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Electrochemical behaviors of native and thermally denatured fish DNA in the
presence of cytosine derivatives and porphyrin by cyclic voltammetry
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Abstract

The electrochemical behaviors of native and thermally denatured fish DNAwas investigated using boron-doped diamond (BDD) film electrode
by cyclic voltammetry. The BDD electrode afforded us to measure weak current less than μA for the DNA solution in 100 μl. The mixture of
acetic acid and sodium acetate solution (0.2 M) was used as a supporting electrolyte. Two oxidation peaks were observed at about +1.1 V and
+1.3 V at pH 4.6 for thermally denatured fish DNA. This is due to the oxidation of guanine and adenine in the denatured fish DNA, respectively.
In contrast, the native fish DNA showed ill-defined peaks at +1.1 V. Furthermore, the electrochemical behaviors of thermally denatured fish DNA
were studied in the presence of cytosine, cytidine, cytidine-5-monophosphate, tetrakis(1-methypyridinium-4-yl)porphyrin (H2(TMPyP)4+) and
RuII(TMPyP)4+. The oxidation peak intensity at +1.1 V gradually decreased with the increase of the concentrations of the above compounds.
Based on the above studies, electrochemical behaviors of the thermally denatured fish DNA at BDD electrode is discussed.
© 2006 Published by Elsevier B.V.
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1. Introduction

During the last decades, much interest has been paid on the
studies of carcinogenic or mutagenic effects of chemicals or
metal ions which are usually used in laboratory of chemistry or
biology and also some aspects in industries [1–7]. DNA is
easily oxidatively cleaved or damaged in the presence of
oxidants like H2O2 and metal ions through the generation of
endogenous reactive radicals [8–11]. In our previous papers
[12], we have found selective DNA cleavage in the presence of
Good's buffers and gold(III) through the formation of nitrogen
centered radicals. The cleavage has been ascribed to the
oxidation of guanine moiety of DNA. In order to confirm the
oxidation process of DNA, we investigated the electrochemical
behaviors of DNA.
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DNA is an electroactive species producing reduction and
oxidation signals in various polarography and voltammetry
modes. The reduction of DNA has been observed at mercury
electrodes, whereas the oxidation at solid electrodes, such as
glassy carbon (GC), graphite, gold and etc. [13–16]. Since these
methods are very easy to operate, fast and inexpensive,
therefore DNA has been intensively studied using electrochem-
ical methods for many years.

Recently, the boron-doped diamond (BDD) film electrode
has been used as a unique electrode material for electroanalysis
because of its attractive properties, such as large electrochem-
ical window in aqueous solution, low background current and
high anodic stability of measurement [17].

In this work, we studied the electrochemical behaviors of
thermally denatured fish DNA using the BDD electrode in the
presence of cytosine derivatives and tetrakis(1-methypyridi-
nium-4-yl)porphyrin H2(TMPyP)4+ and RuII(TMPyP)4+, and
the electrochemical behavior of thermally denatured fish DNA
is discussed.
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Fig. 2. CD spectra of the thermally denatured fish DNA (a) and the native fish
DNA (b) in 0.2 M acetate buffer pH 7.6.
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2. Experimental

2.1. Instrumentation

Cyclic voltammetry (CV) measurements were performed by
using an 802A Electrochemical Analyzer (CH Instruments) at
the following settings: initial potential=−0.5 V and final
potential=1.5 V. The scan rate was 10 mV/s. The three
electrodes system consisted of a boron doped diamond (BDD)
thin film electrode as a working electrode, Ag|AgCl|3M NaCl as
a reference electrode and a stainless steel tube as an auxiliary
electrode and a micro flow cell (BAS INC.). UV–Vis spectra
were obtained from a Shimadzu UV 2100 spectrophotometer.
The base pairs concentration of DNA was determined by
absorbance measurement at the absorption maximum of
260 nm. Circular dichroism (CD) spectra of DNA were
recorded on a Jasco J-700 spectropolarimeter (Japan).

2.2. Chemicals and reagents

All chemicals were analytical grade. All solutions were
prepared by using double distilled water. Cytosine, cytidine and
cytidine-5-monophosphate disodiumsalt were purchased from
TCI (Japan). Tetrakis(1-methypyridinium-4-yl)porphyrin, H2

(TMPyP)4+, was purchased from Dojindo Laboratories (Japan)
as tosylate and RuII(TMPyP)4+ was synthesized in our
laboratory. Acetate buffer solutions were prepared from sodium
acetate (Wako) and acetic acid (Wako), and pH was adjusted
with sodium hydroxide and acetic acid. The pH value of each
solution was measured before use.

2.3. Preparation of DNA solution

DNA stock solutions were prepared by dissolving sodium
salt of deoxyribonucleic acid extracted from salmon spermary,
Wako (Japan) in double distilled water. DNA concentration was
determined by the measurement of absorbance at 260 nm. Then
the stock solution was diluted to the appropriate concentration
by the addition of acetate buffer solution (pH 4.6) before use.
Fig. 1. UV spectra of the thermally denatured fish DNA (a) and the native fish
DNA (b) in 0.2 M acetate buffer pH 4.6.
Thermally denatured DNAwas prepared by heating it at 95 °C
for 15 min and then cooled rapidly in an ice-bath.

