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Abstract: In recent years increased attention has been focused on the ways in which drugs interact with DNA, with the 

goal of understanding the toxic as well as chemotherapeutic effects of many molecules. The development of fast and 

accurate methods of DNA damage detection is important, especially caused by anticancer drugs or hazard compounds. 

The DNA-electrochemical biosensor is a very good model for evaluation of nucleic acid damage, and electrochemical 

detection a particularly sensitive and selective method for the investigation of specific interactions. The electrochemical 

sensor for detecting DNA damage consists of a glassy carbon electrode with DNA immobilized on its surface. The 

starting materials or the redox reaction products can be pre-concentrated on the dsDNA-biosensor surface, enabling 

electrochemical probing of the presence of short-lived radical intermediates and of their damage to dsDNA. AFM images 

were used to characterize different procedures for immobilization of nanoscale DNA surface films on carbon electrodes 

before and after interaction with hazard compounds. The electrochemical transduction is dynamic in that the electrode is 

itself a tuneable charged reagent as well as a detector of all surface phenomena, which greatly enlarges the 

electrochemical biosensing capabilities. 

Keywords: DNA-electrochemical biosensor, DNA damage, carbon electrode, differential pulse voltammetry, DNA-anticancer 
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1. INTRODUCTION 

 DNA is the intracellular target of most anticancer drugs 
which were developed to bind and interact strongly with 
DNA. These interactions cause changes in the structure of 
DNA and block the DNA replication machinery of tumour 
cells and eventually kill them. Consequently, the factors that 
determine affinity and selectivity in binding molecules to 
DNA need to be explained, because a quantitative 
understanding of the reasons that determine selection of 
DNA reaction sites is useful in designing sequence-specific 
DNA binding molecules for application in chemotherapy and 
in explaining the mechanism of action of anticancer drugs 
[1]. 

 In recent years increased attention has been focused on 
the ways in which drugs interact with DNA, with the goal of 
understanding the toxic as well as chemotherapeutic effects 
of these small molecules [2]. Generally, there are two well-
characterized binding modes for small molecules, including 
molecular drugs, with dsDNA: covalent (chemical 
modification of various DNA constituents) and non-covalent 
(outer electrostatic binding, groove binding, or intercalation) 
[3]. Intercalation and groove binding are the two most 
common modes by which small molecules bind directly and 
selectively to double-stranded DNA (dsDNA). Intercalation, 
which is an enthalpically driven process, results from 
deinsertion of a planar aromatic ring system between dsDNA 
base pairs with concomitant unwinding and lengthening of 
the DNA helix [4]. In contrast, groove binding, which is  
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predominantly entropically driven, involves covalent and 
non-covalent (electrostatic) interactions that do not perturb 
the duplex structure to any great extent [5]. 

 Anticancer drugs interact with DNA in many different 
ways. For one category of these DNA- anticancer drugs, the 
interaction with DNA is by means of chemical modification, 
guanine being the prime target. Another category binds to 
DNA to the double helix. This occurs either at the periphery 
or, in the case of some drugs, by means of intercalation 
between adjacent base-pairs [3, 6, 7]. 

 Various methods with great sensitivity and specificity 
have helped to characterize the nature of the anticancer drug 
interaction with DNA, such as UV-VIS, IR and Raman 
spectroscopy, DNA footprinting, nuclear magnetic 
resonance, mass spectrometry, molecular modelling 
techniques, capillary electrophoresis, equilibrium dialysis, 
surface plasmon resonance, femtosecond laser spectroscopy, 
HPLC and electrochemistry [8]. 

 Electrochemical techniques, such as pulse techniques, are 
suitable for studies of biological systems, for instance DNA-
anticancer drugs interactions, since they are fast, low cost 
and have high sensitivity. One advantage of the use of pulse 
techniques is that they bring a great improvement in the 
signal-to-noise ratio compared to steady state techniques 
and, in many cases, greater selectivity [9]. 

 The DNA-electrochemical biosensor, using differential 
pulse voltammetry, has been successfully used to investigate 
the interaction of anticancer drugs with DNA, and 
comparison with other methods shows greater sensitivity 
towards detecting small perturbations of the double-helical 
structure and the detection of DNA oxidative damage. 
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 Electrode surface modification has been done by 
different DNA adsorption immobilization procedures, 
electrostatic adsorption or evaporation, with the formation of 
a monolayer or a multilayer DNA film. A very important 
factor for the optimal construction of a DNA-electrochemical 
biosensor is the immobilization of the DNA probe on the 
electrode surface [10-13]. 

 This review will focus specifically on the research that 
has been undertaken in the development of DNA-
electrochemical biosensors, using a glassy carbon transducer 
substrate, and their application in the study of anticancer 
drug-DNA interactions. It will summarize and explain the 
different procedures used in the construction of DNA-
electrochemical biosensors, the relevance of their surface 
AFM morphological characterization, as well as their 
application in order to obtain important information about 
the electron transfer anticancer drug mechanisms of action. 

2. DNA STRUCTURES 

 In the development and design of DNA-electrochemical 
biosensors it is very important to know the DNA structure, 
the variations in DNA conformations – polymorphic - and to 
understand the electrochemical behavior of DNA molecules 
on the electrochemical transducer. 

