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Abstract

Introduction: Does DNA superhelicity effect nucleic acid interactions with drugs? To test
such a possibility, the interactions of the linear and superhelical forms of the pGEX-4T-2
plasmid have been investigated with a newly synthesized compound, 4-chloro-6-(1H-
imidazo [4,5-b]phenazine-2-yl)benzene-1,3-diol, positively tested for the antiproliferative
(cell growth-limiting) properties, important for the development of anticancer drugs. Meth-
ods: The accumulation of the compound, and its possible reorientation (phase transition)
within the plasmid layer adsorbed on a Glassy Carbon (GC) electrode has been monitored
in 5 min. intervals using alternatively two voltammetric methods—Differential Pulse
(DP), showing redox properties and—Alternating Current (AC), reflecting both redox and
structural properties (capacity/resistance change related to DNA condensation) of the
DNA-drug layers. Results and Discussion: The accumulation plots of the compound in
plasmid layers are different for superhelical and linear pGEX-4T-2 and also depend on the
DNA coverage by the compound. The reorientation (phase transition) occurs at a com-
pound concentration 2 µM for the superhelical plasmid and 1.5 µM for the linear one, as
compared to 8 µM for the compound layer formed on bare GC, thus proving the existence
of the DNA–compound interactions. Interestingly, the phase transition is redox-sensitive,
e.g. AC redox signal II is visible for the linear, but not for the superhelical plasmid, thus
reflecting different orientation of the compound in these two types of pGEX-4T-2 plasmid,
related to the condensation in the DNA–compound layer and seen as a decrease in the C/R
signal. Conclusions: The results suggest that the reorientation of the compound leading
to plasmid condensation occurs differently in supercoiled and linear pGEX-4T-2 (redox
specific accumulation and condensation).

Keywords: supercoiled DNA; anticancer drugs; pGEX-4T-2 plasmid; label-free DNA
detection; glassy carbon (GC) electrode; AC voltammetry
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1. Introduction
Supercoiling is not only an intriguing feature of plasmid DNAs but also plays an

important role in the structure of chromosomal DNAs [1–3]. For instance, the moderate
supercoiling exhibited by chromosomal DNAs in vivo can be compared to the (negative)
supercoiling of the pUC19 plasmid [4].

The relation between supercoiling and DNA transcription was predicted theoretically
in the late 1980s by Liu and Wang [5], named the “twin transcriptional-loop model” and
discussed in terms of supercoiling regulation, DNA conformational transition, and gene
regulation in both prokaryotes and eukaryotes. Such a relation, referred to later as the
“twin-supercoiled domain” model, has been shown experimentally in several studies [6–13].
Simultaneously, over the years, the use of plasmids in gene therapy, related to cancer
research, has grown substantially, e.g., in “Lipoplexes”—complexes of plasmid DNA with
cationic lipids [14,15] and in plasmid DNA-based vaccines [16–19].

The use of topologically different forms of plasmid DNA, possessing the same se-
quences and numbers of base pairs but various three-dimensional (3D) structures, opens a
new route in studying DNA–drug interactions. The role of three-dimensional DNA struc-
tures in DNA–drug interactions is not well described yet. A rare example of the research
on the subject is a recent demonstration (in vitro and in cells) of the preferential binding
of specific proteins connected with cancer development and progression to supercoiled
vs. relaxed and linear plasmid DNA [20–22]. Similarly, DNA structures (hairpin, Y- and
X-shaped, described as origami structures) embedded in the PLL polymer (natural peptide
poly-L-Lysine) have recently been used as an anticancer drug controlled-release system [23].
The influence of the DNA architecture on the functionality of such nano-sized surfaces has
been pointed out.

Spectroscopic techniques, e.g., UV fluorescence and circular dichroism spectroscopy [24–27],
have been widely applied to the study of plasmid DNA–drug interactions. Conformational
sequence-related aspects of DNA–drug interactions have been reported for intercalators,
such as anthracycline antibiotics [28], polyamide groove binders and threading intercalators,
like binuclear ruthenium (II) complexes with a bidppz bridging ligand [29,30]. Interestingly,
the femtosecond dynamics of DNA-mediated electron transfer has been detected [31,32].
In terms of the superhelicity of the plasmid used, relaxation of the DNA accompanying the
intercalation has been postulated [31], and at high drug concentrations, the condensation of
the DNA structure has also been observed [32,33]. Interestingly, the femtosecond dynamics
of DNA-mediated electron transfer has been detected [34,35].

Extensive studies on DNA-mediated electrochemistry using MB, AQ, or Nile Blue (NB)
have shown a number of possible interactions between DNA and each substance [36–38]. In-
terestingly, these interactions depended on the ‘architecture of DNA-modified surfaces’ [37]
and included the intraduplex as opposed to interduplex mediation of the DNA electron
transfer [38].

Electrochemistry offers a new approach to studying DNA–drug interactions. Using
a variety of sensitive techniques, SW, DP, AC, or impedance, rather than CV, redox pro-
cesses of drugs can be monitored at micromolar or sub-micromolar concentrations, thereby
leading to a better understanding of the interactions between DNA and pharmaceuticals,
as discussed in detail in a recent review [39], mentioning also other advantages of using
electrochemical techniques, such as low cost of portable equipment and high reliability, as
discussed in recent review [39].

The electrochemistry of DNA, mainly chromosomal dsDNA but sometimes also plas-
mids and the results of monitoring the DNA interactions with various electroactive sub-
stances, are summarized in extensive reviews [2,40–47]. The DNA–drug binding on glassy
carbon (GC) electrodes has been reported with compounds such as nitroimidiazoles [48],
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daunomycin [49], benznidiazole [50], adriamycin [51], fludarabine [52], methotrexate [53],
clofarabine (CLF) [54], temozolomide [55], gemcitabine (GEM) [56], topotecan [57] and
lumazine [58], known for their anticancer properties, as well as drugs; e.g. antileukemia
Glivec [59] and anti-influenza Peramivir [60]. The changes in the redox processes of DNA
and drugs can be monitored simultaneously [48,50,51,59].

