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A B S T R A C T

An efficient and new electrochemical biosensor for detection of DNA damage, induced by the interaction of the
hybrid anti-cancer compound (7ESTAC01) with DNA, was studied by differential pulse voltammetry (DPV). The
biosensor consists of a Stem-Loop DNA (SL-DNA) probe covalently attached to the gold electrode (GE) surface
that hybridizes to a complementary DNA strand (cDNA) to form a double-stranded DNA (dsDNA). The inter-
action and DNA damage induced by 7ESTAC01 was electrochemically studied based on the oxidation signals of
the electroactive nucleic acids on the surface of the GE by DPV. As a result, the SL-DNA/GE and dsDNA/GE were
tested with the reduced 7ESTAC01, showing the voltammetric signal of guanine and adenine, increase in the
presence of 7ESTAC01. Under optimum conditions, the dsDNA/GE biosensor exhibited excellent DPV response
in the presence of 7ESTAC01. The bonding interaction between 7ESTAC01 and calf thymus DNA (ctDNA) was
confirmed by UV–Vis absorption spectroscopy, dynamic simulations (performed to investigate the DNA structure
under physiological conditions), and molecular docking. Theoretical results showed the presence of hydrogen
bonding and intercalation in the minor groove of DNA, involving hydrophobic interactions.

1. Introduction

Deoxyribonucleic acid (DNA) is considered the building block for
genetic information. As such, DNA is also susceptible to chemical
modifications via oxidation/reduction pathways, or interaction with
small molecules (Arnold et al., 2015). Electrochemical detection of DNA
interaction with small molecules has also been applied in the design of
novel pharmaceutical drugs (Vyskočil et al., 2010; Aydoğdu et al.,
2014).

A variety of small molecules are known to interact with DNA non-
covalently through (i) groove binding interactions, (ii) electrostatic
interactions, or (iii) intercalations between the stacked base pairs of the
double-stranded DNA (Kovacic and Wakelin, 2001; Kalanur et al.,
2009). Vibrational spectroscopy, fluorescence spectroscopy, surface
plasmon resonance and nuclear magnetic resonance are just a few of the
techniques employed to investigate the binding modes, thermodynamic

properties and DNA affinity to these small molecules (Rauf et al., 2005).
Unfortunately, these techniques mostly address the issues of structural
analysis and binding mechanisms, rather than investigating DNA da-
mage and its impact. Electrochemical biosensors, on the other hand,
have been efficiently used to monitor the production of DNA damage
via small molecule interaction (Lucarelli et al., 2004; Vyskočil et al.,
2010). An electrochemical DNA biosensor is preferred due to the highly
conducting ability provided by π-stack of nitrogenous bases, versatility
to optimize DNA immobilization on an electrode surface, and ability to
determine DNA damage induced by drug intercalation or via drug-in-
duced oxidative stress (Labuda et al., 2009; Nepali et al., 2014; Arnold
et al., 2015; Huang et al., 2016).

Oxidation of electroactive nucleic acids have been used to monitor
DNA lesions on modified gold, glassy carbon and mercury electrodes
(Paleček et al., 1998; Li et al., 2010; Ibañez et al., 2015). Benvidi et al.
employed Au-thiol chemistry to covalently bind a stem-loop (SL)-DNA
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probe and 6-mercapto-1-hexanol (MCH) to form self-assembled mono-
layer on gold surfaces (Benvidi et al., 2015). MCH played a significant
role in the overall optimized response of the DNA biosensor by avoiding
non-specific DNA adsorption and adjusting the interfacial electron
transfer on the electrode (Mills et al., 2017; McEwen et al., 2009). A
Stem-Loop DNA (SL-DNA) structure offers higher thermodynamic sta-
bility when compared to a linear DNA structure. That stability could be
explained by the presence of the hairpin loop with a reduced negative
charge, which reduces the non-specific binding at the loop without
compromising the first binding on the stem (Nguyen and Wilson, 2009).

The hybrid drug, a combination of two pharmacophores, has the
potential to improve binding affinity, selectivity, and synergic activity
towards nucleic acids (Goodell et al., 2006; Cholewiński et al., 2011;
Nepali et al., 2014; Harbinder et al., 2017). Recent research has also
investigated the amplification of oxidative stress in relation to DNA
damage caused by sulfur, thiophene, triazole and acridine moieties
(Brett et al., 2003; Pontinha et al., 2013; Sazhnikov et al., 2013; Noh
et al., 2015; Deng et al., 2017). Acridine derivatives are highly inter-
esting chemotherapeutic agents, which are linked to different phar-
macophores in order to modify reactivity. Modifications of substituent
groups in acridine derivatives have been found to further enhance the
anti-cancer drug efficacy (Putic et al., 2010; Lafayette et al., 2013).

Here, we developed a highly sensitive electrochemical biosensor
based on an SL-DNA probe that can detect DNA damage via hybrid
drug, 7ESTAC01 interaction. 7ESTAC01 is composed of two anti-cancer
pharmacophores, acridine, and thiophene. A complementary DNA
strand (cDNA) was introduced to hybridize the SL-DNA probe to form a
double-stranded DNA (dsDNA) biosensor. The optimization of SL-DNA/
GE and dsDNA/GE modified electrode for sensitive detection of DNA
damage was assessed by DPV and cyclic voltammetry (CV).

