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Abstract. A simple procedure for the voltammetric detection of the DNA damage using a disposable electrochemical DNA biosensor is reported. The DNA biosensor is assembled by immobilizing the double stranded
calf thymus DNA (dsDNA) on the surface of a disposable carbon screen-printed electrode. The interaction of
2-aminoanthracene (2-AA) with calf thymus dsDNA was studied electrochemically based on the oxidation signals of guanine (G) and adenine (A) by using square wave voltammetry (SWV) at screen printed electrode
(SPE). The oxidation signals of the guanine and adenine bases, obtained by a square wave voltammetric scan,
were used as analytical signal to detect the DNA damage. The presence of this aromatic amine compound with
affinity for nucleic acids was measured by its effect on the guanine and adenine oxidation peaks. The response
was obtained in the range of 0.05–20 mg L−1 for 2-AA concentration on dsDNA-modified SPE. This test has
been used due to its rapid, easy handling and cost effective responses for the toxicity assessment in real water
and bleach solution samples.
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1. Introduction
DNA plays an important role in the life process,
because it bears heritage information and instructs the
biological synthesis of proteins and enzymes through
the replication and transcription of genetic information
in living cells.1 After the discovery of electroactivity in
nucleic acids at the beginning of the sixties,2 many electrochemical approaches have been performed for the
analysis of nucleic acids.3 There is an increased interest
in the application of DNA as biosensors as it is found
to have interesting electrical conducting, electrochemical properties and unique hybridization behavior.4
Molecules and ions interact with DNA in three significantly different ways: electrostatic, groove-binding
and intercalation. These interactions cause changes in
the structure of DNA and the base sequence, leading
to perturbation of DNA replication. Electrostatic interactions, being usually non-specific, consist of binding
along the exterior of the ds-DNA. Groove-binding interactions involve direct interaction of the compound with
the edges of the base pairs in the major or minor grooves
of dsDNA, extending to fit over many base pairs, and
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having very high sequence specificity.5,6 Intercalation
encompasses inserting planar or nearly planar aromatic
ring systems between the base pairs, causing unwinding and separation of base pairs.7 Drugs that intercalate into dsDNA have been extensively studied, and
the field has been recently reviewed using a variety of
techniques.8–17 Nucleic acids offer analytical chemists
a powerful tool in the recognition and monitoring of
many important compounds.5,18
Electrochemical biosensors have played an important role in the transition towards point-of-care diagnostic devices.8 In recent years, the interest in DNAbased diagnostic tests has been growing. The development of systems allowing DNA detection is motivated by applications in many fields.19 The amount
of chemicals released into the environment has grown
enormously over recent times. These chemicals may
undergo biochemical or chemical transformations leading to new compounds of unknown toxicity. Additionally, some of these may be introduced into the
trophic chain and can be bioaccumulated in organisms. These facts have created serious concerns regarding their adverse effects on the ecosystem and public
health.20 For example, several toxicity procedures
are currently used for a rapid wastewater toxicity
assessment. Numerous biological techniques have been
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developed as toxic detection systems.21–25 Toxicity tests
using biological responses to measure effects provide
valuable information on the significance of chemical
contamination.26 One of the potentially major applications of a DNA electrochemical biosensor could
be the testing of water, food, soil and plant samples for the presence of pathogenic microorganisms
and for the presence of analytes (carcinogens, drugs,
mutagenic pollutants, etc.) with binding affinities for
DNA.27–29 The binding of small molecules to DNA and
DNA damage in general has been described through
the variation of the electrochemical signal of guanine
and adenine.28–33 Genotoxicity testing is performed to
detect DNA damage, or to assay the formation of a
DNA adduct and chromosomal damage. It can also be
used as a preclinical safety assessment tool to screen
newly synthesized drug candidates based on the detection of potential carcinogenicity and heritable mutations based on their responses to genotoxic actions.34
Intercalation has been observed with planar aromatic
molecules, such as daunomycin, ethidium bromide,
acridine dyes, etc.35–37
Arylamines are known carcinogens that occur both
naturally and in synthetic form. They are employed
to manufacture dyes, drugs, inks, rubber antioxidants,
plastics and agricultural chemicals. These aromatic
amines are also used as curing agents in synthesizing epoxy resins and polyurethanes and are found in
road tars and synthetic fuels. 2-Aminoanthracene (2AA) is the benchmark aromatic amine for toxicity studies. It is a model arylamine because relatively, 2-AA is
a potent direct-acting carcinogen and induces mutations
in eukaryotic and prokaryotic cells.38
With this in mind, an electrochemical DNAbiosensor was used to investigate possible DNA
damage caused by 2-AA. The electrochemical DNAbiosensor enables us to evaluate and predict DNA interactions and damage by health hazardous compounds,
based on their binding to nucleic acids, exploring the
use of voltammetric techniques for in situ generation
of reactive intermediates, which react with DNA. It is
also a complementary tool for the study of biomolecular
interaction mechanisms.39
In this paper we proposed an electrochemical DNA
biosensor as a screening test for environmental toxicant.
The disposable electrochemical biosensor was based
on the immobilization of dsDNA on the surface of a
graphite screen-printed electrode (SPE) and on the use
of voltammetry to investigate the electrode surface. The
changes in the DNA redox properties (i.e., the oxidation of the guanine and adenine bases) were monitored
in order to study the interactions between DNA and the
analyte. 2-AA was evaluated in real samples like tap

