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Redox mechanisms and in situ electrochemical interaction with double-stranded DNA were investigated
using a DNA-electrochemical biosensor for two disubstituted triazole-linked acridine compounds (GL15
and GL7), previously reporting as quadruplex DNA-binding molecules. The redox properties of GL15 and
GL7 involve a complex, pH-dependent, adsorption-controlled irreversible process and were investigated
using cyclic, differential pulse, and square wave voltammetry at a glassy carbon electrode. The interaction
between duplex DNA and GL15 or GL7 was investigated in incubated solutions using dsDNA-, poly[G]-, and

I[()gl‘;\t/;?;;ted triazole-linked acridines poly[A]-electrochemical biosensors. It was demonstrated that the interaction is time-dependent, both GL15
GL15 and GL7 interacting with dsDNA, causing condensation of dsDNA morphological structure but not oxidative
GL7 damage.

Electrochemistry © 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Telomeres and their associated proteins are specialized structures at
the ends of linear chromosomes that function by protecting double-
stranded DNA (dsDNA) from recombination, degradation and end-to-
end fusions [1,2]. The formation of G-quadruplex-DNA at the end of
telomeric DNA increases genomic instability [2,3], and also inhibits
telomerase activity [4]. This in turn induces cellular senescence and
cell death in cancer cells [5,6]. The use of small molecules able to induce
and stabilize G-quadruplex arrangements can promote telomerase inhi-
bition and telomere dysfunction in cancer cells [7-11], thus providing a
broad therapeutic selectivity. The binding affinity and selectivity of
these molecules depend on properties of both the chromophores and
substituted groups [12].

Acridines are heterocyclic structures widely studied as antitumor,
antiparasitic and antibacterial agents [13], a number of which have
been shown to stabilize quadruplex DNA structures. A great diversity
of acridine derivatives has been synthesized with the purpose
of significantly increasing binding affinity and selectivity for
human telomeric quadruplex [11,14,15]. The core polyaromatic
ring of acridines has a high affinity for dsDNA leading to intercalation
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and stacking [8] and a recently-designed series of disubstituted triazole-
linked acridine compounds has shown selectivity to human telomeric
sequences [11].

Several quadruplex-targeting acridine derivatives, BRACO-19 and
RHPS4, have been important tools for studying the antitumor activity
of this general class of agents, but neither is totally quadruplex-
selective [16]. The acridine chromophore is bound in a stacking arrange-
ment with quadruplex DNAs that is distinct from intercalation into
dsDNA, even though its extended electron-deficient aromatic ring system
enables it to form strong m-m stacking interactions with nucleobases.
Generally chromophores prefer to bind on the exterior of the guanine-
tetrad stacks in a quadruplex, whether or not the strands are all-parallel
[17-19].

Electrochemical techniques, such as pulse techniques, are suitable for
studies of biological systems, with very little or no sample pre-treatment,
and have been successfully used for the detection and determination of
several pharmaceutical drugs since they are fast and have high sensitivity
[20-23].

A dsDNA-electrochemical biosensor is an integrated receptor-
transducer device that uses dsDNA as a biomolecular recognition
element to measure specific binding processes with dsDNA, through
electrochemical transduction. The most important factor for the
construction of efficient dsDNA-electrochemical biosensors is the
immobilization of the dsDNA probe on the electrode surface. Different
adsorption immobilization procedures, electrostatic adsorption or
evaporation, forming monolayer or multilayer DNA films have been
used. The multilayer dsDNA-electrochemical biosensor consists of
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an electrode with dsDNA deposited on the transducer surface by suc-
cessive monolayer coverage [24].

The dsDNA-electrochemical biosensor, using differential pulse
voltammetry, has been successfully utilized to investigate the interac-
tion of small molecules, heavy metals and other hazardous com-
pounds with dsDNA [25], and compared with other methods shows
greater sensitivity in the detection of small perturbations of the
double-helical morphological structure of DNA and the detection of
DNA oxidative damage, enabling the unravelling of detailed mecha-
nistic interactions.