The present work involves two sections. First, we investigated the
electrochemical oxidation of SL-DNA probe and dsDNA on the surface
of the gold electrode induced by the presence of 7ESTAC01 to detect
DNA damage by DPV. Second, the interaction of 7ESTAC01 with DNA
was analyzed via UV–Vis absorption spectroscopy, in-silico dynamic
simulations, and molecular docking.

2. Experimental section

2.1. Chemicals and reagents

All solutions were prepared with Milli-Q water using a Siemens

PURELAB Ultra system (Lowell, USA). The immobilization buffer (IB)
contains 50mM Sodium Phosphate (Monobasic/Dibasic), 250mM NaCl
at pH 7.4. Hybridization buffer (HB) contains 50mM Tris-HCl, 25mM
NaCl, 50mM MgCl2 at pH 7.4. Stock solutions of 1mM 7ESTAC01 were
prepared in HB and were evaluated in acetate solution at different
concentrations. 1.0M Acetate buffer solution at pH 4.2 was used for the
DNA oxidation in presence of the 7ESTAC01. The Tris-HCl buffer was
used for UV–Vis measurements and contains 50mM NaCl, 5 mM, Tris-
HCl at pH 7.2. The pH was adjusted with either NaOH or HCl solution.
The calf thymus DNA (ctDNA) was prepared from dissolution of
12mgmL−1 in acetate buffer (pH 4.2; 1.0M). This stock solution was
kept at 8 °C for 24 h and stirred at certain intervals to ensure homo-
geneity of the final DNA solution. Trizma hydrochloride (Tris-HCl), tris
(2-carboxyethyl) phosphine hydrochloride (TCEP), sodium phosphate
dibasic (Na2HPO4), sodium phosphate monobasic dihydrate
(NaH2PO4·2H2O), 6-mercapto-1-hexanol (MCH) and magnesium
chloride (MgCl2) were purchased from Sigma-Aldrich. Sodium chloride
(NaCl), potassium chloride (KCl), sodium hydroxide (NaOH) and sul-
furic acid (H2SO4) were obtained from Fisher Scientific (Pittsburgh,
USA).

Gold electrodes (GEs) were purchased from CH Instruments (Austin,
USA). Alumina slurry (1.0, 0.3 and 0.05 µm) was obtained from Buehler
(Lake Bluff, USA). SL-DNA Probe, modified with a methylene-blue
(MeB) redox marker (SL-DNA-MeB, 5´ -C6-S-S-TC GCG ACA TAC AAT
AGA TCG CG-MeB-3′), and complementary DNA (cDNA, 5´-CGA TCT
ATT GTA TGT TAA CG −3′) were obtained from Biosearch
Technologies, Inc. (Petaluma, USA) and used as received.

2.2. Synthesis of 7ESTAC01

The synthesis of 7ESTAC01 was synthesized at the Laboratory of
Synthesis and Drug Delivery (LSVM) at the State University of Paraiba,
Brazil. In short, as represented in Fig. 1A, the compound was obtained
by reacting acridine-9-carboxaldehyde with 2-amino-thiophene moiety
previously obtained via the classic Gewald reaction (Gewald, 1965;
Gewald et al., 1966). Subsequent purification steps and recrystallization
in ethanol yielded 7ESTAC01 as a red powder, with a melting point of
155–158 °C. Comparison of physical-chemical characteristics and
spectral data confirms the achievement of the hybrid.

Fig. 1. Electrochemical characterization of 7ESTAC01 A) Chemical mechanism of synthesis of 7ESTAC01: Acridine-9-carboxaldehyde with 2-aminothiophene. B)
Cyclic voltammogram of 10mM 7ESTAC01 in mixture of pH 7.2, aqueous phosphate buffer and 20% DMF at a GE, with an Ag/AgCl reference electrode (RE), and the
scan rate 0.1 V s−1, E= potential, V= volt, A= ampere. Cyclic voltammogram of 10mM 9-aminoacridine (B, inner graph*). (*) Red line represents the first scan.
The green line represents the second scan with the potential range adjusted only to get the peak already registered on the first scan. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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2.3. Preparation and immobilization of SL-DNA/GE and dsDNA/GE

GEs were used as substrate for SL-DNA probe and dsDNA im-
mobilization. GEs were cleaned in a piranha solution (1:3 ratio of H2O2:
H2SO4) and then polished on a micro cloth with 1.0 µm, followed by 0.3
and 0.05 µm alumina slurry. The GEs were then sonicated in water and
ethanol to remove any residual alumina particles trapped at the surface
of the electrode. The GE was activated in 0.5M H2SO4 via CV from
+0.1 to + 1.6 V at a scan rate of 0.5 V s−1.

The SL-DNA probe was immobilized on the electrode surface via a
gold-thiol bond. The disulfide bonds of the SL-DNA probe were reduced
with 1mM TCEP by shaking the solution at room temperature for 1 h.
The solution was then diluted with IB to yield 0.1 µM and 1.0 µM of the
SL-DNA probe. 15 µL of this solution was drop casted onto the electrode
and incubated at room temperature for 30min. The electrodes were
rinsed with IB and dried with nitrogen. To minimize nonspecific ad-
sorption on the electrode surface, 15 µL of 2mM MCH in IB was
dropcasted on the electrode and incubated for 30min. Then, the elec-
trodes were rinsed with IB and dried with nitrogen. For dsDNA/GE
preparation, SL-DNA modified GE was hybridized by dropcasting 15 µL
of 50 nM cDNA in HB for 1.5 h at room temperature, which formed
dsDNA at the surface of GE. Following hybridization, the GEs were
rinsed using HB and then dried with nitrogen.

