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Abstract

Graphite-epoxy composites (GECs) are alternative construction materials for electrochemical
sensors. For these materials, the electron transfer rate constant of some redox reaction
depends additionally on the stoichiometric relationship between the insulating and
conducting phases of the composite. In this work, the influence of different ratios of
araldite/hardener/graphite on the electrochemical properties of GEC electrodes is evaluated
for the simultaneous determination of adenine and guanine in the single chain DNA, using the
square wave voltammetry technique. Six GEC electrodes were prepared with different ratios
of components, and electrochemically characterized by cyclic voltammetry in the presence of
ferri/ferrocyanide redox couple as a redox probe. GEC electrodes that showed the best
electrochemical responses of redox probe were characterized by thermogravimetric analysis
(TGA) and used for the simultaneous determination of free adenine and guanine in a solution,
and DNA oligonucleotides. The best results were obtained for GEC electrodes containing twice
higher volume of araldite resin with respect to the hardener. TGA analysis revealed presence
of 15-26 % of resin for these GEC electrodes. The obtained results revealed potential appl-
ication of these GEC electrodes as DNA sensors based on the oxidation signal of guanine.

Keywords
electrochemical sensors; DNA oligonucleotides; graphite-polymer; thermogravimetric analysis.

Introduction

In recent years, the interest of scientific community in the development of electrochemical
sensors as an alternative to DNA analysis, has been increased. These devices constitute useful tools
in obtaining reliable genetic information in an economical way and real time. Due to advantages
such as low cost, obtaining of sensitive signals, easy-interpretation, short response times, capability
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of working with small volumes, there is also a possibility of their integration into portable devices to
carry out measurements in situ [1].

In this aspect, the development of carbon composite electrodes with polymeric matrices has led to
a significant progress in electroanalytical chemistry. Advantages of polymer composite electrodes
include the possibility of being easily modified, what improves their electrochemical properties,
enhances their sensitivity and selectivity, and even converts them into specific materials [1,2]. These
electrodes can be manufactured into different shapes and sizes, allowing easy adaptation to a wide
variety of electronic configurations and application in different media. Furthermore, they exhibit a
surface that can be renewed with simple polishing without involving the loss of modifiers [3].
Compared to pure conducting materials, polymer composites show better signal-to-noise ratio, since
they behave like a microelectrode array, which generally contributes to lower detection limits [4,5].
Compared to typical voltammetric sensors, polymer composite electrodes have a stable
electrochemical response, lower ohmic resistance, and longer functional life [6,7].

There is a number of literature reports on the potential application of graphite-epoxy composite
electrodes in the analysis of nitrogenous bases in DNA. These electrodes showed higher sensitivity
compared to glassy carbon electrodes and other composite materials [1,8]. The electrical properties
of graphite-epoxy composite materials such as conductivity depend on the nature of each
component, on the insulator/conductor proportions, and their distributions in the matrix of the
material [9]. The electrical conductivity of these composites is determined by the connection of the
conductive particles within the polymer matrix. Therefore, the relative amounts of each component
must be evaluated to achieve the optimal relationship [1,5].

Until now, the investigations of epoxy-graphite composite electrodes have been focused mainly
on their application as electrochemical sensors, leaving aside a study of their electrochemical
properties. In some cases the influence of the percentage variation of graphite [10] or modifiers
such as benzoic acid, stearic acid and graphene oxide [11-13], have been reported in describing
electrochemical responses of graphite-epoxy composite electrodes.

In the study of electrochemical properties of composite electrodes, one of the most widely used
characterization techniques is cyclic voltammetry (CV) technique that allows an investigation of the
redox behavior of an analyte at the electrode surface in a wide range of potentials. The information
on the electrode processes, which is obtained in these cases is qualitative, and allows obtaining of
characteristic parameters such as potential values of oxidation and reduction, and corresponding peak
currents intensities. In addition, some conclusions can be derived about kinetic aspects of electron
transfer at the electrode surface, and interfacial aspects such as adsorption of electroactive species
on the electrode surface [14]. Among other physicochemical characterization techniques,
electrochemical impedance spectroscopy (EIS) [15,16], scanning electron microscopy (SEM) [17,18],
differential scanning calorimetry (DSC) [19], thermogravimetric techniques (TG or DTG)[20,21], and
spectroscopic techniques such as Raman spectroscopy [22] were applied.

