
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 17 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Critical Reviews in Analytical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713400837

Impedance Analysis of DNA and DNA-Drug Interactions on Thin Mercury
Film Electrodes
Stanislav Hasoň; Jakub Dvorák; Frantisek Jelen; Vladimír Vetterl

Online publication date: 03 June 2010

To cite this Article Hasoň, Stanislav , Dvorák, Jakub , Jelen, Frantisek and Vetterl, Vladimír(2002) 'Impedance Analysis of
DNA and DNA-Drug Interactions on Thin Mercury Film Electrodes', Critical Reviews in Analytical Chemistry, 32: 2, 167
— 179
To link to this Article: DOI: 10.1080/10408340290765515
URL: http://dx.doi.org/10.1080/10408340290765515

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408340290765515
http://www.informaworld.com/terms-and-conditions-of-access.pdf


167

1040-8347/02/$.50
© 2002 by CRC Press LLC

Critical Reviews in Analytical Chemistry,32(2):167–179 (2002)

Impedance Analysis of DNA and DNA–Drug
Interactions on Thin Mercury Film Electrodes
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ABSTRACT: In this review we briefly summarize the results of impedance measurements
(dependence of the differential capacitance C and/or impedance Z of the electrode double layer
on potential E, C-E curves) or on frequency (Electrochemical Impedance Spectroscopy-EIS) of
nucleic acids at mercury film electrode (MFE). Mercury film was plated either on a glassy carbon
electrode (GCE) or pyrolytic graphite electrode (PGE). The dependence of the pseudocapacitance
redox peak of echinomycin on concentration and on the ac voltage frequency was measured in
bulk solution. Interaction of single- and double-stranded DNA with bis-intercalator echinomycin
at nucleic acid-modified surface was studied using EIS with adsorptive transfer method.

KEY WORDS:  electrochemical impedance spectroscopy, DNA, Intercalators, DNA at electrode
surface.

I. INTRODUCTION

The measurement of the impedance of
the electrified interfaces started to be widely
used for investigation of the interactions of
nucleic acids and their components with
electrode surface1-20 since 1961, when I.R.
Miller 1,2 has published his pioneering work
on differential capacitance of the mercury
electrode double layer in the solutions of
nucleic acids. Differential capacitance of the
electrode double layer is a sensitive indica-
tor of the adsorption. When nucleic acids
and/or nucleic acid bases, nucleosides, and
nucleotides are adsorbed at the electrode
surface, they remove from the surface the
molecules and ions of the solvent and thus
lower the value of the differential capaci-

tance of the electrode double layer, because
the solvent has usually much higher dielec-
tric permittivity than nucleic acids.

In 1965 one of us (V.V.) found that
nucleic acid bases posses an extraordinary
high ability of self-association at the elec-
trode surface and undergo a two-dimensional
(2-D) condensation forming a monomolecu-
lar layer (self-assembled monolayer — SAM,
a compact film).3,21 The two-dimensional
condensation was also observed with some
of the halogen-, aza-, and methyl derivatives
of common nucleic acid bases18,22,23 and with
most of the nucleosides4,24 and nucleotides25,26

commonly occurring in nucleic acids. The
formation of a compact film at the electrode
is characterized by the appearance of a well-
defined capacitance “pit” on the capacitance-
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potential (C-E) curves. From the tempera-
ture dependence of the capacitance pit or
from electrocapillary measurements the en-
ergy of the interaction between bases in the
compact film27-30 as well as the surface con-
centration of the adsorbed molecules and
thus the area A required for one adsorbed
molecule in the electrode surface can be
calculated.18,24,28,29,31 From the value of the
area A the orientation of bases and nucleo-
sides in the compact film thus can be deter-
mined.27,28,31 The kinetic of the two-dimen-
sional condensation of bases at the electrode
surface15,17,24,27,32-37 and the effect of ions of
the solvent and substituents of bases on the
film formation18,22,23,29,32 were investigated.

With neutral bases the capacitance pit
is usually observed near the potential of
electrocapillary maximum (potential of zero
charge, pzc). Exception in this respect are
the bases with a large electric permanent
dipole moment38 like cytosine that forms
the pit at negative potentials.21,25,39-41 The
halogen ions can induce a new potential
region of condensation with cytosine40 and
with adenine.35 The two-dimensional con-
densation of cytosine molecules at the mer-
cury electrode surface is supported by pro-
tonation of a part of cytosine molecules.41

Ab initio quantum chemical calculations
have proven that the protonation signifi-
cantly increases the stabilization energy of
both stacked and hydrogen bonded cytosine
dimer, which may support the two-dimen-
sional condensation.42

The potential of maximum adsorption of
polymeric nucleic acids or synthetic poly-
nucleotides is usually around the pzc. From
the positively or negatively charged elec-
trode surface the nucleic acids are desorbed
and adsorption-desorption (tensammetric)
peaks appear on the C-E curves resulting
from the sharp changes of the surface charges
and/or surface coverage Θ within a narrow
potential range. Thus, tensammetric peaks
appear at potentials where dΘ/dE reaches
maximum.

