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Preface

The topic of this book is the electroanalytical chemistry of nucleic acids and
proteins, development of electrochemical sensors and their application in bi-
omedicine and in the new fields of genomics and proteomics. A substantial part
of the book is devoted to the electrochemistry of DNA and RNA (Chapters 2
and 3) and to the development of sensors for detecting DNA damage (Chapters
12 and 13) and DNA hybridization (Chapters 3—11). After intensive coverage of
several crime cases by media the popularity of DNA can be compared to that of
movie stars. For many of those who know something more about the nature of
DNA, it is the most interesting and most important of all molecules. It is the
molecule of life. Chromosomal DNA is the largest, naturally occurring, well-
defined molecule. Its relatively regular structure is closely related to the DNA
functions, such as storage of genetic information, its replication and copying
into RNA. Moreover, DNA (and RNA) can form excellent sensing recogni-
tion layers and many of its properties can be utilized in the development of the
DNA sensors. It is the nucleotide sequence (containing the genetic information)
in specific segments of the human genome, which stays in the center of attention
of DNA analysis for biology, medicine, pharmacy and a number of areas of
practical life. Determination of the average nucleotide sequence of the human
genome (containing 3 x 10° base pairs) was a difficult and expensive task,
which took several years. Now we want to have information about nucleotide
sequences in specific parts of the human genome of individuals in hours or
minutes. It appears that electrochemical detection can greatly contribute to such
a goal.

The knowledge of nucleotide sequence in the human genome represents one
of the pillars of 21st century medicine, but it does not tell us what proteins are
being made where, in what amounts, under what conditions, whether and how
they are postsynthetically modified, etc. Such information should be provided
by proteomics. The term ““proteome” (coined about 10 years ago) represents
total protein complement of the genome. Among the main activities of pro-
teomics are: (a) identification of all the proteins made in the given cell, tissue or
organism; (b) determination of how the proteins interact; (c) resolving the three-
dimensional structures of the proteins to find the spots where binding of drug
might affect their activity. At present, 2-D gel electrophoresis, mass spectro-
metry and X-ray crystallography are the most important methods in proteomics
(see Appendix to Chapter 19 for details).

Proteins greatly differ from DNA in their physico-chemical properties, struc-
tures and particularly in multiplicity of their functions. Their electro-
chemical analysis is thus more complicated, requiring multiple approaches,
which take into consideration the properties of individual proteins. We may
thus ask a question: Can electrochemistry extend the arsenal of methods useful
in proteomics? The great potential of electrochemical analysis in proteomics,

XV



XVi Preface

summarized in this book, suggests that the answer to this question should be
positive.

This book will tell you about recently developed highly sophisticated methods
of electrochemical analysis of nucleic acids and proteins and the development of
biosensors. In addition it will summarize the ways, which in the past century led
to the present state of electrochemical analysis of nucleic acids and proteins.

The story began several years after the First World War in Prague
(Czechoslovakia).

In 1922, Jaroslav Heyrovsky invented polarography, a new electroanalytical
method working with spontaneously renewed mercury dropping electrode.
Shortly afterwards (1924) he constructed in collaboration with M. Shikata the
first automatically recording instrument — the polarograph. The ability of
proteins to catalyze hydrogen evolution at mercury electrodes, manifested by
d.c. polarographic signals, was discovered only 8 years after the invention
of polarography (Chapters 18 and 20). In the 1930s polarography of pro-
teins was closely connected with the names of J. Heyrovsky and R. Brdicka.
Polarography of proteins soon found application in medicine, particularly in
oncology, and for a number of years, “Brdicka’s reaction” was intensively
studied as a tool in cancer diagnostics (Chapter 20). In 1959, J. Heyrovsky was
awarded the Nobel Prize in chemistry.

Owing to the development of new methods in protein analysis, the interest in
the polarographic catalytic signals of proteins gradually weakened, and since
the 1970s the attention of electrochemists turned to direct electrochemistry of a
limited number of redox-active center containing proteins. This approach re-
sulted in a very interesting branch of protein electrochemistry, the present state
of which is reflected in this book (Chapters 14-17). The development of elect-
rochemical immunosensors represents an important step toward proteomics
(Chapter 14). In addition it appears that the ability of proteins to catalyze
hydrogen evolution measured by modern electrochemical methods (Chapters 18
and 19) may become useful in biomedicine and proteomics (Chapter 19).

In the 1930s the nature and biological role of proteins was much better un-
derstood than those of nucleic acids. The role of DNA as a material of heredity
was discovered in 1944, and its double-helical structure, closely connected to its
biological functions such as storage of genetic information, replication and
transcription, was discovered in 1953 by Watson and Crick. Five years later the
first paper was published showing that DNA and RNA are polarographically
active (Chapters 1 and 3). Further research revealed that the polarographic
signals of native double-stranded DNA greatly differed from that of denatured
single-stranded DNA, suggesting that bases are hidden in the interior of the
native DNA molecule, while in denatured DNA they are accessible for the elec-
trode processes. These results were in good agreement with the Watson—Crick
DNA double-helical structure as well as with the concepts of DNA denaturation
and renaturation, developed in the beginning of the 1960s. In contrast, these
results were in contradiction to the DNA structure, proposed by L. Pauling
(1953), with the sugar phosphate backbone inside the molecule and bases located
on the molecule surface. Regrettably, when L. Pauling proposed his incorrect
DNA model no data on polarography of DNA were yet available.