The main aim of the present article is to evaluate the influence of araldite/hardener/graphite
ratios on electrochemical properties of graphite-epoxy composite electrodes, applied for the
simultaneous determination of oxidation signals of adenine and guanine of a single DNA strand.

Experimental

Reagents

All reagents used were of analytical quality, while deionized water with a conductivity of
1.26 uS cm was used. For the construction of electrodes, pure quality benzyl alcohol (Uni-Chem)
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was used. Araldite from Beschleuniger DY 964 Serva Feinbiochemica, Gmbh, HR hardener from
CIBA-GEIGY polymers, Duxford, and fine graphite powder with a particle size of 50 um from Merk
(Germany) were supplied. The redox pair [Fe(CN)e]3*7* of concentration 0.02 mol L™ was prepared
using potassium hexacyanoferrate(ll) trihydrate, and potassium hexacyanoferrate(lll) (Merk,
Germany) in equimolar amounts in PBS buffer pH 6.9 from Sigma Aldrich. Sodium hydrogen
phosphate (99 %) and sodium dihydrogen phosphate dihydrate (99 %) from Merk (Germany) were
used for the preparation of phosphate buffer (PB), pH 7 (supporting electrolyte) at 0.02 mol L™
Sodium hydroxide (pure for analysis > 99 %) was used. The adenine and guanine used were SIGMA
grade with a minimum purity of 99 %.

Adenine solutions of concentrations between 10-60 umol L'* were prepared using PB, pH 7.
Guanine was initially dissolved in sodium hydroxide at 0.01 mol L'! and subsequently, solutions of
concentrations between 10-60 umol L'! were prepared using PBS, pH 7. Likewise, mixed solutions
of adenine and guanine were prepared.

The single chain DNA (ssDNA) was the ST 36AR oligonucleotide, 100 umol L from Eurofins MWG
Operon Corp. Canada, with the sequence 5-TGACTCGTTGTCGATACCGACAGC-3°, which was
acquired from the Center for Protein Studies, Faculty of Biology, University of Havana.

Equipment

The voltammetric method was developed using a PalmSens potentiostat attached to a computer,
managed by the PSTrace Software version 5.2, and operating in cyclic voltammetry and square wave
voltammetry modes for voltammetric analyses. A three-electrode system was used, with graphite-
epoxy composite working electrode(s), an auxiliary platinum electrode, and the reference Ag/AgCl
(KCI, 3 mol L) electrode, from Basic Analytical Systems (BAS). Thermogravimetric analysis (TGA) was
performed on a NETZSCH model 449 F3 Jupiter thermal analyzer. Deionized water was obtained from
the water purifier, Milli-Q, HPW Pure Water System, Heal-Force (China).

Preparation of graphite-epoxy composite electrodes

For the construction of graphite-epoxy composite (GEC) electrodes, mixtures with the same mass
of the conductive phase (graphite) and different ratios between the polymer (araldite) and HR
hardener (diamine) in the insulating phase were prepared. Replicas of six types of composites (GEC-
| to GEC-VI) electrodes with different ratios of araldite/hardener/benzyl alcohol were constructed
(Table 1). Benzyl alcohol was used to reduce the viscosity of the composite mixture. The theoretical
percentages of graphite in the electrodes are also shown in Table 1.

