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Abstract

Carbon paste electrodes were modified in guanine solutions under an applied potential of 1.1 V and used for
electrochemical detection of NADH, NADPH, uric acid and 8-oxoguanine. Detection limits were 3.3, 3.7, 6.6 and
2.0 x 10~ M, respectively, with sensitivity of 0.13, 0.10, 0.26 and 0.40 A mol~! I cm ~2, respectively. The electrodes
showed high reproducibility and absence of surface poisoning effects. Good analytical performance was attributed to
the formation of superficial dimer or trimers species of guanine during the modification process.
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1. Introduction

Chemically modified electrodes have been used
in biomedical [1], environmental [2,3] and food
analysis [3,4], where high sensitivity and selectivity
are required, and electrode poisoning effects are to
be avoided. Several materials can be used to
modify [5—8] and/or to design new electrodes [9—
11], that are used in various electroanalytical
applications.

High sensitivity and selectivity are obtained
using differential pulse and square wave voltam-
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metry associated with pre-concentration steps
[3,5,6,9—11]. Superficial modifier agents can pro-
mote selective recognition due to charge expulsion
[5], size [6,11], adsorption and ion exchange [9], or
specific biological interactions.

A number of DNA-modified electrodes have
been described [12—-17] in the last few years.
Applications in the field of electroanalysis have
included drug determinations [13,18—-22], protein
fast electron transfer [23], DNA—drug interactions
[20,24-30], detection of DNA hybridisation [31—
34], and detection of single-base mismatches or
mutations [35,36]. DNA has also been used to
immobilize enzymes [37], and rhodium compounds
[38] and DNA-rhodium dimer interactions have
proven to be promising tools for future Quantita-
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tive Structure—Activity Relationship (QSAR) stu-
dies [39].

In a previous report we have shown that glassy
carbon surface can be modified by adsorption of
DNA degraded molecules [12] as well as the 5'-
deoxyguanosine-monophosphate nucleotide [15],
but no further studies have been done to evaluate
if the guanine modified electrodes could be used to
avoid poisoning electrode effects and/or to pro-
mote catalytic oxidation of important biological
molecules, which oxidation products are able to
block the electrode surface. Therefore, in this
paper we describe the electroxidation of NADH,
NADPH, uric acid and 8-oxoguanine using car-
bon paste electrodes pre-treated in guanine solu-
tions at 1.1 V.

Carbon paste electrodes were chosen because of
their low background currents, high active super-
ficial area and mainly due to the presence of Nujol,
which provides a more hydrophobic electrode
surface, improving adsorption of organic mole-
cules, than those other solid carbon electrodes.

2. Experimental
2.1. Chemicals and solutions

B-NADH, disodium salt; NADPH, tetrasodium
salt (purity grade, calc. on anhydrous substance, as
> 95%), sodium nitrate; sodium hydroxide, so-
dium acetate, citric acid, boric acid and acetic acid
were obtained from Merck (Rio de Janeiro,
Brazil). Piperazine-N,N’-bis [2-ethanesulphonic
acid] (PIPES) and guanine hydrochloride were
obtained from Alfa AESAR. 2-Amino-6, 8 dihy-
droxypurine (8-oxoguanine), uric acid and Nujol
oil were obtained from Aldrich Chemical Co.
Graphite powder used to prepare the carbon paste
electrodes was Acheson 38 from Fisher. All
reagents were used without previous purification.

Stock solutions of 5.0 x 1072 M guanine hy-
drochloride and 2-Amino-6,8-dihydroxypurine (8-
oxoguanine) were prepared by dissolving the
respective salts in 1 M NaOH.