3. Results and discussion

3.1. UV and CD spectra of fish DNA

Fig. 1 shows the UV spectra of the native and thermally
denatured fish DNA. It shows that the absorbance at 260 nm is
higher for the denatured fish DNA than the native fish DNA. CD
spectrumwasmeasured at pHvalue from 3 to 12.As can be seen in
Fig. 2, the spectrum of the native fish DNA and the thermally
denatured fish DNA showed a positive and a negative peak at
270 nm and 243 nm, respectively. The intensity of the positive
peak at 270 nm increased and that of negative peak at 243 nm
decreasedwhen native fishDNAwas denatured as observedbefore
[15]. The results of UVand CD spectra indicate that the structure
of the fish DNAwas changed by temperature denaturalization.
Fig. 3. Cyclic voltammograms of 1 mM in bp of the thermally denatured fish
DNA in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate 0.01 Vs−1.
Inset: 1 mM in bp the native fish DNA in 0.2 M acetate buffer pH 4.6 at BDD
electrode at scan rate 0.01 Vs−1. The background cyclic voltammograms are
also shown (dash line).



Fig. 4. Cyclic voltammograms (vs. Ag/AgCl) of 1 mM in bp of thermally
denatured fish DNA in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate
0.01 Vs−1 for three successive scans.

Fig. 6. Baseline subtracted cyclic voltammograms (vs. Ag/AgCl) of 5.0×10−4M
in bp of the denatured fish DNA in the presence of cytosine: (a) 0 M; (b)
1.0×10−4 M; (c) 5.0×10−4 M; (d) 1.0×10−3 M, respectively in 0.2 M acetate
buffer pH 4.6 at BDD electrode at scan rate 0.01 Vs−1. Inset: plot of peak currents
vs. cytosine concentrations at ∼1.1 V.
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3.2. Cyclic voltammetry of fish DNA

The cyclic voltammograms for the native and thermally
denatured fish DNA in 0.2 M CH3COOH–CH3COONa buffer
(pH 4.6) at the BDD electrode are shown in Fig. 3. As shown in
the inset of Fig. 3, the BDD electrode provided a stable back-
ground and ill-defined oxidation peak of the native fish DNA at
the potential ∼1.1 V vs. Ag/AgCl. Whereas, the cyclic voltam-
mogram of the thermally denatured fish DNA showed two clear
peaks at the potential∼1.1Vand∼1.3 V vs. Ag/AgCl. The peaks
are due to the oxidation of guanine and adenine residues, respec-
tively [15]. Upon the denaturation of DNA, double strandedDNA
macromolecules separate partly into two single stranded DNA by
the rupture of hydrogen bonds, so free guanine and adenine are
produced. It means that, guanine and adenine base residues are
exposed to electrode surface when the fish DNA is denatured, so
the oxidative reaction easily occurs. The primary oxidation sites
of guanine and adenine structures are carbon atoms at 8 and 2
positions of guanine and adenine of DNA bases, respectively. In
contrast, an ill-defined peak for the native fish DNA as shown in
inset of Fig. 3 indicates the difficulty of oxidation.

Fig. 4 shows a successive cyclic voltammogram of the ther-
mally denatured fish DNA. The two signals decreased in the
second and the third cycle due to the adsorption of the denatured
fish DNAwhich forms a DNA multilayer on the BDD electrode
surface.
Fig. 5. The effect of pH on oxidation peak current of guanine at scan rate 0.01Vs−1.
The effect of pH on CV was investigated from pH 3 to 12.
For the temperature denatured fish DNA, it was found that the
guanine peak at +1.1 V shifted to low potential and its intensity
decreased when the pH increased (Fig. 5). A peak of the
oxidized adenine was also observed at +1.3 V at pH 4.5–5.0.
The nitrogen atoms of cytosine and thymine are protonated at
pH lower than 5 that prevents the hydrogen bonding formation
with guanine and adenine to reform DNA after the denaturation
of DNA. The hydrogen-bond breaking enhances the denature of
DNA. In contrast, the native fish DNA showed only ill-defined
peak at low pHs.
Fig. 7. Baseline subtracted cyclic voltammograms (vs. Ag/AgCl) of
7.5×10−4 M in bp of the denatured fish DNA in the presence of cytidine: (a)
0 M; (b) 1.0×10−4 M; (c) 2.0×10−4 M; (d) 5.0×10−4 M and (e) 1.0×10−3 M,
respectively in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate
0.01 Vs−1. Inset: plot of peak current vs. cytidine concentration at ∼1.1 V.