2.4. Optimization of 7ESTAC01 concentration and experimental timing

The protocol for analysis for the proposed biosensors consists of the
following steps: (i) measurement of 7ESTAC01 signal in acetate buffer
pH=4.2; (ii) measurement of guanine and adenine signal obtained
from SL-DNA/GE and dsDNA/GE modified electrode before the inter-
action with 7ESTAC01; (iii) measurements of guanine and adenine
signal after interaction between 7ESTAC01 and DNA/GE (7ESTAC01-
DNA complex). The optimization of 7ESTAC01 concentration was
performed at various final concentrations of 10 µM, 100 µM, and
400 µM. Intercalation time of the compound with the SL-DNA/GE and
dsDNA/GE was varied from 1 h, 2 h and 24 h.

2.5. Electrochemical measurements

Electrochemical measurements were performed with a CHI660D
Electrochemical workstation (CH Instruments, USA) at room tempera-
ture. A typical 3-electrode system was used where the GE served as the
working electrode, a platinum wire was used as the counter electrode
(CE), and Ag/AgCl (3M KCl) was used as a reference electrode (RE).
The electrochemical characterization of 7ESTAC01 was investigated
using CV in 0.2M Phosphate buffer (pH=7.2) and 20%
Dimethylformamide (DMF) in nitrogen saturated solutions (the solu-
bility of the hybrid compound in DMF gave better solubility for the
analyses in protic media). CVs of 10mM 7ESTAC01 were recorded from
−1.2 to + 1.0 V vs. Ag/AgCl at scan rates of 0.1 V s−1.

CV was performed to analyze the electrochemical behaviour of SL-
DNA probe and dsDNA immobilized on the GE and were recorded from
0.1 to 800 V s−1 scan rates. The Optimization of SL-DNA/GE and
dsDNA/GE focused on the analysis of the signal of suppression (% SS)
before and after the hybridization with the cDNA. The % SS was cal-
culated using the equation (Eq. (1)) (Lai et al., 2013) as follows:

= ×I I I% SS ( )/ 1000 0 (1)

where I, is the current obtained upon hybridization with the cDNA and
I0 is the current obtained of the immobilized SL-DNA. We analyzed %
SS of 0.1 µM and 1.0 µM SL-DNA probe concentration with a fixed
50 nM cDNA to obtain the dsDNA/GE biosensor.

The electro-oxidation of 7ESTAC01 and detection of DNA damage

were conducted after the interaction of 7ESTAC01 with the SL-DNA/GE
and dsDNA/GE using DPV. The oxidation of 7ESTAC01 and simulta-
neous determination of DNA damage was performed in acetate buffer at
pH 4.2 using oxidation potentials from 0 to +1.6 V; 0.05 V amplitude;
0.0167 s sample width; 0.5 s pulse period and 2 s quiet time. All the
intercalation measurements of 7ESTAC01 and DNA/GE biosensors were
done with 7ESTAC01 in solution. The reduction of 7ESTAC01 was
performed in acetate buffer at a potential range from 0.0 to −0.122 V
for 100 s before the oxidation process.

2.6. Interaction of ctDNA with 7ESTAC01 by UV–Vis spectroscopic and
molecular docking studies

UV–Vis absorption spectroscopy was performed at a fixed 20 μM
7ESTAC01 while varying ctDNA from 0 to 20 μM. The concentration of
the stock solution of ctDNA (0.38mM per nucleotide) was determined
by UV absorption, using a molar extinction coefficient of 6600M−1

cm−1 at 260 nm. A ratio> 1.8 at A260/A280 was obtained as indicative
that DNA was sufficiently free of proteins. The intrinsic binding con-
stant (Kb) of the compounds with ctDNA was calculated according to
Wolfe-Shimer equation (Eq. (2)) (Sirajuddin et al., 2013) as follows:

= +DNA DNA
K

[ ]
( )

[ ]
( )

1
( )a f b f b b f (2)

where [DNA] is the concentration of DNA per nucleotides, a is the
molar absorption coefficient of the complex at a given DNA con-
centration (Aobs. / [Compound]), f is the molar absorption coefficient
of the complex in free solution, and b is the molar absorption coeffi-
cient of the complex when fully bound to DNA. A plot of equation (Eq.
(2)) allows the determination of the intrinsic binding constant Kb, ob-
tained by the linear data fit. The value of constant was calculated as the
ratio between the slope and the intercept.

All molecular dynamic and Density Function Theory (DFT) calcu-
lations were performed in agreement with Silva et al., (2016, 2017).
The coordinates for building the molecular model were extracted from
the X-ray crystal structure of the ctDNA dodecamer d(CGCGAATTC
GCG) (PDB entry: 1BNA). Gold v.5.4 software from Cambridge
Crystallographic Data Centre (CCDC) was utilized to perform all mo-
lecular docking studies (Huang et al., 2013). Initially, all hydrogens
were added into the DNA structure and, then, 7ESTAC01 (ligand) was
introduced into space. Different genetic algorithms (GA) were applied
to find the best score function for the ligand. The GoldScore, Chem-
Score, Piecewise Linear Potential (ChemPLP), and Astex Statistical
Potential (ASP) functions were employed to obtain the best 10 binding
poses for the ctDNA-7ESTAC01 complex. All search coordinates were
manually introduced, as x: 1.389, y: − 1.149, and z: − 7.376 Å (Murali
et al., 2017).