Guanine hydrochloride and 8-oxoguanine solu-
tions, used to modify the carbon paste electrodes,
were prepared by addition of 100 ul of the

respective stock solutions to the electrochemical
cell containing 10.0 ml of acetate buffer, pH 4.5;
PIPES buffer, pH 7.0 or universal buffer, pH 8.0.
NADH and NADPH stock solutions (3.0 x 102
M) were prepared just prior the measurements by
dissolving appropriate quantities of the salt in
PIPES buffer solution. Uric acid and 8-oxogua-
nine solutions (3.0 x 107> M) were prepared
dissolving appropriate quantities of salts in 0.1
M NaOH (1.0 M). Acetate buffer, pH 4.5 and
PIPES buffer were prepared as described in the
literature [40]. Universal buffer was prepared by
addition of 2 M NaOH to a stock solution
containing 0.4 M of boric acid, 0.4 M of acetic
acid and 0.4 M of phosphoric acid until get pH 8.0
[41].

All solutions were prepared using purified water
from a Barnstead Nanopure system.

2.2. Apparatus

All electrochemical measurements were per-
formed using a PGSTAT 20 potentiostat/galvano-
stat, running with the GPES version 4.3 from Eco
Chemie, Utrecht, Netherlands. Differential pulse
voltammetry experiments were run with a: pulse
amplitude 50 mV, pulse width 70 ms and scan rate
5mV s~ '. All pH measurements were carried out
using a pH Meter Model 654 with a 6.0203.100
(OE) combined glass clectrode, both from Me-
trohm.

2.3. Electrodes

The working eclectrodes were carbon paste
(CPE), 4=0.080 cm?, prepared from 2:1 gra-
phite/Nujol mixture (w/w). Pt wire and a minia-
turized Ag/AgCl (sat. KCl) electrodes were used as
the counter and reference electrodes, respectively,
all placed in a one-compartment cell.

2.4. Experimental procedure

2.4.1. Modification of carbon paste electrodes in
guanine or 8-oxoguanine solutions

One hundred microlitres of guanine hydrochlo-
ride or 8-oxoguanine from the corresponding
stock solutions was added to the electrochemical
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cell containing 10.0 ml of buffer solution as
supporting electrolyte. Potentials of 0.2, 0.4, or
1.1 V vs. Ag/AgCl were applied to the working
electrode during 12 min under stirring. The
modified electrodes were washed with deionized
water before further utilization.

2.4.2. Modification of carbon paste electrodes in
buffer solutions

Carbon paste electrodes were also modified in
universal buffer solutions; pH 8.0 under the same
conditions used for modification in guanine or 8-
oxoguanine solutions. These electrodes were de-
nominated as CPE and were used as a control to
evaluate the role of guanine or 8-oxoguanine in the
modification process. Before utilization the elec-
trodes were washed with deionized water.

Table 1 presents the composition of the modify-
ing solutions as well as the electrode denomination
used in this paper.

2.5. NAD(P)H, uric acid and 8-oxoguanine
detections

Several differential pulse voltammetry experi-
ments using carbon paste modified electrodes in
buffer, guanine, and §8-oxoguanine solutions, were
performed in the supporting electrolyte solution
until a stable baseline was achieved. Four aliquots
of 25 ul, 5 aliquots of 50 ul, 1 aliquot of 550 ul and
4 aliquots of 750 pl of the analyte (3.0 x 103 M)
stock solution were added to the electrochemical
cell containing 10.0 ml of PIPES buffer, pH 7.0
and 3 consecutive differential pulse voltammo-
grams were recorded for each concentration in the
range 0.2 < E,,,;; <09 V.

Table 1
Composition of the modifying solutions and electrode denomi-
nations

Composition of the modifying solu- pH Electrode

tion denomination
Guanine in PIPES buffer 7.0 CPE/G pH 7.0
Guanine in acetate buffer 4.5 CPE/G pH 4.5
Guanine in universal buffer 8.0 CPE/G pH 8.0
8-oxoguanine in PIPES buffer 7.0 CPE/8-oxo pH 7.0
Universal buffer 8.0 CPE

3. Results and discussion

Carbon paste electrodes were initially pre trea-
ted in guanine solutions (pH 7.0) at 0.42 and 1.1 V.
Electrochemical signals due to NADH oxidation
were lower at electrodes modified at 0.42 V. An
additional peak was recorded at 0.8 V, which was
attributed to the oxidation products of interfacial
species formed during the oxidation of guanine
[42,43], Fig. 1.