The use of the MFE and/or solid elec-
trodes instead of mercury drop electrodes
opened a new experimental field for the con-
struction of DNA hybridization probes.43-50

With solid electrodes36,51-54 it was possible to
use another experimental techniques study-
ing the formation of self-assembled mono-
layers at the electrode surface such as scan-
ning tunnelling microscopy (STM) and
atomic force microscopy (AFM) imaging.55-58

Single crystal gold electrodes have been used
in widely electrochemical studies so that re-
liable results are obtained on well-defined
surface structure. It was shown that uracil,
uridine, cytosine, and cytidine may form con-
densed layers not only at the mercury elec-
trode interface18,59-63 but also at gold single
crystal interface.55,64-68 Both PNA and DNA
oligomers displayed a strong adsorption onto
the carbon electrode.69

The formation or dissolution of self-as-
sembled monolayer (SAM) at the solid elec-
trode interface was studied.70-79 The poten-
tial windows for most of the solid electrodes
is about 1 V more positive than for the
MFE.80-84 With MFE we can investigate the
effect of the structure of the substrate of
solid electrode on the adsorption or desorp-
tion of the nucleic acid in the same potential
window as with a mercury drop electrode.

The MFE prepared by the deposition of
mercury onto GCE has been used frequently
for electrochemical studies during recent
years.47,83-85 On the other hand, there are only
a few electrochemical studies working with
the MFE prepared by the deposition of mer-
cury onto PGE.86 Therefore, we have com-
pared the DNA adsorption and drug-DNA
interactions at the mercury film deposited
onto GCE and basal plane PGE.

II. MERCURY FILM ELECTRODES

Descriptions of different types of carbon
materials and reactions observed at graphite
electrodes were reviewed by Panzer.87 Later
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more detailed studies about the effect of a
carbon microstructure and morphology of
different carbon substrates and PGE on the
heterogeneous electron-transfer kinetics of
some compounds were published using elec-
trochemical methods,88-92 Raman spectros-
copy89,90 and/or STM.93,94 MFE prepared on
GCE were used in electrochemical,95-97 elec-
trochemical quartz microbalance (EQCM),96

and STM98 studies.
We have used a PGE in a basal plane

orientation or a GCE as the working elec-
trodes. Mercury was plating on the GCE or
basal plane PGE by electrochemical deposi-
tion. The working electrodes were immersed
into 0.2 M Hg(NO3)2 water solution and
treated at potential –1.0 V for 1 min 20 s
(GCE) and 2 min 20 s (PGE), respectively.
Figure 1 shows images from optical metal-
lurgical microscope (zoom ratio 12.86) of
the GCE and PGE covered or uncovered
with a thin Hg film. Surface of the GCE
(Figure 1A) is flat and glossy, surface of the
basal plane oriented PGE (Figure 1B) is rough
and corrugated. Figure1C shows surface of
the GCE covered by Hg film (GCE|Hg),
which is formed by droplets of mercury of
different size. Consequently, flat and glossy
surface of GCE covered by mercury is more
rough and irregular. Figure 1D shows sur-
face of the PGE covered by Hg film
(PGE|Hg). It can be seen that the smaller
corrugations were filled with the mercury;
the mercury seems to form a continuous film
at the surface of the PGE. The surface cov-
ered with a Hg film is smoother, but the
general topology of the surface is not
changed. Thus, the morphology and the sur-
face properties of MFE depend on the under-
lying material of the electrode.

III. ELECTROCHEMICAL ANALYSIS
OF NUCLEIC ACIDS

The electroactivity of nucleic acids at
mercury electrode was discovered about 40

years ago.8,99 It was found later that only
nucleic acids bases are responsible for nucleic
acids redox signals; adenine and cytosine
were reduced at mercury electrode at neutral
pH100 and guanine produced a specific an-
odic signal explained by the oxidation of the
guanine reduction product formed at highly
negative potentials.101 In addition, all nucleic
acid bases produced anodic signals due to
the formation of sparingly soluble
compounds with the electrode mercury that
were utilized for the cathodic stripping
voltammetric determination of nucleic acid
bases at submicromolar concentrations.102