Preface XVii

Classical d.c. polarography was poorly suitable for the analysis of chromo-
somal DNA, and thus from its very beginning the electrochemical analysis of
DNA was carried out with the oscillopolarography at controlled alternating
current (invented by J. Heyrovsky in 1941), which (due to its cyclic mode) might
be considered as a predecessor of cyclic voltammetry (CV) and of the present
constant current chronopotentiometry. Starting from 1966 oscillographic po-
larography of DNA was gradually replaced by differential pulse polarography
as well as by other methods, such as a.c. polarography, CV, square-wave volt-
ammetry and constant current chronopotentiometry. These methods combined
with mercury electrodes showed great sensitivity for changes in DNA confor-
mation (Chapter 3), including minor changes resulting from damage to DNA by
various chemical and physical agents (Chapters 3 and 12). In the second half of
the 1970s oxidation of adenine and guanine residues in DNA and RNA at
carbon electrodes was observed, marking the beginning of application of solid
electrodes in nucleic acid electrochemistry (Chapters 2, 3 and 7). Introduction of
electroactive markers into DNA research dates back to the beginning of the
1980s, while first DNA-modified electrodes were prepared about 5 years later.

Up to the beginning of the 1990s electrochemistry of nucleic acids was a
domain of a mere handful of laboratories in Europe. Progress in genomics and
particularly in the Human Genome Project in that time stimulated enormous
interest in new methods capable to unravel the genetic information stored in the
nucleotide sequence of DNA. Only after the construction of DNA arrays (chips)
with optical detection the attempts to develop DNA chips with electrochemical
detection (which is simpler and should be less expensive) have become popular
among electrochemists. Since the middle of the 1990s the electrochemistry of
nucleic acids and the development of DNA sensors have become a booming
field involving large number of laboratories all over the world. Similar increase
in the interest in electrochemistry of proteins can be expected if the electro-
chemical analysis meets the requirements of proteomics. This book shows that
such expectations are not unrealistic.

Electrochemistry of nucleic acids and proteins should not be a domain of
electrochemists alone. It requires interdisciplinary approaches and teams in-
cluding physicists, chemists, biologists as well as biotechnologists, both experi-
mentalists and theorists. The book is thus intended for a wide variety of readers
unified by their interest not only in electrochemistry of nucleic acids and pro-
teins but also in modern biotechnologies, nanotechnologies, surface chemistry,
bioelectronics, etc. It is hoped that the book will spark imagination in students
and young scientists to create new tools for science and medicine of the 21st
century.

Helpful assistance of Dr. Zdenek Pechan and Mrs. Petra Mittnerova and
other colleagues in handling all Chapters, Figures, Permissions, etc. is gratefully
acknowledged.

Brno, July 2005 Emil Palecek, Joseph Wang
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1. INTRODUCTION

Since the discovery of the structure of the DNA double helix (1953), marking
the beginning of the molecular biology, the nucleic acid research has become a
vast field covered by an enormous amount of literature. When considering the
history of electrochemistry of nucleic acids we may ask a question: Did elect-
rochemistry enter this field too late, too early or in time? The answer to this
question is not easy and it will depend on the person who is asked. Electro-
chemists believed that doing electrochemical analysis of nucleic acids in the
1950s and 1960s was too early. Their standpoint was related to several factors,
some of which can be understood if the situation in different parts of the Iron
Curtain-divided world is considered. In his book A.M. Bond (Bond, 1980)
describes the situation as follows:

“.... during the 1950s and 1960s, most large analytical laboratories and teaching institutions in
English-speaking countries had only one simple d.c. polarograph, with few people familiar with its
operation, and thus there was a high probability that the instrument was simply gathering dust.
During this period, a most conservative and generally uninspiring approach to teaching this
method of analysis inhibited the advancement of polarography; a wide gap was created between
capabilities reported from research-orientated electrochemical institutions using the newer meth-
ods and those attributed to polarography in analytical laboratories which still retained ideas
formulated from the use of conventional d.c. polarography. The relative decline in the routine use

PERSPECTIVES IN BIOANALYSIS, VOLUME I © 2005 Elsevier B.V.
ISSN 1871-0069 DOI: 10.1016/S1871-0069(05)01001-3 All rights reserved
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a

Fig. 1. D.c. polarograms of a, native and b, thermally denatured calf thymus DNA at
concentration of 0.5mgmL~". DNA was denatured by heating at 100°C in 7mM NaCl with
0.7mM sodium citrate, pH 7.0. Both curves start at 0.0V, 100 mV/scale unit, dropping
mercury electrode (DME), saturated calomel electrode; background electrolyte: 0.5M am-
monium formate with 0.1 M sodium phosphate, pH 7.0. Under the same conditions native
DNA produced a well developed differential (derivative) pulse polarographic peak II; more
negative peak III of denatured DNA was detectable at concentrations lower by 2-3 orders of
magnitude (Section 3). Reproduced from E. Palecek and V. Vetterl, Biopolymers (1968, 6,
917) with permission.

of polarography, compared with the upsurge in interest of other techniques, is therefore not
difficult to understand. By contrast, in Eastern European and other countries where electroan-
alytical chemistry has traditionally enjoyed much wider acceptance the educational problem is not
evident and polarographic methods have more than held their own in popularity since the in-
ception of the technique.”