water and bleach solution. The biosensor was highly
selective and sensitive for 2-AA determination.

2. Experimental
2.1 Chemicals
All solutions were prepared using reagent grade chemicals and doubly distilled water was used throughout the work. 2-Aminoanthracene was purchased from
Aldrich (Milwaukee, WI). Double-stranded calf thymus DNA, sodium chloride, acetic acid and potassium chloride, dimethyl sulfoxide (DMSO) and ethanol
were purchased from Sigma (Steinheim, Germany).
Sodium acetate was purchased from Fluka (Buchs,
Switzerland). Chlorine bleach (<5% chlorine) was
bought from local supermarket. Stock solution doublestranded calf thymus DNA (100 mg L−1 ) was prepared
in distilled water (pH 7.0) and kept frozen. More diluted
solutions of dsDNA were prepared with acetate buffer
solution (pH 4.7) containing 0.1 mol L−1 KCl. Stock
solution of 2-AA (1000 mg L−1 ) was prepared by dissolving accurately weighed amount of 2-AA in 20%
mixture of DMSO/ethanol. The solution was conserved
at 4 ◦ C, covered with aluminum foil and left to attain
room temperature before use. 2-AA working solutions
for voltammetric investigations were prepared by dilution of the stock solution with acetate buffer (pH 4.7)
containing 0.1 mol L−1 KCl.

2.2 Apparatus
Electrochemical measurements were performed using a
PalmSens handheld potentiostat/galvanostat instrument
BV (Palm Instrument BV, Houten, The Netherlands)
controlled by means of PSTrace 2.3 program for
Windows. The screen-printed electrochemical cells
(1.5 cm × 3.0 cm) consist of a graphite working electrode, a graphite counter electrode and a silver pseudoreference electrode.40 The graphite working screenprinted electrode surface is 3 mm in diameter. Each
electrode is disposable.

2.3 Preparation of DNA biosensor
The electrode surface was pre-treated by applying a
potential of +1.6 V for 60 s. The biosensor was
assembled by immobilizing calf thymus dsDNA at
fixed potential (+0.5 V vs. Ag screen-printed pseudoreference electrode, for 120 s) onto the screen-printed
electrode surface. During the immobilization step, the
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strip was immersed in acetate buffer solution containing 20 mg L−1 of calf thymus dsDNA. Then a washing
step was performed by immersion of the biosensor in
a clean acetate buffer solution for 30 s, in an open circuit condition. The interaction step was performed just
by placing 20 μL of the sample onto the surface of the
DNA biosensor. After 2 min. the biosensor was washed,
immersed in acetate buffer and a square wave voltammetric scan was carried out to evaluate the oxidation of
guanine residues on the electrode surface. The area of
the guanine peak (around +1.0 V vs. Ag screen-printed
pseudo reference electrode) was measured. Potentially
toxic compounds present in water or wastewater samples were evaluated by changes of the electrochemical
signal of guanine. We estimated the DNA modification
with the value of the percentage of response decrease
(R%) which is the ratio of the guanine peak area (charge
under the oxidation peak of guanine, coulomb) after the
interaction with the analyte (GPAs ), and the guanine
peak area after the interaction with the buffer solution
(GPAb ):


