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The electrochemical behavior of 9-chloroacridine (9Cl-A), a precursor molecule for synthesis of acridine
derivatives with cytostatic activity, is a complex, pH-dependent, diffusion-controlled irreversible process.
Oxidation of 9Cl-A initiates with the formation of a cation radical monomer, continues via the formation
of a dimer subsequent oxidation to new cation radical. Reduction of 9Cl-A produces radical monomers
which are stabilized by dimer formation. The investigation was performed using cyclic, differential pulse
and square wave voltammetry at a glassy carbon electrode. The interaction between 9Cl-A and double-
stranded DNA (dsDNA) was investigated using a multilayer dsDNA-electrochemical biosensor and 9Cl-A
solutions from 1:0� 10�7M (the lowest 9Cl-A concentration whose interaction with DNA was possible to
detect) up to 1� 10�4M. These allowed the binding constant, K ¼ 3:45� 105M�1 and change in Gibbs free
energy of the formed adsorbed complex to be calculated. Complex formation was a spontaneous process
proceeding via 9Cl-A intercalation into dsDNA inducing structural changes. The intercalation of 9Cl-A into
dsDNA was supported by molecular docking analysis.
The combination of simple methodology and the use of biosensors to investigate DNA interactions is a

powerful tool to offer insight into aspects of drug design during pharmaceutical development.
� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Acridines are heterocyclic structures which play an important
role in a variety of diseases; that is why they have been widely
studied and used clinically as antibacterial, antiparasitic, antiviral,
antiseptic and antitumor agents [1,2]. Acridines are good candi-
dates as antitumor agents, since they are able to form complexes
with DNA. They are capable of interacting with nuclear DNA in a
sequence-specific manner and with biological targets, such as
topoisomerase I and II and telomerase [3]. The biological activity
of acridines has been attributed to the planarity of the polyaro-
matic ring structure, which can intercalate within double-
stranded DNA leading to stacking and thus interference with cellu-
lar functions [1,4]. Amongst the acridines, 9-chloroacridine (9Cl-A
Scheme 1, 2) may be especially important due to its possible usage
as a precursor molecule for the synthesis of acridine derivatives
with a cytostatic activity [5].

Nitrogenous bases and the sugar-phosphate backbone form the
targets of the DNA molecule for different biological compounds
and drugs, which after interaction (covalent bonds, intercalation,
groove binding or electrostatic interactions) cause structural
changes in the DNA [6–10]. According to voltammetric and atomic
force microscopy (AFM) data [11,12], after the interaction between
DNA and the compound, the DNA double helix denatures locally
and allows easier interactions between a carbon electrode surface
and the DNA bases. AFM measurements [11] have confirmed that
the decreases in guanine and adenine oxidation peaks obtained
by voltammetric measurements were the result of thicker aggre-
gates formed due to DNA condensation.

In general, binding of drugs to DNA, and DNA damage has been
described in the literature through the variation of the electro-
chemical signal of guanine or adenine [6,13–22]. The electrochem-
ical signal related to a drug–DNA interaction can provide evidence
for the interaction mechanism and for the nature and type of the
complex formed.

A dsDNA based electrochemical biosensor [23,24] has been used
as a tool for studies of dsDNA interaction with many different small
molecules, including drugs and hazardous compounds. Differential
pulse voltammetry [25–27] was reported as a useful method for
this type of investigation due to its capability of detecting changes
in the DNA double-helical structure with greater sensitivity [28]
compared with other methods. This type of biosensor is formed
by the immobilization of the dsDNA on an electrode surface and
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the method used for its formation determines the accessibility of
the DNA to the analysed compound. For mono or multilayer sen-
sors several immobilization procedures may be used, including
evaporation or electrostatic adsorption. The multilayer dsDNA-
electrochemical biosensor represents an electrode covered with
dsDNA by successive deposition of predetermined dsDNA solution
on its surface [29].

Research into DNA binding interactions with drug molecules
contributes to understanding the mechanisms behind drug action
as well as the design of novel DNA-targeting drugs. Apart from
our previous studies [30,31] no other data exist concerning electro-
chemical studies of 9-chloroacridine (9Cl-A) nor its interaction
with DNA. Electroactivity of other acridine derivatives was previ-
ously confirmed by different voltammetric methods using diverse
electrodes [23,32–34]. Polarography and voltammetry were used
decades ago for the prediction of acridine (and some of its deriva-
tives), oxidation and reduction mechanisms [35–39].

We have used cyclic (CV), differential pulse (DPV) and square
wave (SWV) voltammetry to examine the oxidation and reduction
mechanisms of 9Cl-A at different pH values in acidic and basic con-
ditions. In addition, the interaction between 9Cl-A and calf thymus
double stranded DNA (dsDNA) was studied using a multilayer
dsDNA modified glassy carbon electrode (GCE) by observing the
decrease in adenine oxidation current obtained from SWVs.