After the docking calculations, the DFT calculations were performed
using quantum mechanics (QM) models from the Spartan'14 program to
determine the corrected free binding energy (ΔG) for the ctDNA-
7ESTAC01 complex. The potential of intercalation of 7ESTAC01 was
investigated by theoretical methods. The optimized geometries of this
compound's ability to interact with the ctDNA were taken from docking
analysis. In addition, the coordinates of the ctDNA structure were taken
from the crystal structure (PDB ID: 1BNA), and the ligand and water
molecules were removed. The binding energy of the DNA/ligand
complex was calculated by applying the M06/6-31G (d) basis set. The
M06 method employed the global hybrid functional, which is the top
performer within the 6 functionals of the main group, thermochemistry,
kinetics and non-covalent interactions. Moreover, frequency calcula-
tions were performed to confirm the nature of the stationary point at
the same level. QM binding energies were obtained applying the
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following formula, in which the free binding energy of Gibbs (ΔG) was
calculated as the difference between the energy of the complex (EDNA-
ligands) and the sum of the ctDNA (EctDNA) and ligand (Eligand) energies
based on the equation (Eq. (3)).

= +G E E E[ –( )]DNA ligands ctDNA ligand (3)

The final energy of the optimized structure was improved by in-
cluding the single point energy from the 6-31G(d) basis set unscaled
zero-point energy (ZPE) and thermal corrections (at 298.15 K and
1 atm) estimated at the same level of theory, using the Spartan'14
program. All these protocols were performed exactly as described by
Silva-Júnior et al. (2017).

3. Results and discussion

3.1. Electrochemical characterization of 7ESTAC01

The electrochemical characterization of acridine-9-carboxaldehyde
with 2-aminothiophene derivative designed as 7ESTAC01 (Fig. 1A) was
investigated using CV on the GE in a mixture of phosphate buffer (pH
7.2) and 20% DMF in nitrogen saturated solutions. CVs were registered
in the range from −1.8 V to +1.0 V (Fig. 1B). Fig. 1B shows the re-
duction of 7ESTAC01 displaying two waves. The first one exhibits a
quasi-reversible reduction peak at EIc =−0.38 V vs. Ag/AgCl with a
peak separation potential (ΔE=Ea-Ec) of 150mV. The second one
displays an irreversible reduction peak at EIIc =−0.71 V. In the same
way, 9-aminoacridine, which was synthesized containing only acridine,
was examined in the same potential range from −1.8 V to + 1.0 V
(Fig. 1B, inner graph). The first cathodic potential for the 9-aminoa-
cridine showed a single peak at EIc=−1.2 V, Fig. 1B (inner graph). It is
important to mention that no wave was registered in the oxidation
potential range for the 9-aminoacridine. Thus, only the reduction po-
tential range was further studied.

The reduction of 7ESTAC01 showed the first cathodic peak at EIc

=−0.38 V, which was lower than the 9-aminoacridine alone. This
behaviour hinted a possible synergic activity of 7ESTAC01 due to the
significant shift of the first cathodic peak potential. It is worth men-
tioning that most of the bioactive compounds are recorded at a less
negative potential of − 0.5 V (Bouffier et al., 2012; Dogan-Topal et al.,
2014; Nepali et al., 2014; Noh et al., 2015). Thus, 7ESTAC01 represents
a promising anti-cancer drug candidate; even though additional
bioactivity tests must still be performed.

3.2. Characterization and optimization of SL-DNA/GE and dsDNA/GE

SL-DNA probe contains a thermodynamically stable structure and
was used due of its capacity to detect specific site interaction (Nguyen
and Wilson, 2009). Both SL-DNA and dsDNA structures were proposed
and evaluated, as shown in Scheme 1. The SL-DNA probe, modified
with MeB redox marker, was covalently attached to the gold electrode
(GE) via a thiol bond (Scheme 1). The cDNA was added to hybridize the
SL-DNA probe to form a dsDNA/GE (Scheme 1B). Here, CV was used to
evaluate the electrochemical characterization, and subsequently opti-
mization of SL-DNA and dsDNA immobilized on the surface of the GE
(see Fig. S1 in the Supplementary information). Cyclic voltammograms
of the SL-DNA probe in Fig. S1A and Fig. S1B show a high current for
MeB due to the close proximity of the redox marker (MeB) to the
electrode's surface in the SL-DNA configuration (Scheme 1), since it
provides an efficient electron transfer. On the other hand, after hy-
bridization with cDNA, the MeB is distant from the surface of the
electrode (Scheme 1), consequently decreasing the current of MeB (Fig.
S1A and B).

The signal suppression (% SS) as a surface coverage was further
evaluated based on equation (Eq. (1)). The % SS of the dsDNA/GE

based on 0.1 µM SL-DNA probe upon hybridization of cDNA, increased
in relation to the scan rate, and plateaued around 94% at 100 V s−1

(Fig. S1C). However, when the concentration was at 1.0 µM SL-DNA
probe, the %SS reached its maximum at 92% and 600 V s−1. This shows
that the proximity of the MeB redox marker supported efficient electron
transfer at significantly high scan rates (Fig. S1D). 1.0 µM SL-DNA
probe was used to further characterize and optimize the SL-DNA/GE
and dsDNA/GE biosensors.