R% = (GPAs /GPAb ) − 1 × 100
(1)
The result of the test for one sample can be obtained
within 6 min. The supporting electrolyte for the voltammetric experiments and for any step in the biosensor
setup was acetate buffer (0.25 mol L−1 , pH 4.7, KCl
0.1 mol L−1 ). Square wave voltammetry parameters
were: frequency = 100 Hz, step potential = 15 mV,
amplitude = 40 mV, potential range 0.2–1.2 V vs. Ag
pseudo reference electrode.

3. Results and discussion
3.1 Biosensor development
The biosensor test format involves four main steps:
the electrochemical conditioning of the electrode surface, the calf thymus dsDNA immobilization, the interaction with the sample solution and the electrode surface interrogation. All the measurements were carried
out in acetate buffer. As reported in the literature,41,42
the carbon working surface needs to be conditioned
before the immobilization of the DNA. The application of high potentials in acidic media (acetate buffer
pH 4.7) seems to increase the hydrophilic properties of
the electrode surface through the introduction of oxygenated functionalities, accomplished with an oxidative
cleaning.43 To pretreat the electrode surface we applied
a fixed potential of +1.6 V vs. Ag pseudo reference
SPE for 1 min., thus increasing the resolution of the
analytical signal as reported in figure S1. The DNA
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immobilization procedure as well as the interaction step
with the sample solution was also optimized. Square
wave voltammetry was the method used to detect the
oxidation peaks of guanine and adenine. It is noticeable
that the square wave parameters showed a great influence on the biosensor analytical signal. The DNA signal
increased with the frequency up to 100 Hz.
3.2 Electrochemical behaviour of 2-AA on the SPE
Square wave voltammetric scan of 25 mg L−1 2-AA and
calf thymus dsDNA immobilized onto the electrode surface in acetate buffer solution (pH = 4.7, KCl 0.1 mol
L−1 ) on the SPE was performed from 0.2 to 1.5 V and
the results are shown in figure 1. From figure 1a, it can
be seen that two anodic peaks due to the oxidation of
guanine and adenine residues in DNA44,45 are observed
at around +1.0 and +1.3 V, respectively, while from
figure 1b an oxidation peak at +0.7 V for 2-AA can be
seen.
3.3 Interaction of 2-AA with the dsDNA at the
modified-SPE using SWV
The electrochemical interaction between 2-AA and the
dsDNA was investigated. It is known that planar condensed aromatic ring systems in 2-AA play a major
role in their interaction with DNA, primarily involving
stacking interactions. SWV oxidation signals of guanine and adenine at dsDNA-modified SPE, before and
after interaction with 2-AA on the electrode surface,
are shown in figure 2. Figure 2a shows the background
voltammogram of acetate buffer (pH 4.7) at the bare
SPE. From figure 2b and 2c it can be seen that the oxidation signals of guanine and adenine obtained from

A

2-AA
G

Figure 1. Oxidation of (a) calf thymus dsDNA immobilized onto the electrode surface and (b) 2-AA (25 mg L−1 )
at a bare SPE into the acetate buffer solution (pH = 4.7, KCl
0.1 mol L−1 ).
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Table 1. Decreasing of guanine peak area after interaction
with different concentration of 2-AA (n = 7).

Figure 2. (a) Differential pulse voltammograms of acetate
buffer solution (pH = 4.7, KCl 0.1 mol L−1 ) at a bare SPE
(the background signal) (b) Oxidation signals of guanine and
adenine obtained from dsDNA-modified electrode (c) Oxidation signals of guanine and adenine obtained from dsDNAmodified electrode after interaction with 2-AA (10 mg L−1 ).