According to Goyal and Dryhurst [42] guanine
is oxidized to 8-oxoguanine at a PGE (pyrolytic
graphite electrode) at 0.66 V vs. SCE (pH 7.0)
while 8-oxoguanine is oxidized at 0.32 V (pH 7.0)
to produce new products, which can also oxidized.
The spike-shaped form of the peaks is an indica-
tive of an electrode process where the electroactive
species are adsorbed on the electrode surface.
Therefore, by the application of a potential of
1.1 V during the pre-treatment of the carbon paste
electrode in guanine solution, all 8-oxoguanine
produced at the electrode surface is immediately

/ (b)
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Fig. 1. Differential pulse voltammograms recorded at 4.2 x
10~* mol 1~! NADH solution (curves a and b) and at PIPES
solution, pH 7.0, without NADH (curves ¢ and d) using: (a)
(CPE/G; pH 7.0) modified under 0.42 V applied potential
during 12 min; (b) (CPE/G; pH 7.0) modified under 1.1 V
applied potential during 12 min; (c) (CPE/G; pH 7.0) modified
under 1.1 V applied potential during 12 min; (d) (CPE/G; pH
7.0) modified under 0.42 V applied potential during 12 min.
Experimental conditions: pulse amplitude 50 mV, pulse width
70 ms, and scan rate 5 mV s~ .
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oxidized and one of its oxidation products could
be involved in the superficial modification of the
electrode.

To get some insight on which species is respon-
sible for the electrode superficial modification,
carbon paste electrodes were also pre-treated in
8-oxoguanine solutions at 0.20 V (before 8-oxo-
guanine oxidation step) and at 1.1 V (after 8-
oxoguanine oxidation step), Fig. 2. In both cases
the NADH peak currents and corresponding peak
potential were similar. However, successive vol-
tammetric runs show a small decrease of the
current peak showing superficial poisoning effect
(Fig. 2a and b). Conversely, carbon paste electro-
des pre-treated in guanine solution at 1.1 V
showed current intensities that were almost two
times higher than those obtained with electrodes
pre-treated in 8-oxoguanine solution and no super-
ficial poisoning effect was observed (Fig. 2c).
Therefore, the superficial species, which is formed
during the pre-treatment of the carbon paste
electrode in guanine solution at 1.1 V, cannot be
obtained using only 8-oxoguanine as modifying
solution.

A
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020406 0.8.20.40.608.204 0608
E/V E/V E/V

Fig. 2. Differential pulse voltammograms recorded at 4.2 x
107 mol 1-! NADH solutions using: (a) (CPE/8-oxo pH
7.0) modified under 0.2 V applied potential during 12 min; (b)
(CPE/8-0xo0 pH 7.0) modified under 1.1 V applied potential
during 12 min; (c¢) (CPE/G pH 7.0) modified under 1.1 V
applied potential during 12 min. Experimental conditions
similar to those of Fig. 1.