The aim of this current study was to provide new data concern-
ing 9Cl-A oxidation and reduction mechanisms, to clarify the nat-
ure and the mode of interaction between 9Cl-A and dsDNA, to
evaluate the binding constant of the formed adsorbed complex
and the value of the Gibbs free energy change using simple electro-
analytical methodology and biosensors. Experimental data were
supported by molecular docking analysis.
2. Experimental

2.1. Apparatus

Voltammetric measurements were performed using an mAuto-
lab analyzer (Eco Chemie, Utrecht, The Netherlands) operating
with GPES 4.9 software. A three electrode cell was used with a
glassy carbon electrode (GCE, d = 3 mm, CH Instruments, Inc., Aus-
tin, TX, USA) as a working electrode, Ag/AgCl as a reference (3.00 M
KCl) and Pt as an auxiliary electrode. An aqueous slurry of Al2O3

powder (particle size 0.05 lm) was used for GCE polishing on a
smooth polishing pad. After polishing, the GCE was sonicated in
double distilled water for 2 min and then in absolute ethanol for
2 min. An ultrasonic bath ‘Iskra’ UZ 4R (Sentjernej, Slovenia) was
used for sonication. pH measurements were performed using a
PHM 220 pH meter with a combined electrode Radiometer
GK2401B. A SCALTEC SBC 31 balance was used for weight
measurements.
2.2. Reagents

9-chloroacridine (9Cl-A) and calf thymus double stranded DNA
(dsDNA, MWr = 10 – 15 � 106) were obtained from Sigma-Aldrich
and were used without further purification. A stock solution of
1.0 � 10�3 M 9Cl-A was prepared in absolute ethanol and stored
at 4 �C. Final concentrations of 2.5 � 10�4 M 9Cl-A for CV, DPV
and SWVmeasurements and different concentrations ranging from
1.0 � 10�7 M to 1.0 � 10�4 M for the examination of 9Cl-A-DNA
interaction were obtained by diluting the stock solution with
appropriate supporting electrolytes. All the chemicals were of ana-
lytical grade quality. The stock solution of dsDNA, 73.95 mg mL�1,
was prepared by dissolving in acetate buffer, pH 4.6.
A HCl/KCl system of 0.10 M ionic strength for pH value of about
2.0 [40], acetate buffers for pH values of 3.5, 4.6, 5.2 (sodium acet-
ate in the solution of acetic acid), phosphate buffers for pH values
of 6.2, 7.0, 8.1 (disodium hydrogen phosphate dihydrate dissolved
with sodium dihydrogen phosphate monohydrate) and ammonia
buffer for pH value of 9.0 (NH3 dissolved with ammonium chloride)
were prepared according to the literature using analytical grade
reagents and double distilled water [40,41]. The ionic strength of
all solutions was 0.10 M. Experiments were performed at room
temperature (25 �C). Nitrogen-saturated solutions were obtained
by passing high purity nitrogen gas for at least 10 min through
the solution prior to experiments and maintained using a flow of
gas over the solution during the voltammetric experiments to
eliminate oxygen from the solutions.
2.3. ds-DNA – Electrochemical biosensor preparation

The multilayer dsDNA biosensor [42,43] was prepared by cover-
ing the surface of glassy carbon electrode successively with three
drops of dsDNA (5 mL, concentration 73.95 mg mL�1). The electrode
surface was dried under an atmosphere of nitrogen after placing
each drop. When the third drop was dried, the biosensor was
washed with deionized water (to eliminate the excess of
unbounded, free dsDNA molecules) and immersed in 9Cl-A solu-
tion for variable incubation times. After removal from the solution,
the biosensor was washed with deionized water and placed in the
electrochemical cell. The dsDNA–9Cl-A interaction was examined
at different concentrations of 9Cl-A (1.0 � 10�7 M – 1.0 � 10�4

M) and for different periods of incubation time (5–30 min) using
SWV.

During the DNA biosensor preparation different parameters
such as drying time, drop volume, DNA concentration and pH were
optimized. Reproducibility testing of the prepared biosensors was
based on current and potential measurements obtained with five
biosensors. The standard deviation for peak potential of 3 mV
and standard deviation for peak current of 6 – 7 nA showed satis-
factory results. Reproducibility of the sensor preparation method
was expressed by the relative standard deviation (RSD) being
0.21% and 0.22% for peak dG and dA potential, and 7.5% and 4.6%
for peak dG and dA current, respectively. Results are presented in
Table S1 in Supplementary Material. In this way, biosensor stability
was confirmed by monitoring the biosensor signal in acetate buffer
pH 4.6 for 30 min.
2.4. Electrochemical measurements

Cyclic voltammetry (CV) was performed starting from 0 V,
increasing to + 1.6 V and decreasing to �1.3 V (vs. Ag/AgCl, 3 M
KCl), as well as in reverse. Scan rate was adjustable, ranging from
0.01 V s�1 up to 0.1 V s�1 with step potential of 0.005 V. Differential
pulse voltammetry (DPV) was used with the following conditions:
Step potential 0.005 V, modulation amplitude 0.05 V, modulation
time 0.05 s and interval time 1 s. Conditions for square wave
voltammetry (SWV) were: Frequency 25 Hz, step potential
0.001 V, effective scan rate of 0.025 V s�1 and pulse amplitude of
0.005 V.

The DP and SW voltammograms presented are baseline-
corrected using moving average application with a step window
of 0.005 V. When necessary, the experimental voltammograms
were smoothed using a Savitsky-Golaz smoothing algorithm. Cor-
rected voltammograms were only used for better visualization
and graphical presentation of peaks. However, this mathematical
treatment reduces peak intensity in some cases. All the values
for peak current used and presented in all plots were determined
from the original, untreated voltammograms.
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2.5. Molecular docking analysis

Previous studies showed that a potent antineoplastic agent
amsacrine (an aminoacridine derivative structurally comparable
to 9Cl-A) intercalates into dsDNA [44]. 3D coordinates of the
DNA/amsacrine/topoisomerase II complex were obtained from
the Brookhaven protein data bank (PDB code: 4g0u) [45] and used
in this study. For the purpose of research presented in this work
topoisomerase II was not of interest, and hence it was not taken
into consideration in docking analysis. The file obtained from Broo-
khaven protein data bank was prepared using Discovery Studio
4.5.0 [46] and molecular docking analysis was performed in Auto-
Dock Vina [47]. The mass center of the receptor of interest catalytic
site with grid spacing of 0.0375 nm was used for building a grid of
10, 10, and 10 points in x-, y-, and z- directions, respectively. The
exhaustiveness parameter was set to 8. Re-docking of the co-
crystallized ligand into the 3D structure of the receptor was
attempted with the aim to validate docking analysis. Docking anal-
ysis was proved valid, considering the obtained RMSD value
(<0.2 nm).
3. Results and discussion