 The double helical structure of DNA deduced by Watson 
and Crick [14] consists of two polynucleotide chains running 
in opposite directions and is made up of a large number of 
deoxyribonucleotides, each composed of a base, a sugar and 
a phosphate group. The bases are purines, guanine (G) and 
adenine (A), and pyrimidine, cytosine (C) and thymine (T) 
(Fig. 1). The two chains of the double helix are held together 
by hydrogen bonds between purine and pyrimidine bases, 
and it is possible to identify a major and a minor groove, the 
latter with a higher negative density charge. The bases are 
always paired: adenine with thymine (A-T) and guanine with 
cytosine (G-C) and are on the inside of the helix, whereas the 
phosphate and deoxyribose units are on the outside. This 

double helical structure is stabilized by bound water that fits 
perfectly into the minor groove [3]. 

 Nevertheless, the DNA structure can have more than one 
conformation in solution, depending on the pH and ionic 
environment. DNA double helices are classified either as  
A-DNA or B-DNA, the latter encompassing B-, C-, D-, E- 
and T-DNA, according to their conformations. Under 
physiological conditions, the dominant form is B-DNA. The 
rare A-DNA exists only in a dehydrated state, and although 
it has been shown that relatively dehydrated DNA fibers can 
adopt the A-conformation under physiological conditions, is 
still unclear whether DNA ever assumes this form in vivo 
[3]. 

 Raman spectra studies revealed that a C-DNA form is 
produced at pH 4.0. The formation of C-DNA may be the 
result of an overall decrease in the charge of the 
polynucleotide chains; protonation permits closer approach 
of the phosphates [15-17]. In general, C-DNA resembles  
B-DNA, with conformation parameters of the nucleotide 
blocks changed only slightly [3]. 

 The above are all right-handed double helices, but a left-
handed conformation, Z-DNA, has also been discovered, 
adding considerable variation to the chameleon-like, 
adaptable character, of DNAs morphological structures in 
solution [3]. The most startling difference between Z-DNA 
and the other forms of DNA is the helical sense of the sugar-
phosphate backbone. The backbone of Z-DNA adopts a left-
handed turn, and when viewed from the side, the sugar-
phosphate takes on a zigzag appearance as it winds along the 
outside of the molecule [18]. Z-type DNA exists in vivo and 
is the most different conformation from the normal B-DNA 
conformation. 

 Under conditions of extremes of pH or of heat the 
physical properties of dsDNA in solution change although no 
covalent bonds are broken: only the unwinding and 
separation of the double helical DNA structure occurs, a 
process referred to as denaturation. After denaturation, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Chemical structures: (G) guanine, (A) adenine, (C) cytosine, (T) thymine, (8-oxoGua) 8-oxoguanine and (2,8-oxoAde)  

2,8-oxoadenine. 
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double-helix three-dimensional structure of DNA is 
disrupted into a random form called single-stranded DNA 
(ssDNA). Heat denaturation of dsDNA is called melting 
because the transition from dsDNA to ssDNA occurs over a 
narrow temperature range. In order to replicate and for RNA 
synthesis to occur, dsDNA must come apart, so the 
structures should not be too stable and, thus, denaturation is 
a physiological process. The reversible process is 
renaturation, also called annealing and hybridization, and 
corresponds to the reassociation or pairing of two 
complementary strands of DNA, a spontaneous process of 
great importance for achieving the biological functions of 
DNA. 

3. ELECTROCHEMICAL OXIDATION OF DNA 

 The electrochemical behavior of DNA at different types 
of electrochemical transducers has been investigated for a 
number of years first using mercury electrodes [10, 19-24] 
and more recently solid electrodes, such as pyrolytic graphite 
electrodes [25, 26] and glassy carbon electrodes [27-30]. The 
reduction [10, 20] and oxidation [30] occur in the purine and 
pyrimidine bases, the sugar and phosphate groups being non-
electroactive at carbon electrodes in aqueous solutions. 

 The electrochemical oxidation behavior of DNA free 
purine, guanine and adenine, and pyrimidine, cytosine and 
thymine, bases was studied at carbon electrodes in aqueous 
solutions [25, 26, 28-30]; they all present a pH-dependent 
electron transfer mechanism. The oxidation of purine bases 
occur at much lower positive potentials then that of the 
pyrimidine bases [30], which occurs at very high positive 
potentials, near the potential of oxygen evolution, and 
consequently their oxidation peaks are more difficult to 
detect. Equimolar mixtures of all four DNA bases, and also 
their nucleosides and nucleotides, have been quantified, at 
near physiological pH (Fig. 2) [30]. The observed peak 
currents for pyrimidine bases are much smaller than those 
observed for the purine bases, meaning a slower oxidation 
reaction rate for the pyrimidine bases. Detection limits in the 
nanomolar range for purine bases and micromolar range for 
pyrimidine bases were obtained. 

 Results also showed that the purine and pyrimidine 
nucleosides and nucleotides are all electroactive on glassy 
carbon electrodes and that, for all four bases, the 
corresponding nucleosides and nucleotides are oxidized at 
potentials ~ 200 mV more positive than the free bases (Fig. 
2A) [30]. 