It is possible to explain the difference between
the modified electrode surfaces obtained with pre-
treatment in 8-oxoguanine solution (Fig. 2a and b)
those obtained with pre-treatment in guanine
solution (Figs. 1 and 2c) considering the model
proposed by Subramanian and Dryhurst for the
electrochemical oxidation of guanosine at a pyr-
olytic graphite electrode [44] and the report from
Brett et al. [45] for oxidation of guanine at glassy
carbon microelectrodes. Subramanian and Dry-
hurst [44] showed that the primary guanosine
oxidation step involves a 1 e~ —1H™ reaction
leading to a free radical with an unpaired electron
located at the C (8) position. This primary radical
reacts with guanosine and water to yield several
other radicals that undergo a series of chemical
and electrochemical reactions to give some gua-
nine di and tri-nucleosides. In principle, these
authors in reference admitted that oligomeric
products are not formed in the electroxidation of
guanine due to the low solubility of this compound
(20-25 times less than guanosine). Low concen-
tration of C (8) guanyl radicals should be pro-
duced to promote the formation of di- and trimer
guanine species. On the other side, Brett et al. [45]
showed that the 5th differential pulse voltammo-
gram recorded in 5.0 x 10> M guanine solution,
pH 4.5, presents three peaks: (1) at 0.55 V (due to
the reversible two electron/two proton oxidation
of 8-oxoguanine formed on the electrode surface);
(2) at 0.8 V (due to the oxidation of guanine to 8-
oxoguanine); and (3) at 0.95 V (due to the one
electron transfer reversible oxidation of the gua-
nine dimers). After transfer the electrode to
another electrochemical cell containing only sup-
porting electrolyte, successive differential pulse
voltammograms were recorded and only one
peak, recorded at 1.0 V (pH 4.5), which was
attributed to the oxidation of guanine dimmer
adsorbed on the electrode surface.

Oxidation of 5.0 x 10> M guanine at carbon
paste electrode pre-treated at 1.1 V in buffer
solution (pH 4.5) occurred at 0.83 V. After transfer
the electrode to an other electrochemical cell
containing acetate buffer pH 4.5 no peaks were
detected, Fig. 3a. Conversely, the differential pulse
voltammogram recorded in acetate buffer pH 4.5
using the carbon paste electrode pre-treated in
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Fig. 3. (a) Differential pulse voltammograms recorded using
carbon paste electrode pre-treated in acetate buffer pH 4.5
during 12 min at 1.1 V: (1) Acetate buffer, pH 4.5; (2) 50 uM of
guanine solution, pH 4.5, 5th scan; (3) Acetate buffer, pH 4.5
after (2). Experimental conditions similar to those of Fig. 1. (b)
Differential pulse voltammograms recorded in acetate buffer
solution pH 4.5 using: (1) CPE electrode pre-treated in 5.0 x
1073 M of guanine solution, pH 4.5, during 12 min at 1.1 V; (2)
CPE electrode pre-treated in 5.0 x 10 ™% M of guanine solution,
pH 4.5, during 12 min at 1.1 V (CPE/G pH 4.5). Experimental
conditions similar to those of Fig. 1.

5.0 x 107> M of guanine solution (pH 4.5) during
12 min at 1.1 V presented only one small stable
peak recorded at 0.88 V. Increasing the concentra-
tion of guanine in the modifying solution to 5.0 x

10-* M (as described in Section 2), two stable
peaks were detected in acetate buffer, pH 4.5: (i) at
0.55V, due the oxidation of 8-oxoguanine; and (ii)
at 0.90 V, which can be atributted to the oxidation
of di- or trimer guanine structures adsorbed on the
electrode surface, Fig. 3b. The latter peak poten-
tial is about 100 mV less positive than those
described previously [45] and consequently the
film composition and the superficial molecular
arrangement obtained using macro carbon paste
electrodes can be lightly different than those
obtained using glassy carbon microelectrodes.
Our data are not sufficient to concluded something
about the immobilization of §-oxoguanine in the
film structure because it should be instantaneously
oxidized at the applied potential used during the
modification step and additional studies are ne-
cessary to clarify this point.

The disappearance of the PIPES oxidation peak
at 1.1 V, which occurred only at the electrodes
which were pre-treated in guanine solutions (Fig.
4d and ¢), show the total recover of the electrode
surface and can be used as a control to the
modification step.

The carbon paste electrode pre-treated in gua-
nine solution at 1.1 V was then chosen for later
measurements.

The pH effect on the modification process was
evaluated using solutions at pH 4.5 and 8.0. As
shown in Fig. 5, high current levels for NADH
oxidation were obtained at pH 8.0 and these last
conditions were used for further modification
process.