3.3. Electrochemical behaviour of SL-DNA/GE and dsDNA/GE by
Differential Pulse Voltammetry

The oxidative DNA damage could be induced in two ways (i) by
electro-oxidation and (ii) via oxidizing agents that interact narrowly
with DNA (Cadet and Wagner, 2013). Since DNA oxidation is the pro-
cess of oxidative injury; in this experiment, the behaviour of SL-DNA/
GE and dsDNA/GE was assessed only under electro-oxidation and
without the presence of an oxidizing agent (7ESTAC01).

The electrochemical response for SL-DNA/GE and dsDNA/GE were
first studied by DPV in acetate buffer at pH 4.2. The modified GE was
used for the electrochemical oxidation of adenine (A) and guanine (G).
As shown in Fig. 2A, both types of DNA modified GE exhibited peak
currents at 1.04 V due to the guanine bases. No adenine peaks were
observed for either sensor, which could be explained by the stability of
the stem-loop DNA structure through the adenine electro-oxidation
(Wei et al., 2011). Otherwise, the electro-oxidation process for modified
GE reported oxidation peaks between +0.85 V to +0.96 V for guanine
(Barman and Jasimuddin, 2014). The DPV peak potentials of the gua-
nosine on the ssDNA and dsDNA in acetate buffer reported by Oliveira
and Oliveira-Brett (2010) were in agreement with our values. Those
results showed that the electrochemical current signal of SL-DNA probe
and dsDNA on the GE were mainly attributed to the electrochemical
oxidation of guanine bases, which was expected because guanine is the
most readily oxidized of the DNA bases (McEwen et al., 2009). Simi-
larly, the DPV peak current of guanine on SL-DNA/GE and dsDNA/GE
were further evaluated. As indicated in Fig. 2A (inset), SL-DNA/GE, and
dsDNA/GE showed a reproducible guanine peak current at 7.94 and
3.86 µA, respectively. The blank response of the GE does not show any
peak. All measurements were conducted in triplicates. The S.D of the
guanine peak current on the SL-DNA/GE and dsDNA/GE were 0.14 µA
and 0.24 µA, respectively (Fig. 2A, inner graph).

The influence of the scan number to the oxidative DNA damage was
subsequently examined as an indicator of consecutive DNA lesions
under electro-oxidation. DNA oxidation is the process of oxidative in-
jury, so it is expected to see higher oxidative damage to the DNA as the
number of scans increases. Fig. 2B, prove this hypothesis, wherein the
oxidation current of guanine increases with the number of scans, in-
dicating that the electron donor was DNA itself.

Furthermore, for the dsDNA/GE, the presence of the intermediate
form of 8-oxoguanine (8-oxoG) at E=+0.25 V is a reliable indicator
that the oxidation of guanine is taking place (Fig. 2B) from the second
scan onwards. In addition, the guanine oxidation peak current increases
as the oxidative DNA damage increases for dsDNA/GE.

3.4. Optimization of the concentration of 7ESTAC01 and detection of DNA
damage

The electro-oxidation processes involved in purine DNA bases are
similar to those affecting enzymatic oxidation. For this reason, the
electro-oxidation of the DNA immobilized on the GE was applied to
detect DNA damage through the interaction with the oxidizing com-
pound (7ESTAC01). The oxidative DNA damage was induced by
electro-oxidation in the presence of the given 7ESTAC01. A reduction
potential was applied to 7ESTAC01 to obtain 7ESTAC01 radicals to
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Scheme 1. Schematic representation the fabrication the Hairpin-DNA modified Gold electrode (GE). A) Schematic of the assay procedure of the SL-DNA probe and
dsDNA biosensor at GE B) SL-DNA probe and dsDNA structures. SL-DNA probe, 5´-C6-S-S-TC GCG ACA TAC AAT AGA TCG CG-MeB-3′. The number of Guanines (G).
The number of adenines (A). 6-mercapto-1-hexanol (MCH). Complementary DNA (cDNA). Methylene-blue (MeB).

Fig. 2. Electrochemical behaviour of SL-DNA/GE and dsDNA/GE under electro-oxidation by DPV. (A) Comparison of DPV signals between SL-DNA probe (curve a)
and dsDNA (curve b) and blank response of GE (GE/blank). Histogram graph represents the guanine peak current for SL-DNA/GE (a) and dsDNA/GE (b) modified
electrode (A, inner graph). (B) DPV response for dsDNA/GE from first to the fifth scan. The electro-oxidation by DPV was carried out in acetate buffer at pH 4.2 for
potentials range from 0.0 to +1.6 V; amplitude 0.05 V; sample width 0.0167 s. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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damage DNA. According to Abreu et al. (2002) and Dogan-Topal et al.
(2014) certain anticancer drugs require the formation of short-lived
radicals to interact and damage DNA.

The direct determination of the oxidation of electroactive DNA
bases in the presence of 7ESTAC01 were carried out by DPV from 0 to
+ 1.6 V. The oxidation peak current differences between SL-DNA/GE
and their corresponding SL-DNA/GE-7ESTAC01 system were further
investigated in acetate buffer (pH 4.2). The reproducibility of the SL-
DNA/GE was investigated in presence and absence of different con-
centrations of 7ESTAC01 (Fig. 3A and B). As seen in Fig. 3A, 7ESTAC01
interactions with the SL-DNA/GE were examined at different times, 1, 2
and 24 h.

