single-walled carbon nanotube; PEDOT: poly(3,4-ethylenedioxythiophene);
CT-DNA: calf thymus (CT-DNA); NiTsPc: nickel tetrasulfonated phthalocyanine; rGO: reduced graphene oxide.
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Table 2. Influence of concentration of graphene with [NiTsPc] = 10 mmol L™!
and NiTsPc with [rGO] = 0.5 mg mL"! of the electrochemical oxidation of
NADH (200 pmol L). In both cases, 2 mg mL"' of CT-DNA was used.
Electrochemical measurements were performed in 0.1 mol L' phosphate
buffer pH 7.0. v=10.05V s’

[rGO] / (mg mL™") I,/ pA
0.50 1.74
0.75 1.72
1.00 1.64
1.50 1.65
[NiTsPc] / (mmol L")

0.10 0.95
1.0 2.25
10.0 1.65

NiTsPc: nickel tetrasulfonated phthalocyanine; rGO: reduced graphene
oxide.

Analytical characterization of the modified electrode

In order to obtain an analytical curve for the proposed
sensor, differential pulse voltammograms for different
concentrations of NADH were carried out in 0.1 mol L!
phosphate buffer at pH 7.0, after optimizing the
experimental parameters (Figure 7). The proposed
sensor showed a linear response range from 1 up to
1350 umol L' (inset of Figure 7) which can be expressed
according to equation 7:
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Figure 7. DPV for the NADH oxidation at the following concentrations
(1)1,(2)5,(3) 10, (4) 15, (5) 50, (6) 90, (7) 160, (8) 200, (9) 300, (10) 600,
(11) 900 and (12) 1350 pmol L. Carried experiments under optimized
experimental and operational parameters. Inset: calibration curve obtained
from DPVs of Figure 7.

L(MA) = (0.06 2 0.03) + (0.014 = 0.006) [NADH] (umol L) (7)

with a correlation coefficient of 0.999 (for n = 12).

A detection limit of 0.30 pmol L'! was determined using
a 3 o/slope ratio and the quantification limit was 1.0 ymol L'
using 10 o/slope, where 6 is the standard deviation of the
mean value for ten voltammograms of the blank determined
according to the IUPAC recommendations.*

Table 3. Linear range, sensitivity and LOD for the determination of NADH using different electrodes

Electrode Ll(r:lﬁ)ﬁi%; / (Sznls_,l E\r]rlltoyl'/') (plr;lc())]l)l_{' y Reference
NanoAu-MWNTs-Teflon 10-100 0.037 NR 1
Pt disk/PDAMS* 70-400 0.00676 1.56 12
GCE/PEDOT,s-NanoAg-MBP 500-3800 0.014 high 50
CESP/NADoxidase-Fc¢ 10-560 0.0023 0.1 51
Electrode paste graphene 5-200 NR NR 52
Graphite electrode/quercetin 0.5-100 0.034 0.15 53
Magnetic nanoparticles Fe;O,/MWNTs 1-70 0.0070 0.3 54
NanoAu/MWNT 18-1400 NR 0.5 55
Peptide diphenylalanine/MWNTs 20-800 0.00287 10 56
GCE/graphene 50-1400 0.013 20 57
Carbon black/Fe,0, 10-1000 0.0025 10 58
CRDE/Co,0,¢ 10-100 0.0028 425 59
Graphite/SiO,/SnO,/Sb,0s5/Meldola blue 50-300 NR 10 60
GCE/rGO* 10-600 NR 0.33 61
GCE/PBCB/SWCNT! 3.0-104.2 0.0099 1.0 62
CT-DNA/NiTsPc/rGO 1-1350 0.014 0.3