To study the mechanism of DNA interactions with various substances, electrodes
other than mercury or glassy carbon (GC) are also used; e.g., gold electrodes that have
been used to study adsorption of ds DNA [61,62] and DNA interactions with Methylene
Blue (MB) [63], as well as anthraquinone (AQ) [64]. Also, the mechanism of action of
copper(II )- phenanthroline complexes (potential anticancer drugs) with DNA [65], as well
as the damaging effect of copper (I) polypirydyl complexes on DNA [66], have recently
been studied.

Monitoring DNA damage due to DNA strand brakes [67–70], can easily be realized
by detecting the oxidation of 8-oxo-guanine at much lower potential than the oxidation of
guanine in the DNA layers adsorbed on the electrode. For instance, the peak observed at
0.513 V vs. Ag/AgCl at pH 4.7 can be attributed [71–74] to the oxidation of 8-oxoguanine
related to DNA degradation versus the one at 0.825 V, typical for the oxidation of guanine.
However, sometimes no oxidative DNA damage is detected and the non-specific DNA–
drug interactions can be attributed to DNA condensation [75,76]. Recently, the cleavage
processes of the circular plasmid pTagGPP2 and in calf thymus DNA have been studied
using carbon nanotubes immobilized on screen-printed electrodes [77]. The use of the
mercury electrode modified with a supercoiled plasmid has also been suggested for the
detection of DNA strand-cleaving agents [67–70].

In electrochemistry, plasmid DNAs are less frequently used to probe DNA–drug inter-
actions as compared to other DNA structures [2,40–47,78], even though plasmids can also be
reduced on mercury electrodes, e.g., [67–69,78] and oxidized on carbon electrodes [77–81].
Traces of the plasmid DNA [79,80] or RNA [81] can be determined using adsorptive strip-
ping potentiometry [79–81].

In our early study we used both chromosomal dsDNA as well as plasmid DNAs—
pUC19 and pGEX-4T-2. Using dsDNA, we electrochemically probed [82,83] the interactions
of pentamidine, bis-indole, and daunorubicine analogues using screen-printed electrodes
(SPEs). The change in the oxidation signals of the drug and nucleic acid bases was detected
in each case. We have also used the plasmid DNAs − pUC19 and pGEX-4T-2, adsorbed
on SPEs [84] and glassy carbon (GC) [85] electrodes to study the interactions of both
the superhelical (sc) and linear (lin) forms of these plasmids with a model compound—
Methylene Blue (MB). We have shown a significant difference between the ability of the
plasmids in these two distinct forms to interact with MB, particularly at sub-micromolar
MB concentrations, thereby pointing again to the dependence of the electron transfer on
the ‘DNA architecture’ [37].

In addition to probing the effect of superhelicity on DNA/MB interactions, the use of
plasmids allows for lowering [85] DNA concentrations down to pg/mL and, consequently,
MB drug concentrations to sub-micromolar values. The use of such low concentrations
of the compound interacting with DNA is crucial when new drugs are tested. Another
intriguing conclusion from studying the interactions of pUC19 and pGEX-4T-2 plasmids
with MB (redox probe) is that the ratio of the two MB redox signals MB(II)/MB(I) is not
constant with the increasing MB concentration and changes differently for each plasmid,
contrary to the situation when MB is adsorbed on the bare electrode, i.e., not covered with
a plasmid.

Using the same methodology as that in the case of MB/plasmid interactions, we
electrochemically [86,87] studied the interactions of the scpUC19 plasmid with two potential
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anticancer drugs: IPBD and Cl-IPBD, and we tested their metabolic activities (MTT and
LDH tests). When adsorbed on the bare electrode, the accumulation of these compounds
could be detected, as in the case of MB, by the increase in each of the four redox peaks,
(I) to (IV), almost the same for all MB redox peaks, but not for IPBD or Cl-IPBD redox peaks
I, II and V. For instance, the accumulation of these compounds in the scpUC19 plasmid, seen
as an increase in peak I, was higher for Cl-IPBD than for IPBD. Interestingly, the toxicity
of Cl-IPBD was also much higher for Cl-IPBD than for IPBD. Such correlation suggests
that toxicity might depend on a certain, specific orientation of the compound within the
DNA structure, possibly realized by reorientation of the compound in the DNA layer when
the redox state of the compound is changed. Fast reorientation of the compounds, prior
to the accumulation in DNA structures, has been suggested in femtosecond spectroscopic
measurements [34,35].

In this work, we further tested the idea of the ‘redox-specific accumulation and conden-
sation’ due to the reorientation of the compounds incorporated into DNA electrode layers.
Using a previously tested methodology [85], we employed a pGEX-4T-2 plasmid DNA in
its two forms—the superhelical (sc) and linear (lin) forms—to study the interactions with
a newly synthesized compound: 4-chloro-6-(1H-imidazo [4,5-b]phenazine-2-yl)benzene-
1,3-diol, one of a variety of compounds synthesized previously [88,89], positively tested
biologically for the antiproliferative (i.e., cell growth-limiting) properties using cancer cells.
The compound is redox-active, possessing five distinct oxidation steps, (I)–(V), thereby
allowing for monitoring the relations between these signals with accumulation, from
1–50 uM solutions on the bare electrode and on the electrode covered with either the linear
(lin) or superhelical (sc) pGEX-4t-2 plasmid63.

In addition to using Differential Pulse (DP) voltammetry to monitor the redox signals
of both DNA and the drug, as described before in our studies with MB [84,85], in this
study, we additionally employed Alternating Current (AC) voltammetry to monitor the
changes in the capacity and resistance of the DNA layers accompanying the DNA–drug
interactions. The DP and AC measurements were taken sequentially in the same experiment
and, therefore, these results represent the plasmid–compound interactions occurring in
the same DNA layer adsorbed on the glassy carbon (GC) electrode. The simultaneous
use of these two methods allowed for the detection of the phase transition leading to the
compound condensation within the DNA layers; preliminary results have been reported as
an Extended Abstract [86].