In general, the guanine oxidation peak current increased notoriously
as the interaction time increased, which indicated the formation of SL-
DNA/GE-7ESTAC01, increasing the electron transfer ability of the SL-
DNA/GE. Another valuable data collected from Fig. 3A showed that the
guanine oxidation peak current increased as the 7ESTAC01 concentra-
tions increased. It is important to note that acridine, which binds to DNA
by intercalation, might either donate electrons to or accept electrons
from, the double helix, thus actively participating in electron transfer
reactions (Kovacic and Wakelin, 2001; Baguley et al., 2003; Nepali et al.,
2014). These results support literature data of acridine and its im-
portance on the electron transfer (Noh et al., 2015); showing that oxi-
dation of 7ESTAC01 is facilitating the electron transfer on the SL-DNA/
GE biosensor. The adenine oxidation was evaluated with the minimum
required concentration of 7ESTAC01 (Fig. 3B). The electrochemical
oxidation of adenine followed a multiple step, six electron, six protons
oxidation (Wei et al., 2011), which implies a more demanding oxidation
process compared to guanine. As seen in Fig. 3B, the adenine oxidation
was registered in the presence of higher concentrations of 7ESTAC01,
equal to 100 µM 7ESTAC01 (Fig. 3B). Taking into account the interaction
time of 1 and 2 h under the same level of 100 µM 7ESTAC01, adenine
peak currents registered at 5.45 µA and 8.34 µA, respectively.

The reproducibility was evaluated for three different concentrations
of 7ESTAC01 with 1, 2 and 24 h to obtain the best timing conditions for
the interaction. After three successive measurements, the S.D of the
guanine peak current on the SL-DNA/GE response to 10,100 and
400 µM 7ESTAC01 with 1 h of interaction were 0.67 µA, 1.70 µA and
1.19 µA, respectively. For the same conditions, the standard deviations
of SL-DNA/GE response to 10, 100 and 400 µM 7ESTAC01 with 2 h of
interaction were 0.44 µA, 0.33 µA and 0.98 µA. The S.D with 24 h of
interaction for the same concentrations showed 1.01 µA, 2.36 µA and

2.51 µA, showing an acceptable reproducibility. Nevertheless, based on
biosensor performance, the best S.D was obtained for 2 h of interaction.
All further experimentation was carried out at the optimized two hours
of interaction time.

3.5. Interaction of SL-DNA/GE and dsDNA/GE with 7ESTAC01 and
detection of DNA damage

All the following experiments were carried out for different con-
centrations of 7ESTAC01 with 2 h of interaction time. As depicted in
Fig. 4, after the addition of 7ESTAC01, the strong binding interaction
between 7ESTAC01 with guanine and adenine base of SL-DNA/GE and
dsDNA/GE occurred. Therefore, as the concentration of 7ESTAC01 in-
creases, the oxidation peak current of SL-DNA probe and dsDNA in-
creased (Fig. 4A and B). These results are similar to those obtained by
Lucarelli et al. (2002). Lucarelli and co-workers utilized screen-printed
electrodes for the detection of apolipoprotein E, where an increase of
the electrochemical signal of the guanine base resulted from the non-
specific interaction of the apolipoprotein E and the DNA immobilized
on the electrode. The increasing oxidation peak current we report here
is consistent with other electrochemical DNA/GE biosensors testing a
redox-active intercalator, such as in the case of anthraquinone mono
sulfonic acid (AQMS) (Wong and Gooding, 2006). Electron transfer
from the DNA to AQMS intercalated into DNA duplexes reported the
growth of the peak current signal with time. These last results support
the electrochemical behaviour of our biosensors in the presence of
7ESTAC01, which is intercalated into the double-stranded DNA.

To evaluate the level of DNA damage with the dsDNA/GE and SL-
DNA/GE, we compared guanine and adenine peak current in the same
conditions. The adenine oxidation was recorded for SL-DNA/GE and
dsDNA/GE, each yielding different sensitivity levels. The SL-DNA/GE-
7ESTAC01 showed adenine oxidation for 100 µM (Fig. 3B) and 400 µM
7ESTAC01 (Fig. 4A). Notoriously, an adenine peak for 100 and 400 µM
7ESTAC01 (Fig. 4B, red histograms) with the dsDNA/GE-7ESTAC01,
reached higher adenine peak current at 12.36 µA and 18.63 µA, re-
spectively. On the other hand, as shown in Fig. 4 (blue histograms), the
guanine oxidation was seen for dsDNA/GE and SL-DNA/GE with the
presence of the minimum concentration of 7ESTAC01. The guanine
peak current for 40 µM 7ESTAC01 with SL-DNA/GE and dsDNA/GE,
reached 9.412 µA and 11.35 µA, respectively (Fig. 4A and B, inner
graph). These results not only validated the strong interaction between
7ESTAC01 and purine bases but also emphasized the higher sensitivity

