Sensors and Materials, Vol. 27, No. 9 (2015) 817-823 LETTER
MYU Tokyo

S&MI1118

Application of the Oxidation of Hydrogen Peroxide
for DNA Sensing Based on Platinum Deposition

Tomoyuki Yasukawa®, Riku Moede and Fumio Mizutani

Graduate School of Material Science, University of Hyogo,
3-2-1 Kouto, Kamigori, Ako, Hyogo 678-1297, Japan

(Received February 2, 2015; accepted May 21, 2015)

Key words:  disposable screen-printed carbon electrode, platinum deposition, hybridization,
intercalation, hydrogen peroxide

An electrochemical detection system for DNA has been investigated based on the
current increase due to the catalytic oxidation of hydrogen peroxide with platinum
deposited by the electrochemical reduction of chloro-2,2":6',2"-terpyridine platinum (II)
chloride dihydrate (Pt complex) on a screen-printed carbon electrode. The platinum
deposited on the screen-printed carbon electrode that has shown no catalytic activity for
oxidation of hydrogen peroxide gives rise to catalytic activity. Cyclic voltammetry was
used to reduce the Pt complex to deposit platinum metal on the carbon electrode. The
oxidation current of hydrogen peroxide increased with increasing concentration of the Pt
complex in the electrolytic deposition. The intercalation of the Pt complex into double-
stranded DNA (dsDNA) decreased the concentration of free Pt complex and caused
a decrease in the diffusion coefficient of the intercalated Pt complex. Moreover, the
reduction of the Pt complex was inhibited due to steric hindrance. Thus, the oxidation
current for hydrogen peroxide by platinum deposited on the carbon electrode decreased
with an increase in the concentration of dSDNA. This procedure is absolutely simple
without the need to immobilize DNA. Furthermore, the use of inexpensive screen-
printed carbon electrodes will allow for the development of disposable sensing systems.

1. Introduction

Electrochemical DNA biosensors have been studied to develop a simple, sensitive,
and inexpensive platform for gene identification for human genetic diseases, early
diagnosis of infectious diseases promoted by pathogens, and screening of novel drug
candidates. The detection process of single-stranded DNA (ssDNA) targets with specific
sequences consists mainly of two important steps: the recognition of target ssDNA by
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the capture ssDNA by hybridization, and the transduction of the hybridization event
to an electric signal. Interaction between double-stranded DNA (dsDNA) formed
by hybridization and electrochemical probe molecules leads to the difference in the
electrochemical responses and the ability to determine the target sSDNA selectively and
quantitatively.

Electrochemically active bis-intercalaters(” and threading intercalators,?>* which
readily insert into the planar moiety between complementary duplex bases, have been
used to indentify hybridized target ssDNA. Detection of the shift of the redox potential
after the redox species intercalate into dsDNA has also been applied to discriminate
the target DNA from the DNA duplex on the electrode.® Labeling ssDNA has also
frequently been used to determine DNA hybridization. Metal nanoparticles captured by a
DNA hybrid were detected by stripping methods®® or by the potential difference of ion-
selective electrodes® after labeled particles were chemically dissolved by strong acid.
Enzyme labels have also been used to produce signal molecules for highly sensitive
electrochemical detection.(™'2 However, ssDNA for capturing target ssDNA has to be
immobilized on an electrode for the discrimination of the target ssDNA to separate the
uncaptured target ssDNA.

We have previously reported the highly sensitive and simple determination of dSDNA
using the electrolytic deposition of cis-diamminedichloroplatinum(II) (cisplatin) on
glassy carbon (GC) electrodes.' The deposition of the platinum metal on GC electrodes
which have no catalytic activity for proton reduction enables catalytic proton reduction.
Suppression of the platinum deposition by the complexation of cisplatin and dsDNA
was used to develop the sensitive dsSDNA sensors. The method is simple because the
immobilization of capture DNA is unnecessary. However, the strategy does not support
the determination of DNA with specific sequences. More recently, we proposed a
sensitive and simple technique for the determination of a DNA sequence based on the
combination of intercalation of chloro-2,2,":6',2"-terpyridine platinum (II) chloride
dihydrate (Pt complex) with dsSDNA formed by hybridization and the catalytic reduction
of protons with the platinum deposited on GC electrodes.('"¥ However, it is difficult to
remove the deposited platinum completely by polishing the electrode surface, which may
lead to poor reproducibility.