2. Experimental
2.1. Solutions, Reagents, and General Experimental Conditions
2.1.1. Plasmid Preparation

The supercoiled plasmid DNA, scpGEX-4T-2, was isolated from Escherica coli (XI1Blue
MRF’) bacteria and processed to obtain the linear plasmid, linpGEX-4T-2. The procedure
was performed by Katarzyna Michalska and Dominika Janiszek in the Professor Krzysztof
Staron laboratory under the supervision of Dr. Agnieszka Girstun, Department of Molecular
Biology, Institute of Biochemistry, University of Warsaw, Poland. The plasmids and other
solutions were stored at 4 ◦C.

Plasmids were prepared and purified using standard methods, as described in our
earlier publication [85].

The purity of the plasmids and their concentrations were determined spectroscopically.
The concentrations of the DNA stock solutions determined were as follows: pGEX-4T-2:
252 µg/mL (supercoiled scpGEX-4T-2) and 81 µg/mL (linear linpGEX-4T-2). The ratio of
absorbance at 260/280 nm less than 1.8 ensured the separation of DNA from protein impurities.
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The details of the procedures used are included in the Supplementary Data presented
previously [85].

2.1.2. Synthesis of 4-chloro-6-(1H-imidazo [4,5-b]phenazine-2-yl)benzene-1,3-diol

The reaction path used for the synthesis (performed by Monika M. Karpińska) of the
compound-4-chloro-6-(1H-imidazo [4,5-b]phenazine-2-yl)benzene-1,3-diol, used later to
study its interactions with the pGEX-4T-2 plasmid, is shown in Scheme 1. (Please note that
the intermediate in parentheses should carry a formal charge on sulfur.)

 
Scheme 1. Schematic of reaction path leading to synthesis of 4-chloro-6-(1H-imidazo [4,5-
b]phenazine-2-yl)benzene-1,3-diol; RT in first reaction step stands for sulfinylbis(5-chloro-2,4-
dihydroxyphenyl)methanethione) (S5ClDFM).

A mixture of 2,3-diaminophenazyne (0.0013 mol) and sulfinylbis(5-chloro-2,4-
dihydroxyphenyl)methanethione (S5ClDFM) (0.003 mol) in MeOH (6 mL) was heated
to reflux for 3.5 h. The reaction mixture was then filtered without cooling. The formed solid
was filtered via a Büchner funnel and combined with that removed after concentration of
the filtrate. The compound was recrystallized from MeOH (4 mL).

Yield 71%; m.p. 210–211 ◦C; IR (KBr, cm−1): 3397 (OH), 3166 (OH), 2952 (CH),
1629 (C=N), 1580 (C=N), 1511 (C=C), 1479, 1368, 1355, 1282, 1247 (C-OH), 1203, 1186, 1164,
1139, 1084, 1025, 978, 931, 884, 827, 802, 789, 747, 711: 1H – NMR (500 MHz, DMSO-D6,
δ): 11,29 (s, 1H, C3-OH); 8,30 (s, 1H, C5-H); 8,00 (m, 2H, CAr-H); 7,73 (m, 2H, CAr-H); 7,00
(s, 2H, CAr-H); 6,74 (s, 1H, C2-H) ppm: MS (EI, m/z, B): 363 (M+, 7), 312 (4), 258 (18),
224 (10), 218 (22), 202 (23), 194 (11), 192 (35), 187 (36), 171 (100), 162 (12), 159 (57), 142 (38),
127 (35), 114 (14), 79 (11), 69 (21), 53 (11), 51 (17), 44 (19), 38 (18), 36 (60). Anal. calcd. for
C19H11ClN4O2 (362,77) C, 62,91; H, 3,06; N, 15,44%: Found: C, 62,99; H, 3,03; N, 15,51%.

2.1.3. General Experimental Conditions

All experiments were performed in 0.25 M acetate buffer (pH 4.7) with the addition of
18 mM MgCl2.

Acetic acid, sodium acetate, potassium chloride, and magnesium chloride were pur-
chased from POCh, Gliwice, Poland.

Milli-Q-grade water (18.2 MΩ cm) was used for the preparation of all solutions.

2.2. Equipment

Electrochemical measurements were performed with the AUTOLAB PGSTAT 12 elec-
trochemical analysis system with the GPES 4.8 software package (EcoChemie, The Nether-
lands) using Square Wave (SW) voltammetry (20 mV amplitude, 5 mV potential step, 25 Hz
frequency), DP voltammetry ( 25 mV amplitude, 5 mV potential step), and AC voltammetry
at either a 90◦ or 0◦ phase angle (5 mV amplitude, 66 Hz frequency).
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All electrochemical experiments were performed using a conventional glass cell,
containing the glassy carbon (GC) working electrode (3 mm diameter, 0.07 cm2 geometric
area), reference saturated calomel electrode (SCE) (KCl), and carbon stick counter electrode.

Atomic force microscopy (AFM) imaging of plasmids was performed with Bruker
Dimension Icon instrument using Bruker’s Sharp Nitride Lever (SNL) probes with a
nominal force constant of 0.12 N/m (Bruker Scientific LLC, Billerrica, MA, USA) The
images were acquired in Peak Force Tapping mode.

2.3. Procedure

As described before [85], meticulous cleaning of the working glassy carbon (GC)
electrodes as well as the reference and counter electrodes and the glass cell was a crucial
part of the experimental work. The cleaning procedure involved three steps: (1) polishing
the GC electrode with alumina for at least 20 min, soaking in 0.1 M H2SO4, and rinsing
with Milli-Q-grade water, (2) cleaning all other electrodes and the cell in an ultrasound
bath containing 10% H2O2, or ethyl alcohol, and then (3) soaking in concentrated H2SO4

and/or HNO3 solution and rinsing with Milli-Q-grade water. The same GC electrode was
used for the whole series of experiments. The stock DNA solutions were usually diluted
1000 times twice, or otherwise as needed, and microliter volumes of the diluted solutions
were added to 15 mL of the acetate (pH 4.7) buffer solution to achieve concentrations of
DNAs ca. 8 pg/mL.