In fact d.c. polarography was perhaps the worst electrochemical technique to study
long chromosomal DNA samples available at that time (Figure 1). Availability of
newer polarographic methods in Eastern European countries was of limited use in
DNA analysis because in these countries, and particularly in the J. Heyrovsky
country, Czechoslovakia, Mendel’s genetics was considered a reactionary, bour-
geois teaching almost up to 1965. In fact it was G. Mendel who 100 years earlier
discovered the elements of heredity (in the city of Brno in the same country), of
course, without knowing that they were composed of DNA. There were also other
reasons not to analyze DNA by polarography in that time. Particularly it was a
poor knowledge of DNA chemistry among electrochemists' and little interest

'As late as in 1971, E. Paletek was asked after his lecture at an electrochemical meeting in Sweden:
“What is this DNA? Is it something like our milk which precipitates when a storm is coming?” On the
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among biochemists to learn modern polarographic and voltammetric techniques,
requiring usually more skill and knowledge than e.g. optical methods. In the J.N.
Davidson and E. Chargaff book The Nucleic Acids from 1955 (Chargaff and
Davidson, 1955) a palette of methods and approaches is contained, while electro-
chemical methods and approaches are limited to a small paragraph (p. 120) claim-
ing that adenine is reducible polarographically in 0.1 N perchloric acid whereas
guanine, cytosine and uracil are not. From this point of view it may be concluded
that electrochemical analysis entered the field of nucleic acids rather late.

In contrast, when polarography entered the field of protein research in 1930
(Heyrovsky and Babicka, 1930) (Chapter 20), the situation in this field was very
different. It was only in 1951 when the alpha-helix structure in proteins was
introduced by L. Pauling and in 1953 the amino acid sequence of insulin was
determined by F. Sanger. Only in the beginning of the 1960s the first spatial
organization of the protein molecule (myoglobin) was discovered (Dickerson,
1963; Kendrew, 1963). So, after 1930 for several decades there was a great
interest in polarography of proteins as in a new method of protein analysis,
particularly in relation to its application in oncology. On the other, polaro-
graphy of nucleic acids in the first decades of its existence found no application
in medicine or in any other practical area.

Only in the 1990s it was the progress in genome sequencing and particularly
the progress of the Human Genome Project, which stimulated the field of DNA
electrochemical research. After the success of electrochemical glucose sensors
for diabetes, it became apparent that electrochemistry might complement the
optical detection in DNA arrays and chips for parallel analysis of DNA se-
quences and offer less expensive devices. Knowledge of details of nucleotide
sequences of the individual human genomes represents important information
necessary for tailored drug prescriptions and new therapeutic approaches for
individuals in the 21st century. It is hoped that electrochemical detection will
decrease the costs of DNA analysis and will be particularly useful in decen-
tralized DNA analysis.

1.1. Early studies

I started my polarographic studies of DNA and RNA as a graduate student at
the Institute of Biophysics in Brno, Czechoslovakia. In 1958-1961 when I pub-
lished my first papers on electroactivity of nucleic acids (Figure 2) in several
journals (PaleCek, 1958a, 1960a, b, 1961), including Nature, most of the elect-
rochemists were oriented to the d.c. polarographic studies of relatively simple
molecules. My first attempt to use polarography in nucleic acid research met
with adverse reactions of most of my fellow electrochemists. There were, how-
ever, some exceptions and among them Professor J. Heyrovsky was very sup-
porting, showing extraordinary understanding and interest in the studies of

(footnote continued)
other, when the same speaker gave a talk at Gordon Conference on Nucleic acids in 1963, the response
was: “Finally polarography comes in.”



4 E. Palecek

Fig. 2. (A, B) Oscillopolarograms dE/d¢ against (E) (A) of native calf thymus DNA at a
concentration of 100pgmL~" and (B) of apurinic acid (DNA was depurinated by acid
treatment). Ammonium formate (2 M) was used as background electrolyte. Note the presence
of an Al due to guanine residues in the curve of native DNA and absence of this indentation
in apurinic acid in which no guanine residue was present. Adapted from E. PaleCek, Nature
1960, 188, 656 with permission. (C, D) Cathodic part of the oscillopolarogram (‘““first curve”
method): (C) thermally denatured and (D) native calf thymus DNA at concentration of
100 pygmL~!. Ammonium formate (0.3 M) with 50mM sodium phosphate (pH 7) was a
background electrolyte. Note the indentation CI-2 on the curve of denatured DNA and
absence of this indentation in native DNA. In (A) and (B) the dropping mercury electrode
was repeatedly polarized by a sinusoidal a.c. while in the “first curve” method (C, D) only
one cycle of a.c. was applied. Adapted from E. Palecek, Biochim. Biophys. Acta (1965, 94,
293) with permission.

