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Abstract: A new graphite epoxy composite composition was developed by the manufacturer of transducer for
DNA biosensor, which were characterized by cyclic voltammetry, electrochemical impedance spectroscopy and
scanning electron microscopy field emission (FESEM). The dependence of peak potential, the anode current
relationship, and cathodic current with scan rate was evaluated by voltammetry for the redox system Fe(CN)g>"+
Well-defined voltammograms were obtained using the graphite-epoxy composite 3.3/2.5/1 m/m/v
graphite/araldite/hardener (GEC 1II). The electrochemical characterization showed a quasi-reversible
electrochemical behavior under the control of the linear diffusion system for Fe(CN)¢*”*. The GEC III was also
successfully used in the detection of the signal oxidation guanine monophosphate (GMF) and adenine (AMF) by
square wave voltammetry. These results demonstrate the potential of GEC II in the electrochemical detection of
DNA. Copyright © 2016 IFSA Publishing, S. L.

Keywords: Graphite-epoxy composite electrode, Voltammetry, Nucleotide.

hardness, to various electrochemical

transducers.

1. Introduction develop

Rigid carbon composites are ideal for the
construction of electrochemical sensors. Matrices
based carbon are the most frequently applied because
of its high conductivity, and rigidity, resulting in high
mechanical stability [1-5]. In recent years, they have
gained great attention using composite graphite,
because of its electrical and mechanical properties as

http://www.sensorsportal.com/HTML/DIGEST/P_2841.htm

In electrochemistry, composite electrodes are
made of a conductive phase (silver, gold, or any
carbon allotrope as graphite) and an insulating phase
(organic solvents, silicone, polyurethanes or epoxy
resin) [6-10]. The ratio of these two phases not only
determine the conductivity of the electrode but also the
mechanical properties [11]. This type of electrodes can
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be constructed in different shapes and sizes which
allow its application in different situations. Its surface
has low background currents favoring high signal-to-
noise and lower detection limits, and may be renewed
by a simple polishing process, offering a new active
layer after removal of the outer surface, extending the
useful life of these electrodes.

In particular, compound graphites have high
intrinsic resistance and low relaxation time, when
compared to the time scale of electrochemical
processes [12, 13]; therefore, parameters and details
about the phenomena of percolation through the solid
can be neglected.

The voltammetric response of this composite is
similar to an array of microelectrodes, effective edge
("edge effects"), high current density and partially
blocked areas [14, 15] of. Such electrodes are easily
modified, allowing incorporate different modifiers
such as, ligands, enzymes, mediators and others.

The objective was to construct and characterize
epoxy graphite electrodes to use in the development of
sensors in the detection of biologica relevant, such as
DNA.

The preparation there must performed by varying
the proportion of graphite in the epoxy resin and
monitoring the electrochemical response to the redox
system Fe(CN)g*"*.

2. Materials and Methods Used
2.1. Procedures

Graphite powder 50 um particle size, from Merck
and an epoxy resin composed of Araldite M and
Hardener HR, both from Ciba-Geigy company were
used in preparing the epoxy composite graphite [16].

Material composition was improved by varying the
percentage of graphite in the mixture to obtain a
mixture having a formable, malleable consistency and
ensure hardening after 48 hrs at 40 °C. (Table 1).

Table 1. Different ratio (m/v/v) graphite, Araldita M &
Hardener HR, used in the manufacture of composites.

Proportion X:Y:Z
GEC GEC GEC
I II I
Graphite (x) 1.3 33 5
Araldita M (y) 2.5 2.5 2.5
Hardener HR (z) 1 1 1

The electrode consists of a copper wire immersed in a
capillary internal diameter of Imm, which previously
was introduced into a graphite composite epoxy, to
complete a depth of 100 mm (Fig. 1). Then it was
placed in an oven at 40 °C for 48 hours. The polished
surface of the extra fine sandpaper (P4000) and
alumina and before each measurement to obtain a
reproducible cyclic voltammograms surface was
carried out in NaOH 0.1 molL™! in a range of -1 V
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potential to 1 V 100mVs'. This surface was
characterized by cyclic voltammetry, electrochemical
impedance spectroscopy and scanning electron
microscopy field emission (Field Emission Scanning
Electron Microscope, FESEM, JSM-6701F).
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|

Fig. 1. Construction of voltammetric transducer. A: copper
wire, B: glass capillary, C: graphite-epoxy composite.