The accumulation experiments were performed continuously using four voltammetric
methods [Square Wave (SW), Differential Pulse (DP), and Alternating Current with phase
detection at 90◦ (AC(90◦)) as well as at 0◦ (AC(0◦))]. The interval between the runs was
monitored and kept almost constant (ca. 20 min). Contrary to the previous report [85], not
only DP but also AC(0◦) voltammetric experiments are shown and discussed in this work.

For the Atomic Force Microscopy (AFM) of the DNA, the glassy carbon (GC) plate was
used as a working electrode in a three-electrode cell. The superhelical plasmid DNA was
accumulated for 150 min from a 4 pg/mL DNA solution in 0.25 M acetate buffer, 18 mM
MgCl2 (pH 4.7).

3. Results and Discussion
For the study of the interactions of the prospective anticancer drug with the two forms

of DNA, it was crucial to test and prove that these two forms of the pGEX-4T-2 plasmid
(4970 bp)—superhelical (sc) and linear (lin), differing only in their three-dimensional
structures—were preserved on the electrode and stable and the layers were uniformly
formed. The method of detection could not involve a DNA-interacting substance. For this
reason, a label-free method (i.e., without addition of a redox indicator) for the detection
of the plasmids (sc and lin) was chosen that involved the use of two different types of
voltammetry—Differential Pulse (DP) and Alternating Current (AC) voltammetry. In DP,
the oxidation of the nucleic acid bases was monitored as current increase at potentials
higher than +0.7 V vs. the SCE, while the oxidation of the compound was detected in a
wide range of potentials from −0.4 V to +0.6 V, as signals I-V. In AC voltammetry, although
some redox signals could also be seen, mainly the capacitative/resistive characteristic
(abbreviated as C/R) was detected.

The label-free accumulation of both the supercoiled and linear pGEX-4T-2 plasmids
on the glassy carbon (GC) electrode is shown in Section 3.1, while the accumulation of
the compound on bare GC is presented in Section 3.2. The interactions of the compound
with both the supercoiled and linear plasmids are shown in Section 3.3, and in Section 3.4,
the relevance of the plasmid superhelicity for the oxidation of nucleic acid bases in the
presence of the compound is discussed.
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3.1. Label-Free Detection of Linear (lin) and Supercoiled (sc) pGEX-4T-2 Plasmid Accumulation on
Glassy Carbon (GC) Electrode

Figure 1A,B depict the voltammetric runs taken in highly diluted, ca. 8 pg/mL,
linear pGEX-4T-2 plasmid solutions over a time period of 150 min; and Figure 2A,B
show the corresponding voltammograms for the supercoiled pGEX-4T-2 plasmid. These
voltammograms represent the DNA adsorption and accumulation on a glassy carbon (GC)
electrode detected via two various phenomena: redox processes—oxidation of nucleic acid
bases—in the DP method (Figures 1A and 2A), and capacitative/resistive (C/R) properties
of the plasmid layers adsorbed on a glassy carbon (GC) electrode in the AC method
(Figures 1B and 2B). The DP and AC measurements were taken sequentially within a ca.
20 min interval. This way, an atypical adsorption of the plasmid DNAs could be monitored
from two different points of view yet in the same experiment.

 

Figure 1. DP (A) and AC(0◦) (B) voltammograms showing the accumulation of a linear (lin) pGEX-4T-
2 plasmid on a GC electrode. Plasmid concentrations in 0.25 M acetate buffer, 18 mM MgCl2 (pH 4.7):
black lines—0, i.e., buffer solution; green dashed lines—8.1 pg/mL linpGEX-4T-2. Accumulation
times increase in the following order: (A) 0, 8, 28, and then every 20 min up to 168 min; (B) 0, 14, and
then every 20 min up to 174 min. The insets show the dependence of the DP and AC(0◦) current
densities on the plasmid accumulation time. The voltammetric currents were measured at 0.45 V and
1.3 V vs. the SCE.

 

Figure 2. DP (A) and AC(0◦) (B) voltammograms showing the accumulation of a supercoiled circular
(sc) pGEX-4T-2 plasmid on a GC electrode. Plasmid concentrations in 0.25 M acetate buffer, 18 mM
MgCl2 (pH 4.7): black lines—0, i.e., buffer solution; orange dashed lines—8.4 pg/mL scpGEX-4T-2.
Accumulation times increase in the following order: (A)—0, 8, 28, and then every 20 min up to
168 min; (B)—0, 14, and then every 20 min up to 174 min. The insets show the dependence of the DP
and AC(0◦) current densities on the plasmid accumulation time. The voltammetric currents were
measured at 0.45 V and 1.3 V vs. the SCE.

In DP voltammetry, the oxidation of nucleic acid bases is typically detected as peaks at
high positive potentials, more positive than 0.7 V vs. the SCE: guanine (G) at ca. 1.0 V and
adenine (A) at ca. 1.3 V vs. the SCE [48]. The oxidation peaks are usually well defined for
chromosomal DNAs and polynucleotides. For plasmids, on the contrary, separate G and A
signals cannot be distinguished. As shown in Figures 1A and 2A and discussed in detail in
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our previous works [84,85], these signals are merged for plasmid DNAs, causing difficulties
in the typical, electrochemical detection of DNA via redox peaks. Yet, these obstacles can
be overcome by measuring the signals at various potentials and not necessarily at the
peak potentials.