DNA. Clearly he behaved as a man who knew the importance and at least some
properties of DNA. Thanks to Professor R. Kalvoda few years ago I saw a
photo of J. Heyrovsky from the Nobel Prize ceremony and I identified two
scientists standing next to Professor J. Heyrovsky (Figure 3) as Severo Ochoa
and Arthur Kornberg. They received their awards for their work on RNA
and DNA biosynthesis. Naturally meeting these men in the great days of
J. Heyrovsky Nobel Prize award most probably stimulated his interest in nucleic
acid electrochemistry. In 1960 he awarded E. PaleCek the J. Heyrovsky Prize for
Young Scientists.

Since the end of 1950s research in polarography of nucleic acids developed for
about a decade in East European countries (particularly in Brno, Czechoslovakia,
Jena, GDR and Warzsaw, Poland). Moreover, already in 1961 I.R. Miller in
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Fig. 3. Photograph from the Nobel Prize Ceremony (1959). Jaroslav Heyrovsky (JH) stand-
ing next to Severo Ochoa (SO) and Arthur Kornberg (AK). SO and AK were awarded for
their research into RNA and DNA. The photo was kindly provided by Dr. Michael Hey-
rovsky.

Rehovot, Isracl measured the differential capacitance of the DME double layer in
solutions of DNA and RNA and described the adsorption/desorption properties
of DNA, including the desorption peak, later denominated as peak 1. He men-
tioned the possibility of DNA unwinding at the positively charged electrode
surface. Hanging mercury drop electrode (HMDE) was used by Berg’s group in
Jena to perform a.c. voltammetry of DNA. In the beginning of the 1970s
Nirnberg’s group in Jillich, BRD, applied linear sweep voltammetry (in
combination with HMDE) for the study of native (ds) and denatured (ss)
DNAs. Contribution of the Niirnberg’s group will be briefly summarized below
(Section 5). Shortly after Niirnberg, a French group of J. Reynaud in Orleans
arrived with the application of phase-sensitive a.c. polarography (Reynaud, 1977,
1980). Using phase-in mode of this method they showed a new peak of native
dsDNA corresponding the derivative pulse polarography (DPP) peak II (cf.
Chapter 3).

2. RETROSPECTIVE VIEW

Considering the present goals of electrochemistry of nucleic acids (i.e., the de-
velopment of the DNA hybridization sensors), the most important steps in
the research of electrochemistry of NAs in the first 3 to 4 decades can be
summarized.

(a) Finding of conditions enabling measurements of DNA (and RNA) reduc-
tion and capacitive signals under conditions close to physiological
(1958-1961) (Palecek, 1958b, 1960a, b, 1961).

(b) Excellent resolution of ds and ssDNA on mercury electrodes and the ability
to follow DNA denaturation and renaturation (PaleCek, 1964, 1965, 1965a, b,
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1966; Palecek and Janik, 1962; Palecek and Frary, 1966). Oscillographic po-
larography at controlled a.c., differential pulse polarography and a.c. po-
larography proved to be suitable for this purpose (1962-1966).

(c) High sensitivity of DPP to DNA damage inducing minor changes in DNA
structure (1967-1969) (Palecek, 1967, 1968, 1969).

(d) Studies of weak DNA interactions with small molecules binding preferen-
tially to dsDNA, such as intercalators, used later as, “redox indicators.”
This work started by Berg et al. in Jena (Berg, 1976; Berg and Eckardt,
1970; Berg et al., 1981; Berg and Schiitz, 1970; Berg and Bar, 1967) and later
it has been continued by a number of other authors (Chapter 3).

(e) Discovery of the DNA surface denaturation at a negatively charged elec-
trode surface (1974) and its dependence on pH and intactness of the DNA
duplex (Palecek, 1974; Valenta and Grahmann, 1974; Valenta and Niirnb-
erg, 1974a; Brabec and PaleCek, 1976a, b; Niirnberg and Valenta, 1976)
(Chapter 3).

(f) Application of carbon electrodes in nucleic acid research (1978). With these
electrodes guanine and adenine residues in nucleic acids produced voltam-
metric oxidation signals (Brabec and Dryhurst, 1978; Brabec, 1981).

(g) Introduction of covalently bound electrochemical markers into DNA
(1981-1984) (Lukasova et al., 1982; Lukasova et al., 1984; Palecek and
Hung, 1983; Palecek and Jelen, 1984; PaleCek et al., 1981; Palecek et al.,
1984); reviewed in (Palecek, 1992).

(h) Conception of DNA analysis by DNA-modified electrodes (1986). This
conception made it possible not only to use the immobilized DNA as a
recognition layer but also to reduce the volume of DNA sample from milli-
liters to microliters, making thus possible to analyze samples whose large-
scale preparation was laborious and/or expensive (Palecek, 1988; Palecek
and Postbieglova, 1986).

Other important steps not directly related to the DNA sensors were reviewed
elsewhere (Palecek, 1981, 1996, 2002). Some of the above points are discussed in
Chapter 3 of this book or elsewhere in the literature (PaleCek et al., 2002), others
will be briefly commented below.