Electrochemical investigation of 2.5 � 10�4 M 9Cl-A in
nitrogen-saturated acetate buffer pH 3.5, was performed using
CV at GCE. Voltammograms were recorded over three successive
scans during which the potential changed from 0.0 V (vs. Ag/AgCl,
3 M KCl) towards + 1.6 V (Fig. 1A) and � 1.3 V (Fig. 1B). When the
potential was changed toward positive values, one anodic peak (Ia)
appeared at Ep,Ia = 1.06 V and after changing the potential direction,
a cathodic peak (Ic) appeared at Ep,Ic = � 0.68 V. In the second and
third scans, beside the two peaks mentioned, an additional small,
poorly developed, oxidation peak appeared at a potential
around + 0.5 V (vs. Ag/AgCl, 3 M KCl). Oxidation and reduction
peaks Ia and Ic were always present (in all three scans) no matter
which direction was chosen to record the voltammogram.

The influence of initial and vertex potential in the ranges
between �1.3 V and 0 V, 0.0 V to +1.6 V, as well as +0.5 V
to +1.6 V was tested. There were no differences in the voltammet-
ric curves registered (data not shown), comparing to the overall
scans presented in Fig. 1.

Background electrolyte did not affect the 9Cl-A voltammetric
peaks in any way. This is shown in Fig. 1 (voltammogram of
acetate buffer pH 3.5, I 0.10 M, recorded under the same conditions
as 9Cl-A).

According to the above results, 9Cl-A undergoes separate pro-
cesses of oxidation yielding peak Ia and reduction yielding peak
Fig. 1. The CVs of 2.5 � 10�4 M 9Cl-A in acetate buffer, pH 3.5, recorded in potential range
in the negative direction; first ( ), second ( ) and ( ) third scan and (
Ic. The reduction product seems to be capable of being oxidized,
yielding a small peak at +0.5 V (vs. Ag/AgCl, 3 M KCl).

Since oxidation and reduction of 9Cl-A occur independently,
these processes were investigated separately.

3.1. Oxidation

During scanning of the potential towards the positive potential
limit the anodic peak (Ia) occurred. After changing the direction of
the scan, no corresponding reduction peak in the reverse scan was
observed, meaning that the oxidation process of 9Cl-A was irre-
versible. The pH dependence of 9Cl-A oxidation was investigated
in a pH range from 2.0 to 9.0 using CV, Fig. 2. The intensity of
the Ia peak current decreased in neutral medium. At pH > 9.0 it
was no longer observed (data not shown).

The shift in the oxidation peak to less positive potentials with
increasing pH indicated a facilitated oxidation process in less acidic
conditions which is in accordance with increasing nucleophilicity
of solution at higher pH. The peak potential dependence was linear
throughout the investigated pH range according to the equation:
Ep, Ia (V) = � 0.063 pH + 1.27 (R2 = 0.994). A slope of 63 mV per
pH unit suggested that the oxidation process of 9Cl-A required
the same number of electrons and protons [48].

The calculated value for the difference between peak potential
and half-height peak potential was about 40 mV. Considering the
equation:

Ep � Ep1=2

�� �� ¼ 47:7= anað Þ ð1Þ
where a is the charge transfer coefficient and na, the number of
electrons transferred in the rate determining step [49,50], the calcu-
lated value was ana � 1.2. Bearing in mind that for an irreversible
process the transfer coefficient value should be less than or equal
to 1 (actually between 0.3 and 0.7), it follows that na which is an
integer, must be>1 and therefore the rate determining step should
involve 2 electrons.

The change in peak Ia current, which firstly increased with pH
and then decreased at pH > 5, indicated that the electrooxidation
process was accompanied by two reactions. First, electron transfer
was probably followed by an intermediate chemical step; and sec-
ond, successive electron transfer occurred.

The scan rate effect on the 9Cl-A oxidation peak potential and
current was monitored both at pH 4.5 and 7.0. The positive peak
potential shift of the anodic peak with an increase in scan rate indi-
cated that this oxidation process was irreversible [51,52]. This is in
accordance with the shape of the voltammograms. The peak cur-
rent of 9Cl-A increased linearly with the square root of m at both
pH 4.5 (Ip,Ia (mA) = 8.72 m1/2 (V s�1)1/2 + 0.045; R2 = 0.994), and
between �1.3 V and + 1.6 V, starting from 0.0 V: (A) in the positive direction and (B)
) acetate buffer, pH 3.5; at m = 50 mV s�1.



Fig. 2. The CVs of 2.5 � 10�4 M 9Cl-A, first scan plotted as a function of pH of the
supporting electrolyte; Inset is a plot of Ep vs. pH for oxidation peak Ia (y = –
0.063 � + 1.27; R2 = 0.994); m = 20 mV s�1.

Fig. 3. (A) 3D plot of DP voltammograms of 2.5 � 10�4 M 9Cl-A recorded at
different pH; (B) Plot of Ep vs. pH (y = –0.060 � + 1.21; R2 = 0.998); j – peak Ia, –
peak IIa.
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pH 7.0 (Ip,Ia (mA) = 7.67 m1/2 (V s�1)1/2 + 0.222; R2 = 0.996) (Fig. S1 in
Supplementary Material) indicating that the oxidation process was
diffusion controlled [53–55]. This is confirmed by the log Ip,Ia vs. log
m linear dependence, with slope values of 0.49 and 0.44 (for pH 4.5
and 7.0, respectively), which are close to the theoretical value of
0.5 for a diffusion-limited process.