In these experiments, except for the buffer, the substances other than DNA are not
used; i.e., no mediator is added to amplify the DNA oxidation signal, and therefore such
detection of nucleic acid bases can be called a label-free method.

The insets in Figures 1A and 2A show the DNA accumulation curves calculated from
the DP data at 1.3 V, with the potential positive enough to observe the oxidation of nucleic
acid bases. These accumulation curves are compared with the signals taken at 0.45 V, i.e.,
at the potential where no DNA oxidation occurs. A significant increase in the signals
at 1.3 V vs. 0.45 V proves the oxidation of the plasmids, even though the redox peaks
are not developed. The signals at 0.45 V are significantly lower compared to the DNA
oxidation signals since they are only related to the capacitative/resistive (C/R) changes in
the plasmid layers adsorbed on the GC electrode, which are minimized in DP voltammetry.
Still, the C/R changes resulting from the adsorption of the plasmids on the electrode can
be effectively used as a measure of the accumulation of the DNA in the adsorbed layer
using AC voltammetry. In AC voltammetry (Figures 1B and 2B), yet another method of the
label-free monitoring of DNA accumulation, the shape of the curves is completely different
from the DP ones (Figures 1A and 2A). For the buffer solution, the AC run is almost flat in
the whole potential range. When a substance is adsorbed on the electrode, the AC runs can
either increase or decrease, and they can also change shape, depending on the electrical
properties of the adsorbed layer. Moreover, they also may change the shape of the signals
due to the reorientation and/or condensation of the molecules within the layer.

It is important to note that in the case of the pGEX-4T-2 plasmid, except for increasing
signals, no change in the signal characteristics is observed with DNA coverage of the GC
electrode, confirming the formation of a uniform layer. It is also important to note that the
formation of the plasmid layers on the GC electrode always results in the increase in the
DP and AC plots with the same characteristics. No sudden reorientation or condensation
of the plasmid molecules is observed.

The insets in Figures 1B and 2B show that, using AC voltammetry, the accumulation
of the plasmid pGEX-4T-2 DNAs (lin and sc) could be monitored at 0.45 V when no DNA
redox reaction was present, and also at 1.3 V when the nucleic acid bases could be oxidized,
but the effect was smaller than at 0.45 V. These accumulation curves are also similar to
the ones calculated from the DP runs at 1.3 V (insets in Figures 1A and 2A), proving the
consistency of the results obtained using DP and AC voltammetry, as well as the formation
of a uniform layer of basically the same structure at different DNA coverage.

The difference is observed, however, in the accumulation plots for the superhelical
(Figure 2A,B) vs. linear forms of pGEX-4T-2 (Figure 1A,B) in both the DP and AC voltam-
mograms. For these two plasmids possessing the same sequences of bases and differing
only in their three-dimensional structures, the difference in their accumulation curves lies
in the times needed to form a layer on the electrode and also in the shapes of these curves.
The shape of the accumulation curve for the superhelical plasmid resembles the Langmuir
isotherm, while the one for the linear plasmid is sigmoidal. This result proves that the
superhelicity of these two forms of pGEX-4T-2 was retained in the adsorbed state and the
adsorbed layers could be used to detect the differences in the interactions of the supercoiled
and linear DNA with the compound under study.

The AFM images (Figure 3) of the glassy carbon plate electrochemically covered with
the superhelical plasmid confirm the formation of a well-structured layer featuring ca.
200 nm plasmid molecules. This layer was formed electrochemically (8 pg/mL) in the same
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manner as in the DP or AC measurements on a 10 nm × 10 nm GC plate made with the
same kind of carbon as that of the typically used GC working electrodes.

 

 

Figure 3. AFM images showing the glassy carbon (GC) plate electrode (10 mm × 10 mm) covered
with pUC19 deposits: (C1) superhelical (RMS 0.628 mm) and (D1) linear (RMS 3.16 mm). The
plasmid layer was formed electrochemically, using the same conditions as those for the voltammetric
measurements. The concentration of DNA was 8 pg/mL, and the plasmid was accumulated within a
few hours (Reprinted, with a permission, from E. Acta. 2016, 210, 422–434 [87]).

3.2. Accumulation of 4-chloro-6-(1H-imidazo [4,5-b]phenazine-2-yl)benzene-1,3-diol on the
GC Electrode

To study the interactions of the supercoiled and linear forms of pGEX-4T-2 with
a potential anticancer drug, we chose a newly synthesized compound—4-chloro-6-(1H-
imidazo [4,5-b]phenazine-2-yl)benzene-1,3-diol—which belongs to the benzene and pyridyl
imidazoles, a group of compounds containing blocks condensed to the imidiazole ring
(Scheme 1).

The compound possesses four conjugated rings, as well as a –Cl substituent (Scheme 1),
suitable for the intercalations between the nucleic acid bases, while the –OH groups might
take part in the DNA groove binding, thereby enhancing the attachment of the compound
to the DNA [88,89].

3.2.1. Reorientation and Formation of a Condensed Layer

Figures 4A, 5A and 6A show the accumulation of the compound on the bare electrode
(Figure 4A) and on the electrode covered by either the linear plasmid, linpGEX-4T-2
(Figure 5A), or superhelical plasmid, scpGEX-4T-2 (Figure 6A), using the DP method
featuring mainly the oxidation of the compound in peaks (I) to (V).
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Figure 4. The accumulation of the compound on GC: (A) DP voltammograms and (B) AC(0◦)
voltammograms. Compound concentration increases in the following order: black lines—buffer
solution; blue lines—compound concentrations: 1–50 µM. Red lines represent the runs obtained in an
8 µM solution of the compound. Numerals (I–V) refer to the oxidation signals of the compound.

Figure 5. The accumulation of the compound on GC covered with linpGEX-4T-2 (8.1 pg/mL):
DP voltammograms (A) and AC(0◦) voltammograms (B). Compound concentration increases in
the following order: black lines—buffer solution; green dashed lines—linpGEX-4T-2; blue lines—
compound concentrations: 0.4–48.2 µM. Red lines represent the runs obtained in an 8 µM solution of
the compound. Numerals (I–V) refer to the oxidation signals of the compound.