“Disk Pt modified polydiallylmethylsilane (PDAMS); "glassy carbon electrode modified with poly(3,4-ethylene dioxythiophenesodium dodecyl sulfate)
(PEDOTj,)/Ag nanoparticle/Meldola blue; “screen-printed carbon electrode modified with NADoxidase-ferrocene enzyme; ‘rotating disk carbon electrode
modified with Co,0,; ¢glassy carbon electrode modified with a reduced graphene oxide (rGO); ‘glassy carbon electrode modified with poly (brilliant cresyl
blue) (PBCB)/SWCNT: single-wall carbon nanotubes; NR: not reported; LOD: limit of detection.
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According to Table 3 it was observed that although
the references 1 and 53 show higher sensitivities than the
proposed sensor, it is observed that both sensors therein
reported show low linear ranges. In addition, although the
low limits of detection presented in references 51 and 53,
the present sensor presents a wide linear response range
than those therein reported. Therefore, the present sensor
presents promising analytical parameters such as sensitivity,
detection limit and linear range of response for NADH
determination in comparison to many reported works in
the literature (Table 3). Such good analytical performance
can be attributed to the efficiency of the electron transfer
between the CT-DNA/NiTsPc/rGO electrode surface
and NADH, due to the good electrocatalytic effect of the
composite.

Even when stored at room temperature, no significant
change in the sensor response was observed for at least
two months. The modified electrode presented good
repeatability for the NADH determination. The relative
standard deviation (RSD) for 10 determinations of
50 umol L' NADH was 2.33%. Additionally, a series of
10 sensors were prepared in the same manner and tested in
0.1 mol L' phosphate buffer (pH 7.0) containing 50 pmol L
NADH, and responses with a RSD of 3.10% were observed.
These results indicate that the CT-DNA/NiTsPc/rGO/GCE
has good repeatability and reproducibility, probably due to
the ability of rGO and CT-DNA to fix the NiTsPc complex
on the electrode surface in a reproducible and accurate way.

The selectivity of the CT-DNA/NiTsPc/rGO modified
electrode was evaluated by examining the influences of
several possible interfering substances on the detection
of 50 pmol L' NADH. Solutions of these compounds
were freshly prepared in the same conditions of NADH
(0.1 mol L' PBS at pH 7.0). The electrochemical results
(Table S1) indicated that 100-fold higher concentrations
of different species (sodium chloride, sodium bicarbonate,
potassium chloride, potassium phosphate dibasic trihydrate,
magnesium chloride hexahydrate, ascorbic acid, uric acid,
dopamine, glucose and vitamin B6) did not interfere in the
NADH determination.

Application to samples and recovery tests

For an additional analysis on the accuracy of the
developed method and the interference of the matrices,
analytical recovery experiments were performed by adding
known amounts of NADH (3, 5 and 10 pmol L) in two
samples in triplicate (urine samples). The percentage of
recovery was calculated by comparing the concentration
obtained from the samples with actual and added
concentrations. The recoveries for the urine samples are

J. Braz. Chem. Soc.

shown in Table 4. It can be clearly observed that there is no
influence of the matrices on the developed sensor.

Table 4. Recovery values of NADH obtained for two urine samples (n =5)

NADH NADH NADH Recovery /
Sample added / expected / found / %
(umol L) (umol L) (umol L)

3.00 3.00 2.98 +0.03 99.33
Urine A 5.00 5.00 5.01 £0.08 100.20

10.00 10.00 10.05 = 0.05 100.50

3.00 3.00 2.97 +0.10 99.00
Urine B 5.00 5.00 4.98 +0.07 99.60

10.00 10.00 9.85 +0.05 98.50

NADH: B-nicotinamide adenine dinucleotide.

Conclusions

This work demonstrated that glassy carbon electrode
modified with CT-DNA/NiTsPc/rGO is a feasible alternative
for the analytical determination of NADH. Optimization
of the experimental conditions yielded a detection limit
and sensitivity for NADH, respectively, of 0.3 and
0.014 pA L pmol™'. This sensor showed good repeatability
for the measurements and electrode preparation, evaluated
in terms of relative standard deviation, of 2.33 and 3.10%,
respectively. The proposed sensor was applied in artificial
urine samples and the average recovery for these samples
was 99.5 + 0.5%. In this sense, this work demonstrated
that the glassy carbon electrode modified with CT-DNA/
NiTsPc/rGO is a sensitive and stable sensor showing great
potential for NADH determination.
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Supplementary information is available free of charge
at http://www.jbcs.sbq.org.br as a PDF file.
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