dsDNA-modified electrode before interaction with 2AA is higher than the one obtained after interaction
with 2-AA. Thus, any changes in the oxidation signals
of the guanine and adenine were attributed to the interaction of 2-AA with the guanine and adenine (from
the dsDNA that immobilized on the surface of dsDNAmodified SPE) as shown in figure 2. This decreasing
trend could be explained as a possible damage or shielding of the oxidizable groups of guanine and adenine
bases while 2-AA interacts with the dsDNA on SPE
surface. Our obtained results showed that the modified
electrode might be used for the direct detection of 2-AA
interaction with dsDNA.
The dependence of 2-AA concentration on the guanine signal was studied, too. To perform this electrochemical study all current peaks were compared with
the signal current obtained with the non-damaged guanine base (blank signal) (table 1 and figure 3). The
results showed that guanine and adenine oxidation currents decreased with increasing concentration of 2-AA
up to 20 mg L−1 and then they disappeared. Since
the oxidation signal of guanine was more sensitive
than adenine, the oxidation signal of guanine was considered for the next experiments. Different concentrations of 2-AA were analysed on the surface of this
biosensor and percentage of decrease in guanine peak
areas was calculated (table 1). The results are shown in
figure 3. As can be seen in the inset of figure 3, the oxidation signal of guanine gradually decreased, as the 2AA concentration increased and then reached a plateau
after 20 mg L−1 . This is due to the fact that the modified
electrode surface was saturated by 2-AA in higher concentrations of the analyte. In order to evaluate the precision of this method a series of ten repetitive square wave

Concentration
(ppm)

GPAb

GPAs

Guanine damage
(GD, R%)∗

0.05
0.08
0.1
0.5
1
2.5
5
10
20

0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42

0.36
0.32
0.30
0.23
0.19
0.13
0.11
0.07
0

14.3 (± 0.8)
23.8 (± 0.4)
28.6 (± 0.2)
45.2 (± 0.5)
54.8 (± 0.2)
69.0 (± 0.2)
73.8 (± 0.5)
83.3 (± 0.9)
100.0 (± 0.6)

GPAb : Guanine peak area after the interaction with the buffer
solution.
GPAs : Guanine peak area after the interaction with the
analyte.
R%: [(GPAs /GPAb ) − 1] × 100.

voltammetric measurements of the change in the oxidation peak current of guanine and adenine after those
interactions with 2-AA concentration of 1 and 5 mg L−1
resulted in the relative standard deviations of 3.1% and
4.2%, respectively.
3.4 Analytical performance
In order to evaluate the biosensor performance for analysis of 2-AA in real samples, commercial chlorine
bleach and tap water were used for 2-AA analysis under
the optimum condition.
3.4a SWV for possible interaction of dsDNA and chlorine at the dsDNA-modified electrode: Before evaluating the biosensor for analysis of 2-AA in tap water,
the studies were carried out with bleach sample to evaluate the effect of different chlorine concentrations on
dsDNA-modified SPE. In fact, water chlorination has
been one of the major disease prevention treatments of
this century and this is the process of adding chlorine
or hypochlorite to water as a method of water purification to make it fit for human consumption as drinking water. In particular, chlorination is used to prevent
the spread of waterborne diseases. Epidemiologic studies suggest an association between cancer in humans
and consumption of chlorination by-products in drinking water. Thus, possible interaction of dsDNA and
chlorine and the carcinogenic potential of chlorinated
drinking water was investigated. For this reason chlorine bleach solution with different concentrations in the
range from 10−4 (< 0.05 mg L−1 ) till 1%ν/ν (< 500 mg
L−1 ) from the commercial chlorine bleach (< 5% w/ν)
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Figure 3. Effect of different concentrations of 2-AA on the signal of guanine
immobilized on the SPE. Inset: Calibration curve for the determination of 2AA based on the changes of the oxidation signals of guanine after interaction
with 0.05, 0.08, 0.1, 0.5, 1, 2.5, 5, 10 and 20 mg L−1 2-AA on dsDNA-modified
SPE (Error bars show the relative standard deviation, n = 7).