Fig. 3. DPV peak currents responses under electro-oxidation on SL-DNA/GE in the presence of 7ESTAC01 to the detection of DNA damage. (A) Guanine peak current
in the presence of 7ESTAC01 at concentrations of (a) 10, (b) 100, (c) 400 µM for 1, 2 and 24 h of interaction. (B) Guanine (blue histogram on the left) and Adenine
peak current (red histogram, on the right) in the presence of 100 µM 7ESTAC01 (b) for 1 and 2 h of interaction. Histograms represent the guanine and adenine peak
current for SL-DNA/GE extrapolated from the DPV signal. Results were expressed as the average of three independent experiments. Error bars represent standard
deviations. (*) All the intercalation measurements were done with 7ESTAC01 in solution. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article).
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and more damage induced by employing the dsDNA/GE versus the SL-
DNA/GE. The dsDNA and SL-DNA sequences exhibit 11 and 5 guanines,
respectively. It is possible that 7ESTAC01-DNA intercalation can lead to
breaking hydrogen bonds and exposing guanine and adenine bases to
the surface of the GE. Therefore, it is likely that the higher oxidation
peak current exhibited by the dsDNA/GE-7ESTAC01 system is due to a
higher quantity of available guanine and adenine bases in comparison
to the SL-DNA/GE-7ESTAC01 system (Fig. 4A). In fact, two critical
parameters must be followed to improve the electron transfer effi-
ciency, (i) type of DNA structure, and (ii) distance between guanine
base and electrode surface (Brett et al., 2003; McEwen et al., 2009;
Ibañez et al., 2015). Similar results were observed in a single stranded
DNA modified GE biosensor, wherein electron transfer efficiency was
the highest when guanine bases were in close proximity and exposed to
the surface of the GE (Huang et al., 2016). In addition, the high charge
migration along the DNA duplex in the presence of a DNA intercalator
like 7ESTAC01, can also account for the higher oxidation peak current
seen in the dsDNA platform (Liu and Barton, 2005; Elias et al., 2008).

The 8-oxoguanine (8-oxoG) is arguably the most important muta-
genic lesion in DNA. The oxidation potentials are highly dependent on
the type of electrode and pH of the solution. With that in mind, it has
been reported an 8-oxoG oxidation peak at + 0.25 and +0.45 V, for
neutral (Ferapontova, 2004) and acidic pH (Oliveira and Oliveira-Brett,
2010), respectively. In the present study, the presence of the 8-oxoG at
E=+0.5 V (Fig. 4B, black line) after the interaction with the highest
concentration of 7ESTAC01 (400 µM) with the dsDNA/GE biosensor,
demonstrates a substantial DNA damage.

To understand the mechanism behind the observed increase in peak
current signal from purine bases in the presence of 7ESTAC01 radicals,
another double-stranded ctDNA was immobilized by non-covalent
bonding on a glassy carbon electrode (GCE) (Supplementary informa-
tion). The double-stranded ctDNA is a natural DNA from calf thymus
widely used in studies of DNA binding anticancer compounds. The
damage of the ctDNA in the presence of 7ESTAC01 radicals was in-
vestigated in acetate buffer solution at pH 4.2 by DPV. Fig. S2 shows
DPV peak potentials characteristic of the guanine and adenine bases at
the GCE (Li et al., 2010; Aydoğdu et al., 2014). In the presence of
7ESTAC01 in solution, the peak current recorded a significant increase
of guanine and adenine bases at + 1.03 V and + 1.29 V, respectively,
which could imply the opening of the double helix of ctDNA (Fig. S2).

Therefore, the increase in the signal, regardless of the electrode, in-
dicates that the electron transfer through DNA increases in the presence
of the 7ESTAC01 (oxidizing agent). It demonstrates that the 7ESTAC01
mechanism of intercalation into the DNA through electro-oxidation
caused a substantial distortion of the double-stranded ctDNA. It also
corroborates the imminent breaking of the double helix DNA, exposing
the purine bases to the surface of the electrode as a result of the DPV
current increase in the presence of 7ESTAC01. Finally, the blank signals
upon oxidation of 7ESTAC01 were analyzed by DPV for both un-
modified electrodes, GCE (Fig. S2) and the GE (Fig. S3) under the same
working conditions. As recorded in Fig. S2 and Fig. S3, the blank re-
sponse of the GE/GCE+7ESTAC01 does not show any peak.

3.6. Interaction of DNA with 7ESTAC01 by UV–Vis spectroscopy,
molecular docking and density function theory (DFT) studies

Elucidating the binding between 7ESTAC01 and DNA provides help
in understanding drug-DNA interactions and consecutive DNA damage
on the surface of the GE. The interaction of an anticancer drug
7ESTAC01 with double-stranded ctDNA was studied using various ap-
proaches like UV–Vis spectroscopy, Molecular Docking, and Density
Function Theory (DFT) studies.

UV–Vis spectroscopy confirmed 7ESTAC01-DNA interaction.
Importantly, as depicted in Fig. 5A, the presence of an isosbestic point
developed at 297 nm in the 7ESTAC01-DNA spectra indicates inter-
calation as a dominant binding mode. Moreover, UV–Vis showed a
binding constant of Kb =6.57×104 Lmol−1 at 260 nm using the
Wolfe-Shimer equation (Eq. (2)). The small molecules can interact with
DNA involving a single mode of binding or mixed binding modes. Thus,
the exact mode of interaction can be established merely by this tech-
nique due to the presence of the isosbestic point; however, another kind
of non- covalent interactions could be present.