2.3. Electrochemical Characterization

The cyclic voltammetry for the redox system
Fe(CN)¢*'*, using a potentiostat BAS CV, the
electrochemical cell consisting of a platinum electrode
against a reference electrode of Ag/AgCl and
composite graphite working electrode was used with
geometric area of 0.0078 cm?. Sweeps were conducted
from 0.600V to -0.200 V potential, varying sweep rate
from 10 to 100 mV s'. The probe used to monitor the
response of the electrode was equimolar solution of
K3[Fe(CN)s]/K4[Fe(CN)s] in PBS pH 6.9 KCI
0.1 mol L.

Measures  impedance  spectroscopy =~ were
performed on a potentiostat/galvanostat EG & G
Princeton Applied Research 263 coupled to a
frequency response analyzer & G Princeton Applied
EG Research 1025. The electron transfer reaction of
redox system Fe(CN)s*"*, was used for impedance
measurements PBS phosphate buffer solution pH
6.9 KC10.1 mol L.,

The measurements were performed applying a
potential perturbation amplitude of 10 mV, using the
open circuit potential recorded 10 point / decade in the
frequency range 0.5 mHz < f < 100 Hz. In each half
stabilized potential 300 s an open circuit value, a value
that was imposed by 300 s. The experiments were
repeated 3 times. The values obtained were adjusted
using ZView?2 (Scribner Associates Inc.).

3. Results and Discussion

Cyclic voltammetry is one of the most versatile
electroanalytical techniques used in the study systems,
because it provides information on the reactivity of the
species and the mass transport process [17]. This being
the reason why it is also used for the characterization
of electrochemical reactions, kinetic studies and
determination of possible intermediate species. The
cyclic voltammetry performed in this work, with the
epoxy graphite electrodes in the redox system
Fe(CN)¢** /% as a model, it was used to compare the
electrochemical response of these electrodes.
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3.1. Electrochemical Behavior of Redox
System Fe(CN)g>"+.

The electrochemical response of graphite
electrodes epoxy analyzed through redox response
system Fe(CN)¢>"*, measuring the potential difference
peak obtained from cyclic voltamperogamas (Fig. 2)
of the Fe solution Fe(CN)¢*"* concentration 5 mmol
L-1. The charge transfer process in this system
depends on the material of the working electrode and
the form of preparation [18].
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Fig. 2. Cyclic voltammograms (CV) of Fe(CN)s>"* epoxy
using graphite electrodes: GEC I, GECII and GEC IIL
Concentration Fe(CN)g* /45 mmol L-1 PBS pH 6.9 KCI
0.1 mol L-1 Scanning Speed: 10 to 100 mV s!.

The voltameperogramas show different behaviors
for composites evaluated. All composites showed
good conductivity, although the composite (GEC I)
with less graphite showed no signal for the system
studied.

The redox system present a potential difference
peak (193 £ 10) mV and (115 + 8) mV on the
electrodes GEC II and GEC III respectively, were
outside the range of practical criteria AEp = (59 + 20)
mV [19], for which the process is considered
reversible redox, behaving like a quasireversible
system.

It was evaluated the influence of the sweep speed
on the potential difference (Fig. 3), as another
criterion of reversibility of the system.
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Fig. 3. Potential difference vs. AEp scan speed (v) cyclic

voltammogram for a solution of Fe(CN)e*"* (5 mmol L)

PBS pH 6.9 KC1 0.1 mol L}, using GEC II ( = ) and GEC
III ( ® ) as working electrodes.

That despite the difference of 80mV between AEp
between the responses of the electrodes; there is an
increase of the potential difference with the speed of
typical sweep cuasirevesibles systems, in which the
shape of the curve and the potential difference depend
on the scanning speed transfer coefficient load (o) and
the constant heterogeneous charge transfer [20].

3.2. Evaluation of Electron Transfer Process

By analyzing the influence of scan rate (v) over the
anodic peak current (ipa), satisfy the equation (1):

ipa = K9'/?, (1)
where: ipa is the anodic peak intensity; v is the sweep
speed; and K is the Randles-Sevcik constant.

Were obtained as shown in Fig. 4, corresponding
to anodic processes GEC II equations (2):
ipa = 0.00229/? )
for R? .96156, while for the GEC III was (3):

ipa = 0.008491/2 3)
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with R? 0.91578; adjustments in both linear intercept
values were considered not significant because the
associated errors associated with the same were
greater. Demonstrating in both cases a linear
correlation between current and square root of the scan
rate, indicating kinetics redox processes governed by
diffusion [20].
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Fig. 4. Effect of scan speed (v) on the anode current (Ipa)
System for Fe(CN)e*/+ using GEC 11 (®) and GEC I1I (m)
as working electrodes (Fe(CN)¢>"* 5 mmol L' PBS pH 6.9

KC10.1 mol L. (--) linear adjustment.