 As the 2 -deoxyribose and the orthophosphate are not 
electroactive at glassy carbon electrodes in aqueous solutions 
and since the phosphate group appears to have no influence 
in the oxidation peak potential, the shift in the oxidation 
peak of nucleosides and nucleotides relative to the 
corresponding free bases is attributed to the stabilizing effect 
caused by the glycosidic bond on the -system of purine and 
pyrimidine rings, making it more difficult to remove 
electrons from the bases. Also, the presence of the pentose 
phosphate group causes a significant decrease in the 
oxidation peak currents relative to the free base, being even 
lower for the nucleotide than for the nucleoside. The 
electrooxidation of the homopolynucleotides of all bases,  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Base line corrected differential pulse voltammograms: (A) 

for a 20 μM equimolar mixture of guanine (G), adenine (A), 

thymine (T) and cytosine (C), 20 μM guanosine-5-monophosphate 

(GMP), 20 μM adenosine-5-monophosphate (AMP), 500 μM 

thymidine-5-monophosphate (TMP) and 500 μM cytidine-5-

monophosphate (CMP) in pH 7.4, 0.1 M phosphate supporting 

electrolyte with pre-conditioned a 1.5 mm diameter GCE and (B) 

for the following: 40 μg/mL poly[G] and poly[A], 100 μg/mL
 
poly-

[C], and 250 μg/mL
 

poly[U] in pH 7.4, 0.05 M phosphate 

supporting electrolyte. Pulse amplitude 50 mV, pulse width 70 ms, 

scan rate 5 mV/s (From Ref. [30, 31] with permission). 

namely poly[G], poly [A], poly [T], poly [C] and poly [U], 
has also been investigated [30, 31] and it was shown that 
they are oxidized at the same potential as the corresponding 
nucleotides (Fig. 2B). 

 ssDNA has a single helix structure enabling the bases to 
be much more exposed in order to react at the electrode 
surface. The oxidation of ssDNA, at near physiological pH 
(Fig. 3A) clearly shows the oxidation of the purine and 
pyrimidine residues (bases in the single helix), and after 
depurination, using mild acid conditions for 48 h, the peaks  
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for the free guanine and adenine bases appear (Fig. 3B). 
Therefore, knowing that the nucleoside and nucleotide peak 
potentials are ~ 200 mV more positive than those of the free 
bases, it is easy to evaluate the integrity of the ssDNA using 
voltammetry [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Base line corrected differential pulse voltammogram 

obtained in a 40 μg/mL ssDNA solution pH 7.4 0.1 M phosphate 

supporting electrolyte with a pre-conditioned 1.5 mm diameter 

GCE. (A) Gr – guanine residue; Ar – adenine residue; Pyr – 

pyrimidine residue. Insert: Base line corrected differential pulse 

voltammograms obtained in a 100 μg/mL Poly[dT] (pT) and 

Poly[dC] (pC) solutions in pH 7.4, 0.1 M phosphate supporting 

electrolyte; (B) The ssDNA was allowed to undergo mild acid 

depurination during 48 hours prior to the experiment (see text for 

additional details). G – free guanine; A – free adenine; Gr – guanine 

residue; Ar – adenine residue; Pyr – pyrimidine residue in ssDNA. 

Pulse amplitude 50 mV, pulse width 70 ms, scan rate 5 mV s
-1

 

(from ref. [30] with permission). 

 The electrooxidation of dsDNA at glassy carbon 
electrodes gives rise to two well-separated current peaks 
(Fig. 4B) due to the oxidation of guanine and adenine 
residues (bases in the double helix), i.e. guanosine (dGuo) 
and adenosine (dAdo) groups [27, 32]. Due to the very low 
currents for the pyrimidine residues their peaks are not able 
to be detected. Also a large difference in the currents for 

dsDNA and ssDNA is observed, which is due to the different 
dsDNA and ssDNA structures. The difficulty in the transfer 
of electrons from the inside of the rigid double stranded form 
of DNA to the electrode surface is much greater than from 
the flexible single stranded form of DNA where the bases are 
in closer proximity to the electrode surface, leading to much 
higher peak currents in ssDNA (Fig. 4A). The oxidation of 
the purine base oxidation products, 8-oxoGua or  
2,8-oxoAde, is also shown in Fig. (4B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). (A) Schematic representation of the ssDNA and dsDNA 

immobilized on the carbon electrode and (B) baseline corrected 

differential pulse voltammograms of ( ) 5 μM 8-oxoG,  

(•••) 60 μg/mL ssDNA and ( ) 60 μg/mL dsDNA in pH 4.5 0.1 M 

acetate buffer. Pulse amplitude 50 mV, pulse width 70 ms, scan rate 

5 mV/s. 

 Care must be taken in always using excellent quality 
glassy carbon electrodes in the experiments because the 
properties of the glassy carbon surface, due to the impurities 
incorporated, vary significantly with the preparation 
procedure [9], and will affect the results obtained for the 
oxidation of DNA. 
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4. DNA-ELECTROCHEMICAL BIOSENSOR 

 A DNA-electrochemical biosensor is an integrated 
receptor-transducer device that uses DNA as a biomolecular 
recognition element to measure specific binding processes 
with DNA, through electrochemical transduction (Figs. 4, 5). 
Among the electrochemical transducers, carbon electrodes 
demonstrate several unique properties. The extensive 
potential window in the positive direction allows sensitive 
electrochemical detection of the oxidation peaks of the DNA 
nucleotides and, by monitoring the appearance of their 
oxidation products, of the oxidative damage caused to DNA 
by hazardous compounds. 

 The electrochemical transduction has the advantage in 
DNA-biosensor design of being rapid, sensitive, cost-
effective and enable the in situ generation of reactive 
intermediates and detection of DNA damage. The 
electrooxidation signal of the components of DNA, such as 
nucleotides, nucleosides, purine and pyrimidine bases, can 
be employed as biological recognition elements for the 
determination of a more specific interaction (Figs. 2, 3). 
Different DNA-electrochemical biosensors can be prepared 
from known selected sequences of the DNA components, as 
in poly-homonucleotides and poly-heteronucleotides. 