with acetate buffer solution (pH = 4.7, KCl 0.1 mol
L−1 ) were prepared to investigate the possible damage
of dsDNA by chlorine. To prevent any error caused by
decomposition of chlorine bleach, the solutions were
prepared daily and used freshly.
Using the DNA biosensor, SWV was performed from
0.4 to 1.4 V and the results showed no changes in current sensitivities of guanine and adenine, compared to
those without using the chlorine, while the concentration of chlorine was increased higher than 500 mg L−1
(figure 4). These results showed that the level of chlorine in tap water, swimming pool, etc. cannot make
DNA damage and be considered in the carcinogenic and
mutagenic groups.
3.4b Investigation of chlorine effect in determination
of 2-AA: SWV oxidation signals of guanine and adenine at dsDNA-modified SPE, before and after interaction with 5 mg L−1 2-AA on the electrode surface with
acetate buffer solution (pH = 4.7, KCl 0.1 mol L−1 ) are
shown in figure 5a and 5b. Then, determination of 2-AA
was carried on with the same condition in the presence
of bleach solution containing 0.1% (< 50 mg L−1 ) chlorine (0.01% chlorine is the maximum amount of chlorine in tap water and swimming pool). The obtained
results showed no significant difference in the purine
base signal (signal change < 5.0%) while monitoring

Figure 4. Effect of chlorine bleach (0.1% ν/ν) sample on
guanine and adenine oxidation signal in the presence of
acetate buffer solution (pH = 4.7, KCl 0.1 mol L−1 ). Oxidation signals of guanine and adenine obtained from dsDNAmodified electrode (a) in acetate buffer solution and (b) in
the presence of chlorine bleach (0.1% ν/ν) sample.

2-AA compared to the one obtained without chlorine
interference (figure 5c).
3.4c Analysis of 2-AA in the tap water sample:
Under the optimum conditions, the proposed method
was applied to the detection of 2-AA in the tap water
sample, and the effect of possible interferences in the
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4. Conclusions

Figure 5. Square wave voltammogram of guanine and adenine obtained from dsDNA-modified electrode (a) in acetate
buffer (pH = 4.7, KCl 0.1 mol L−1 ), (b) after interaction with
2-AA (5 mg L−1 ) in acetate buffer solution, (c) after interaction with 2-AA (5 mg L−1 ) in the presence of chlorine bleach
(0.1% ν/ν) sample in acetate buffer solution.

tap water to detect 2-AA was investigated. So, SWV
oxidation signals of guanine and adenine at dsDNAmodified SPE, before and after interaction with 5 mg
L−1 2-AA on the electrode surface with acetate buffer
solution were carried out and the results are shown in
figure 6a and 6b. Thereafter, determination of 2-AA
was performed with the same condition in the tap water
sample. As illustrated in figure 6c, no significant difference in the purine base signal (signal change < 5.0%)
to determine 2-AA in tap water compared to the one
obtained in acetate buffer containing 5 mg L−1 2-AA
was observed.

A low-cost screen-printed DNA biosensor was developed in this study as a simple strategy to quantitatively screen 2-AA. The natural electrochemistry of
guanine and adenine bases were exploited to develop
a DNA-based biosensor for the assessment of 2-AA
in bleach and water samples. The interaction of 2-AA
with dsDNA was characterised by voltammetric methods. As a result of the interaction between 2-AA in different concentrations with dsDNA, a decreasing trend
of the response based on the signals of guanine and
adenine was observed. The results demonstrated that
the DNA/2-AA could be used as a biosensor not only
to explore the interaction of the dsDNA with 2-AA,
but also to detect DNA damage caused by 2-AA. The
interaction of electroactive and non-electroactive agents
with DNA can be monitored by using the procedure
reported here. The intrinsic signals of DNA give an
idea about the behaviour of the agent towards DNA.
Detecting the voltammetric behaviour of several carcinogenic compounds that interact with DNA would be
valuable in the design of sequence-specific DNA binding molecules for application in chemotherapy and in
the development of biotechnological tools for the pointof-care tests based on DNA. The results obtained for
the 2-AA oxidation using dsDNA biosensor demonstrates a good possibility for developing an electroanalytical methodology for 2-AA detection. The fabrication of a DNA-based electrochemical biosensor is
critically dependent on the selection of an immobilization procedure like physisorption, covalent binding,
electrochemical adsorption, or electrochemical entrapment. The electrochemical adsorption method has been
used to immobilize calf thymus dsDNA onto disposable
carbon screen printed electrodes.

Supplementary Information
The electronic supporting information can be seen at
www.ias.ac.in/chemsci.
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