Table 1. Epoxy resin/hardener/benzyl alcohol volume ratio and theoretical content
of graphite in GEC-I to GEC-VI electrodes

Volume, mL .
Flectrode Epoxy resin Hardener Benzyl alcohol Graphite content, %
GEC-I 5.8 1 2 59.6
GEC-II 3.8 1 2 67.4
GEC-III 2.0 1 2 77.4
GEC-IV 5.4 2 1 55.8
GEC-V 3.6 2 1 62.5
GEC-VI 2.0 2 1 71.0

The electrodes were constructed by introducing the composite mixture obtained in each case
into glass capillaries of approximately 1 mm in diameter. For electronic contact, a copper wire was
inserted. The prepared electrodes were heated for 48 hours at 40 °C in an oven to dry. Later, the
electrode surface was polished to perform the corresponding tests [13,22].
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Experimental procedure

For the electrochemical characterization of the constructed GEC electrodes, cyclic voltammetry
(CV) technique was applied. Using a three-electrode system, the electrochemical response of the
redox system [Fe(CN)e]37/# at prepared composite electrodes was evaluated. The analytical signal
was obtained by applying a triangular potential sweep between -700 and 700 mV, with an increase
of 4 mV, while scan rate (v) was varied from 20-100 mV s,

Square wave voltammetry (SWV) technique was used to determine free purines. The
electrochemical signal was obtained by applying a potential sweep between 500 mV and 1600 mV,
at the frequency of 10 Hz, and a pulse width of 10 mV. To carry out this analysis, the electrodes were
previously mechanically polished [13,22], electrochemically cleaned with several cycles of cyclic
voltammetry (from 500 to 1200 mV, at 50 mV s!) in 0.1 mol L sodium hydroxide solution, and
finally washed thoroughly with distilled water.

For the electrochemical analysis of DNA, GEC electrodes were mechanically [13,22] and
electrochemically cleaned as explained above. To detect the signs of oxidation of adenine and
guanine in the oligonucleotide, the latter was heated in a water bath to the boiling temperature
(T=78 °C) in order to achieve elongation of DNA oligonucleotide chains [23]. Subsequently it was
deposited on the electrode by means of wet adsorption, and a square wave voltammetry was
performed in 0.02 mol L PB, pH 7 under the aforementioned conditions.

For the thermal analysis of graphite-epoxy composites by means of thermogravimetric analysis
(TGA), the thermograms were obtained in a temperature range of 25-1000 °C, at a heating rate of
10 °C min! and Ar flow of 20 mL min2.

Results and discussion

Electrochemical characterization of GEC electrodes by [Fe(CN)s] 37 * redox system

The reversibility of the redox system [Fe(CN)s]3/4 was tested on the prepared GEC electrodes by
cyclic voltammetry (CV) technique. From CVs obtained, the influence of the potential scanning rate
(v) on the current intensity values and the potential difference between redox peaks (AE) were
evaluated. Figure 1 shows cyclic voltammograms (CVs) of GEC-l to GEC-VI electrodes, recorded at
various potential scan rates.

CVs of composite electrodes shown in Fig. 1 are characteristic for the redox system [Fe(CN)e]37/%.
At negative potentials a peak with negative current (cathodic peak), corresponding to the reduction
of [Fe(CN)g]* (ferricyanide) ions is observed and at higher potentials the anodic peak with positive
current intensity, corresponding to the oxidation of [Fe(CN)g]* (ferrocyanide) is presented [24]. In all
cases, an increase in the peak current intensity and slight increase in the potential difference between
two current peaks can be observed by increasing the scan rate [14,24-26].

Figure 2 shows the variation of potential difference between redox peaks (AE) with the scan rate
for each GEC electrode.

For all GEC electrodes, AE values increase more or less with the sweep rate and are generally
higher than the values already reported in the literature for a reversible system [14,24-26]. This can
be influenced by the variation in the composition of the graphite-epoxy composite and its
interaction with possible molecular rearrangements during the electrode processes on the
electrode surface, without bond breakage and mass transfer phenomena occurring [14,26].

For GEC-l and GEC-IV electrodes it is observed that AE values are the highest, and also show
greater dependence on the potential sweep rate. This may be due to the fact that the applied