On C–E curves and/or ac voltammograms,
single-stranded (ss) DNA yields two peaks
attributed to desorption and/or reorientation of
DNA molecules. The desorption of DNA seg-
ments adsorbed via DNA sugar-phosphate
backbone appears at about –1.2 V and is de-
noted as peak 1 in C-E curves.103 At more
negative potential (around –1.4 V) DNA seg-
ments adsorbed through hydrophobic base resi-
dues are desorbed, yielding peak 3. Double-
stranded (ds) DNA produces tensammetric peak
1 as well.1,2 At full electrode coverage the
height of the peak 1 of ssDNA and dsDNA is
almost the same. At hanging mercury drop
electrode (HMDE) dsDNA yields also peak 3
(if potential is scanned from positive to negative
values), which is smaller than peak 3 of ssDNA.
This peak is connected with partial unwinding
of dsDNA at negative potentials.41,103-105 In un-
wounded (distorted) regions dsDNA is adsorbed
at the electrode surface via bases like ssDNA.
The unwinding probably takes place at the ends
of the dsDNA molecules and/or around breaks
of the single strand.41,103-105

In the 70 years the oxidizability of ad-
enine and guanine residue in polynucleotides
at the graphite surfaces was demonstrated.106-109

Under conditions when monomeric adenine
and guanine and their derivatives yield well-
defined voltammetric oxidation current,
nucleic acids containing these bases yield
only poorly developed peaks on conventional
linear sweep voltammograms at the graphite
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FIGURE 1. The working electrodes were a laboratory-made pyrolytic graphite electrode (PGE) and glassy
carbon electrode (GCE) covered by a thin Hg film. Before plating Hg film on the PGE and GCE, the electrode
surfaces were carefully cleaned by mechanical polishing. Then the electrodes were washed by distilled water.
Finally, the electrodes were cleaned in an ultrasonic bath for several minutes before measurement. Mercury
was plating by electrochemical deposition. The PGE (Figure 1B) or GCE (Figure 1A) was immersed into 0.2 M
Hg(NO3)2 water solution and treated at potential -1.0 V for 2 min 20 s or 1 min 20 s, respectively. The mercury
was presented as a compact thin film on the PGE (Figure 1D) or as droplets of mercury of different size on
the GCE (Figure 1C). The electrochemical active areas of the PGE|Hg or GCE|Hg are A = 0.14 cm2 and A
= 0.04 cm2, respectively.
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electrodes. However, differential pulse
voltammetry at the graphite electrode gives
rise to well-developed peaks of nucleic acids
with peaks potentials at 0.9 and 1.2 V at
around neutral pH.108,110

Recently, MFE have been employed for
voltammetric analysis of nucleic acids. It
was stated that surface of MFE is sufficiently
stable and can be used for electrochemical
studies of DNA in negative potential re-
gion.43,47 Fojta and co-workers used GCE|Hg
for measurements of redox and tensametric
response of DNA, RNA, synthetic polynucle-
otides and peptide nucleic acids (PNA).19,47,85

The frequency dependence of the double
layer impedance of DNA-modified GCE was
studied by Brett111 and of DNA-modified
HMDE by Vetterl et al.41 It was found that
the desorption of ssDNA is accompanied by
higher dielectric losses than the desorption
of dsDNA. With ssDNA the desorption of
more firmly bound bases is accompanied by
higher dielectric losses then the desorption
of the sugar-phosphate backbone.41

In the present article we compare the
frequency response of the impedance of elec-
trode double layer of three types of elec-
trodes (HMDE, GCE|Hg, and PGE|Hg) modi-
fied with nucleic acids. We show that the
frequency response depends on the underly-
ing material of the electrode as it can be seen
in Figure 2.

Figure 2A shows the frequency depen-
dence of the impedance of electrode double
layer modified by nucleic acids measured with
the HMDE at potential of the tensammetric
peak 3. Providing that the mercury-solution
interface can be simulated by a parallel combi-
nation of C1 (double layer capacitance) and R2

(representing dielectric losses by tensammetric
processes and/or charge transfer resistance by
redox reactions) in series with the background
electrolyte resistance R1 the complex imped-
ance plot should be a semicircle112-117 the ra-
dius of which is smaller with lower R2 values.
From Figure 2A it can be seen that ssDNA has
a smaller radius (lower R2) than the dsDNA,