Other types of non-covalent interactions were further studied by
Molecular Docking and DFT studies. For these studies, the GoldScore
was selected as the best algorithm to predict results without large de-
viations between generated poses. Based on this, the GoldScore func-
tion was employed to determine different thermodynamic parameters
related to the 7ESTAC01 compound (see Table S in the Supplementary
information). From this analysis, the most important type of interaction
can be identified and, consequently, it is possible to determine their

Fig. 4. Detection of the DNA damage product of the interaction between SL-DNA/GE and dsDNA/GE with 7ESTAC01 expressed by the DPV peak currents. DPV peak
currents responses under electro-oxidation on SL-DNA/GE (A) and dsDNA/GE (B) in presence of 7ESTAC01 at concentrations of (a) 40, (b) 100 and (c) 400 µM for 2 h
of interaction. Histograms represent the guanine and adenine peak current for SL-DNA/GE, and dsDNA/GE extrapolated from the DPV signal of each biosensor (A and
B, inner graph). Error bars represent standard deviations (S.D). The S.D of the guanine peak current on the SL-DNA/GE for 40 and 400 µM 7ESTAC01 were 0.31 µA
and 0.91 µA, respectively. The S.D of the guanine peak current on the dsDNA/GE for 40, 100 and 400 µM 7ESTAC01 were 0.44 µA, 0.52 µA and 1.32 µA, respectively.
DPV signal in acetate buffer for SL-DNA/GE (*) and dsDNA/GE (+) without the presence of 7ESTAC01.
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contribution in kcal mol−1 (Kamal et al., 2010; Arshad et al., 2017;
Kundu and Chattopadhyay, 2017; Veerashekhar Goud et al., 2017).
According to the quantitative results from the Molecular Docking and
DFT studies (Table S), it is observed that significant interactions from
the 7ESTAC01-DNA complex are the contributions of Van der Walls,
46.35 kcal mol−1. In addition, it was observed that the 7ESTAC01
compound presented a significant external H-bond value of 1.2 kcal
mol−1. This happens due to 7ESTAC01's ability to form an H-bond with
the NH donor from the adenine base (DA18), at a distance of 2.836 Å
(Fig. 5B). After DFT calculations from ctDNA and 7ESTAC01 (free and
binding), Gibbs free energy (ΔG) from the complex was low, suggesting
a high affinity, showing its relation to the FitScore value, 63.44 (Table
S). Therefore, binding of 7ESTAC01 analyzed via molecular docking
(Fig. 5C), demonstrates that this compound could act via intercalation
mechanism, considering that the aminothiophene and partially acridine
rings are located between the DNA bases.

A careful analysis of the type of interaction between the hybrid
7ESTAC01 and the DNA represents the success of producing oxidative
damage in the DNA. In this way, the interaction between DNA and
7ESTAC01 characterized by UV–Vis spectroscopy, Molecular Docking,
and DFT studies showed that the 7ESTAC01 act via an intercalation
mechanism into the DNA. Besides, the low free energy of Gibbs (ΔG)
calculated from molecular docking suggests an excellent affinity
7ESTAC01-DNA.

4. Conclusions

Here, a novel electrochemical biosensor, divided into two config-
urations, SL-DNA/GE and dsDNA/GE, was optimized and characterized

for detection of DNA damage caused by intercalation with a new hybrid
anti-cancer drug (7ESTAC01). DPV analysis of guanine and adenine
bases presented high sensitivity and efficiency of the SL-DNA probe
modified GE and the dsDNA. High intercalation between DNA and
7ESTAC01 was determined to be a critical parameter to improve the
sensitivity of the biosensor. DPV analysis of dsDNA in the presence of
high concentration of 7ESTAC01 led to the formation of 8-oxoguanine,
which is considered a key indicator of a mutagenic lesion in DNA.
Intercalation mechanism was demonstrated using molecular docking,
DFT studies, and UV–Vis Spectroscopy. These studies showed ami-
nothiophene and partially acridine rings located between DNA bases, as
well as an isosbestic point at 297 nm in the 7ESTAC01-DNA spectra,
indicating the intercalation as a dominant binding mode.

The dsDNA/GE showed higher sensitivity in the presence of the
7ESTAC01 due to a higher quantity of purine bases in comparison to the
SL-DNA by itself. The high sensitivity of this novel biosensor allows
detection of minimal DNA damage and can be further expanded to
study DNA damage with many other drugs.

Supplementary information

Optimization of SL-DNA/GE and dsDNA/GE biosensor by Cyclic
Voltammetry, electrochemical ctDNA biosensor on the Glassy Carbon
Electrode, Detection of the DNA damage product of the interaction of
ctDNA/GCE and 7ESTAC01, DPV signal of 7ESTAC01 on the Gold
Electrode, Molecular Docking and DFT studies for 7ESTAC01 and calf
thymus DNA. This material is available free of charge via the Internet.

Fig. 5. Interaction of DNA with 7ESTAC01 by UV–Vis Spectroscopy, and Molecular docking. (A) UV–Visible absorption spectra of 20 µM 7ESTAC01 in presence of
different concentrations of DNA (μM): (a) 0.0; (b)2; (c)10; (d)12; (e)14; (f)16; (g)18; (h)20. (B) Molecular docking of 7ESTAC01 (forward of the mage) to ctDNA
(background structure) sites, represented by H-bond at DA18. (C) The binding pose of ctDNA (orange helix) acting via intercalation mechanism between the
aminothiophene and acridine domains of 7ESTAC01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article).
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