Another important advantage of using dsDNA-electrochemical
biosensors is the possibility of generation of highly reactive interme-
diates in situ, on the electrode surface, and the electrochemical detec-
tion of their direct interaction with dsDNA. It has been successfully
applied to study the interaction of a number of substances with
dsDNA and the interpretation of the results contributed to the eluci-
dation of the mechanisms by which DNA is damaged by hazardous
compounds [26].

Two members of a series of triazole-acridine conjugate com-
pounds, designated as GL15 and GL7, Scheme 1, that bind with high
selectivity to telomeric quadruplex DNA, were chosen for this study
[11], which has investigated their in situ interaction with dsDNA,
The aim is to provide new data concerning DNA damage, as well as
on GL15 and GL7 oxidation and reduction mechanisms.

To clarify the nature of the interaction between GL15 and
GL7 and dsDNA, similar experiments were also performed using
polyribonucleotides of known sequences, and poly[G]- and poly
[A]-electrochemical biosensors were prepared. This approach has
been used for the understanding of preferential dsDNA base interac-
tions with complex agents and individual chemicals of environmen-
tal, food and medical relevance [27]. Although, poly[G] and poly[A]
are different from dsDNA the preferential interaction of a compound
with a specific base is similar.

2. Experimental
2.1. Materials and reagents

The triazole-acridine conjugates, GL15 and GL7, were synthesized
and purified as previously published [11]. Double stranded DNA (dsDNA),

polyadenylic acid (poly[A]) and polyguanylic acid (poly[G]) were from
Sigma-Aldrich, and were all used without further purification.

The 0.1 M ionic strength electrolyte solutions were: pH 2.0 KCI/HCI,
pH 3.4-5.4 acetate buffer, pH 6.1-8.0 phosphate buffer, pH 9.2-10.5
amonia buffer, and pH 12.0 NaOH/KCl were prepared using analytical
grade reagents and purified water from a Millipore Milli-Q system
(conductivity <10 uS m™ ).

Stock solutions of 0.3078 mM GL15 and GL7 were prepared in
deionized water, adding some drops of 0.2 M HCl, and stored at
5 °C. Solutions of different concentrations were obtained by dilution
of the appropriate volume in the supporting electrolyte.

Stock solutions of 151 ug mL ™! dsDNA, 477 ug mL~! poly[G], and
587 ug mL~ ! poly[A] were prepared in deionized water and diluted
to the desired concentrations in pH="7.0 (0.1 M phosphate buffer).

Nitrogen saturated solutions were obtained by bubbling high puri-
ty N, for a minimum of 10 min in the solution and continuing with a
flow of pure gas over the solution during the voltammetric experi-
ments to avoid oxygen in the solution.

Microvolumes were measured using EP-10 and EP-100 Plus Mo-
torized Microliter Pippettes (Rainin Instrument Co. Inc., Woburn,
USA). The pH measurements were carried out with a Crison micropH
2001 pH-meter with an Ingold combined glass electrode.

All experiments were done at room temperature (2541 °C).

2.2. Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a pAutolab
potentiostat with GPES 4.9 software (Eco-Chemie, Utrecht, The Neth-
erlands). The measurements were carried out in a solution volume of
0.5 mL, using a three-electrode system one-compartment electro-
chemical cell of capacity 2 mL (Cypress System Inc., USA). A glass car-
bon electrode (GCE, d=1.5 mm) was the working electrode, a Pt wire
the counter electrode and an Ag/AgCl (3 M KCl) reference electrode.
The experimental conditions were: for cyclic voltammetry (CV) scan
rate 100 mV s~ ', and for differential pulse (DP) voltammetry pulse
amplitude 50 mV, pulse width 70 ms and scan rate 5 mV s~ .

The GCE was polished using a diamond spray (particle size 3 pm)
(Kemet, UK) before each electrochemical experiment. After polishing,
it was rinsed thoroughly with Milli-Q water. Following this mechani-
cal treatment, the GCE was placed in buffer supporting electrolyte
and differential pulse voltammograms were recorded until a steady
state baseline voltammogram was obtained. This procedure ensured
very reproducible experimental results.