The ratio of ipa/ipc at different scanning speeds,
presents values close to unity, criteria accepted as no
kinetic processes associated with electronic transfer.
Table 2.

Table 2. Influence of the scanning speed ratio in the anodic
and cathodic current (ipa / ipc).

v (ipa/ipc).
(mV/s) GEC 2:1 GEC 3:1
20 0,96+0,04 1,08+0,02
50 1,02+0,01 1,09+0.04
75 1,12+0,07 1,15+0.06
100 1,194+0,09 1,09+0,03

3.3. Surface Characterization

Field Emission Scanning Electron Microscopy was
used to characterize the surfaces of the graphite-epoxy
electrodes prepared in this work (Fig. 5). At both
surfaces, it is possible to observe clusters of material
gathered at random areas over the surface. The light
points are associated with the epoxy resin (insulator)
and the dark areas correspond to the graphite particles
(conductor) in the blend. The graphite-epoxy electrode
surface appears to be relatively rough, not showing
significant differences between the electrodes GEC II
and GEC III. These images are similar to those
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reported for a graphite-epoxy electrode used as
conducting carbon composite in bioaffinity platforms
[21,13].
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Fig. 5. FESEM micrographs of the polished surfaces of
graphite-epoxy composite electrodes: A) GEC 11, B) (GEC-
III). (Acceleration voltage = 1.0 kV; resolution = 10 pm).

This type composite electrode, comprising
graphite particles randomly distributed in expoxy
resin, has been reported to behave like a
macroelectrode  formed by an array of
microelectrodes. The answer is greater, because a
current major product of the sum of the individual
currents of microelectrodes, with the advantage of a
lower signal/noise ratio characteristic of the
microelectrodes is obtained. It is which has to allow
voltammetry at high speeds, minimizing scan times,
plus an efficient mass transport of electrochemical
species, which allows the use of graphite electrodes
epoxy development of various sensors these
properties.
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3.3.1. Impedance Electrochemical
Spectroscopy

Impedance spectroscopy by the properties of the
electrode surface was examined using the system
Fe(CN)s*"* as redox probe. This technique is very
effective for the characterizations of the surface of the
electrodes by electron transfer resistance and
capacitance. Since allows differentiation between the
capacitive component and the faradaic current by
applying a small potential difference to measure the
next system to equilibrium conditions.

The electronic transfer to the system Fe(CN)g>"*,
reflected in the charge transfer resistance which is
directly related to the diameter of the semicircle in the
Nyquist plot. This depends on the ion concentration,
the type of electrode, the area and the resistance of the
composite. This parameter is inversely proportional to
the heterogeneous electron transfer constant, both
selectivity and response time of the electrode [20].
Low resistance values charge transfer enable greater
electroanalytical applicability of the electrodes.

Experimental data for GEC Il and GEC 1II for the
system Fe(CN)¢*"*, in PBS pH 6.9, and the adjustment
shown in Fig 6. Low values of chi square and
coefficients of variation for each parameter used in the
fit was obtained, indicating that the experimental data
is well explained by the proposed equivalent circuit.
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Fig. 6. Diagram of Nyquist. Equivalent circuit (inside),
experimental data normalized by geometric area for GEC II
(m), GECIII (A) and fit (==).

Fig. 6 shows the experimental and simulated
imaginary (Z img) vs. real (Zre) impedance plots for
Fe(CN)s>*/# species on for GEC II and GECIII, based
on the geometric area. The semicircle located at high
frequencies corresponds to the charge-transfer
reaction, and is followed by a linear region of the —
Zimg vs. Zre plot at low frequencies, up to 0.12 Hz. In
this frequency region, the impedance response is
dominated by the mass transfer of the redox species to
and from the electrode surface. The experimental

impedance data for the GECs were well described by
the Randles circuit shown in Fig. 6 (inside). In this
circuit, Ry is the uncompensated solution resistance
(20 mmolL! phosphate buffer solution, pH 6.9). Ret
the charge-transfer resistance corresponding to the
oxidation and reduction of the Fe(CN)¢*”* redox
species. CPEl is a constant phase element and
corresponds to the capacitance of the double layer or
the total capacitance in series of the coated
electrode/solution interface, and the diffusion
impedance, here better represented by a combination
of CPE2 and R3. In this circuit, the ideal capacitor was
substituted by a constant phase element (CPE) due to
the heterogeneous current distribution on the electrode
surface, a consequence of the surface roughness,
surface defects and inhomogeneities. Table 3 gives the
parameters that best fitted the experimental data. The
circuit is a porous surface partially blocked. Which is
consistent with the surface is conductive and
insulating regions as microscopy performed.