which is in good accordance with earlier find-
ings41 and interpreted by a higher dielectric
losses accompanying the desorption of dena-
tured DNA. With the GCE|Hg the complex
plane impedance plots of DNA exhibited arc
shape as well (Figure 2B). With the PGE|Hg
(Figure 2C) the complex plane impedance plots
of DNA exhibited two arcs of different radius.
The smaller arc (50 to 10 kHz) is observed not
only with PGE|Hg modified by DNA but with
background electrolyte as well and thus results
obviously from the kinetic processes taking
place at the PGE|Hg–electrolyte interface at
higher frequencies. The semicircle with larger
radius can be simulated by a parallel combina-
tion of C1 and R2 in series with the resistance
R1. The semicircle of ssDNA has a smaller
radius than the semicircle of dsDNA both at
HMDE and at the GCE|Hg or PGE|Hg, that is,
the desorption of ssDNA is accompanied by a
higher dielectric losses than the desorption of
dsDNA at all three types of electrodes. The
radius of the semicircles in the complex im-
pedance plots in Figure 2 increases in the order
PGE|Hg < GCE|Hg < HMDE both with ss and
ds DNA. Thus, the desorption of DNA from
MFE is accompanied by higher dielectric losses
than the desorption from HMDE. The desorp-
tion of DNA from PGE|Hg is accompanied by
higher dielectric losses than the desorption from
GCE|Hg.

IV. IMPEDANCE ANALYSIS OF
DNA–DRUG INTERACTIONS

One of the important type of interactions
is the intercalation of a planar aromatic sys-
tem inside the molecules of nucleic acids.
This type of interaction enables the insertion
of the intercalator between adjacent base pair
of nucleic acid by changing torsion angles in
the sugar-phosphate backbone. A number of
these compounds belong to known carcino-
gens (polycyclic aromatic hydrocarbons, aro-
matic amines) or antitumor antibiotics
(daunomycin, doxorubicin, bleomycin,
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echinomycin, etc.). Due to the interaction
with daunomycin, conformational changes
of dsDNA immobilized at carbon electrode
surface were detected.118,119 Using ac adsorp-
tive transfer stripping voltammetry at HMDE
conformational changes of DNA due to bind-
ing of DNA intercalators120 were studied.

Echinomycin interacts with DNA121 by
inserting a planar aromatic chromophore
(quinoxaline) between adjacent DNA base
pairs, later the mechanism of binding was
named as bis-intercalation.122 Molecule of
echinomycin binds to the minor groove of
DNA duplex showing strong preference for
the CpG sequence.123-126 DNA-echinomycin
complex inhibits DNA replication as well as
transcription. Recently, it was found that
quinoxaline antibiotics facilitate PNA-DNA
complex formation.127

Quite recently we have studied interac-
tion of nucleic acids with a quinoxaline anti-
biotics mainly with a bifunctional intercalator
echinomycin by electrochemical techniques.

The capacitance measurements showed
that echinomycin forms the pseudocapacitance
redox peak around potential –0.53 V at the
MFE (Figure 3A,B). The similar result was
obtained using cyclic voltammetry and
chronopotentiometry in connection with
HMDE.128 It was found that the height of this
peak strongly depends on the frequency (Fig-
ure 3D). The detection limit of echinomycin
at the MFE was about 10 nM in bulk of
solution (Figure 3C).

When MFE modified with ss or dsDNA
was tranferred into solution of AF electrolyte
we could observed capacitance curve similar to
curve obtained with ds or ssDNA presented in
the bulk of solution (Figure 2). On the other
hand, if MFE modified with ss or dsDNA was
first dipped into solution of echinomycin and
then into solution of AF, we could observe
differences between behavior of ss and dsDNA.
Contrary to ssDNA, dsDNA produced a new
pseudocapacitance redox peak at about –0.53 V
(Figure 4A,B). This results showed that dsDNA-

echinomycin complex produced specific
echinomycin signal in agreement with the strong
binding of echinomycin to dsDNA by bis-inter-
calation.125 Under the same condition interac-
tion of echinomycin with ssDNA resulted in
almost no echinomycin signal suggesting only
very weak interaction of echinomycin with
ssDNA at the electrode surface. Quite re-
cently we have observed very similar results
with DNA-echinomycin complex at the
HMDE.129 Capacitance measurements in con-
nection with adsorptive transfer techniques and
MFE are thus convenient method that can detect
the presence of dsDNA at the electrode surface.

V. CONCLUSION

It was shown that PGE|Hg is appropriate
for analysis of nucleic acids. The nonfaradaic
capacitance (tensammetric) signals of DNA
are highly sensitive to changes in DNA struc-
ture. The dielectric losses accompanying
desorption of nucleic acid were determined
using EIS at HMDE and MFE. The detec-
tion limit of echinomycin at MFE is at con-
centrations down to 10 nM using capaci-
tance measurement. We found that with the
aid of DNA-echinomycin complex it is pos-
sible to distinguish between a ss and dsDNA
adsorbed at the MFE. Electrochemical im-
pedance measurements (C-E curves and EIS)
seem to be a powerful tool for the study of
DNA-intercalators complexes.
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