Scheme 1. Chemical structures: (A) GL15 and (B) GL7.
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2.3. Acquisition and presentation of voltammetric data

Differential pulse voltammograms presented were background-
subtracted and baseline-corrected using the moving average applica-
tion with a step window of 5 mV included in the GPES version 4.9
software. This mathematical treatment improves the visualization
and identification of peaks over the baseline without introducing
any artefact, although the peak intensity is, in some cases, reduced
(<10%) relative to that of the untreated curve. Nevertheless, this
mathematical treatment of the original voltammograms was used in
the presentation of all experimental voltammograms for an improved
and clearer identification of the peaks. The values for peak current
presented in all plots were determined from the original untreated
voltammograms after subtraction of the baseline.

2.4. DNA-biosensor preparation and incubation procedure

The multi-layer dsDNA-electrochemical biosensor, poly[A]- and
poly|[G]-electrochemical biosensors were prepared by electrostatic
immobilization, covering the GCE (d=1.5 mm) surface with three
drops of 5 pL each of 50 pg mL ™" dsDNA, poly[A] or poly[G] solutions.
After placing each drop on the electrode surface the electrochemical
biosensor was dried under a constant flux of N,, and afterwards a
potential of +0.30 V vs. Ag/AgCl was applied during 5 min.

The multilayers of DNA, polyA and polyG, are very easily immobilized
by adsorption on the glassy carbon electrode surface. As all the experi-
ments are with a positive applied potential there is no partial desorption
of DNA, polyA and polyG.

Incubations were always carried out, during different periods of
time, by immersing the electrochemical biosensors in pH=7.0 (0.1 M
phosphate buffer) solutions containing 50 uM GL15 or GL7 under con-
tinuously stirring.

3. Results and discussion

The redox behavior of the triazole-acridine conjugates GL15 and
GL7 was studied first, followed by investigation of the in situ interac-
tion of them with dsDNA, using dsDNA-electrochemical biosensors
and incubated solutions.

3.1. Redox behavior of GL15 and GL7

The electrochemical behavior of GL15 and GL7 was investigated
using CVin pH="7.0 (0.1 M phosphate buffer) in N, saturated solutions
using a GCE. CVs were recorded in the interval, —1.1V to +1.0V,
always starting at 0.0 V (Fig. 1). The results showed that both GL15
and GL7 undergo oxidation and reduction. However, since the redox
processes occur independently of each other they were investigated
separately.

3.1.1. Oxidation

3.1.1.1. Cyclic voltammetry. The oxidation behavior of 50 uM GL15
was studied in pH=7.0 (0.1 M phosphate buffer) by CV at a scan
rate v=100 mV s~ . The first CV showed one anodic peak on the
first positive-going scan, peak 1,, at Ep1,= +0.89 V (Fig. 1A). Reversing
scanning in the negative direction, no reduction peak was observed,
indicating that the oxidation process of GL15 is irreversible. Successive
CVs showed a large decrease of the oxidation currents of peak 1a
due to the adsorption of GL15 and/or its non-electroactive oxidation
products on the GCE surface.

The oxidation behavior of 50 uM GL7 was investigated under the
same conditions. The first CV showed two irreversible peaks on the
first positive-going scan, peak 1,, at E,;,=+0.76 V, and peak 2,, at
Ep2a=+0.88 V (Fig. 1B). CVs were also obtained for different scan
rates. By increasing the scan rate, for both compounds, peak 1,
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Fig. 1. CVs with a GCE in a N, saturated solution in pH=7.0 0.1 M phosphate buffer:
(A) 50 uM GL15 and (B) 50 M GL7, (=) first and (=) second scans, at =100 mV s~ '.

current increased, following a linear relationship with scan rate as
expected for an adsorbed species reaction. Between each measure-
ment, the electrode surface was always polished in order to ensure
a clean surface and to avoid possible problems due to adsorption.

3.1.1.2. Differential pulse voltammetry and effect of pH. DP voltammograms
for the oxidation of 4 M GL15 and 10 uM GL7 were obtained in aqueous
buffer supporting electrolytes 2.0<pH<12.0 (Fig. 2).