2.1. Conditions for polarographic analysis of native and denatured DNAs

It was shown that efficient screening of the polyanionic DNA is necessary to
obtain well-developed signals of ssDNA at neutral pH. Moreover, in the re-
duction of ssDNA at this pH, protonation of adenine and cytosine was in-
volved. 0.3-0.6M ammonium formate buffered to neutral pH and other
ammonium salts, as well as CsClI proved well suited as background electrolytes.
In these electrolytes, the large difference in the responses of native dSDNA and
denatured ssDNA were observed. At acid pH values the difference between ss
and dsDNA decreased probably due to protonation of dsSDNA destabilizing the
DNA structure and attracting dsSDNA to the negatively charged surface. At low
NaCl concentrations faradaic responses of ssDNA at neutral pH were very
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small or absent. Probably this was one of the reasons why for some time DNA
was erroneously claimed in the literature as non-reducible.

2.2. Different polarographic methods and mercury electrodes

It was the DME in combination with methods working with small voltage
excursion during the drop lifetime, which produced DNA responses reflecting
changes in the DNA structure in solution. DNA renaturation and hybridization
was discovered by J. Marmur et al. at Harvard University in 1960-1963
(Marmur et al., 1963). Polarography was among the first techniques capable to
follow DNA renaturation (1961). DNA renaturation/hybridization is the main
principle of the functioning of the DNA recognition layer in the DNA hybrid-
ization sensors. The role of DME in the DNA analysis was not well understood
for a long time. Some results obtained with DME and HMDE greatly differed.
These problems are discussed in Chapter 3.

2.3. DNA surface denaturation

Interestingly, DNA surface denaturation was independently demonstrated in
the same year by Niirnberg et al. at HMDE at weakly acid pH (Valenta and
Grahmann, 1974; Valenta and Niirnberg, 1974a) and by Palecek at DME at
neutral pH (Palecek, 1974). Naturally, data obtained by these authors greatly
differed from each other but the conclusion was the same: DNA is denatured/
unwound at the electrode surface. At first sight it appears strange that such
DNA denaturation was observed at DME. The reason was that a method
working with large voltage excursions during the drop lifetime, i.e., the normal
pulse polarography (NPP) was used. This method holds the initial potential
almost through the whole drop lifetime and only at the end of the drop time a
voltage pulse is applied. Using this method the dsDNA responses strongly
depended on the initial potential, suggesting that DNA is denatured at the
electrode surface only in a narrow potential range around —1.2V. In this po-
tential range dsDNA produced a peak, characteristic for denatured ssDNA.
This peak was not observed in native dSDNA by differential pulse polarography
and other polarographic methods working with small voltage excursions during
the drop life time. Using linear sweep voltammetry with HMDE at pH 5.6
Niirnberg et al. did not observe the strong dependence of the dsSDNA responses
on the initial potential. Such dependence was however later found at pH 6.0.
The DNA surface denaturation was studied by means of different techniques by
Niirnberg’s and Palecek’s groups for several years. Their studies provided a
complex picture of the DNA interfacial behavior and its dependence on pH
(Chapter 3). The conclusions made by both groups were opposed by Berg who
tried to explain the experimental results by the DNA conductivity and other
hypothetical properties of chromosomal DNA adsorbed at the mercury surface.
His speculations have never been confirmed. For several years, not very well-
founded discussions on DNA structure at the mercury electrodes were the usual
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parts of bioelectrochemical meetings, where only few people understood the
merits of the controversy. DNA surface denaturation was recently detected also
by surface plasmon resonance at negatively charged gold electrode and at other
surfaces by various methods (Chapter 3).

3. OSCILLOGRAPHIC POLAROGRAPHY AT CONTROLLED A.C.

Less than 20 years after his discovery of d.c. polarography, Jaroslav Heyrovsky
arrived with a new polarographic method, the so-called oscillographic polaro-
graphy at controlled a.c. (Heyrovsky, 1941). In this method, the dropping
mercury electrode was polarized by an alternating current of frequency 50 Hz
and changes of the electrode potential were measured in dependence on time
(Heyrovsky and Forejt, 1943, 1953; Kalvoda, 1963, 1965, 2002). Usually de-
rivative curves were recorded, such as dE/dt against ¢ or dE/dt against E. The
latter function yielding an oval-shaped curve (Figure 2) was more frequently
used. The upper part of this curve showed the course of the cathodic polar-
ization in the range from about 0 to —2V (depending on the background elec-
trolyte composition). The lower part displayed the anodic polarization from
—2V back to zero. Two striking bright points were observed on the oscilloscope
screen: One, marking the most positive potentials (on the left, Figure 2), was
due to mercury dissolution and the other one was due to discharge of the cation
of the background electrolyte. Presence of an electroactive substance (depolar-
izer) in the solution was manifested by indentations (incisions). Potentials of
these indentations corresponded to half-wave potentials in d.c. polarography.
Comparison of the potentials of the indentations provided an information
about reversibility of the given electrode process. The area or depth of the
indentations depended on concentration of the analyte, similarly to the height
of the d.c. polarographic wave. Both redox and adsorption/desorption phe-
nomena were reflected by this method. The method was very fast and simple,
possessing advantages of its cyclic mode, later appreciated in cyclic voltamme-
try.

Due to the division of the world by the Iron Curtain, oscillographic polaro-
graphy was, with a few exceptions, a domain of Czechoslovakian and later East
European scientists. The method was applied with a great enthusiasm by a
group of scientists but most of the well-known Czech electrochemists were
rather sceptical about the importance of this technique. Nevertheless, several
international meetings at the Smolenice Castle in Slovakia at the beginning of
the 1960s showed the power and versatility of the new polarographic technique.