250 (co) X



L. Correa Fajardo et al. J. Electrochem. Sci. Eng. 11(4) (2021) 247-261

potential does not create necessary concentrations, according to the Nernst equation at the
electrode surface, and therefore an overpotential is generated.
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Figure 1. CVs of GEC-I to GEC-VI electrodes in 0.02 mol L™ [Fe(CN)s}>/*for 0.02 mol L™ PBS
pH 6.9, at scan rates between 20-100 mV s
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Figure 2. Variation of AE with potential scan rate (v) for GEC-I to GEC-VI electrodes
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In this aspect, the energy required to carry out the electrode processes is much higher than for
other GEC electrodes. This may be associated with an increase in the resistance of the composite, as
a result of a higher content of the insulating phase (lower content of graphite) compared to other GEC
electrodes (Table 1). In contrast, GEC-lll, GEC-V, GEC-VI electrodes show lower AE values that are
almost independent on the potential sweep rate. In this case, the behavior of the electrodes is
characteristic for the systems that are closer to reversibility, indicating that oxidation-reduction pro-
cess on the electrode surface occurs with less overpotential and energy cost [14]. GEC-II electrode
showed an intermediate behavior, indicating less electrochemically active surface in this case.

These results can be associated with three levels of graphite percentage (cf. Table 1). The most
dependent on the potential sweep rate are GEC-l1 and GEC IV electrodes, with percentages of
graphite between 55-60 %. The electrodes which present the behavior closer to reversible are GEC-
Il and GEC-VI electrodes, with percentages of graphite between 71-77 %. Among the remaining
GEC-Il and GEC-V electrodes with percentages of graphite around 65 % [10] only GC-Il electrode
showed an intermediate behavior, while GEC-V electrode, despite similar percentage of graphite,
showed much better electrochemical response of [Fe(CN)s]3/*redox pair. This may be associated
with the influence of the araldite/hardener ratio on the curing of the compound [27] on its
electrochemical properties. Therefore, it can be assumed that when the araldite/hardener ratio is
about 2:1 (Table 1), better electrochemical properties of electrodes are achieved, which can be
independent of the percentage of graphite in a narrow range. Among here manufactured electrodes
this araldite/hardener ratio was accomplished for GEC-1ll and GEC-V electrodes.

Kinetic parameters of the redox system [Fe(CN)e]>/*- at GEC electrodes

To analyze the influence of the scan rate on the peak current intensity, it was taken into account
that for a quasi-reversible processes controlled by diffusion, the peak current is defined according
to the Randles-Sevcik equation [25,28], which is at 25 °C defined as:

ip = 2.99x10° a2 n32A D2 C 112 (1)

In equation (1), ip is peak current intensity in A, is electron transfer coefficient, n is the number
of electrons exchanged, A is area of the electrode in cm?, D is diffusion coefficient of redox species in
cm? s, Cis concentration of this species within the solution in mol cm and vis the scan rate in V s™%.

Taking this equation into account, for diffusion-controlled processes, the peak current intensity
would be proportional to the square root of the sweep rate. Figure 3 shows the linear relationship
of the anodic peak current (ip) as a function of the square root of the sweep rate for each GEC
electrode. In all cases, an increase in i, was observed with increasing potential sweep rate. In
addition, since the intensity of the current is proportional to the flow towards the surface of the
electrodes, it can be argued that this magnitude is small at low sweep rates and increases when the
potential is swept at higher speeds [2].

From Figure 3 it is observed that for all GEC electrodes, the anodic peak current values were well
adjusted to straight lines with correlation coefficients greater than 0.98. These results indicate that
the electrode processes that occur on the surface of the electrodes are controlled by diffusion within
the experimental error, and the time scale of the experiment. Additionally, the constant term of the
Randles-Sev¢ik equation [(2.99-10°) a2 n*2 A D¥/2 C] was evaluated, as a slope of the linear regres-
sion between i, vs. v¥2, that is a measure of sensitivity of the electrode. Parameters of linear
regression for GEC-1 to CEC-VI electrodes are summarized in Table 2.
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Figure 3. Linear regression of anodic i, as a function of v''? for GEC-I to GEC-VI electrodes

Table 2. Parameters of linear regression of i, vs. v*/? for GEC-I to GEC-VI electrodes.

Electrode Slope R? Electrode Slope R?
GEC-I 5812 0.993 GEC-IV 373 0.982
GEC-II 995 0.989 GEC-V 1318 0.984
GEC-III 1576 0.995 GEC-VI 148 £ 8 0.991

The results shown in Table 2 reveal greater slope values for GEC-Ill and GEC-VI electrodes, and to
a lesser extent for GEC-V electrode, which is indicative of greater sensitivity of these electrodes
against the redox system [Fe(CN)e]>/*.