The peak 1a for GL15 occurs in all supporting electrolytes (Fig. 2A).
The potential of peak 1a is shifted to more negative values with increasing
pH. The slope of the E,, vs. pH, dotted line 59 mV per pH unit (Fig. 2B)
shows that the mechanism of this oxidation process in aqueous media
involves the same number of electrons and protons. The half-height
width of peak 1, W;,=90 mV, is close to the theoretical value for
the transfer of one electron [28], so the oxidation of GL15 occurs with
the transfer of one electron and one proton.

The peaks 1, and 2, for GL7 occur for all experimental conditions
and their potential decreases with increasing pH (Fig. 2C). The slope
of the E,q, vs. pH, dotted line 59 mV per pH unit (Fig. 2D) shows
that the same number of electrons and protons are involved in the
oxidation mechanism (Fig. 2D) but as W, ,, =60 mV, the peak 1, GL7
oxidation occurs with the transfer of two electrons and two protons.

3.1.2. Reduction

3.1.2.1. Cyclic voltammetry. The reduction of 30 uM GL15 and 30 uM
GL7 was investigated by CV, starting at 0.0 V to — 1.0 V and reversing
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Fig. 2. Plots as a function of pH of the supporting electrolyte: (A) first scan 3D base-line corrected DP voltammograms of 4 uM GL15; (B) Ep, (®) and I, (CJ) of peak 1, vs. pH of

GL15; and (C) first scan 3D base-line corrected DP voltammograms of 10 uM GL7; (D)

until +0.7 V, in pH=6.0 (0.1 M phosphate buffer), N, saturated, at
scan rate ¥=100 mV s~ '. The reduction of GL15 showed two
peaks, peak 2. at E,pc=—0.47V and peak 3. at E,3c=—0.76V
(Fig. 3); reversing the scan direction, the correspondent anodic peak
2, at Epy,=+0.23 'V, and peak 3, at Ep3,= +0.52 V, appeared. The
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Fig. 3. CVs with a GCE in N saturated solutions of 30 uM GL15 in pH=6.1 0.1 M phos-
phate buffer; (—) first and (***) second and (- - -) third scan, at =100 mV s~ .

Ep, of: (M) peak 1, and (@) peak 2, and I, () of peak 1, vs. pH of GL7.

difference |Epzc — Ep2al =~80 mV and |Epsc — Epsal =~128 mV, indi-
cates the quasi-reversibility of GL15 reduction.

The reduction of GL7 was very similar to that of GL15. On
the negative-going scan two peaks were observed, peak 3. at
Ep3c=—053V, and peak 4., at Epsc=—0.77 V, and reversing the
scan direction, the corresponding anodic peak 3,, at Ep3,=+0.18 V,
and peak 4,, at Ey4,= +0.47 V, appeared.

3.1.2.2. Differential pulse voltammetry and pH effect. The reduction of the
two compounds GL15 and GL7, was investigated for 2.0<pH<12.0 in
N, saturated buffer supporting electrolyte solutions by DP voltammetry
(Fig. 4).

The DP voltammograms of 10 uM GL15 showed two reduction
peaks, peak 2. and peak 3. in all supporting electrolytes. For
pH<9.0, both peak potentials were shifted to more negative values
with increasing pH (Fig. 4A). The dependence followed the
relationship Epyc (V)=—0.042 - 0.060 pH for peak 2., and Epsc
(V)= —0.021 - 0.060 pH for peak 3. (Fig. 4C) indicating that the re-
duction mechanism in both peaks occurs with the transfer of the
same number of electrons and protons. As for peak 2. W;,=
90 mV, and for peak 3. W;,=103 mV, the reduction of GL15
amino groups occur in two steps each with the transfer of one elec-
tron and one proton, Scheme 2.

For pH>9.0, the reduction of GL15 is pH-independent with a
mechanism involving only one electron. The GL15 reduction product
can undergo chemical deprotonation in alkaline electrolytes [29] and
the value of pK, =9 for GL15 was determined. DP voltammograms of
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Fig. 4. Plots as a function of pH of the supporting electrolyte in N, saturated in 10 pM:
(A) GL15 and (B) GL7, 3D base-line corrected DP voltammograms; (C) E,. of (M) peak
2. and (O) peak 3. vs. pH of GL15.