These electrodes were used for detection of
NADH, NADPH, uric acid and 8-oxoguanine.
Because graphite has oxygen containing functional
groups, and their number increases with anodic
pre-treatment, the results were compared with
those obtained using carbon paste electrodes
modified only from buffer solutions. Data pre-
sented in Fig. 6 were obtained in the range 7.5 x
10 ¢ <[analyte] <8.1 x 10~* mol 17!, averaged
from values of two consecutive analytical curves
with 14 concentration values, with three differen-
tial pulse voltammograms being recorded for each
one-concentration value. Detection limits [46] and
sensitivity were estimated from these data using
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E/V

Fig. 4. Differential pulse voltammograms recorded in PIPES
buffer, pH 7.0 using: (a) (CPE); (b) (CPE/8-oxo pH 7.0)
modified under 0.2 V applied potential during 12 min; (c)
(CPE/ 8-oxo pH 7.0) modified under 1.1 V applied potential
during 12 min; (d) (CPE/G pH 7.0) modified under 1.1 V
applied potential during 12 min; (e) (CPE/G pH 7.0) modified
under at 0.4 V applied potential during 12 min. Experimental
conditions similar to those of Fig. 1.

values in the range 7.5 x 10~ ¢ <[analyte] < 7.3 x
107> mol 1!, Table 2.

In summary, 84 differential pulse voltammo-
grams were recorded using the same modified
electrode for one analyte without any superficial
cleaning between analytical curve recordings.

A large class of NAD(P)* dependent dehydro-
genase enzymes can be used for the construction of
amperometric enzyme sensors if a suitable redox
mediator catalyses the electron transfer from
NAD(P)H to the electrode surface. Several com-
pounds were tested for this purpose and solid
electrodes modified with cationic redox dyes [47—
53] as well conducting films derived from poly-p-
phenylenediamine [54], poly (0-aminophenol) and
poly (o-phenylenediamine) [55] showed good per-
formance for NADH oxidation at lower applied
potentials, necessary condition to use the biosen-
sors in biological fluid analysis without previous

E/V

Fig. 5. Differential Pulse Voltammograms recorded from 4.2 x
10~* mol 17! NADH solutions using: (a) (CPE/G; pH 4.5)
modified under 1.1 V applied potential during 12 min; (b) (CPE/
G; pH 7.0) modified under 1.1 V applied potential during 12
min; (¢) (CPE/G; pH 8.0) modified under 1.1 V applied
potential during 12 min. Experimental conditions similar to
those of Fig. 1.

separation procedure. Sometimes, an excellent
electrocatalytic property towards NADH oxida-
tion is obtained [56], but a quite rapid degradation
of the NADH electrocatalytic signal is observed if
the electrochemically produced NAD™ is not
removed. Recently Santos-Alvarez et al. [57]
described an interesting paper showing the elec-
trocatalytic determination of NADH at 50 mV (vs.
Ag/AgCl, KCI saturated electrode) using a gra-
phite electrode modified with a quinone-diimine
specie derivative from the oxidation product of
2,8-dihydroxyadenine nucleotide. Analytical mea-
surements were be done at NADH concentration
levels below 1 x 10~® M with detection limit of
1.3x 1077 M using electrodes with 100 h of
operational life.

Data presented in Table 2 show that the carbon
paste electrode pre-treated in guanine solutions at
1.1 V do not have catalytic effects towards
NAD(P)H oxidation. The modified surface only
avoided the poisoning effects produced by the
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Fig. 6. (a) Differential pulse voltammograms recorded in NADH solutions and PIPES buffer, pH 7.0. Experimental conditions similar
to those of Fig. 1. (b) Differential pulse voltammograms recorded in NADPH solutions and PIPES buffer, pH 7.0. Experimental
conditions similar to those of Fig. 1. (c) Differential pulse voltammograms recorded in uric acid solutions and PIPES buffer pH 7.0.
Experimental conditions, similar those of Fig. 1. (d) Differential pulse voltammograms recorded in 8-oxoguanine solutions with PIPES

buffer, pH 7.0. Experimental conditions similar those of Fig. 1.

adsorption of the analyte oxidation products
improving the sensitivity and the detection limits
for NAD(P)H and uric acid determinations. It is
possible that the superficial guanine dimeric struc-
ture avoided the formation of specie derivative
from 8-oxoguanine, which, in principle, could be
present catalytic properties as those, presented by
2,8-dihydroxyadenine derivative.