In addition to diffusion of electroactive material, some adsorp-
tion of the electroactive material also took place. The above-
mentioned equations, Ip,Ia = f (m1/2) indicated a small intercept.
According to Fig. 1. the oxidation peaks decreased from the first
to the second and to the third cycles. This phenomenon may have
been attributed to consumption of the adsorbed 9Cl-A oxidation
product on the electrode surface.

The peak current for a diffusion-controlled irreversible process
is given by the equation:

Ip Að Þ ¼ 2:99� 105nðanaÞ1=2ACD1=2m1=2 ð2Þ
where n represents the number of electrons transferred during the
oxidation, A is the electrode surface area in cm2, D is diffusion coef-
ficient in cm2 s�1, C is concentration in mol cm�3 and m is scan rate
in V s�1 [49]. The GCE electroactive area was determined previously
for the electrochemical reaction of the ferro/ferricyanide redox sys-
tem according to the Randles-Sevcik equation for a reversible,
diffusion-controlled process at a temperature of 25.0 �C. The value
of the working electrode electrochemically active surface area was
calculated to be A = 0.052 cm2 [56]. From the slope of Ip = f (m1/2),
which was found to be 8.72 mA/(V s�1)1/2, the diffusion coefficient
of 9Cl-A at pH 4.5 was determined to be D9Cl-A = 1.06 � 10�6 cm2

s�1. In neutral medium, at pH 7.0 the slope of Ip = f (m1/2) was
7.67 mA/(V s�1)1/2 and accordingly diffusion coefficient D9Cl-A = 8.1
8 � 10�7 cm2 s�1.

The effect of scan rate on 9Cl-A oxidation peak potential was
examined with the aim to investigate the existence of a chemically
coupled reaction. The Ep,Ia vs. log m plot (Fig. S2, Supplementary
Material) obtained for the oxidation process resulted in a linear
relationship (Ep,Ia (V) = 0.021 logm (V s�1) + 0.86; R2 = 0.978) with
slope of 21 mV, characteristic for an intermediate chemical reac-
tion such as a dimerization process [57].

To investigate the effect of pH, DPV was performed in 2.5� 10�4

M solutions of 9Cl-A in a range of pH from 2.0 to 9.0 (Fig. 3A). A
stable well shaped oxidation peak Ia was obtained, as seen in CV.
However, unlike CV, in DP voltammograms, an additional peak
(IIa) appeared at pH > 5.0, at high positive potentials (Ep,IIa �
1.3 V (vs. Ag/AgCl, 3 M KCl)). Strong pH dependency was demon-
strated only for peak Ia, while the position of peak IIa was pH inde-
pendent (Fig. 3B).

The variation of the 9Cl-A oxidation peak current with pH was a
measure of the variation of the electron transfer rate constant with
varying electrolyte solution pH, and always occurs when there is
an electron and a proton transfer. The main oxidation peak Ia
was shifted to a less positive potential with increasing pH. The
slope of the Ep vs. pH curve of 60 mV/pH (Ep,Ia (V) = � 0.060
pH + 1.21; R2 = 0.998), showed that this oxidation process involved
an equal number of electrons and protons. The pH independency of
peak IIa potential indicated that protons were not involved in this
process.

The half peak width (W1/2) values obtained from DPVs were
used for the determination of the number of electrons, n, involved
in the oxidation process using the following equation [49]:
W1=2 ¼ 3;52RT
anF

ð3Þ

With increasing pH, width at half-height, the W1/2 of peak Ia
changed and was in the range from 0.083 V to 0.098 V. According
to the literature [52], the transfer of one electron corresponds to a
theoretical value ofW1/2 = 90 mV, so our results showed that in the
oxidation process one electron and one proton were transferred.

The oxidation peak IIa that appeared only at 5.0 < pH < 9.0
exhibited the highest peak current in neutral medium. Taking into
consideration that peak potential is independent of pH, it is
expected that protons do not participate in this oxidation process.
The measured value for W1/2 was always 0.088 V (independent of
pH) and almost equaled the theoretical value of the transfer of
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one electron. Therefore, the oxidation step corresponding to peak
IIa, occurs with the transfer of one electron only.

When the results obtained by CV and DPV were compared, it
could be assumed that the overall oxidation process of 9Cl-A
involved transfer of two electrons which could be explained as
two one-electron steps (DPV method).

SWV is more sensitive than other voltammetric techniques and
it is often used for reversibility predictions [58,59] since oxidation
and/or reduction peaks can be registered in the same experiment.
SW voltammograms of 2.5 � 10�4 M solutions of 9Cl-A at pH 4.5
and 6.2 (presented at Fig. S3 in Supplementary Material) showed
results similar to that seen by DPV. One oxidation peak in acidic
medium (Ep,Ia = 0.97 V) (vs. Ag/AgCl, 3 M KCl) and two anodic peaks
at pH 6.2 (Ep,Ia = 0.86 V, Ep,IIa = 1.33 V) (vs. Ag/AgCl, 3 M KCl) could
be seen in the net current (Itot, black line). The same direction of
the forward and reverse current components (If - red line; Ib –
green line) demonstrated the irreversible nature of the 9Cl-A oxi-
dation processes [60,61] which was in line with CV.

