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A DNA damage process by radioactive iodine (I-131) and technetium (Tc-99m) is described. The

procedure relies on a label-free electrochemical DNA biosensor. Fish sperm double stranded DNA was

immobilized onto a carbon paste electrode (CPE) by electro deposition and the changes to the guanine

oxidation signal were observed upon exposure to radioactive I-131 and Tc-99m by differential pulse

voltammetry (DPV).

The changes to the signal of guanine after exposure to therapeutic doses of Tc-99m and I-131 showed

conformational changes in DNA molecules.
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Introduction

Electrochemical DNA biosensors provide a rapid and inexpensive method for the determination of DNA
damage caused by drug, chemical, or radioactive agents. Electrochemical DNA biosensors are comprised of
a nucleic acid recognition layer that is immobilized over an electrochemical transducer. The signal transducer
must determine the change that has occurred due to the binding molecules or to the hybridization at the
recognition layer, converting this into an electronic signal that then can be relayed to the end user. Observing
the pre- and post-electrochemical signals of a DNA-drug interaction provides good evidence of the interaction
mechanism to be elucidated. Moreover, this interaction could be used for the quantification of these drugs

and for the determination of new DNA-targeting drugs.1,2

The role of the nucleic acid recognition layer is to detect the changes that occurred in the DNA
structure during interaction with DNA-binding molecules, or to selectively detect a specific sequence of

DNA.3−5 There have been intensive studies of the application of modern voltammetric methods in nucleic
acid research and DNA analysis. DNA biosensor technologies are currently under intense investigation owing
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to their great promise for rapid and low-cost detection of specific DNA sequences in humans, viruses, and

bacterial acids.6−8

DNA electrochemical biosensors enable rapid detection of chemicals that cause irreversible damage
to DNA by monitoring the changes in oxidation peaks of the DNA bases guanine and adenine, and have

important applications for better understanding and evaluating DNA-drug interaction mechanisms.9−12

The guanine oxidation signal was also monitored to detect DNA damage caused by the interaction

mechanism between radiation, drugs, and DNA.3−17 Toxic molecules that interact with DNA could also
be detected by monitoring the changes in the guanine oxidation signal in relation to electrochemical DNA

biosensors.18−21

Element 43, technetium, was discovered in 1937 by Perrier and Segre in a sample of molybdenum that
was irradiated by deuterons. This element was named after the Greek word, technetos, meaning artificial,
as technetium was the first previously unknown element to be artificially made. Since then, 21 isotopes
of technetium have been discovered, ranging from Tc-90 through Tc-110. Among these isotopes, Tc-110

has the shortest half-life (0.86 s) and Tc-97 the longest (2.6 × 106 years). All isotopes of technetium

are radioactive(19). Tc-99m has a physical half-life of 6.02 h and gamma rays of 140 keV.1,2 It is the

ideal radionuclide for external imaging studies. One of the many desirable attributes of Tc-99m is that it

can be produced from molybdenum-technetium (Mo99/Tc99m) parent/daughter generator systems, which

are available worldwide. As the molybdenum decays, Tc-99m and Tc-99 build up on the column.2 The

generator yields technetium as the pertechnetate ion TcO−
4 . The advantages of Tc-99m can be summarized

as follows: a short but reasonable half-life of 6 h, high photon yield (88%) of 140 keV, no beta radiation

(resulting in a low radiation dose), availability in a generator for in-hospital use, chemically reactive, and

yields other chemical forms.

The most useful radioisotopes of iodine for nuclear medicine studies are I-123, I-125, and I-131, because
of their favorable physical properties. The choice of the isotope to be used is determined by the ultimate

application. I-131 has been widely used for clinical diagnosis and therapy for several reasons.1 I-131 is
obtained as a by-product of uranium fusion. It decays by beta emission with a half-life of 8.05 days to
Xe-133. The transition energy between I-131 and Xe-133 ground state is 971 keV, and 14 gamma rays are

emitted, the most important, with abundance (%), being 364 keV (82%), 637 keV (7%), 284 keV (6%), and

723 keV (2%).