 The electrical transduction of DNA damage is monitored 
by the changes of the response of the DNA-electrochemical 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). MAC Mode AFM three-dimensional images in air of: (A) clean HOPG electrode; (B) thin layer dsDNA-biosensor surface, prepared 

onto HOPG by 3 min free adsorption from 60 μg/mL dsDNA in pH 4.5, 0.1 M acetate buffer; (C) multi-layer film dsDNA-biosensor, 

prepared onto HOPG by evaporation of 3 consecutive drops each containing 5 μL of 50 μg/mL dsDNA in pH 4.5, 0.1 M acetate buffer; (D) 

thick layer dsDNA-biosensor, prepared onto HOPG by evaporation from 37.5 mg/mL dsDNA in pH 4.5 0.1 M acetate buffer; (E, F) 

Schematic models of dsDNA-anticancer drugs interaction using (E) the thin layer and (F) the thick layer dsDNA-electrochemical biosensor 

(from ref. [12] with permission). 
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biosensor in the presence of the drug or hazard compound 
investigated, as the decrease and/or increase of the oxidation 
peak current of the DNA electroactive dGuo and dAdo 
groups, as the shifts of the formal potentials of the redox 
couple caused by the intercalation of nucleic acid-binding 
molecules into dsDNA and/or as the appearance of new 
electrochemical signals, such as those from 8-oxoGua or  
2,8-oxoAde (Fig. 4) It is also crucial for the correct 
interpretation of the results to know the electrooxidation 
behavior of the drug or hazard compound investigated alone 
in the same experimental conditions. 

 However, the performance, sensitivity and reliability of 
the DNA-electrochemical biosensor response are dictated by 
the correct procedure used in the DNA-electrochemical 
biosensor construction. The most important factor is the 
immobilization of the DNA probe on the electrode surface, 
usually done in the pH range 4.5 - 5.5 due to the better 
adsorption of DNA, on the carbon surface, consequently 
leading to an enhanced electrochemical response. 

 There are different procedures that can be followed in the 
DNA-electrochemical biosensor construction depending on 
the required application [12, 33]. Three procedures used in 
the DNA-electrochemical biosensor preparation by 
adsorption with or without applied potential, and their 
characterisation by AFM, are in Fig. (5): 

1. Thin-Layer dsDNA Biosensor: prepared by immersing 
the GCE (d = 1.5 mm) surface in a 60 μg mL

-1
 

dsDNA solution at + 0.30 V applied potential during 
10 min (Fig. 5B). 

2. Multi-Layer dsDNA Biosensor: prepared by success-
ively covering the GCE (d = 1.5 mm) surface with 
three drops of 5 μL each of 50 μg mL

-1
 dsDNA 

solution. After placing each drop on the electrode 
surface the biosensor is dried under a constant flux of 
N2 (Fig. 5C). 

3. Thick-Layer dsDNA Biosensor: prepared by covering 
the GCE (d = 1.5 mm) surface with 10 μL of 35 mg 
mL

-1
 dsDNA solution and allowing it to dry in normal 

atmosphere (Fig. 5D). 

 The thin dsDNA layer does not completely cover the 
HOPG electrode surface and the network structure has holes 
exposing the electrode underneath. The AFM image of a 
thin-layer dsDNA biosensor prepared on HOPG substrate is 
shown in Fig. (5B), showing that the dsDNA molecules 
adsorbed on the HOPG surface form a two-dimensional 
lattice with uniform coverage of the electrode. The DNA 
network patterns define nanoelectrode systems with different 
active surface areas on the graphite substrate, and form a 
biomaterial matrix to attach and study interactions with 
hazard molecules. The hazard molecules from the bulk 
solution will also diffuse and adsorb non-specifically on the 
electrode’s uncovered regions. If the molecules are 
hydrophobic and with a high affinity with the carbon surface 
and also electroactive, two different contributions to the 
electrochemical signal, one from the adsorbed compound 
and the other due to the damage caused to immobilized 
DNA, will be obtained it being difficult to distinguish 
between them (Fig. 5E). 

 Both the multi- and thick-layer dsDNA biosensor 
preparation give rise to complete coverage of the electrode 

surface, with regularly dispersed peaks and valleys as shown 
by AFM images (Fig. 5C, D). The dsDNA-electrode surface 
interactions are stronger and these DNA layers are very 
stable on the HOPG surface. The big advantage of the 
dsDNA multi- and thick-layer DNA biosensors is that the 
electrode surface is completely covered by dsDNA and 
consequently the undesired binding of molecules to the 
electrode surface is not possible (Fig. 5F). The advantage of 
the multi-layer dsDNA biosensor with respect to the thick-
layer is the short time necessary for the multi-layer dsDNA 
biosensor construction. 

5. AFM CHARACTERISATION OF THE dsDNA-

ELECTROCHEMICAL BIOSENSOR SURFACE 

 The dsDNA-electrochemical biosensor consists of an 
electrode surface with deposited dsDNA. Considering the 
high oxidation potentials of the DNA bases a carbon 
electrode surface is the most appropriate, and glassy carbon 
or carbon paste are usually used as the electrode transducer 
substrate material for DNA immobilization. 

 These carbon electrode surfaces used for the 
voltammetric studies are very rough on the nanoscale and 
therefore unsuitable for AFM surface characterization. 
Highly oriented pyrolytic graphite (HOPG) is an atomically 
flat carbon electrode surface that has been used as substrate 
for AFM imaging (Fig. 5A), and it is considered that the 
interactions between DNA and the different carbon surfaces, 
the adsorption and the degree of surface coverage, are very 
similar. 