3.2. Reduction

Reduction was investigated by CV in 2.5 � 10�4 M 9Cl-A, in dif-
ferent buffer solutions with pH ranging from 2.0 to 8.0. Peak Ic was
present only in acidic solutions, and its potential was shifted to
more negative potentials, following the equation Ep,Ic (V) = � 0.0
62 pH � 0.40 (Fig. 4).

The calculated slope, approximately � 60 mV per pH unit, cor-
responded to the 9Cl-A reduction process involving the same num-
ber of electrons and protons [48]. No oxidation peak was observed
upon scanning in the positive direction. This indicated that reduc-
tion of 9Cl-A was an irreversible process (Fig. 4).

Considering that the difference between peaks potential and
potential at their half height Ep;Ic � Ep1=2;Ic

�� �� was in the range from
93 mV to 107 mV (depending on pH and scan rate), the reduction
of 9Cl-A most likely occurred via transfer of one electron and one
proton.

CVs were also obtained at different scan rates at pH 4.5. Catho-
dic shift in reduction peaks with increasing scan rate indicated that
the reduction process was controlled by mass transport. This state-
ment was verified by the linear dependency of peak current on the
square root of scan rate [53–55] which was calculated to be Ip,Ic
(mA) = � 2.35 m1/2 (V s�1)1/2 – 0.212; (R2 = 0.964). The diffusion con-
trolled nature of the reduction process was confirmed by the log Ip,
Ic vs. log m linear dependence, with a slope value of 0.36.
Fig. 4. The CVs of 2.5 � 10�4 M 9Cl-A, first scan plotted as a function of pH of the
supporting electrolyte; Inset is a plot of Ep vs. pH for reduction peak Ic (y = –
0.062 � – 0.40; R2 = 0.982); m = 50 mV s�1.
The effect of scan rate on 9Cl-A Ic reduction peak potential was
examined. The plot Ep,Ic vs. log m (Fig. S2, Supplementary Material)
yielded a relationship Ep,Ic (V) = 0.028 logm (V s�1) � 0.69;
(R2 = 0.953) with a slope of 28 mV, which was a little higher than
expected for a dimerization process [57], but still an indicative
parameter for such a chemical step following electron transfer.

Using the same methodology already presented for the oxida-
tion process, i.e. applying the Randles-Sevcik equation for an irre-
versible, diffusion controlled reduction process, the diffusion
coefficient of 9Cl-A at pH 4.5 was determined to be D9Cl-A = 7.63
� 10�7 cm2 s�1.

The pH influence on the 9Cl-A (c = 2.5 � 10�4 M) reduction pro-
cess was studied using DPV between pH 2.0 and 8.0. In all the elec-
trolytes used, the DP voltammograms indicated reduction peak Ic,
as presented in Fig. 5A. With increasing pH, peak current intensity
decreased and peak potential shifted towards more negative val-
ues. The peak potential dependance on pH was linear and followed
the relationship:

Ep,Ic (V) = � 0.064 pH � 0.28 (Fig. 5B).
A slope of � 0.064 V per pH unit concurred with CV results for

the reduction process that happened with the transfer of the same
number of electrons and protons. According to the measured width
at half-height of the peak that wasW1/2 > 100 mV, reduction occurs
with the transfer of one electron and one proton.

At pH > 5 the principal DPV reduction peak lost its sharpness.
With further pH increase it deconvoluted. The presence of the sec-
ond reduction peak, suggested another consecutive electron
transfer.
Fig. 5. (A) 3D plot of DP voltammograms of 2.5 � 10�4 M 9Cl-A reduction recorded
at different pH; (B) Plot of Ep vs. pH (y = –0.064 � � 0.28; R2 = 0.972); d – peak Ic.
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SW voltammograms from a 2.5 � 10�4 M solution of 9Cl-A at
pH 4.5 (Fig. S4 Supplementary Material) recorded net current (Itot)
reduction peak (Ep,Ic = -0.54 V (vs. Ag/AgCl, 3 M KCl)) together with
the forward (If) and backward (Ib) current components. It was clear
that forward and backward components of the total current were
in the same direction [62,63], indicating the irreversible nature of
the reduction process of 9Cl-A.

3.3. Oxidation and reduction mechanism

Based on the electrochemical data presented, and supported by
the fact that 9Cl-A has a planar structure, mechanisms of 9Cl-A oxi-
dation and reduction are proposed.

The oxidation process, according to the CV results, requires two
electrons and two protons, whereas using DPV oxidation takes
place as two one electron processes. The change in CV oxidation
peak current with pH suggested that two consecutive electron
Scheme 1. (A, B) Proposed mechanism for oxidation of 9C
transfer reactions were separated with an intermediate chemical
step (dimer formation).

A monomer radical cation is produced in the first step after irre-
versible electron transfer at a potential of � +1.0 V (vs. Ag/AgCl,
3 M KCl) with loss of one electron, Scheme 1-A. After the unpaired
electron is delocalized in the radical cation, the attack site of the
9Cl-A cation radical may be positions 1 or 3 while positions 4a
and 9 are less likely due to steric hindrance (Scheme 1-C). There-
fore, it may be assumed that two 9Cl-A cation radical monomers
would dimerize (upon formation of a C-N bond) which then con-
tinues with the second consecutive electron transfer, as presented
in Scheme 1-A, forming a new cation radical.

It may be assumed that the non-protonated form of the dimer,
which is dominant at higher pH values, more easily looses elec-
trons compared to its protonated form, which causes formation
of a new cation radical (Scheme 1-B). Therefore, the DPV results
obtained between pH 5.0 and 9.0 indicating another peak appear-
l-A; (C) Resonance structures of 9Cl-A radical cation.
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ing at a potential of � 1.3 V (vs. Ag/AgCl, 3 M KCl) represented the
second electron transfer step.