Figure 6. The accumulation of the compound on GC covered with scpGEX-4T-2 (8.4 pg/mL):
DP voltammograms (A) and AC(0◦) voltammograms (B). Compound concentration increases in
the following order: black lines—buffer solution; orange dashed lines—scpGEX-4T-2; blue lines—
compound concentrations: 0.1–66.9 µM. Red lines represent the runs obtained in an 8 µM solution of
the compound. Numerals (I-V) refer to the oxidation signals of the compound.

Figures 4B, 5B and 6B depict the accumulation of the compound on the bare elec-
trode (Figure 4B) and on the electrode covered by either the linear plasmid, linpGEX-4T-2
(Figure 5B), or superhelical plasmid, scpGEX-4T-2 (Figure 6B), showing mainly the changes
in the capacity (C) and resistance (R), i.e., the C/R of the adsorbed layer using the AC
method. The oxidation of the compound is limited to peaks (I) and (III), or even to peak (I)
in the case of the supercoiled plasmid.
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The green dotted lines in Figure 5 represent the accumulation of the linear (lin) plasmid
and the red dotted lines in Figure 6 depict the accumulation of the circular (sc) plasmid
prior to the accumulation of the compound.

The main conclusion from the experiments shown in Figures 4AB, 5AB and 6AB is
that the accumulation of the compound in the linear plasmid resembles (but is not the same
as) the accumulation on the bare electrode, while the accumulation of this compound in
the superhelical plasmid is much different.

The red lines in Figures 4AB, 5AB and 6AB represent the runs taken at the 8 µM
compound concentration. This concentration is the most important for understanding the
features of the AC runs, shown in Figure 4B. At concentrations lower than 8 µM, the AC(0◦)
runs (Figures 4B, 5B and 6B) increase with the accumulation of the compound but decrease
when the concentration of the drug increases. It should be noted that a decrease in AC
voltammograms is often interpreted as the condensation of the electrode layer.

The change in the shape of the AC currents due to changes in the capacitative/resistive
properties of the layers, shown in Figure 4B, which is the opposite to what is observed for
the adsorption of plasmids in Figures 1AB and 2AB, is typical for a number of compounds,
e.g., flavins [90–93], which are capable of changing the orientation of the molecules on the
electrode from flat to perpendicular. With a flat orientation, the molecules interact weakly
with the electrode, and with the perpendicular orientation, the two molecules interact with
each other. Another possible intermolecular interaction is the formation of two layers of the
molecules lying flat on the electrode surface, possibly forming a condensed layer, usually
due to the interactions between the rings (stacking interactions). This effect is mostly
visible for the molecules possessing a ring structure, consisting of two, three, or more rings,
like flavins [90–93], for instance, and the compound under investigation. Therefore, the
accumulation of the compound on the GC electrode, described in Figures 4AB, 5AB and
6AB, seems to reflect the reorientation of the molecules from ‘flat’ (at low concentrations)
to ‘perpendicular’ (at high concentrations) with a borderline at 8 µM, marked in red. The
reorientation of plasmids is, however, not that simple to imagine.

In the case of the interactions of pGEX-4T-2 plasmid DNA with the compound un-
der investigation, the ‘flat’ orientation of this compound imbedded into the DNA struc-
ture might be imagined as follows: (a) intercalation between the nucleic acid bases, or
(b) groove binding by one compound molecule, while the ‘two flat layers’ orientation could
possibly be realized by groove binding with more than one compound molecule or some
other complex configuration that still allows for the simultaneous interactions of the two
molecules with the DNA helix at the same site or in close proximity.

As a consequence of such changes in the orientation of the compound within the
plasmid layers, leading to the excessive accumulation of the compound within the plasmid
structure, particularly in a superhelical form, condensation of the DNA might be envisioned.
Recently, such condensation was visualized by excellent AFM images of plasmid molecules
undergoing spectacular condensation in the presence of antitumor noncovalent polynuclear
platinum complexes {33]. The formation of condensed layers has been observed in AC
voltammetry for the DNA B-Z transition in the presence of metal ions [92]. Condensation
of plasmid DNA in the presence of Pt compounds has been studied [33] and, recently, the
spatiotemporal dynamics of protamine–DNA condensation was revealed by AFM [94].

3.2.2. Redox-Specific Accumulation

An interesting new aspect of the accumulation of the compound is that each of the
orientations described above is redox-specific; i.e., it is characterized by a specific redox
signal. The redox processes of the compound can be monitored by DP voltammetry and
also by the AC method. As mentioned before in Section 3.1, the data obtained in this section
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were collected in one experiment. The DP and AC voltammograms were taken sequentially
with a time interval of ca. 20 min., and therefore the correlation between the DP and AC
signals was expected.

Figure 7A,B visualize the relations between the redox signals and C/R signals. In
Figure 7A, redox signals (I) and (II) are calculated from the DP measurements, and in
Figure 7B, redox signals (I) and (II) are calculated from the AC(0◦) measurements. Addi-
tionally, Figure 7B also shows the AC(0◦) signal, related to the C/R lowering. The AC(0◦)
signals can only be calculated at concentrations higher than ca. 10 µM, i.e., when C/R
lowering is seen.

Figure 7. Accumulation plots of compound monitored as redox signals (I) and (II) in DP (A) and
AC(0◦) voltammetry (B) as well as C/R signal in AC(0◦) voltammetry (Figure 4B). These results were
obtained in the same experiment.

Surprisingly, this C/R lowering is accompanied by the increase in signal (I) and the
expected decrease in signal (II). Signals (I) and (II) calculated from the DP measurements
show a similar trend. At low compound concentrations, signal I dominates over signal II,
and this trend is reversed at high compound concentrations, in agreement with the AC(0◦)
data. Apparently, the change in the orientation of the compound with molecular crowding
results in activation of signal (II) over signal (I). Such a reorientation might be an interesting
feature of the accumulation of the compound within the plasmid layers.