Comparing the values of charge transfer (diameter
of cycle) to GEC II and III the lower value was
obtained for GEC II, although the GEC III contains a
higher percentage of graphite (Table 3, Fig. 6). The
exact reason for the increase in the value of charge
transfer by increasing the percentage of graphite in the
composite is not entirely explicable. The composite
resin more exposed surface may be subject to greater
percolation after hydration of the polymer, resulting in
an increase of the largest area in the graphite
composite more exposed.

Table 3. Parameters adjusted to the experimental values of
impedance for GECII and GEC III electrodes, normalized
by the geometric area.

Cv Cv

GECII % GEC 111 %
R (Rs)
Qem 2 11.3+0.3 2 10.3+0.2 2
Rct
Qem? 213+10 4 441430 6
CPE 1T 9.7£0.2e-4 3 4.4+0.1e-4 7
F/cm2
ol 0.96+0.02 1 0.93+0.01 1
CPE2T
Flem2 1.9+0.2¢e-3 8 9+1e-3 1
o2 0.5 - 0.5 -
R3 le6 - le6
%2 Se-5 4e-4
>y 2 le-3 9e-3

A decrease of electron transfer with increasing
percentage of graphite was described for composite
electrodes by Wang in 2001 [22] considered is related
to the complexity of composite electrodes and
influenced by the random surface distribution of the
insulating regions.

Coefficient a related to the angle of rotation in the
complex plane capacitance product. Values very close
to 1 for al by both electrodes, product the electric
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capacitance double layer, corresponding to the similar
surface roughness of both electrodes were obtained.
These values are characteristic of a capacitor, and
describes the contribution to the current phase of the
composite insulator (epoxy resin) [23, 24].

To achieve a description of infinite diffusion a
value of 0.5 of a2 was fix. Since values close to 0.5 o
is interpreted as Warburg (infinite diffusion) occurring
when probe element diffuses through the material
[25].

There are differences in the values of CPE T
Irelated to the phase of the composite insulator for
both electrodes, which is related to the higher
proportion of polymer in the GEC II. While for the
phase constant element CPE 2 a higher value for the
GEC 1II is appreciated. Increasing the proportion
graphite can result in a different distribution surface
roughness and porosity of greater residual current
accordingly. Which reduces the signal/noise ratio and
therefore increases the detection limit.

According to the results of impedance and taking
into account the properties required for an electrode
for electroanalytical purposes, such as fast response
time and low detection limit and high sensitivity,
composites GEC III meets these requirements.

4. Oxidation of Nucleotide

Nucleobases guanine and adenine are reported as
electroactive DNA indicators, and therefore, the
electrochemical processes involving oxidation of
these bases are crucial for electrochemical DNA
hybridization in the development of biosensors.
Therefore, the electrochemical response of these
nucleotide nitrogenous bases, in the electrodes
developed in this work to evaluate their potential in the
development of DNA biosensors was tested.

AME ----GECII
2,0x10° 145V ——GEC I
<
1,0x10° 1
0,0
1

2,0

E (V)

Fig. 6. Signals oxidation guanine monophosphate (GMF)
and adenine monophosphate (AMF) 2mmolL-1 in PBS pH
6.7 KC1 0.1molL-1 by square wave voltammetry
(--) GECII, ) GECIIL.

oxidation of nucleotide
(GMF) and adenine

Signals
monophosphate

guanine
(AMF)
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2 mmol L-1, pH 6.9 in phosphate buffer, have good
resolution on the two electrodes. The oxidation
potentials for GMF and AMF were on the environment
0f0.82 Vand 1.1 V, respectively. This values are close
to those reported by Erdem [5], which characterizes
this values as low compared with the values obtained
on other electrodes, indicative of the ease of oxidation
of the nitrogenous bases of these transducers, which
would allow the electrochemical detection of DNA
hybridization without electrochemical markers [26].
Higher oxidation current is observed for guanine
monophosphate on the electrode. indicating that this is
more sensitive for the detection signal oxidation.

5. Conclusions

A new composition of an epoxy mixture of
graphite composites development electrodes was
evaluated. The analysis of the potential difference and
the peak current of the system Fe(CN)¢*"*, for GEC
electrodes II and I1I showed a behavior quasireversible
a diffusive process without kinetic complications.

The resistance values of charge transfer
capacitance obtained from the results of impedance
GEC II present fast response time, low detection limit
and high sensitivity suitable for the development of
sensors for the detection of biologically relevant
molecules, such as GMF and AMF.
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