DNA damage in cells causes serious diseases, including mutations. Detection of DNA damage relies on
lengthy and expensive chromatographic and electrophoretic separation assays. In this study DNA damage

induced by exposure to radioactive Tc-99m and I-131has been examined.22,23.

Experimental Section

Apparatus

The DNA damage caused by radioactive Tc-99m and I-131 was investigated using DPV with an AUTOLAB

PGSTAT 30 electrochemical analysis system and GPES v.4.9 software (Eco Chemie, The Netherlands).

The 3-electrode system consists of a carbon paste electrode (CPE) as the working electrode, the reference

electrode (Ag/AgCl), and a platinum wire as the auxiliary electrode. The body of the CPE was a glass tube

(3 mm i.d.) tightly packed with the carbon paste. The electrical contact was provided by a copper wire

244



An Electrochemical DNA Biosensor for the Detection of..., P. KARA, et al.,

inserted into the carbon paste. Carbon paste was prepared in the usual manner by hand-mixing graphite

powder (Fisher) and mineral oil (Acheson 38) in a 70:30 mass ratio. The surface was polished on weighing

paper to a smoothed finish before use. The convective transport was provided by a magnetic stirring bar.

Chemicals

Double stranded fish sperm DNA (dsDNA, activated and lyophilized) was purchased from SERVA Elec-

trophoresis GMBH (Germany). We prepared 100 mg L−1dsDNA stock solution with TE solution (10 mmol

L−1 Tris-HCl, 1 mmol L−1EDTA, pH 8) and kept it frozen. More dilute solutions were prepared with 0.50

mol L−1acetate buffer (pH 4, 80). Other chemicals were of analytical reagent grade. All the buffer solutions

contained 20 mmol L−1 NaCl. Sterilized and deionized water was used in all solutions.

Experimental procedure

DNA damage was performed by applying direct and indirect irradiation methods as described below.

Direct irradiation

We put 10 µL of fish sperm dsDNA sample from a 1000 ppm DNA stock into Eppendorf tubes. Freshly

eluted Tc-99m from a Mo-99/Tc-99m generator was added onto DNA samples in fractions of 0.5 mCi (18.5

MBq), 1 mCi (37 MBq), 2 mCi (74 MBq), 5 mCi (185 MBq), 10 mCi (370 MBq), 20 mCi (740 MBq), and

30mCi (1110 MBq) activities, respectively (3 samples were prepared for each radioactivity level). Then, 1

mL of 0.9% NaCl was added to each sample and the tubes were incubated for 6, 12, and 24 h.

Indirect irradiation

Fish sperm dsDNA samples were placed into Eppendorf tubes as described previously. The Eppendorf tubes
were put into test tubes in which Tc-99m activities had been previously put. The test tubes were then
incubated for 6, 12, and 24 h.

Indirect irradiation with iodine

Fish sperm dsDNA samples were placed into Eppendorf tubes as described above. Then, 5 µCi, 10 µCi, 25
µCi, 50 µCi, and 100 µCi of I-131 activities were put into test tubes, and the Eppendorf tubes were put into
the test tubes and incubated for 24 h.

DPV measurements required an immobilization and a detection cycle at a fresh carbon paste surface.
A background scan of buffer alone was recorded for each electrode and subtracted from subsequent scans.

After applying direct and indirect irradiation, the damaged DNA was immobilized onto CPE by
electro deposition, as described below.

CPE pretreatment: The CPE was activated by applying 1.70 V for 1 min in 0.05 M phosphate

buffer solution containing 20 mM NaCl (pH 7.40), without stirring.

DNA immobilization: dsDNA was immobilized on a pretreated CPE surface by applying a potential

of 0.50 V to a concentration of 10 ppm dsDNA containing 0.50 M acetate buffer solution (pH 4.80) with 20

mM NaCl at 200 rpm, with stirring. The electrode was then rinsed with 0.50 M acetate buffer solution (pH

4.80) containing 20 mM NaCl for 10 s.
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Voltammetric transduction: The electrode was then transferred into the blank 0.50 M acetate
buffer solution (pH 4.80) containing 20 mM NaCl for the voltammetric measurement. The differential pulse

voltammograms were collected with an amplitude of 10 mV at a 20 mV/s scan rate. The raw data were

treated using the moving average baseline correction with a peak width of 0.01 in GPES software. For the
measurements performed with the bare CPE, no DNA was adsorbed onto the electrode surface.