The application of this electrode to design new
biosensor is conditioned to the utilization of
enzymes (or another biological component) incor-

porated into the carbon paste as well the possibi-
lity of preparing a similar modified surface in the
presence of an efficient electron mediator.

On the other side, there are several biological
fundamental studies where ‘clean solutions’ are
used and it is possible to work with high-applied
potential, but it is not possible to do it with a
sensor that has low lifetime. Under this viewpoint,
our sensor is easy to prepare, has good stability
and sensitivity. It also can be used as an electro-
chemical detector (ED) in High Performance
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Fig. 6 (Continued)

Table 2

Sensitivity, detection limits and shifting on the oxidation peak potentials for two consecutive analytical curves carried out with carbon
paste electrode pre-treated in buffer solution (CPE) and carbon paste electrode pre-treated in guanine solution pH 8.0 (CPE/G pH 8.0)

during 12 min at 1.1 V

Analyte Electrode AEp (V) Sensitivity (A mol ~!' 1 cm ~?) Detection limit (M x 10°)
NADH CPE/G pH 8.0 0.56-0.53 0.13+0.04 3.3
CPE 0.48-0.69 0.04+0.01 5.8
NADPH CPE/G pH 8.0 0.61-0.60 0.1040.01 3.7
CPE 0.52-0.71 0.0140.01 14
Uric acid CPE/G pH 8.0 0.41-0.42 0.26 +0.06 6.6
CPE 0.41-0.55 0.134+0.11 13
8-oxoguanine CPE/G pH 8.0 0.39-0.41 0.40 +0.08 2.0
CPE 0.36-0.42 0.36+0.13 3.7

Three differential pulse voltammograms were recorded for each one-concentration value in the range 7.5 x 10~ ° < [analyte] < 8.1 x
10~ * M, but sensitivity and detection limits were calculated using average values in the range 7.5 x 10~ < [analyte] < 7.3 x 10> mol

1~ L

Liquid Chromatography (HPLC). Electrochemical
quantification of 8-oxoguanine, the major of
modified base in DNA produced by oxidative
DNA damage [58-60], as well low levels of uric
acid in the brain tissues, which can be related the
Alzheimer’s disease [61], are an important example
of an analytical and clinical problems to be solved.
In this case the utilization of HPLC-ED is the
most recommended method to be used.

4. Conclusions

Carbon paste clectrodes pre-treated in guanine
solutions, pH 8.0, under 1.1 V applied potential
(CPE/G pH 8.0) showed better performance for
oxidation of NADH, NADPH and uric acid than
the electrodes pre-treated in universal buffer solu-
tions, pH 8.0 (CPE), or guanine (at 0.42 V) and 8-
oxoguanine (at 0.2 or 1.1 V) solutions.
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Conversely to the CPE, the oxidation peak
potentials at a (CPE/G pH 8.0) did not shift to
more positive values during the consecutive scans
at high NAD(P)H and uric acid concentrations
(Table 2) and the high currents obtained with the
latter electrode can be attributed to the superficial
guanine di- or trimer layer that allowed the
superficial analyte pre-concentration and avoided
the adsorption of the analyte oxidation products
on the electrode surface. Perhaps, due to super-
ficial exclusion effects, these properties were not
observed during the oxidation of 8-oxoguanine
and the good results obtained with CPE towards
the oxidation of this specie can be attributed to the
absence of the adsorption of the oxidation pro-
ducts on bare electrode surface.

CPE/G pH 8.0 did not shown electrocatalytic
effects but have good stability to be used as an
electrochemical detector in HPLC analysis.
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