Fig. 8. Cyclic voltammograms (vs. Ag/AgCl) of 7.5×10−4 M in bp of the
denatured fish DNA in the presence of the cytidine-5-monophosphate: (a) 0 M;
(b) 5.0×10−4 M; (c) 1.0×10−3 M; (d) 2.0×10−3 M and (e) 5.0×10−3 M,
respectively in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate
0.01 Vs−1. Inset: plot of the peak current vs. cytidine-5-monophosphate
concentration at ∼1.1 V.

Fig. 10. Cyclic voltammogram (Ag/AgCl) of 2.4×10−4 M RuII(TMPyP)4+ in
0.2 M acetate buffer at pH 4.6 at BDD electrode at scan rate 0.01 Vs−1.
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3.3. Cyclic voltammetry for the interaction of cytosine, cytidine
and cytidine-5-monophosphatewith thermally denatured fishDNA

The cyclic voltammetry of cytosine, cytidine and cytidine-5-
monophosphate in acetate buffer pH 4.6 did not show any
oxidation peaks at BDD electrode.

The cyclic voltammograms of the thermally denatured fish
DNA in the presence of cytosine, cytidine and cytidine-5-
monophosphate in acetate buffer pH 4.6 were shown at Figs. 6,
7 and 8, respectively. The guanine peak at potential 1.05 V
decreased with the addition of cytosine. This indicates that
cytosine interacts with the denatured fish DNA through a
hydrogen-bonding with guanine. Hence, it is difficult to denature
Fig. 9. Cyclic voltammograms (vs. Ag/AgCl) of: 7.5×10−4 M in bp of denatured
fish DNA in 0.2 M acetate buffer at pH 4.6 at the concentrations of H2(TMPyP)4+;
(a) 0 M, (b) 3.4×10−6 M and (c) 6.4×10−6 M, (d) 1.0×10−5 M H2(TMPyP)4+ in
the absence of the denatured fish DNA, at BDD electrode at scan rate 0.01 Vs−1.
Inset: plot of peak current vs. H2(TMPyP)4+ concentration at ∼1.1 V.
fish DNA. As the result, the electrochemical behavior of the
denatured fish DNA decreased on BDD electrode. Similar results
were observed for the addition of cytidine and cytidine-5-
monophosphate. Furthermore, the cytidine-5-monophosphate
showed the largest decrease in CV peak at the potential ∼1.1
and ∼1.3 V vs. Ag/AgCl.

3.4. Cyclic voltammetry for the interaction of porphyrin with
thermally denatured fish DNA

The interaction of H2(TMPyP)4+ and RuII(TMPyP)4+ with the
thermally denatured fish DNAwas studied. When H2(TMPyP)4+

wasmixed in the denatured fishDNA, we found that the oxidation
peak of the denatured fishDNAat potential about 1.1V decreased,
as shown in Fig. 9. Because positively charged H2(TMPyP)4+

combines with phosphate groups of DNA and/or intercalate into
DNA bases [7]. As the result, electrochemical behavior of the
denatured fish DNA decreased at BDD electrode. Fig. 9.d shows a
broad peak of H2(TMPyP)4+ at potential∼1.2 V. The oxidation of
H2(TMPyP)4+ also was suppressed by the binding to DNA.
Fig. 11. Cyclic voltammograms (vs. Ag/AgCl) of 1.0×10−3 M in bp of the
denatured fish DNA in 0.2 M acetate buffer at pH 4.6 at the concentrations of
RuII(TMPyP)4+: (a) 0M; (b) 1.2×10−4M and (c) 2.4×10−4M, at BDD electrode
at scan rate 0.01 Vs−1. Inset: plot of the peak current vs. RuII(TMPyP)4+

concentration at ∼1.1 V.
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RuII(TMPyP)4+ showed oxidation peaks at potential 0.6 V
and 1.2 Vand reduction peak at potential 0.3 V in the absence of
DNA as shown in Fig. 10. Fig. 11 shows cyclic voltammogram
of RuII(TMPyP)4+ in the presence of the denatured DNA of
1×10−3 M in base pair. The oxidation peaks of the denatured
DNA gradually decrease with increased RuII(TMPyP)4+. Due to
the interaction of RuII(TMPyP)4+ with the denatured fish DNA,
it is difficult for the denatured fish DNA-RuII(TMPyP)4+

complex to be oxidized at BDD electrode.

4. Conclusion

The thermally denatured fish DNA is electrochemical active
in 0.2 M acetate buffer pH 4.6 at BDD electrode and the
oxidation of guanine and adenine were detected. The oxidation
of the denatured DNA were observed at pH lower than 5 and
suppressed in the presence of cytosine, cytidine, cytidine-5-
monophosphate, H2(TMPyP)4+ and RuII(TMPyP)4+. The
cytosine derivatives stabilized the denatured DNA through a
hydrogen-bonding with guanine and prevented from the
oxidation of DNA. Similarly, the cationic porphyrins also
stabilized the denatured DNA structure through intercalation
and ionic interaction with DNA. BDD electrode affords us to
detect electrochemical behaviors of thermally denatured DNA
by cyclic voltammetry due to its low background current.
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