10 UM GL7 showed two reduction peaks, peak 3. and 4. (Fig. 4B)
following the relationships: Ep3c (V)= —0.072 - 0.060 pH for peak
3c and W;,,=82 mV, and Eps. (V)=—0.32 - 0.060 pH for peak 4.
and W;,,=116 mV, which correspond to reduction mechanisms
with the transfer of one electron and one proton.

3.2. Triazole-acridine conjugates—-dsDNA interaction
The interaction between dsDNA and the triazole-acridine conju-

gates, GL15 and GL7, was investigated using dsDNA-, poly[G]-, and
poly|A]-electrochemical biosensors and in incubated solutions.

3.2.1. Study in triazole-acridine conjugates-dsDNA incubated solutions

The ease of protonation of acridine derivatives at physiological pH
is known to have an influence on their antimicrobial activity [30] and
interaction with DNA [31].

DP voltammograms recorded in incubated solutions, as described
in Section 2.4, were registered after incubation periods of 0, 2, 3 and
5 h. The GCE surface was always cleaned between each measurement
to avoid blocking of the surface by adsorption of electroactive species
or their oxidation products.

The oxidation behavior of dsDNA in pH=7.0 (0.1 M phosphate
buffer) using DP voltammetry was the control in order to clarify the
GL15 and GL7 interaction with dsDNA.

The DP voltammogram of dsDNA control showed two peaks,
that do not change with time, corresponding to the oxidation of
desoxyguanosine (dGuo), at Ep,=+0.92V, and desoxyadenosine
(dAdo), at Ep,=+1.17 V (Fig. 5). The DP voltammograms of dsDNA
show smaller oxidation peak currents, due to the difficulty of the
electron transfer from the inside of the double-stranded rigid form
of DNA to the electrode surface.

The DP voltammograms of 4 uM GL15 with 100 ug mL~! dsDNA
recorded immediately after addition of GL15 to the dsDNA solution,
showed three peaks due to the oxidation of purinic dsDNA bases
dGuo, at Ep;=+0.91 V, dAdo, at E,;=+1.17 V and GL15 oxidation,
at E,,=+0.77 V (Fig. 5). Increasing the incubation time, the peak
currents corresponding to guanine and adenine oxidation decreased
compared with those obtained for the control dsDNA solution. This
indicates that dsDNA condensed after the GL15-DNA interaction,
and consequently electron transfer to the electrode surface is more
difficult, explaining the decrease in the guanine and adenine oxida-
tion peaks.

AFM results and the voltammetric data have previously demonstrated
that drugs, hazardous and biological compounds interact specifically with
dsDNA [32,33], with some compounds forming covalent bonds with
nitrogenous bases, and inducing structural changes in B-DNA. The
reorganization of the DNA self-assembled network on the surface
electrode has been investigated by AFM. Local denaturation of the
double helix due to compound-DNA interaction facilitating the
hydrophobic interactions between the DNA bases and the hydrophobic
carbon electrode surface was observed. Conformational modifications
of the dsDNA double helix and the formation of thicker aggregates
caused by DNA condensation [32], inducing large morphological
changes in the DNA adsorption pattern, were observed by AFM and
also confirmed by the decrease in the guanine and adenine oxidation
peaks in the voltammetric results.

No additional peaks, such as for the biomarkers 8-oxoguanine or
2,8-oxoadenine, the oxidation products of guanine or adenine, were
observed in the DP voltammograms, so it was concluded that in the
experimental conditions using GL15 interacts with dsDNA but does
not cause oxidative damage to DNA.

3.2.2. Study of in situ triazole-acridine conjugates-DNA interaction using
electrochemical biosensors

The interaction between the triazole-acridine conjugates GL15
and GL7 and various nucleic acids, was investigated using dsDNA-,
poly[G]-, and poly[A]-electrochemical biosensors.