Electrochemically initiated dimerization, as a chemical step tak-
ing place between electron transfer steps, was experimentally con-
firmed by the slope of Ep,Ia vs. log m plot and a value of 21 mV.

Formation of the monomer radical upon oxidation has already
been reported for acridine orange [64] and other acridine deriva-
tives [35]. The proposed mechanism concurs with suggested oxida-
tion of similar substances, including acridine which continues via
the formation of radical cation monomers, dimers and even tetra-
mers [36] and hexamethylacridine, where an oxidation product
has been isolated, and via mass spectrometry it was identified as
an acridine type dimer [35].

Reduction of 9Cl-A occurs irreversibly, involving one electron
and one proton, resulting in radical formation. The proposed reduc-
tion mechanism is presented in Scheme 2. The formed radical is
not stable and dimerization is postulated. Due to resonance, differ-
ent positions may contribute to the dimerization. Steric hindrance
makes position 4a less likely for dimerization compared to posi-
tions 1 and 3. Therefore it can be assumed that two 9Cl-A radical
monomers form a dimer, supported by the resulting slope of Ep,Ic
vs. log m plot.

The reduction of acridines was previously studied using differ-
ent electrodes in different solutions [37–39]. The investigators con-
cluded that it led to the formation of intermediate a semiquinone
radical which concurs with our results.
3.4. 9-Chloroacridine - dsDNA interaction

Based on the fact that some acridine derivatives can interact
with DNA and that 9Cl-A molecule has a planar structure, it is
expected that 9Cl-A will show affinity towards DNA. The opera-
tional principle of an electrochemical DNA biosensor is based on
changes in oxidation signals of both DNA bases and interacting
molecules upon the formation of DNA-molecule complexes. For
that reason it was important to investigate the mechanism and
nature of the 9Cl-A oxidation process in detail, in order to use this
principle for detection, monitoring and explanation of the interac-
tion process.

Besides being very advantageous in electroanalysis, SWV was
employed in our current study because it offers better resolved
voltammograms, less distorted by capacitive effects and more sen-
sitive to electrode kinetics than cyclic voltammograms. Analysis is
performed at higher speed, electroactive species are less consumed
Scheme 2. (A) Proposed mechanism for reduction of
compared to DPV [65] and problems with electrode surface poison-
ing are reduced [66].

dsDNA oxidation studies using the DPV method are numerous
[4,13,23,26,67]. Despite the above-mentioned published refer-
ences, we chose to work with SWV. dsDNA oxidation was studied
at pH 4.6 (acetate buffer, I 0.10 M) and pH 7.0 (phosphate buffer, I
0.10 M). The obtained SW voltammograms are shown in Fig. 6 (pH
4.6 - red line, pH 7.0 - black line). Although pH 7.0 was close to
physiological pH (and for that matter significant), performing the
experiments at pH 4.6 was more convenient for two reasons.
Firstly, currents were higher and peaks were better shaped; sec-
ondly, peak IIa was not present, therefore overlap with the second
DNA peak was avoided, which was crucial for the interpretation of
the interaction. At pH 4.6, in acetate buffer the SW voltammogram
of the dsDNA multilayer biosensor had two oxidation peaks repre-
senting oxidation of deoxyguanosine (dG) and deoxyadenosine
(dA) at potentials 1.05 V and 1.30 V, respectively (Fig. 6).

In a new experiment the SW voltammogram of 9Cl-A was
recorded at bare GCE under the same conditions as when the
dsDNA biosensor was used. For this purpose, bare GCE was
immersed in a 1.0 � 10�4 M 9Cl-A solution for 5 min and then
transferred to the electrochemical cell with acetate buffer at pH
4.6 where the voltammogram of adsorbed 9Cl-A at electrode sur-
face was recorded. In Fig. 6 the SW voltammogram of adsorbed
9Cl-A (blue line) is presented together with the voltammogram
obtained from the 1.0 � 10�4 M 9Cl-A solution (pH 4.6) (green
line), showing the Ia oxidation peak with a lower current and
slightly more positive potential, as expected when this transfer
technique is applied. Both 9Cl-A voltammograms showed the
absence of the IIa oxidation peak.

After the interaction of 9Cl-A in an incubated solution with DNA
immobilized on the electrode surface, its morphology changed,
which caused changes in dG and dA oxidation peaks. The interac-
tion was initially detected after a 5 min incubation of the DNA
biosensor in 1.0 � 10�4 M 9Cl-A solution [30]. Peaks Ia of 9Cl-A
and dG of DNA overlapped and superimposed resulting in an
increase in total current (Ia + dG, Fig. 7), making it difficult to dis-
tinguish between these two contributions. Therefore, only the
change in dA peak was informative for clarifying the interaction.
After incubation, peak dA was shifted to a more positive potential
and its height decreased. In order to confirm that the decrease in
the dA peak was due to the interaction with 9Cl-A, a control
dsDNA-electrochemical biosensor was held in the buffer solution
pH 4.6 for 30 min. As expected, no changes were detected in the
DNA voltammogram.
9Cl-A; (B) Resonance structures of 9Cl-A radical.



Fig. 6. SW baseline corrected voltammograms of: ( ) dsDNA biosensor, pH 4.6;
( ) dsDNA biosensor, pH 7.0; ( ) 9Cl-A adsorbed from the solution, pH 4.6;
( ) 1 � 10�4 M 9Cl-A solution, pH 4.6.