In this study, we employed screen-printed carbon electrodes to demonstrate dsSDNA
determination based on the suppression of platinum deposition based on the decrease
in concentration of free Pt complex because of intercalation. The use of inexpensive
screen-printed carbon electrodes allows the development of disposable sensing systems.
Catalytic oxidation of hydrogen peroxide was used to determine the platinum deposition.
Figure 1 shows the principle of the electrochemical determination of dsDNA. In the
absence of target DNA, the Pt complex is reduced to deposit metallic platinum on
screen-printed carbon electrodes, which is followed by an increase in oxidation current
due to hydrogen peroxide on the deposited platinum surface [Fig. 1(a)]. The presence
of dsDNA causes a decrease in the concentration of the free Pt complex because of
intercalation and thereby decreases the oxidation current of hydrogen peroxide [Fig.

1(b)].
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Fig. 1. (Color online) Principle of the electrochemical determination of dsDNA concentration by
the intercalation of Pt complexes into dsDNA in (a) the absence and (b) the presence of dsDNA.

2. Materials and Methods

A screen-printed carbon electrode (1.5 mm in diameter) which was fabricated on a
polyimide film by a screen-printer (LS-150RV, Newlong Seimitsu Kogyo, Tokyo, Japan)
was donated by Prof. Itagaki and Prof. Shitanda (Tokyo University of Science). Cyclic
voltammetry (CV) was performed by sweeping the potential of the screen-printed carbon
electrode with a scan rate of 50 mV s!' in phosphate buffer solution containing 10.0
UM Pt complex to determine the reduction potential of the Pt complex. An Ag/AgCl
electrode and coiled platinum wire were used as the reference and counter electrodes,
respectively. Complexes of Pt were synthesized according to published procedures.(
Amperometric measurements were also performed with stirring to confirm the deposition
of metallic platinum by reduction of the Pt complex from the increase of catalytic current
due to protons.

A solution containing dsDNA refined from herring sperm (<50 bp) was obtained
from Sigma (St. Louis, MO). Different concentrations of dsDNA were added to 0.1 M
phosphate buffer (pH 7.0) containing 2.5 uM Pt complex to ensure the capture of the Pt
complex by intercalation in dsDNA. After incubation for 30 min at room temperature,
CV was performed to deposit the platinum on the surface of the screen-printed carbon
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electrode by the reduction of Pt complex. The potential was scanned over 10 cycles from
0.0 V to —1.2 V with a scan rate of 50 mV s!. CV was then carried out in phosphate
buffer solution containing 10.0 mM hydrogen peroxide using the screen-printed carbon
electrode with deposited platinum to measure the catalytic oxidation of hydrogen
peroxide by the deposited platinum.

3. Results and Discussion

3.1 Reduction of platinum complex

We investigated the reduction potential of the Pt complex on the screen-printed
carbon electrode. Figure 2(a,i) shows the cyclic voltammogram of 5.0 uM Pt complex in
0.1 M phosphate buffer (pH 7.0). The reduction current was observed to be below —1.0
V and increased greatly beyond —1.1 V in the presence of Pt complex [Fig. 2(a,i)], while
no reduction response was observed in the absence of Pt complex [Fig. 2(a,ii)]. After the
electrode was washed with phosphate buffer, the CV was recorded in phosphate buffer
without the Pt complex. The reduction response obtained without the Pt complex was
similar to that obtained in the presence of Pt complex in Fig. 2(a,i). Therefore, the results
suggest that the Pt complex was reduced to deposit metallic platinum on the screen-
printed carbon electrode below —1.0 V, which follows the large increase in the reduction
current below —1.1 V due to proton and oxygen reduction on the deposited platinum
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Fig. 2. (a) Cyclic voltammograms obtained by the screen-printed carbon electrodes (i) in the
presence and (ii) in the absence of 5.0 uM Pt complexes. (b) Amperograms obtained in the
presence of 5.0 uM Pt complexes. The potentials of screen-printed carbon electrodes were stepped
down from 0.4 V to (i) —1.10, (ii) —1.05, and (iii) —0.70 V.
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surface. The small reduction currents obtained at —0.6 V in the presence and absence
of Pt complex could be caused by the reduction of oxygen dissolved in the buffer or the
adsorption of protons.

Figure 2(b) shows amperograms obtained using screen-printed carbon electrodes in
0.1 M phosphate buffer containing 5.0 uM Pt complex. The potential was stepped down
from 0.4 V to the different potentials at zero seconds to reduce the Pt complex. When
the potentials were stepped below —1.05 V, reduction currents gradually increased due to
proton reduction followed by platinum deposition on the screen-printed carbon electrode
after a step-like response appeared [Figs. 2(b,i) and 2(b,ii)]. However, the application of
—0.70 V resulted in a slight steady-state current with no increase in the reduction current
[Fig. 2(b,iii)]. The results also indicate that the Pt complex was reduced on the electrode
at potentials below —1.0 V. Unstable current responses were observed 120 s after the
application of —1.1 V [Fig. 2(b,i)] because of the formation of hydrogen gas on the
electrodes due to the electrochemical reduction of protons. Moreover, the screen-printed
carbon film was physically removed from the polyimide sheet because of the generation
of hydrogen bubbles from the carbon film. Thus, amperometric measurements of
the increase of the catalytic current due to protons cannot be used to investigate the
interaction between the Pt complex and dsDNA.