The correlation of the signals described above points unequivocally to the cause of the
lowering of the C/R as related to the increased interactions of the compound molecules due
to their crowding on the electrode surface. This might be accompanied by the condensation
of the molecules due to the increased interactions (stacking interactions) between the ring-
containing compounds. A similar phenomenon might be expected when the compound is
accumulated in the pGEX-4T-2 plasmid. Recently, the reversible dissolution and growth of
DNA condensates has been studied [95].

3.3. Redox-Specific Accumulation and Condensation

Figure 8A–C show the accumulation plots for the compound incorporation into either
the linear (green lines) or superhelical (orange lines) pGEX-4T-2 plasmid in comparison
with the accumulation plots obtained for the adsorption of the compound on a bare GC
electrode (black lines). In each case, the opposite trend in signals (II) (Figure 8B) and
(I) (Figure 8C) at high compound concentrations can be particularly well observed on
the AC(0◦) runs. After the initial increase, particularly for the linear plasmid, signal (II)
decreases and is accompanied by an increase in signal (I). From the AC(0◦) runs, we can also
detect the formation of a condensed layer, seen as a decrease in the C/R signal (Figure 8C),
while the DP signal (I) (Figure 8A) either still increases with the compound accumulation
(black line) or reaches a plateau (green and orange lines). Apparently, the accumulation
of the compound is accompanied by its condensation within the plasmids, or on bare GC.
This accumulation is redox-specific: signal (I) increases while signal (II) diminishes.

https://doi.org/10.3390/dna6020029

https://doi.org/10.3390/dna6020029


DNA 2026, 6, 29 13 of 20

 

Figure 8. Accumulation of the compound on bare GC (black lines) in linear (green lines) and
superhelical (orange lines) pGEX-4T-2 adsorbed on the GC electrode. The DP peak current densities of
the compound were taken at −0.2 V (signal II), and the AC(0◦) signals were taken at −0.2 V (signal II),
−0.4 V (signal I), and 0.45 V (C/R signal). Plasmid concentrations were as follows: linpGEX-4T-
2—8.1 pg/mL; scpGEX-4T-2—8.4 pg/mL. (A)—Redox II DP signals; (B)—Redox II AC(0◦) signals;
(C)—Redox (I) AC(0◦) signals for accumulation of the compound on bare GC (no plasmid) and on
GC covered with a linear (linpGEX-4T-2) as well as superhelical (scpGEX-4T-2—8) plasmid.

Figure 8A–C also show the consistency of the results obtained using two different
voltammetric methods. It should be mentioned, though, that the voltammetric runs were
taken in the same experiment, and only with a ca. 20 min. interval. Interestingly, using only
AC(0◦), as shown in Figure 8C, both the C/R signal and redox signal (I) can be obtained in
one single set of data.

3.4. The Relevance of Plasmid Superhelicity for the Oxidation of Nucleic Acid Bases in the Presence
of the Compound

The preferential, redox-specific binding of the compound to the supercoiled pGEX-4T-
2 vs. the linear one results from other features which distinguish sc plasmid from its linear
counterpart. These are related to the interplay between the oxidation of the compound
and the oxidation of the nucleic acid bases. Except for the effect of the superhelicity on the
oxidation of the plasmid nucleic bases, the other effect might be the exposure of the nucleic
bases due to DNA damage.

3.4.1. Possible Mediation of Nucleic Acid Oxidation by Supercoiled pGEX-4T-2 Plasmid

Figure 9A,B shows the magnification of the DP runs for the linear and superhelical
plasmids, respectively. The difference in the shapes of the compound peak (V) is evident
when the currents are compared at the peak maximum and at 0.9 V. In the case of the
sc plasmid, an additional peak at 0.9 V appears, suggesting that the superhelicity might
enhance the oxidation of the nucleic acid bases, which is possible at potentials higher than
0.7 V but is usually difficult to observe due to the slow redox reaction of DNA. It is possible,
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therefore, that the interactions of the compound with superhelical pGEX-4T-2 result from
mediation, i.e., the enhancement of the electron transfer through the plasmid DNA.

Figure 9. Magnification of DP signal (V): (A)—shown in Figure 5A and (B)—shown in Figure 6A.

The mediation of the DNA electron transfer by a variety of compounds (redox probes)
has been postulated and proven in many experiments, e.g. for compounds such as: Methy-
lene Blue (MB) [37,38,63], anthraquinone (AQ) [36,38,64], and Nile Blue (NB) [38], as well as
a number of Ru or Os complexes [96,97]. Often, the reduction in the redox probe was exam-
ined, and the appearance of the signal was taken as a proof of the efficient electron transfer
through the DNA duplex. Usually, the duplexes were attached to the gold (or carbon
HOPG) surfaces via an alkanethiol linker, and the redox probes were sometimes covalently
attached to the DNA in various manners. The mediation through the interaction with the
probe has been of interest for a long time and the question of intraduplex, as opposed to
interduplex, DNA-mediated electrochemistry [38] has been brought to attention, as well
as the possibility of the charge traveling along the counterions associated with the sugar
phosphate backbone [98]. Radical-mediated strand brakes [99], another type of mediation
of the DNA electron transfer, has also been taken into account in in the mechanism of
charge transfer through the DNA, possibly leading to the oxidation of deoxyribose [100],
or adduct formation [101]. Mechanisms of charge transfer through the DNA other than
mediation have also recently been suggested [98] due to the postulated unspecific weak
interactions in loosely packed DNA monolayers consisting of redox-labeled DNA duplexes
end-tethered to gold electrodes.

In this work, the compound under study, a prospective anticancer drug, may be
regarded as a redox probe.