First commercially available instrument for the oscillopolarography, Polaro-
scope P 524 was produced in Czechoslovakia already in the first half of the
1950s. In contrast, instruments for cyclic voltammetry (CV) became commer-
cially available only at the end of the 1960s. First instruments for CV were
developed by Randles (1948) and Sevcik (1948). Of course, Polaroscope P 524
was based on simple technology not corresponding to the technological devel-
opment in the Western countries. Its price was amazing — about 3000 Kcs, that
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is less than 100USS. In my laboratory, we constructed in 1962 a multi-
functional instrument, using constant rectangular a.c., capable to display single-
sweep oscillograms at different frequencies (Figure 2C, D).

I recall our excitement when we (biochemistry students D. Kalab, Z. Pechan
and myself) were told in 1954 by our supervisor Professor V. Moravek to bring
the newly bought Polaroscope P 524 to the laboratory for our diploma work.
With Polaroscope P 524, we observed indentations of a number of biologically
important compounds, such as various amino acids (Kalab, 1955, 1956; Kalab
and Franek, 1955) which did not produce any signals with d.c. polarograph,
which we had in our laboratory.

After finishing my university studies I joined the Institute of Biophysics of the
Czechoslovak Academy of Sciences where I was asked to study effects of ion-
izing radiation on DNA. In poorly equipped laboratories of this institute there
was a little hope that I can get some publishable results. With the experience
from my university studies I soon realized that, under the given conditions,
oscillographic polarography might be a right technique to analyze DNA.

The anodic indentation (AI) of DNA (Figure 2) and guanine was a typical
oscillopolarographic phenomenon requiring its cyclic mode, which could not be
observed by d.c. polarography. On the other hand, the indentation CI-2 (Figure
2) had a counterpart in the d.c. polarographic wave (Figure 1) but the con-
centration of denatured DNA required for the d.c. polarographic analysis was
too high®. Naturally, d.c. polarography yielded no significant analogy to the
capacitive indentation CI-1 of native and denatured DNA (Figures 1 and 2).

There is no doubt that oscillographic polarography at controlled a.c. was an
indispensable part of the beginning of electrochemical research of nucleic acids.
In the middle of the 1960s Barker’s differential pulse polarography (DPP)
gradually replaced this method. DPP was a good substitute only for the ca-
thodic part of the oscillopolarogram, offering no analogy to the oscillopolaro-
gram anodic part. Almost 10 years later, cyclic voltammetry (CV) was used in
nucleic acid research (Section 5), without considering the anodic signal of gua-
nine residues. It took another 10 years before responses of DNA guanine res-
idues were studied by CV and square wave voltammetry (Chapter 3).

Regretfully, the potentialities of oscillographic polarography at controlled
a.c. (constant a.c. chronopotentiometry, according to the present nomenclature)
were not fully utilized in the 1960s. After about 40 years we are discovering the
power of the constant current chronopotentiometry in nucleic acid (Chapter 3)
and protein electrochemical research (Chapter 19).

4. ELECTROGENERATED PRODUCTS

Macroscale electrolysis was performed on a mercury pool electrode with de-
natured DNA (Brabec and Palecek, 1970a), as well as with the synthetic ho-
mopolyribonucleotides, such as poly(C) (Brabec and Palecek, 1970b) and

®High concentrations of DNA should be avoided during the denaturation to prevent DNA aggregation
after removal of the denaturation conditions.
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poly(A) (Brabec and Palecek, 1973). In addition, electrolysis of DNA was also
carried out at the mercury drop electrode (Brabec and Palecek, 1970b). These
experiments clearly showed reduction of adenine and cytosine residues in the
studied nucleic acids, manifested by changes in the UV absorption spectra of the
reduction products. Electrolysis of DNA and poly(C) but not of poly(A) was
accompanied by the formation of an insoluble product containing, in addition
to the reduced material, also a small fraction of unreduced bases.

5. NURNBERG’S CYCLIC VOLTAMMETRY WITH HMDE

In the beginning of the 1970s Niirnberg’s laboratory in Jilich (BRD) entered
the field of nucleic acid electrochemistry. In that time Hans Wolfgang Niirnberg
was an experienced electrochemist with a good knowledge of modern polaro-
graphic/voltammetric methods. His collaboration with Geoffrey Cecil Barker®
gave him an insight into advanced polarographic techniques such as derivative
and normal pulse polarography (invented by G.C. Barker). Surprisingly,
Niirnberg did not start his research of nucleic acids with these methods but with
triangular sweep voltammetry [reviewed in (Niirnberg and Valenta, 1976)]
(Nirnberg and Valenta, 1977), probably because pulse polarography was al-
ready used almost for a decade in PaleCek’s laboratory (Palecek, 1966) [reviewed
in (Palecek, 1971, 1980, 1983)] while results of CV with HMDE were missing. In
addition to CV, Niirnberg et al. applied also phase-sensitive a.c. voltammetry
and other sophisticated techniques such as his “double-step sweep technique,”
which they successfully applied in studies of the DNA surface denaturation.
One of the closest collaborators of H.W. Niirnberg was P. Valenta from the
J. Heyrovsky’s Institute who immigrated to Germany after the Soviet invasion
to Czechoslovakia in 1968.