To identify the possible existence of coupled chemical reaction(s) during the electrode processes,
the ratio of anodic (ipa) and cathodic (ixc) peak current intensities for each type of GEC electrode was
analyzed. For a reversible system without kinetic complications, the peak currents ipa and ipc are equal,
i.e. the ratio ipa/ipc = 1, and independent of the potential sweep rate and diffusion coefficients [25,26].
Figure 4 shows that for all analyzed GEC electrodes, the ratio between peak currents remains
practically constant with the increase of potential sweep rate. Additionally, for all electrodes it can be
seen that at any v, the peak current ratio takes value greater than unity, which may indicate possible
coupled chemical reaction carried out during the charge transfer processes [26].
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Figure 4. Peak current ratio (ipe/inc) for GEC-1 to GEC-VI electrodes as a function of the potential scan rate v

Heterogeneous electron transfer rate constants (k°) were determined for each GEC electrode.
From AE values obtained in CV profiles, the values of the dimensionless kinetic parameter ¥ were
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estimated, taking into account the relationship between ¥and AE, proposed by Nicholson in 1965.
k®values were determined according to the following equation [29].

nFv vz
K :av(”oo _j (2)
RT

where D, is diffusion coefficient of the oxidized species (cm? s1), n is the number of electrons
transferred during the redox reaction, v is potential scanning rate (V s%), F is Faraday constant
(96485 C mol ™), Ris ideal gas constant (8.314 J moltK?), and T is absolute temperature (298.15 K).

During this analysis it was observed that GEC-I, GEC-ll, and GEC-IV electrodes showed a high
resistance to electron transfer, since for these cases, values of the constant k° are below the limit that
can be determined by the Nicholson method (< 4.6x1073 cm s!) [14]. On the other hand, the electro-
chemical reactions that occur on the surface of the remaining electrodes are carried out with appreci-
able rates, as shown by their k° values (GEC-III: (1.2 + 0.7)x10°2; GEC-V: (1.0 £ 0.4)x107?; GEC-VI: (6.6 +
+1.7)x103 cm st). For these latter electrodes, it could be observed that the values of the
heterogeneous electron transfer constant are within the range of the quasi-reversible processes,
considering the limiting scanning speeds (3x10314/2 > k°> 2x107 1*/2) [26].

GEC-Ill, GEC-V and GEC-VI electrodes showed the highest k° values, indicating that the kinetics of
the electron transfer that occurs on the electrode surfaces during redox process is faster, and typical
for a quasi-reversible system [24]. These results correspond to the higher percentage of graphite
(conductive phase) of these electrodes with respect to the rest. In spite of somewhat lower graphite
content, however, GEC-V electrode showed k° value very similar to that of GEC-IIl electrode, which
may be associated with the influence of the araldite/hardener ratio on the electrochemical
properties of the electrode.

Individual and simultaneous determination of adenine and guanine at GEC electrodes

Square wave voltammograms recorded for GEC-lll, GEC-V and GEC-VI electrodes in adenine
containing PB pH 7 solution, are shown in Figure 5. For each GEC electrode, well defined oxidation
peak of high symmetry is observed at 950 mV.

For GEC-IIl and GEC-V electrodes, the increase of adenine concentration caused proportional
increase in the current intensity of the oxidation peak for this molecule. The linear regression
between the oxidation peak current and adenine concentration was significant for these two
electrodes, with high values of correlation coefficients (GEC-IIl: R>= 0.993, GEC-V: R?= 0.994). In
contrast, GEC-VI electrode is obviously less sensitive to changes in adenine concentration, since the
linear regression between the current intensity of the oxidation peak and adenine concentration
was not significant (R? = 0.927). This result for GEC-VI electrode can be influenced by the surface
passivation that causes reduction of electrochemical activity of the surface, thus establish the
sensitivity of the electrode to change in adenine concentration [30,31].