3.2 Catalytic oxidation of hydrogen peroxide by the screen-printed carbon
electrodes with deposited platinum

Catalytic currents were investigated by CV in phosphate buffer containing 10.0 mM
hydrogen peroxide. Figure 3 shows CVs obtained using screen-printed carbon electrodes
with deposited platinum by potential sweeps of 10 cycles in the presence of different
concentrations of Pt complex. Clear oxidation and reduction currents for hydrogen
peroxide were observed in voltammograms obtained with the electrodes containing
deposited platinum [Figs. 3(a)-3(c)]. The oxidation current for hydrogen peroxide
increased with increasing concentration of Pt complex in the deposition step of platinum.
A high overpotential was required to oxidize and reduce hydrogen peroxide using
screen-printed carbon electrodes without deposited platinum [Fig. 3(d)]. In addition,
no hydrogen bubble formation was observed during the application of the potential for
10 cycles between 0.0 V to —1.2 V. Therefore, measurement of the catalytic oxidation
current of hydrogen peroxide by the deposited platinum is suitable for determining the
concentration of the Pt complex.

3.3 Effect of the addition of dsDNA

The appearance of a catalytic reduction current of hydrogen peroxide was used
to determine the concentration of dSDNA. The Pt complex used in this work is well
known to act as an intercalator with a binding constant to dsDNA of 3.9 x 10> M 1.9
In addition, the binding ratio was also reported to be 0.2 Pt complex per nucleotide.!”
Different concentrations of dSDNA from herring sperm were added to 0.1 M phosphate
buffer containing 2.5 uM Pt complex. After incubation for 30 min, CV was performed to
deposit the platinum. Figure 4 shows the voltammograms obtained in buffer containing
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Fig. 3 (left). Cyclic voltammograms obtained in phosphate buffer containing 10.0 mM hydrogen
peroxide using screen-printed carbon electrodes with deposited platinum by potential sweeps of 10
cycles in the presence of (a) 5.0, (b) 2.5, (¢) 1.0, and (d) 0 uM of Pt complex.

Fig. 4 (right). Cyclic voltammograms obtained in buffer containing 10.0 mM hydrogen peroxide
using screen-printed carbon electrodes with deposited platinum by potential sweeps of 10 cycles
in the presence of 2.5 uM Pt complex and different concentration of dsDNA from herring sperm.
Concentration of dsDNA: (a) 0.4, (b) 1.0, and (c) 2.0 ng mL".

10.0 mM hydrogen peroxide using electrodes with deposited platinum. The catalytic
oxidation current for hydrogen peroxide decreased with increasing concentration of
dsDNA. The Pt complexes intercalated into added dsDNA, leading to a decrease
in both free Pt complex concentration and the amount of platinum deposited on the
electrode surface. The intercalation of the Pt complex into dSDNA caused a restriction
in its electrochemical reduction due to steric hindrance and an increase in its diffusion
coefficient. The catalytic oxidation current is significantly reduced by increasing the
dsDNA concentration up to 2.0 ng mL ' [Fig. 4(c)]. A dsDNA concentration as low as 0.4
ng mL™' can be detected in this system [Figs. 3(b) and 4(a)]. These results suggest that
dsDNA concentration can be determined from the catalytic current of hydrogen peroxide
detected by disposable screen-preinted carbon electrodes.

4. Conclusions

We propose a simple determination of dsDNA concentration based on the catalytic
current for hydrogen peroxide detected after platinum deposition on screen-printed
carbon electrodes. It is difficult to apply amperometric measurements of the catalytic
reduction current of protons to the determination of dsDNA concentrations, because
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the carbon films peeled off with the removal of hydrogen bubbles generated by the
electrochemical reduction of protons. Thus, the dsDNA concentration was estimated
by the catalytic oxidation current of hydrogen peroxide. The catalytic current depended
on the amount of deposited platinum, which decreased with decreasing concentration of
free Pt complex due to the intercalation of Pt complex into the dSDNA. The disposable
screen-printed carbon electrodes can be used for the simple determination of dsDNA
concentration by mixing a Pt complex into the solution containing the targeted dsDNA.
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