Niirnberg’s systematic studies covered electrochemical behavior of nucleic
acid components, small oligonucleotides, native and denatured chromosomal
DNA and some biosynthetic polynucleotides (Valenta and Grahmann, 1974;
Valenta and Niirnberg, 1974a, b; Niirnberg and Valenta, 1976, 1977; Niirnberg,
1978; Sequaris et al., 1981b, 1985a, b; Czochralska et al., 1985). The results of
Niirnberg’s group were basically in agreement with those of oscillographic po-
larography at controlled a.c., showing irreversible reduction of protonated de-
natured DNA in an adsorbed state and significant differences between the
behavior of native and denatured DNA. Compared to a.c. oscillopolarography,
methods used by Niirnberg were better suited for quantitative evaluation and
calculation of some electrochemical parameters. Moreover, when working with
HMDE, blocking of the electrode by the reduction product was much more

3G.C. Barker not only pioneered the modern polarographic methods and instrumentation, which became
of great use in nucleic acid electrochemistry but he also applied square wave voltammetry and his more
recently developed modulation polarography to DNA and RNA analysis (Barker and McKeown, 1976;
Barker and Gardner, 1992). Already in the 1980s he draw some conclusions about the DNA conductivity
from his photo-polarographic studies (Barker, 1986, 1987). His contribution to the nucleic acid elect-
rochemistry was recently discussed (Palecek, 2002; Palecek and Heyrovsky, 2002).
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significant than in differential pulse polarographic experiments with DME.
Perhaps the most important result of the Niirnberg’s group was the discovery of
the surface denaturation (deconformation) of native dsDNA at HMDE in 1974
(Brabec and Palecek, 1976a; Valenta and Niirnberg, 1974a). In the same year
Palecek independently observed DNA surface denaturation at DME when us-
ing normal pulse polarography at neutral pH (Palecek, 1974) (Section 2.3.,
Chapter 3). To escape the necessity of using ammonium formate or other salts
to follow DNA reduction at neutral pH, Niirnberg et al. measured at pH 5.6,
where no special salts were necessary. At this pH, native DNA adsorbed at the
electrode was significantly protonated and the positive charges markedly af-
fected its surface denaturation. Nevertheless, both Niirnberg’s and Palecek’s
data clearly showed that dsDNA is denatured at the electrode surface. The
effect of interaction of DNA with the electrically charged surfaces is at present
again an interesting topic closely related to the development of DNA sensors
and to modeling of DNA interactions with membranes and other surfaces in
cells (Chapter 3). In the first half of the 1980s Niirnberg extended his research
by introducing surface-enhanced Raman spectroscopy in nucleic acid electro-
chemistry (Ervin et al., 1980; Koglin et al., 1985; Sequaris et al., 1981a) and by
studies of nucleic acid interactions with metals (Kaba et al., 1985) and volt-
ammetric detection of DNA damage (Sequaris et al., 1982, 1985b). Sudden
death of Hans Wolfgang Niirnberg on his way to the Electrochemical Society
meeting in 1985 represented a great loss for the development of electrochemistry
and particularly of the field of nucleic acid electrochemical research.

6. SUMMARY AND CONCLUSION

First report on polarographic reducibility of adenine dates back to 1946. Elect-
roactivity of nucleic acids and of the rest of their monomeric constituents was
briefly described by Palecek in 1958 (PaleCek, 1958b) followed by more detailed
studies in the next 3 years (Palecek, 1960a, b, 1961). DNA constituents were
studied in detail in Elving’s laboratory at the University of Michigan, Ann
Arbor reviewed in (Janik and Elving, 1968). In the 1960s Palecek’s laboratory at
the Institute of Biophysics, Czechoslovak Academy of Sciences in Brno was
oriented mainly to polarography of DNA. Using oscillographic polarography at
controlled a.c. it was shown in the beginning of 1960s that denatured ssDNA is
reducible at the mercury electrode and that signals of native dsDNA greatly
differ from those of ssDNA [reviewed in (PaleCek, 1969, 1971, 1976)]. In 1961
Miller studied DNA and RNA adsorption at the dropping electrode using the
bridge method (Miller, 1961a, b). Soon it was recognized that electrochemical
methods are useful tools in studies of DNA denaturation and renaturation/
hybridization. These methods brought an early evidence of DNA premelting
and polymorphy of the DNA double helix (Palecek, 1976).

D.c. polarography was of little use in studies of long chromosomal DNA
molecules because its sensitivity was too low for the given purpose (Palecek and
Vetterl, 1968). In the middle of the 1960s derivative (differential) pulse polaro-
graphy complemented the oscillographic polarography and the former method
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dominated the field in the following decades. Also other methods, such as a.c.
polarography, normal pulse polarography (NPP), linear sweep and CV at mer-
cury electrodes were applied.