GEC-Ill and GEC-V electrodes were used for the simultaneous determination of free adenine and
guanine mixed in PB solution. Figure 6 shows SWVs for each type of GEC electrode, where it is
observed that in both cases, the increase in concentration caused proportional increase in the
intensity of oxidation peaks for both molecules.

It can be seen from Figure 6 that adenine and guanine generate highly defined and symmetrical
oxidation peaks, separated by AE of around 270 mV. Almost no difference in the oxidation potential
values for guanine and adenine between two GEC electrodes is observed.

254 (co) X



L. Correa Fajardo et al.

950 mV

. 600 700 800 900 1000 1100
E/ mV vs. Ag/AgCl

J. Electrochem. Sci. Eng. 11(4) (2021) 247-261

GEC-V

950 mV

——10 ymol L
15 ymol L"

20 pmol L
——25 umol L
40 pmol L
——60 pmol L

E/ mV vs. Ag/AgCl

——10 pmol L'
——15 ymol L

20 ymol L™’

——25 ymol L'

——— 40 pmol L™
| ——60 pmol L

1200 1300 1400

Figure 5. SWVs of different concentrations of adenine in 0.02 mol L"2PB (pH 7) for GEC-Ill,
GEC-V and GEC-VI electrodes

1.0 4
GECHIl 950 mv
0.9 4
0.8 4
0.7 4
0.6 4
<:tx_ 0.5 ——10 pmol L™
} 0.4 ——15 pmol L™
20 ymol L!
0.31 — 25 ymol !
0.2 ——40 pmol L
0.14 ——60 umol L
0.0 4 AN AN
600 700 800 900 1000 1100 1200 1300 1400
E / mV vs. Ag/AgCI
0.3+
GEC-VI
0.2+
<
=
~
0.14
0.0 B0
0.8+
GEC-II
0.7 950 mV
0.6
0.54
< ——10 pmol L
= 0.4+ 4
&0 15 umol L“
- 0.3 20 pumol L
——25 ymol L
0.2 —— 40 umol L'
0.1- |——60 umol L"
0.0+

500 600 700 800 900 1000 1100 1200 1300 1400

E / mV vs. Ag/AgCl

i/ pA

0.8

500 600 700 800 900 1000 1100 1200 1300 1400

GEC-V
940 mV

——10 umol L™
——15 ymol L™
——20 pmol L™

—— 25 ymol L™
—— 40 ymol L™
——60 ymol L™

E / mV vs. Ag/AgCI

Figure 6. SWV:s of different concentrations of mixed adenine and guanine solutions in
0.02 mol L2 PB (pH 7) for GEC-Ill and GEC-V electrodes

Compared to other electrodes already used for the development of DNA sensors, the oxidation
potentials of adenine (A) and guanine (G) at GEC-1ll and GEC-V electrodes are somewhat lower than
previously reported. Thus, for glassy carbon electrodes modified with graphene and Nafion, 820 mV
for G and 1180 mV for A were obtained by differential pulse voltammetry [32]. For graphene
electrodes modified with platinum nanoparticles, 830 mV for Gand 1190 mV for A, were determined
by linear scanning voltammetry [33]. For carbon composite electrodes and nanoparticles of
graphene oxide modified with poly (L-cysteine), magnetite and DNA (ds-DNA/p(L-Cys)/Fe304 NPs-
GO/CPE), 830 mV for G and 1120 mV for A were determined by differential pulse voltammetry [34].
In benzoic acid modified graphite-epoxy composite electrodes, 620 mV for G and 1260 mV for
adenine, were obtained by square wave voltammetry [22]. All these results suggest that the purine
bases showed the best electrochemical response at here built graphite-epoxy electrodes.
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At GEC-lll and GEC-V electrodes, guanine oxidizes at lower potential than adenine, which
indicates that the electrochemical oxidation processes for this molecule occurs with a lower
overpotential and with lower energy consumption, which is in the correspondence with previous
reports [31,35].