 The adsorption of DNA at the liquid solid interface is 
affected by the nature of the solid surface (surface charge, 
no-polar – hydrophobic surface and polar – hydrophilic 
surface), the structure of DNA (single or double strand), and 
the characteristic of the liquid phase (pH, electrolyte 
concentration and temperature). A very good understanding 
of the adsorption and interactions of DNA with solid 
electrode surfaces is a major concern in DNA-
electrochemical biosensor development, and information on 
the conformation of the adsorbed DNA, as well as the 
adsorption characteristics, is crucial for biosensor 
performance. 

 The DNA immobilization procedure, depending on the 
experimental conditions chosen, can lead to a partial (Fig. 
5B, E) or a total coverage (Fig. 5C, D, F) of the carbon 
electrode surface. Total coverage of the carbon electrode 
surface ensures that the adsorption of undesired substances 
on the transducer surface does not occur (Fig. 5F), and the 
dsDNA-electrochemical biosensor response is only due to 
the interaction of the analyte with dsDNA [34]. 

 Extensive studies using atomic force microscopy (AFM) 
have been undertaken in order to clarify the adsorption 
behavior of DNA at carbon electrode surfaces [34-38]. The 
visualization of soft molecules, like DNA, weakly bound to 
the conducting surface of electrochemical transducers is 
better achieved using magnetic AC mode atomic force 
microscopy (MAC Mode AFM), which enables imaging the 
surface morphological structure of adsorbed nucleic acid and 
understanding the mechanism of adsorption and the nature of 
DNA-electrode surface interactions [34]. 
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Fig. (6). MAC mode AFM topographical images in air of ODN 

molecules, immobilized by free adsorption during 3 min onto 

HOPG, from following 0.3 μM ODN solution in pH 4.5, 0.1 M 

acetate buffer (from ref. [38] with permission). 

5.1. Adsorption of Homo- and Hetero-Oligonucleotides 

 The adsorption process of synthetic 10-mer homo- and 
hetero-oligodeoxynucleotides (10-mer ODNs) of known 
base sequences adsorbed spontaneously on the HOPG 
surface was investigated using AFM in order to better 
understand the mechanism of interaction of nucleic acids 
with the HOPG surface [38] (Fig. 6). AFM images in air 
showed different adsorption patterns and degree of HOPG 
surface coverage for the ODNs, and correlation with the 
individual structure and base sequence of each ODN 
molecule. The ODNs interacted differently with the HOPG 
surface, according to the ODN sequence hydrophobic 
characteristics, being directly dependent on the molecular 
mass, the hydrophobic character of the individual bases and 
on the secondary structure of the molecule (Fig. 6). 

 The different adsorption isotherms of the purine and 
pyrimidine bases at the graphite-water interface have been 
previously described in the literature [39] and the adsorption 
behavior followed the hydrophobicity series of the bases:  
G > A > T > C, resulting from the existence of two aromatic 
rings in the case of the purines. In the case of G10 
sequences, guanines have the ability to stack upon each other 
to form four-stranded structures with a guanine tetrad core, 
and many G10 molecules form G-quartets morphology in 
solution [38]. 

 The hydrophobic interactions with the HOPG 
hydrophobic surface explain the main adsorption 
mechanism, although other effects such as electrostatic and 
van der Waals interactions may contribute to the 
spontaneous adsorption process. The importance of the type 
of base existent at the ODN chain extremities on the 
adsorption process was investigated and different adsorption 
patterns were obtained with ODN sequences composed by 
the same group of bases aligned in a different order [38]. 

5.2. Adsorption of dsDNA and ssDNA 

 The adsorption of dsDNA on the HOPG hydrophobic 
surface has shown, using MAC Mode AFM, the influence of 
each DNA component, purine and pyrimidine bases, sugar 
and phosphate groups [12, 13]. The dsDNA adsorption is 
very dependent on the negatively charged DNA structure of 
a hydrophilic polyanion. Consequently, since all DNA bases 
(hydrophobic part) are on the inside of the helix their 
immobilization by spontaneous adsorption on the 
hydrophobic HOPG surface involves weak hydrophilic-
hydrophobic interactions. 

 Detailed observations showed that immobilization by 
spontaneous adsorption process of DNA on HOPG leads to 
the formation of a nanoscale DNA-film with pores exposing 
the HOPG substrate surface (Fig. 7). The influence of pH on 
the nanoscale DNA-film showed that the thin films formed 
in pH 5.3 acetate buffer always presented a better coverage 
of the HOPG surface with dsDNA molecules than thin films 
formed in pH 7.0 phosphate buffer. This is due to the 
dsDNA protonation in acetate buffer which neutralizes, in 
part, the phosphate groups and consequently increases their 
hydrophobicity and adsorbability on the hydrophobic HOPG 
surface (Fig. 7A). On the other hand, at physiological pH, 
the dsDNA phosphate groups are fully or quasi-fully ionized 
(deprotonated) [3] which increases their hydrophilicity to 
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almost 100% and consequently decreases the adsorbability 
on the HOPG surface (Fig. 7B). 

 Adsorption of dsDNA on the HOPG surface at an applied 
potential of + 300 mV, where no electron transfer reaction of 
the DNA components occurs, as was shown in Figs. (2-4), 
leads to a much stronger immobilization, enhancing the 
robustness and stability of the dsDNA nano-films with the 
formation of bigger network holes and a more condensed 
and compact self-assembled DNA lattice. This was 
characterized by MAC mode AFM [34] (Fig. 7C, D). 