Repetitive measurements were carried out by renewing the surface and repeating the above assay
format.

Results and Discussion

The DPV oxidation signals of guanine obtained with the dsDNA-modified CPE before and after applying

direct and indirect irradiation with Tc-99m are shown in Figure 1 (A, B) and Figure 2. The oxidation signal

of guanine obtained with the dsDNA-modified CPE before (Figure 1A, B, and Figure 2a) was higher than

the those obtained after applying indirect (b) and direct irradiation (c) with Tc-99m and I-131 for 24 h.

The decrease in the guanine signals indicated damage in the oxidation site of guanine.4−7
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Figure 1. A) Differential pulse voltammogram. B) Histogram based on the guanine oxidation signal of 10 ppm

dsDNA (a) before and (b) after exposure, and (c) after incubation with Tc-99m for 24 h.

Figure 2. Histograms based on the guanine oxidation signal of 10 ppm dsDNA (a) before and (b) after exposure,

and (c) after incubation with I-131 for 24 h.
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In Figure 3 the effect of non-radioactive Tc-99m on the DNA is shown. The histograms based on
the oxidation signals of guanine obtained with dsDNA-modified CPE before and after direct irradiation
with non-radioactive Tc-99m were obtained under the same conditions. There was no remarkable difference
between the signals of guanine obtained before and after irradiation using non-radioactive Tc-99m (Figure

2a, b). This shows that the decrease in the guanine signal obtained from dsDNA after direct and indirect

irradiation with radioactive Tc-99m resulted from the radioactive effect of Tc-99m.19

Figure 3. Histograms based on the guanine signal of 10 ppm dsDNA (a) before and b) after dsDNA incubation

with non-radioactive technetium.

The effects of various radioactivity levels of Tc-99m on the guanine signal of dsDNA studied using
a dsDNA-modified CPE surface are shown in Figure 4. It was observed that after indirect irradiation of
dsDNA with varying Tc-99m radioactivity levels, the guanine signal decreased gradually with a radioactivity
level of up to 5 mCi of Tc-99m. After application of 5 mCi, the signals increased gradually with increasing
radioactivity level up to 5 mCi, above which it started to level off until the level of 50 mCi. The increase in

the signals indicates that Tc-99m breaks the hydrogen bonds between DNA bases.22,23

Figure 4. Histograms based on the guanine oxidation signal obtained from dsDNA modified CPE before irradiation

(a) and after irradiation with (b) 1 mCi, (c) 2 mCi, (d) 5 mCi, (e) 10 mCi, (f) 20 mCi, (g) 30 mCi, and (h) 50

mCi Tc-99m for 24 h.

In Figure 5 the results of the same experiment conducted using I-131 under the same conditions are
shown. After indirect irradiation of dsDNA with varying I-131 radioactivity levels, the signal of guanine
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decreased gradually with radioactivity levels of up to 5 µCi (Figure 5b), above which it started to level off

until the value of 100 µCi (Figure 5e). The decrease in the guanine peak obtained from dsDNA damaged

by I-131 indicates damage in the oxidizable group of guanine.19

Figure 5. Histograms based on the guanine oxidation signal obtained from dsDNA modified CPE before irradiation

(a) and after indirect irradiation with (b) 5µi, (c) 10 µCi, (d) 50 µCi, and (e) 100 µCi I-131 for 24 h.

Conclusion

The detection of DNA damage by direct and indirect irradiation with radioactive Tc-99m and I-131 was
electrochemically studied. The decrease in the guanine oxidation signal after irradiation with Tc-99m and
I-131 can be attributed to conformational changes in the DNA double helix. The increase in the guanine
oxidation signal after irradiation with varying Tc-99m radioactivity levels can be attributed to the hydrogen
bonding break down, which results from increasing radioactivity levels of technetium.
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