Fig. 7. SW baseline corrected voltammograms of 9Cl-A – DNA after interaction with
different 9Cl-A concentration: ( ) 1 � 10�4 M, ( ) 8 � 10�6 M, ( )
5 � 10�7 M, ( ) 3.3 � 10�7 M, ( ) 1 � 10�7 M, and ( ) dsDNA
biosensor; pH 4.6; (tincubation = 30 min).

Table 1
The 9Cl-A–DNA interaction expressed by normalized values of the SW voltammetric
responses and change in the dA peak potential for different incubation times (c9Cl-
A = 1 � 10�4 M).

tincubation (min) d(dA) (%) DEp (V)

5 89.25 0.016
10 70.61 0.016
30 48.45 0.018
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The influence of interaction time (5, 10 and 30 min) between
adsorbed DNA and 1.0 � 10�4 M 9Cl-A in solution (pH 4.6) on dA
and dG peak current was investigated in our previous work [30].
The optimum time for interaction was chosen (30 min) according
to a very pronounced decrease in dA peak current (DIp � 100
nA). This was probably a result of 9Cl-A interaction with dA resi-
dues and the formation of DNA aggregates, as reported for other
intercalating drugs [68]. Several chemotherapeutic agents
[13,16,17,23] also interacted with DNA and caused a decrease in
the dA peak which was, upon interaction, the consequence of
impaired transfer of electrons to the electrode surface. A slight shift
towards a more positive potential value suggested that the exam-
ined compounds intercalated into DNA.

The decrease in the dA peak (Fig. 7) indicated that during the
interaction a ds-DNA structure could be distorted as a result of
subtle damage by 9Cl-A. The changes in the current responses
can be expressed as normalized peak current: d(dA)(%), using the
equation:

d dAð Þ %ð Þ ¼ 100Ip;dA=Ip0;dA ð4Þ
where Ip,dA and Ip0,dA represent deoxyadenosine peak currents after
and before interaction with 9Cl-A. The obtained results are summa-
rized in Table 1. The normalized peak current decreased after a
30 min incubation time by > 50% when 1.0 � 10�4 M 9Cl-A was
used.

The phenomenon of the change in the nature of the interaction,
from electrostatic to intercalative, with an increase of ionic
strength was reported previously [69,70]. Based on those studies,
the formal potential shift in the negative direction at low ionic
strengths indicated that the behavior of the ds-DNA on the elec-
trode surface was due to electrostatic interactions, while the for-
mal potential shift in the positive direction at higher ionic
strengths indicated intercalative interactions. According to our
results [the shift of the dA peak potential of 0.018 V in the positive
direction (Table 1)], the interaction between 9Cl-A and DNA could
be characterized as intercalation.

According to previous results and discussions above, the inter-
action occurs between adsorbed DNA molecules on the surface of
the electrode and the 9Cl-A from the incubation solution in which
the incubation takes place. The aims of additional experiments
were to investigate the concentration effect of the 9Cl-A incubation
solutions on the interaction which resulted in formation of
adsorbed supramolecular compound as well as to determine the
lowest 9Cl-A concentration at which it was possible to detect inter-
action between DNA and 9Cl-A using SWV.

The decrease in dA peak current was used to examine the inten-
sity of the interaction of dsDNA adsorbed onto the electrode surface
and the different concentrations of incubation 9Cl-A solution rang-
ing from 1.0 � 10�7 M to 2.5 � 10�4 M. The voltammograms pre-
sented at Fig. 7 showed that the anodic responses of the dA moiety
changed with different concentration of 9Cl-A after a 30 min inter-
action. Fig. 8 shows two concentration ranges where the dA peak
current showed linear dependence v. concentration. Sudden peak
current decrease was evident at low concentrations indicating sig-
nificant complex formation. As the 9Cl-A concentration increased,
the peak current intensity stabilized. Accordingly, linear depen-
dence with regression equations Ip Að Þ ¼ �0:038c Mð Þþ 1:53� 10�7

(R2 = 0.867) and Ip Að Þ¼�1:10�10�4c Mð Þþ8:44�10�8 (R2 = 0.920)
were found for 9Cl-A concentration ranges 1.0 � 10�7 M –
1.3 � 10�6 M and 8.0 � 10�6 M – 1.0 � 10�4 M respectively
(Fig. 8). At 9Cl-A concentrations higher than 1.0 � 10�4 M dA peak
current slightly increased (2.5� 10�4M, data not shown [31])which
might have been attributed to lower capability of 9Cl-A binding to
electroactive DNA bases under these conditions.

The apparent binding constant of the supramolecular 9Cl-A-
DNA complex, formed by the interaction between 9Cl-A in solution
and dsDNA molecules adsorbed on the electrode surface, was
determined. The concentration of dsDNA adsorbed on the electrode
surface was constant whilst 9Cl-A concentration increased during
the experiment. This modification of a standard titration procedure
[71] was conducted assuming that only one type of complex was
formed and that the process could be presented by the following
equilibrium reaction:

DNAads + n(9Cl-A) $ (9Cl-A)n–DNAads

and the corresponding equilibrium constant:

K ¼ 9Cl� Að Þn � DNAads
� �

DNAads½ � 9Cl� A½ �n ð5Þ



Fig. 8. Dependence of SWV dA peak current on the concentration of incubation 9Cl-A solutions (y = –0.038 � + 1.53 � 10�7; R2 = 0.867 and y = –1.10 � 10�4 � + 8.44 � 10�8;
R2 = 0.920 for 9Cl-A concentration ranges 1.0 � 10�7 M – 1.3 � 10�6 M and 8.0 � 10�6 M – 1.0 � 10�4 M respectively).
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Transforming the previous expressions, the following equation:

log
Icomplex

IDNA � Icomplex

� �
¼ �nlogK � nlogc9Cl�A ð6Þ

was obtained where IDNA and Icomplex represented dA peak currents
in the absence of 9Cl-A and with different 9Cl-A concentrations
forming the dsDNA-9Cl-A complex, respectively. Based on the
obtained values for the slope (n = 0.886 � 1) and the intercept from

the linear dependence log Icomplex
IDNA�Icomplex

h i
vs. logc9Cl�A (Fig. 9) the value

for the binding constant of the adsorbed complex was determined,
Fig. 9. Plot of log Icomplex
IDNA�Icomplex

h i
vs. logc9Cl�A dependence (y = – 0.886 � � 4.91;

R2 = 0.925).