 In ssDNA the bases are more exposed to the solution, 
which facilitates the interaction of the hydrophobic aromatic 
rings of the purines and pyrimidines with the hydrophobic 
substrate. Consequently, ssDNA interacts and adsorbs much 
more strongly to the HOPG surface, when compared with 
dsDNA for the same solution concentration [34]. 

5.3. Adsorption of RNA 

 Similar to dsDNA, RNA is a highly negative charged 
hydrophilic molecule but RNA molecules also have the 
ability to catalyze chemical reactions, in mechanisms by 
which these so-called ribozymes accelerate chemical 
reactions. Anodic voltammetry of a small highly structured 
ribozyme showed that all four nucleobases (Fig. 8A) could 
be detected on glassy carbon electrodes, and no signals 
corresponding to free nucleobases were found, indicating the 
integrity of the ribozyme molecules (Fig. 8B), and this 

ribozyme spontaneously self-assembles uniformly in two-
dimensional lattices on the HOPG surface as shown by AFM 
[31] (Fig. 8C, D). Thus, AFM imaging and voltammetry 
enabled the monitoring of structural changes associated with 
RNA folding, binding, and catalysis. 

6. ELECTROCHEMISTRY OF DNA BIOMARKERS 
FOR SENSING DNA DAMAGE 

 DNA damage is caused by hazard compounds or their 
metabolites and leads to multiple modifications in DNA, 
including DNA strand breaks, base-free sites and oxidized 
bases. Oxidative DNA damage caused for instance by 
oxygen-free radicals leads to multiple modifications in DNA, 
including base-free sites and oxidized bases that are 
potentially mutagenic [40, 41]. The major products of DNA 
oxidative damage are 8-oxo-7,8-dihydroguanine (8-oxoGua, 
8-oxoguanine) which is the product of oxidation of guanine, 
the most easily oxidized base in DNA, and  
2,8-dihydroxyadenine (2,8-oxoAde) [42] (Fig. 1), and they 
can cause mutagenesis, hence the importance of screening 
for their occurrence. 

 The 8-oxoguanine mutagenicity causes loss of DNA base 
pairing specificity [42-44], and has been the subject of 
intensive research becoming widely accepted as a biomarker 
of oxidative DNA damage and cellular oxidative stress [45, 
46]. Oxidative stress in vivo is an imbalance between 
prooxidant and antioxidant reactions which causes the 
disruption of the redox mechanisms. Elevated levels of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). MAC mode AFM topographical images in air of DNA molecules immobilized onto HOPG after 3 min in 60 μg/mL dsDNA; (A, B) 

free adsorption in (A) pH 5.3, 0.1 M acetate buffer and (B) pH 7.0, 0.1 M phosphate buffer; (C, D) at a deposition potential of +300 mV (vs 

AgQRE) in (C) pH 5.3 0.1 M acetate buffer and (D) pH 7.0 0.1 M phosphate buffer (From Ref. [34] with permission). 
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8-oxodGua were found in the urine and lung tissues of 
smokers [47] as well as in body fluids and DNA from human 
tissues of patients with disorders such as cancer, 
atherosclerosis, chronic hepatitis, cystic fibrosis, diabetes, 
acquired immunodeficiency syndrome, neurodegnerative and 
age-related diseases [48]. 

 The electroactivity of 8-oxoGua and of 2,8-oxoAde was 
investigated by voltammetry [49, 50] and their oxidation 
peaks were chosen to monitor DNA oxidative damage since 
the oxidation potentials are lower than the oxidation 
potentials of the respective bases, they are easily detectable 
electrochemically and there is no overlap with the 
electrochemical oxidation peaks related to DNA. The 
electrochemical detection of these biomarkers has been 
essential for investigating the electrochemical mechanisms 
of DNA oxidative damage using the DNA-electrochemical 
biosensor [51-58]. 

7. DNA-ELECTROCHEMICAL BIOSENSORS FOR IN 

SITU DETECTION OF DNA OXIDATIVE DAMAGE 

 In recent years there has been a growing interest in the 
investigations of DNA-drug interactions, and the 
development of a fast and accurate method for detection of 

DNA damage, especially from anticancer drugs used in 
cancer therapy or in the development of new antineoplasic 
drugs, because DNA-electrochemical biosensors are a very 
good model for simulating nucleic acid interactions and to 
clarify mechanisms of action. 

 The interaction with dsDNA of three anticancer drugs, 
adriamycin, imatinib and thalidomide, that was investigated 
using the dsDNA-electrochemical biosensor or evaluated 
directly in the solution by electrochemical techniques, is 
described below to exemplify how the DNA-electrochemical 
biosensors are appropriate for investigating the DNA 
damage. The damage to immobilised DNA causes the 
appearance of oxidation peaks from DNA guanine and 
adenine purine bases which should always be detected. In the 
case of occurrence of DNA oxidative damage the oxidation 
peaks from the biomarkers for oxidative damage, 8-oxoGua 
or 2,8-oxoAde, should be evaluated. 