Figure 7 represents the graphs of linear regressions between the values of current intensity of
oxidation peaks and concentrations of adenine and guanine, respectively. For both GEC electrodes,
the peak current values are adjusted adequately to straight lines for both adenine and guanine,
giving high correlation coefficient values. Results of regression procedures for adenine and guanine
are summarized in Table 3.
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Figure 7. Linear regression between peak oxidation current and concentration of adenine and
guanine for GEC-1ll and GEC-V electrodes

Table 3. Results of linear regression between i, and concentration of adenine and guanine at GEC-1ll and
GEC-V electrodes

Electrodes Aslonﬁsi‘l Star;df;c]ioci_rlror, Intercept, A Standard error, A Equation
Adenine
GEC-IlI 0.0116 0.0005 1.1x107 2x108 i,=0.0116¢ + 1.1x10”’
GEC-V 0.0072 0.0002 6.0x10°8 7x107° i,=0.0072c + 6.0x10°®
Guanine
GEC-lI 0.0067 0.0004 2x108 10® i, =0.0067c + 2x10®
GEC-V 0.0060 0.0002 -1.1x10°8 8x107° ip = 0.0060c — 1.1x10®

From the results reported in Table 3, it appears that GEC-1ll electrode, having higher slope values
is more sensitive to the determination of both molecules compared to GEC-V electrode. These
results indicate that the electrochemical oxidation processes at GEC-IlIl electrode surface is carried
out with faster electron transfer kinetics, what corresponds to the determined heterogeneous
electron transfer rate constant (k°) value. As expected, both electrodes are found more sensitive to
adenine determination, since this molecule is more electrochemically active and exchanges larger
number of electrons during oxidation processes [30,31].

Electro-oxidation of adenine and guanine in DNA oligonucleotide

Purine bases were determined in the single-stranded DNA sample (ST 36AR oligonucleotide),
using GEC-1ll and GEC-V electrodes since they showed better-electrochemical responses of the redox
system [Fe(CN)s]*’*, and better results in the simple determination of adenine (Figure 5) and
simultaneous determination of adenine and guanine (Figure 6). Figure 8 shows SWVs of single-
stranded DNA in PB, pH 7.0 solution at GC-lll and GCE-V electrodes.
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Figure 8. SWVs of 100 umol L single-stranded DNA solution (ST 36AR oligonucleotide)
in 0.02 mol L2 PB (pH 7) for GEC-IIl and GEC-V electrodes

It can be seen in Figure 8 that for both GEC electrodes, the presence of ST 36AR oligonucleotide
generates two very well defined and highly symmetrical oxidation signals, separated by AE of
280 mV. GEC-lll electrode showed more intense oxidation peaks compared to GEC-V electrode, as a
consequence of the greater sensitivity of GEC-1ll electrode in detecting both nitrogenous bases, as
already shown in Figure 7 and Table 3. As can be seen, AE that separates two oxidation signals in
the oligonucleotide is very similar to that obtained for free purines (approximately 270 mV in
Figure 6). This was used as a criterion to identify that the signal at 960 mV is due to the oxidation of
guanine, while the signal at 1240 mV to adenine oxidation. Furthermore, in this potential range, the
main oxidation signals are obtained to determine single DNA strands. [30,31].

As shown in Figure 9, the potentials at which the purine bases in the ST 36AR oligonucleotide are
oxidized, are higher than oxidation potentials provided when these nitrogenous bases are in their
free form [30,31].

0.6
|——GEC-IIl (ST 36AR)
0.5]——GEC-V (ST 36AR)
" | ——Free purines
« 041 1240 mV
1 960 mV
S 0.3
- ]
0.24
0.14
0.04

600 800 1000 1200 1400
E / mV vs. Ag/AgCl

Figure 9. SWVs of 100 umol L™ single-stranded DNA solution and 10 umol L™ mixed solution of
adenine and guanine in 0.02 mol L* PB (pH 7) for GEC-Ill and GEC-V electrodes

The higher oxidation potentials of adenine and guanine in the oligonucleotide compared to the
oxidation potentials of free purine bases is associated with the difficulty of oxidation of these
nitrogenous bases when they are committed within a single DNA chain. This may be associated with
stericimpediments due to phosphate groups in the DNA chain and possible interactions that can occur
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between complementary bases in the DNA chain, causing it to fold and at the distance that separates
the purine bases and the electroactive surface of the electrode [30,31]. All these molecular factors can
cause an overpotential to be generated to achieve oxidation of the purine bases.