Fig. 10. Binding of 9Cl-A (A) an
K = 3.45 � 105 M�1. The resulting binding constant was comparable
with the values in the range 104 – 106 M�1 reported for the other
compounds and intercalating drugs [72–74] obtained using electro-
chemical and spectroscopic methods for complexes formed in solu-
tion. The K value obtained in this work was greater in comparison to
the binding constant for acridine orange intercalating into dsDNA
(KAO = 2.69 � 104 M�1) determined using spectroscopic methods
in neutral solution [72], which could be explained by easier interac-
tion of the components when dsDNA is adsorbed.

By using the obtained binding constant of the complex between
the adsorbed dsDNA and 9Cl-A, the change in the Gibbs free energy
(DG), representing a measure of the formed complex stability, was
calculated according to the equation:

DG ¼ �RTlnK ð7Þ
(all the measurements were conducted at room temperature
(25 �C). DG = � 31.55 kJ mol�1 was obtained and the negative
DG value confirmed the process spontaneity when the interaction
occurred on the electrode surface between 9Cl-A and adsorbed
dsDNA [56].

The lowest 9Cl-A concentration whose interaction with DNA
was possible to detect using SWV was 1.0 � 10�7 M, confirming
previously quoted references which stated SWV’s advantages com-
pared to other voltammetric methods.

3.5. Results of molecular docking analysis

According to previous investigations, the synthetic drug amsa-
crine (AMSA) has been proven to be an intercalating agent and acts
as a topoisomerase II poison [44]. Amsacrine has an acridine core.
Due to its mechanism of action and its structural similarity to 9Cl-
A we used the DNA/amsacrine/topoisomerase II complex from PDB
d amsacrine (B) to dsDNA.
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for our docking analysis. The docking analysis was performed to
reveal binding interactions of 9Cl-A with DNA nucleotides. The
binding energy of 9Cl-A (�7.7 kcal/mol) was similar to AMSA
(�7.5 kcal/mol). The most significant interactions of 9Cl-A with
DNA were between the acridine ring and DC8 (p – p stacked),
DT9 (p – p stacked), DA12 (p – p stacked), DG13 (p – p stacked),
DC8 (p –alkyl), DT9 (p – alkyl), DA12 (p – alkyl) and DG13 (p –
alkyl). This study confirmed that intercalation between the base
pairs was the most probable mode of 9Cl-A binding to DNA. The
comparison of 9Cl-A and amsacrine binding interactions to dsDNA
is shown in Fig. 10.
4. Conclusions

By applying cyclic, differential pulse and square wave voltam-
metry using a glassy carbon electrode, the electrochemical behav-
ior of 9Cl-A was studied. A complex, pH-dependent, diffusion-
controlled, irreversible redox process consisting of independent
oxidation and reduction electrode reactions was revealed. Oxida-
tion of 9Cl-A started with the formation of a cation radical mono-
mer that rapidly underwent dimerization yielding a dimer that was
oxidized by a second consecutive electron transfer forming new
cation radical. The reduction of 9Cl-A produced radical monomers,
that became stable after dimer formation. The glassy carbon elec-
trode covered with three drops of dsDNA solution, representing
electrochemical biosensor, was used to examine interaction
between 9Cl-A and DNA. The interaction that occurred with sur-
face immobilized dsDNA was characterised by the change in the
dA oxidation peak position and by comparing the peak currents
recorded before and after incubation.

These changes were followed by SW voltammetry. The most
pronounced decrease in dA peak at pH 4.6 was observed with
1.0 � 10�4 M 9Cl-A after a 30 min incubation. The lowest 9Cl-A
concentration whose interaction with DNA was possible to detect
using SWV was 1.0 � 10�7 M. Different concentrations of 9Cl-A
(1.0 � 10�7 M – 1.0 � 10�4 M) were used to calculate the binding
constant (K = 3.45 � 105 M�1). The negative value of Gibbs free
energy change suggested that the formation of the adsorbed 9Cl-
A–DNA complex occurred spontaneously. A very stark decrease
in dA peak intensity, together with slight shift of potential towards
a more positive value, suggested that the interaction occurred via
intercalation of 9Cl-A within double strands of DNA. Experimental
data were supported by the molecular docking analysis. It may be
assumed that 9Cl-A intercalates into DNA strands and leads to
more rigid structure formation, causing condensation of dsDNA.

The novelty of our work is that it provides insight into the redox
mechanism, dimer formation and detailed electrochemical proper-
ties, during the 9Cl-A - DNA interaction and nature of the complex
formed, using simple electroanalytical methodology. The ability to
form a complex with DNA promotes 9Cl-A as a candidate to be a
precursor for drug design, synthesis and pharmaceutical develop-
ment of new antitumor agents.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This work was supported by the Ministry of Education, Science
and Technological Development of the Republic of Serbia, Projects
No. 172033 and 172041. The authors are grateful to prof. dr Vladi-
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