The dsDNA-electrochemical biosensor consists of an electrode with
dsDNA immobilized on the surface. The interaction of the compound
with surface-immobilized dsDNA resulted in changes in DNA morphology
which can be followed by the changes in the oxidation peaks of dsDNA
purine bases dGuo, at E,;= +0.91V, dAdo, at E,;= +1.17 V. Changes
caused in situ to the dsDNA immobilized on the electrode surface
during interaction with GL15 were followed in real time by DP
voltammetry using a multilayer dsDNA-electrochemical biosensor
prepared as described in Section 2.4.

The dsDNA-electrochemical biosensor was incubated for 3 min
with 50 M GL15, washed carefully with deionized water to remove
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Scheme 2. Proposed mechanism for reduction of GL15.

unbounded GL15 molecules and transferred to phosphate buffer, where
a DP voltammogram was recorded (Fig. 6). The DP voltammograms
showed the GL15 peak followed by the dsDNA peaks due to oxidation
of the purine bases guanine and adenine.

This experiment was repeated, always using a newly-prepared
biosensor, for incubation times of 5, 7 and 10 min. A progressive
decrease of dsDNA base oxidation peaks, with increasing incubation
time, was observed. The decrease in guanine and adenine oxidation
peaks corresponds to the condensation of dsDNA morphology.

No oxidative DNA damage occurred during the GL15-dsDNA
interaction, since no peaks corresponding to 8-oxoguanine or
2,8-oxoadenine were observed. The GL15 oxidation peak increased
with time due to incorporation and pre-concentration into the
DNA film.

Similar experiments were performed using polyribonucleotides of
known sequences with poly[G]- and poly[A]-electrochemical biosen-
sors to obtain more information about the preferential interaction of
purine bases, guanine or adenine, with dsDNA structure.

The control poly[A]-electrochemical biosensor showed the oxidation
of adenine, with a peak at E,;=+1.15 V (Fig. 7A). Freshly-prepared
poly[A]-electrochemical biosensors were incubated with 50 uM GL15
during different periods of time. The peak corresponding to the oxida-
tion of adenine remained constant and the GL15 oxidation peak de-
creased with increasing incubation time (Fig. 7A).

The control poly|[G]-electrochemical biosensor showed the oxidation
of guanine, with a peak at Ey,=+0.91 V (Fig. 7B). Freshly-prepared
poly[G]-electrochemical biosensors were incubated with 50 pM GL15.
The guanine peak decreased and the GL15 peak increased with increasing
incubation time. This increase in the GL15 peak is explained by the

Fig. 5. DP voltammograms base-line corrected in pH=7.0 0.1 M phosphate buffer so-
lutions: 100 pg mL™' dsDNA control (—) 0 h and (- ) after 5 h; and 4 uM GL15 incu-
bated with 100 pug mL™! dsDNA during (=) 0, 1,2,3 and 5 h.

occurrence of free guanine released from the DNA, at Ep,=+0.70 V,
the same potential as GL15 oxidation, showing DNA damage but, as no
8-oxoguanine was detected, no DNA oxidative damage occurred.

Similar behavior was observed for GL7 interacting with the
dsDNA-electrochemical biosensor.

The interaction of GL15 and GL7 with dsDNA is not selective for a
specific DNA base, does not involve oxidative damage, but there is an
indication of preferential interaction with guanine-rich DNA se-
quences, that was found using the poly|[G]-electrochemical biosensor
(Fig. 7B).

4. Conclusions

The electrochemical investigation of disubstituted triazole-linked
acridine compounds, GL15 and GL7 has provided valuable insights
into the biological redox reactions of these molecules. This was car-
ried out over a wide pH range and showed that they undergo oxida-
tion and reduction at a GCE. Their oxidation is an irreversible and
pH-dependent process that for GL15 occurs in one step with the
transfer of one electron and one proton, and for GL7 in two steps
with the transfer of two electrons and two protons. The reduction of
both compounds is similar in that both involve quasi-reversible
pH-dependent process which involves the transfer of one electron
and one proton.

The interaction between DNA and the acridine ligands was inves-
tigated in incubated solutions and using double-stranded DNA-, poly
[G]-, and poly[A]-electrochemical biosensors. Both GL15 and GL7
interact with dsDNA with increasing incubation time, causing con-
densation of the dsDNA morphological structure, with preferential af-
finity for guanine rich segments but do not cause oxidative damage.
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