3.4.2. Exposure of Nucleic Acid Bases

Another difference in the types of interactions of the compound with the linear and
superhelical pGEX-4T-2 is in the possible decomposition of the plasmid DNA, which can
be seen either as a signal of the guanine released or exposed to the electrode surface (at
ca. 0.8V vs. the SCE at pH 4.7) or a signal of 8-oxyguanine (at ca. 0.4 V vs. the SCE at
pH 4.7) [51,55,72] due to the oxidative damage of the DNA. As shown in Figure 10A,B, the
accumulation of the compound results in the appearance of an additional SW peak at ca.
0.42 V, suggesting the release and/or exposure of guanine bases, i.e., DNA decomposition,
as a result of the interactions between the compound and the plasmid. This effect is only
observed in the case of the superhelical plasmid, confirming the difference in the DNA–
compound interactions for the linear and superhelical pGEX-4T-2. It should be noted that
the electrochemical experiments were performed over a time period of 6–8 h, which is
usually sufficient to observe DNA decomposition.
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Figure 10. Square Wave (SW) voltammograms (A) and AC(0◦) voltammograms (B) showing the
appearance of additional peaks at ca. 0.42 V (SW) and 0.62 V (AC(0◦)) with the accumulation of
the compound in the superhelical pGEX-4T-2 (8.4 pg/mL) plasmid. Orange lines—scpGEX-4T-2;
blue lines—compound concentrations: 4.21, 6.08, 8.40 (red line!),11.6, 20.8, 39.3, and 66.9 µM. Red
line represents the measurement at 8.40 µM, the lowest compound concentration needed to observe
plasmid decomposition.

This conclusion regarding the decomposition of the plasmid DNA in the presence
of the compound under investigation could possibly be ruled out by taking into account
the fact that the peak at ca. 0.42 V appears only at the intermediate concentrations of
the compound within the DNA layers, while the overall current increase at high positive
potentials (due to enhanced DNA oxidation) even when the peak at 0.42 V diminishes, and
importantly, all DP signals, (I) to (V), still increase. It seems possible, therefore, that the
peak at 0.42 V reflects the exposure of the nucleic acid bases in the process of the DNA
helix transformation into a new structure. No evident decomposition of the plasmid DNA
is observed.

4. Conclusions
The electrochemical methods offer a plethora of information about the interactions

of potential anticancer drugs with DNA. Not only is DNA binding detected but detailed
information about the redox properties, change in orientation, condensation, interplay be-
tween the drug and DNA oxidation, DNA decomposition, etc., can also be obtained in one,
carefully performed experiment. In this work, the compound under study, a prospective
anticancer drug, may be regarded as a redox probe, similar to MB or organometallic com-
plexes. Instead of the typical monitoring of the reduction in such a probe, we looked at the
interplay between multiple signals of the compound and the nucleic acid oxidation signal.
Additionally, the use of AC voltammetry simultaneously with DP voltammetry proved
the reorientation of the compound within the DNA layers, followed by its condensation.
This reorientation is redox-specific: one of the signals (I) increases, while the other (II)
diminishes. For the accumulation of the compound within the supercoiled plasmid, only
signal (I) was observed at all compound concentrations from 1 µM to 50 µM, suggesting
exceptionally strong interactions reflected in signal (I) and related to the superhelicity of
the pGEX-4T-2 plasmid. For the supercoiled plasmid, the exposure of the nucleic acid bases
accompanying the compound accumulation was also observed, which, surprisingly, did
not seem to lead to the DNA decomposition but rather to the change in the DNA structure
with the compound binding.
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41. Paleček, E. Past, present and future of nucleic acids electrochemistry. Talanta 2002, 56, 809–819. [CrossRef]
42. Erdem, A.; Ozsoz, M. Electrochemical DNA biosensors based on DNA-drug interactions. Electroanalysis 2002, 14, 965–974.

[CrossRef]

https://doi.org/10.3390/dna6020029

https://doi.org/10.1016/j.ejps.2010.03.019
https://doi.org/10.1089/hum.2006.17.1062
https://doi.org/10.1155/2010/174378
https://www.ncbi.nlm.nih.gov/pubmed/20368780
https://doi.org/10.1128/microbiolspec.PLAS-0022-2014
https://doi.org/10.3390/pharmaceutics14091861
https://doi.org/10.1038/ng1092-93
https://doi.org/10.1371/journal.pone.0059567
https://doi.org/10.1038/srep04078
https://doi.org/10.1016/S0959-440X(98)80064-X
https://www.ncbi.nlm.nih.gov/pubmed/9666327
https://doi.org/10.1016/j.copbio.2007.09.006
https://www.ncbi.nlm.nih.gov/pubmed/17988854
https://doi.org/10.1016/j.jphotobiol.2013.03.013
https://doi.org/10.1007/BF02702767
https://doi.org/10.1021/ja027252f
https://doi.org/10.1002/chem.201203175
https://www.ncbi.nlm.nih.gov/pubmed/23447081
https://doi.org/10.1128/jb.170.1.442-445.1988
https://doi.org/10.1021/ic402796k
https://doi.org/10.1073/pnas.96.4.1187
https://doi.org/10.1073/pnas.96.11.6014
https://www.ncbi.nlm.nih.gov/pubmed/10339533
https://doi.org/10.1021/bc0700483
https://doi.org/10.1021/bc8003149
https://doi.org/10.3390/molecules26113478
https://doi.org/10.1016/s0039-9140(01)00649-x
https://doi.org/10.1002/1521-4109(200208)14:14%3C965::AID-ELAN965%3E3.0.CO;2-U
https://doi.org/10.3390/dna6020029


DNA 2026, 6, 29 18 of 20

43. Rauf, S.; Gooding, J.J.; Akhtar, K.; Ghauri, M.A.; Rahman, M.; Anwar, M.A.; Khalid, A.M. Electrochemical approach of anticancer
drugs-DNA interaction. J. Pharm. Biomed. Anal. 2005, 37, 205–217. [PubMed]
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