Thermogravimetric analysis (TGA) of GEC-1ll, GEC-V and GEC-VI electrodes

The electrodes that showed better electrochemical responses (GEC-Ill, GEC-V, GEC-VI) for
ferri/ferrocyanide couple, were characterized by TGA. TGA was performed, in order to evaluate the
composition and analyze the stoichiometry of the curing reaction between the epoxy resin and
diamine (hardener). Figure 10 shows TG and DTG curves obtained.

TG DTG
100~ ~11.2
951 11.0
90- —— GEC-Ill ]
. —— GEC-V do.s
35-_ —— GEC-VI

0.6

0.4

Residual weight loss, %
(o]
e
(dm/dT) / % °C1

0.2

T v T Y Y ' T y 0.0

200 400 600 800 1000
T/°C

Figure 10. Thermogravimetric analysis of GEC-1ll, GEC-V and GEC-VI electrodes

The thermograms obtained for three chosen GEC electrodes showed fairly similar behavior. Two
losses of mass were generally detected, where the first loss of mass was identified between
100-270 °C, corresponding to decomposition of the hardener that remained unreacted. The second
loss of mass took place around 270-480 °C, corresponding to thermal decomposition of the epoxy
resin. The decomposition temperature intervals shown in this analysis correspond to those obtained
evaluating the components separately, as is already reported in the literature [36,37].

In compositions of three analyzed GEC electrodes, an excess of hardener was detected, as
expected according to the stoichiometry of the reaction, because the amount of substance of the
equivalent of the epoxy resin initially used for the construction of the electrodes, was greater than
the amount of substance of the equivalent of the hardener.

From TGA results summarized in Table 4, it can be seen that GEC-IIl and GEC-VI electrodes show
very similar composition. The experimental values obtained from the percentage of residue are
close to the added graphite values. The difference can be associated to the residual carbon product
of the decomposition of the excess hardener and the resin. The greater percentage of excess
hardener detected for GEC-VI electrode can explain its low surface electrochemical activity in the
simple determination of adenine. The lower sensitivity of GEC-V electrode in the determination of
purines with respect to GEC-Ill electrode, may be associated with its higher content of insulating
phase, which causes lower surface reactivity to the redox process of the nitrogenous bases of DNA.
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Table 4. Composition obtained from TGA data for GEC-Ill, GEC-V and GEC-VI electrodes

Electrode Content, wt.%
Hardener Resin Residue
GEC-II 7.2 15.2 77.6
GEC-V 6.2 26.1 67.7
GEC-VI 8.1 13.7 78.2

This analysis shows that percentages of resin (insulating phase) between 15-26% ensure
adequate electrochemical response of the graphite-epoxy composite in the determination of
nitrogenous bases in DNA.

Conclusions

Graphite epoxy- composite (GEC) electrodes with different epoxy resin/hardener/graphite ratios
were prepared as sensors for adenine and guanine detection in DNA. The analysis of cyclic
voltammetry experiments performed using the system [Fe(CN)¢]>/*as a redox probe showed a
quasi-reversible behavior, i.e. the redox reaction controlled by diffusion, for all prepared GEC
electrodes. More detailed kinetic analysis showed, however, that more reversible response of redox
probe is indicated at GEC electrodes having twice higher volume of araldite resin with respect to the
hardener.

The results of thermogravimetric analysis showed that GEC electrodes with best electrochemical
response to redox probe, and best results in detection of free purine bases in solution and single-
stranded DNA, possess 15-26 % of insulating phase (epoxy resin).

These GCE electrodes were successfully applied for the analysis of adenine, mixture of free
adenine and guanine in the solution and single-stranded DNA.

The obtained results may serve for the subsequent development of DNA sensors without
electrochemical markers.

Acknowledgement: To the Materials Characterization Department, Phase Analysis Laboratory of
the Research Center for the Mining and Metallurgical Industry (CIPIMM) for thermogravimetric
analysis.
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