7.1. Adriamycin 

 Adriamycin (Fig. 9A), is an antibiotic of the family of 
anthracyclines that strongly adsorbs irreversibly to surfaces, 
and with antitumor properties known for more than 30 years, 
but it causes great cardiotoxicity. Adriamycin intercalates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). (A) 49-Mer ribozyme secondary structure; (B) baseline-corrected differential pulse voltammograms obtained for 50 μg/mL
 
49-mer 

and (C, D) AFM topographical images in air of 49-mer ribozyme molecules immobilized by free adsorption during 3 min onto HOPG, from 

following: (C) 1 and (D) 5 μg/mL ribozymes in pH 7.1, 0.05 M phosphate buffer (From Ref. [31] with permission). 
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within the double helix DNA and can undergo a reaction 
beginning with the transfer of a single electron to the 
quinone portion of the adriamycin ring system, generating a 
free radical, which can interact with DNA in situ with the 
products of this interaction being retained in the DNA layer. 
In situ electrochemical detection of potential-dependent 
dsDNA oxidative damage caused by adriamycin, intercalated 
into DNA, was carried out using the DNA-electrochemical 
biosensor [51]. 

 Adriamycin electroactive [51] functional groups (the 
oxidizable hydroquinone group in ring B, and the reducible 
quinone function in ring C) are intercalated between the base  
pairs in the dsDNA. The reducible quinone group in ring C 
protrudes slightly into the minor groove, and this enables in 
situ (in helix) generation of an adriamycin radical within the 
double helix [2]. Therefore, a redox reaction between 
adriamycin and guanine residues inside the double helix of 
DNA occurs, and 8-oxoGua, the main product of guanine 
oxidation, was detected using the thin layer dsDNA-
biosensor (Fig. 9B). The mechanistic pathway involving two 
electrons and two protons [49] depends on the chemical 
environment surrounding guanine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). (A) Chemical structure of adriamicyn and (B) differential 

pulse voltammograms in pH 4.5 0.1 M acetate buffer obtained with 

a thin layer dsDNA-modified GCE after being immersed in a 5 M 

adriamyc in solution during 3 min and rinsed with water before the 

experiment in buffer: (•••) without applied potential; ( ) applying 

a potential of - 0.6 V during 60 s. Pulse amplitude 50 mV, pulse 

width 70 ms, scan rate 5 mV/s. First scans (from ref. [52] with 

permission). 

 The thin layer dsDNA-biosensor was immersed during 3 
min in an adriamycin solution, rinsed with water, and only 
afterwards transferred to buffer, where differential pulse 
voltammetry was performed. Results in acetate buffer (Fig. 
9B), showed different features. Without applying a negative 
potential only the peak for adriamycin oxidation at + 0.50 V 
occurs. After applying a potential of - 0.60 V during 60 s, the 
oxidation peak for guanine, and the oxidation peak for  
8-oxoGua (Fig. 4), also appeared. The reduced adriamycin 
radical, formed at – 0.60 V, is responsible for the interaction 
with, and damage of, DNA. Since the experiments were 
carried out in buffer, the peaks recorded can only be 
attributed to the reaction of adriamycin molecules that are 
inside the film of DNA (Fig. 9B). 

 Adriamycin reduction clearly conditions the adriamycin-
DNA interaction. The adriamycin reactive radical formed 
interacts with nucleotides inside the DNA helix in situ and 
the products are retained in the DNA layer. These results are 
in agreement with those obtained with the thick layer DNA-
modified GCE [51]. The clear separation of the adriamycin 
and 8-oxoG peaks is very important as it enables the use of 
the less positive 8-oxoGua oxidation peak to detect oxidative 
DNA damage. 

7.2. Imatinib 

 Imatinib (Fig. 10A) is a relatively small molecule, and 
one of the most potent in vitro and in vivo inhibitors of the 
protein tyrosine kinase, a protein expressed by all patients 
with chronic myelogenous leukemia, undergoing extensive 
evaluation of its activity against other types of tumor. 

 In order to clarify imatinib pharmacokinetics and 
interaction with DNA, the multi-layer dsDNA-
electrochemical biosensor was immersed in an imatinib 
solution and after incubation the modified electrode was 
rinsed with deionized water, and transferred to buffer, where 
a conditioning potential of + 0.90 V, enabling the pre-
concentration of imatinib, was applied during 1 min. The  
conditioning potential of + 0.90 V does not oxidize the 
immobilized DNA since the oxidation of dGuo (the most 
easily oxidized DNA nucleotide) only occurs at a higher 
potential, + 1.01 V, in pH 4.5 solution [53]. Afterwards, the 
electrode was transferred to buffer were the experiments 
were carried out, so, the peaks recorded can only be 
attributed to the reaction of imatinib molecules that are 
inside the DNA film Fig. (10B). 

 The imatinib molecules attached to the dsDNA film are 
oxidized, peak 1a, leading to the formation of the imatinib 
oxidation product, peak 3a, and a new small peak at + 0.45V.  
It was found that imatinib binds to dsDNA and this 
interaction leads to modifications in the dsDNA structure, 
electrochemically recognized through changes of the anodic 
oxidation peaks of DNA guanosine and adenosine bases. The 
oxidation of the imatinib oxidation product, peak 3a, is a 
reversible process, and the peak at + 0.45 V is only detected 
after reduction of the oxidized imatinib oxidation product. 

 In fact, the electrons necessary to reduce the oxidized 
imatinib oxidation product are transferred from the DNA 
molecules. Using polynucleotides of known sequence, 
polyguanine and polyadenine, it was proved [53] that the 
interaction between imatinib and DNA takes place at adenine 
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enriched segments. In fact, the electrons necessary to reduce 
the oxidized imatinib oxidation product are transferred from 
the adenine molecules, and the electron transfer from the 
adenine moiety in DNA to the oxidized imatinib oxidation 
product gives rise to reduced imatinib oxidation product and 
leads to the formation of 2,8-oxoAde, detected at + 0.45 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). (A) Chemical structure of imatinib and (B) baseline 

corrected differential pulse voltammograms obtained with the 

dsDNA biosensor in pH 4.5 0.1 M acetate buffer after incubation 

for 2 minutes with 5 μM imatinib ( ) before and after application 

of 0.90 V during ( ) 1 and (•••) 2 minutes (from ref. [53] with 

permission). 

 The DNA biosensor enabled the pre-concentration of 
imatinib onto the sensor surface, the in situ electrochemical 
generation of imatinib redox metabolites and the detection of 
DNA oxidative damage. 

7.3. Thalidomide 

 Thalidomide Fig. (11A) is an oral drug marketed in the 
1950s as sedative and an anti-emetic during pregnancy that 
was removed from the market when its teratogenic side 
effects appeared in new born children. In recent years, 
thalidomide has regained scientific interest because of its 
potential for treating a number of otherwise intractable 
inflammatory skin diseases: erythema nodosum leprosum, a 
complication of leprosy, graft versus host disease, weight  
loss in tuberculosis, aphthous ulcers, wasting; and human 

immunodeficiency virus replication in acquired immune 
deficiency syndrome and cancer [58, 59]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). (A) Chemical structure of thalidomide and (B, C) 

baseline corrected differential pulse voltammograms of ( ) control 

100 μg/mL dsDNA and ( ) incubated solutions in pH 4.5 0.1 M 

acetate buffer of: (B) 100 μg/mL dsDNA with ~ 40 μM TD during 

10 min, 1 h, 5 h and 24 h, and (C) 100 μg/mL dsDNA with ~ 40 

μM TD during 72 h (from ref. [58] with permission). 

 Concerning thalidomide teratogenicity, one of the 
proposed mechanisms considers intercalation into dsDNA, a 
stacked complex being formed between the flat double 
phthalimide rings of thalidomide and deoxyguanosine. In  
solution thalidomide interacts with purines but not with 
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pyrimidines, with a greater affinity for guanine than for 
adenine [60]. 

 Different concentrations of thalidomide were incubated 
for different periods of time with dsDNA and their  
interaction with dsDNA was studied using AFM, differential 
pulse voltammetry, UV-Vis and electrophoresis, and the 
results demonstrated that thalidomide interacts specifically 
with the dsDNA by intercalation, inducing structural changes 
in B-DNA, in a time-dependent manner [58]. After 10 min 
incubation time, thalidomide intercalates into the double-
stranded rigid form of DNA and also induce condensation, 
confirmed by the disappearance of the dGuo and dAdo 
oxidation peaks (Fig. 11B). 

 The intercalation, with the formation of a stacked 
complex between the flat double phthalimide rings of 
thalidomide and dGuo, was previously described in the 
literature [60]. This first step of thalidomide-DNA 
intercalation changes the physical properties of the DNA 
double helix: the base-pairs unstick vertically to allow the 
thalidomide intercalation, the sugar-phosphate backbone is 
distorted and the helical structure is destroyed. 
Consequently, the thalidomide-DNA intercalation is 
followed by DNA double helix unwinding, which leaves the 
DNA bases and the intercalated thalidomide more exposed to 
the electrode surface, thus facilitating their oxidation. This 
clarifies the increase of the thalidomide, dGuo and dAdo 
oxidation peak currents, with increasing incubation time Fig. 
(11C). However, differential pulse voltammograms showed 
that thalidomide-DNA condensation still occurs after 24 h 
incubation (Fig. 11C). The oxidative damage caused to DNA 
by thalidomide was also detected electrochemically by the 
appearance of the 8-oxoGua and/or 2,8 oxoAde oxidation 
peak (Fig. 11B, C). A control solution of dsDNA was 
prepared in buffer and analyzed after the same periods of 
time as the thalidomide-dsDNA incubated solutions (Fig. 
11B, C). Consequently, the toxic effects of thalidomide 
caused to dsDNA, i.e. DNA condensation, intercalation 
followed by DNA double helix unwinding and oxidative 
damage, were explained following their electrochemical 
behavior. 

8. CONCLUSION 

 The dsDNA-electrochemical biosensor is a sophisticated 
tool to study anticancer drugs-DNA interaction, and may 
contribute to drug discovery and effective treatment for 
cancer through providing knowledge about the efficacy of 
new drug binding with DNA and through information on the 
mechanism of drug-DNA interactions. 

 The advantage of the dsDNA-electrochemical biosensor 
in studying the mechanisms of anticancer drug-DNA 
interaction is that it is a clean chemical system, the great 
sensitivity offers the possibility to follow the interaction of 
anticancer drugs with DNA under different conditions and 
allows pre-concentration of the anticancer drugs investigated 
onto the sensor surface and in situ electrochemical 
generation of intermediate radical formation and drug 
metabolites. 

 The approach described can be used for the 
understanding of dsDNA interactions with various complex 
agents and individual chemicals of environmental, food and 

medical interest. The use of voltammetric inexpensive and 
fast detection techniques for the in situ generation of reactive 
intermediates is, in a successful way, a complementary tool 
for the study of biomolecular interaction mechanisms. 

 The dsDNA-electrochemical biosensor can contribute in 
a promising way to the understanding of DNA interaction 
with molecules or ions and the mechanism through which 
DNA is oxidatively damaged by anticancer drugs, without 
using animal tests. 
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