In the first years electrochemistry of nucleic acids at mercury electrodes was
studied by a handful of laboratories in East Europe (H. Berg and J. Flemming,
Jena, GDR; B. Czochralska, J. Filipski and M. Wrona in Warszaw, Poland;
E. Palecek, B. Janik and V. Vetterl in Brno, Czechoslovakia). Later West
Germany (H.W. Niirnberg in Julich), France (J.A. Reynaud in Orleans) and
England (G.C. Barker, Harwell) joined the club. In 1976 Palecek’s former grad-
uate student V. Brabec visited with G. Dryhurst at the University of Oklahoma,
Oklahoma City as a postdoctoral fellow. They showed that adenine and guanine
residues in DNA and RNA are oxidizable at carbon electrodes. From the middle
of the 1990s we have been witnessing a growing interest in electrochemistry of
nucleic acids in relation to the progress in genomic and particularly in the
Human Genome Project. At present electrochemists focus their investigations on
creation of electrochemical sensors for DNA hybridization and DNA damage.
Their results are overviewed in Chapters 3—13 and 15 of this book.

LIST OF ABBREVIATIONS

a.c. alternating current

Cv cyclic voltammetry

DME dropping mercury electrode

DPP differential pulse polarography
HMDE hanging mercury dropping electrode
dsDNA double stranded deoxyribonucleic acid
ssDNA double stranded deoxyribonucleic acid
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1. INTRODUCTION

The encounter of molecules at biological interfaces like cell membranes and
nuclear matrix is the initial step in the biomolecular processes and a prerequisite
for the manifestation of the biological effects of biopolymers in living cells
(Berezney and Coffey, 1974; Neumann, 1978; Gasser and Laemmli, 1986). It has
been known that electric fields having magnitudes equivalent to those existing at
a charged cell surface/biological fluid interface affect the conformation of DNA
in solution (Porschke and Jung, 1985; Neumann, 1986a, b). This in turn may
influence its biological function. As a rough model of a biological surface/
biological fluid interface an electrolyte solution—electrode interface can be em-
ployed to study the interfacial behaviour of nucleic acids. Mercury electrodes,
the charge of which can be easily changed and controlled in a relatively wide
range have proved to be suitable for such experiments.

The interaction of organic molecules with metal interfaces is an interesting
topic for a variety of technological and fundamental applications (Buess-Herman,
1994; Kolb, 1992; Lipkowski et al., 1994; Lorenz, 1958). In recent years, self-
assembled thin films have drawn attention in the electrochemical context largely
due to the possible applications of these materials in areas such as molecular
electronics, chemical and biosensor technologies. Varying the electrode potential
at an electrode—electrolyte interface may flexibly control the growth and the
structure of self-assembled thin films of organic molecules. The organic thin films
can be used to create interfaces for manipulating reactions in electrochemical
analysis but also in electrosynthesis and electrocatalysis (Herrero et al, 2001;
Magnussen, 2002).

2. ADSORPTION AND TWO-DIMENSIONAL CONDENSATION
2.1. Mercury electrodes

The bases, nucleosides and nucleotides are surface-active substances. Like a
number of other neutral organic molecules (Miller, 1995), they are strongly
adsorbed at the mercury electrodes in a broad region of potentials with maxi-
mum adsorption usually around the potential of electrocapillary maximum. 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 the electrode surface since 1961, when 1.R. Miller (Miller, 1961a, b) pub-
lished his pioneering work on differential capacitance of the mercury electrode
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double layer in the solutions of nucleic acids. Differential capacitance of the
electrode double layer is a sensitive indicator 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 capacitance of the electrode
double layer, because the solvent has usually much higher dielectric permittivity
than nucleic acids. Among bases guanine is most strongly adsorbed at Hg
electrodes (Vetterl, 1965, 1966a, b). The dependence of surface concentration of
the adsorbed molecules on their bulk concentration was described by Frumkin
and Ising adsorption isotherms (Brabec et al., 1996; Jehring, 1974; Retter, 1987,
1992; Retter et al., 1989; Vetterl, 1966a, b).

In 1965, we have found that nucleic acid bases posses an extraordinary high
ability of self-association at the electrode surface and undergoes a two-dimensional
(2-D) condensation forming a monomolecular layer (Vetterl, 1965, 1966a, b). By
this high condensation ability nucleic acid bases differ from most of the other
purine and pyrimidine derivatives, which currently do not occur in nucleic acids
(like isocytosine, isoguanine, xanthine, etc.). The 2-D condensation was observed
also with some of the halogen-, aza- and methyl derivatives of common nucleic
acid bases and with most of the nucleosides and nucleotides commonly occurring
in nucleic acids. This interesting physical property of nucleic acid components has
probably played a significant role in the origin of life on the earth (see Chapter 2.6)
(Sowerby et al, 1996, 1998a, b, c; Sowerby and Heckl, 1998; Sowerby and
Petersen, 1997). The driving force of 2-D condensation of nucleic acid bases are
hydrogen bonds between flat oriented adsorbed molecules (de Levie and
Wandlowski, 1994) and/or stacking interactions between perpendicularly
adsorbed molecules (Brabec et al., 1977, 1979; Retter and Lohse, 1982; Retter
et al., 1989), i.e. forces which are responsible for the stability of the double
helical conformation of DNA. It looks like the nature has chosen as building
blocks of the genetic material just such compounds which show a strong ability
of self-association by hydrogen bonds or stacking forces in order to maintain
the stability of the genetic material.

In the presence of the compact films of nucleic acid bases, nucleosides and/or
nucleotides, which are stable only in particular ranges of applied electrode po-
tentials, all solvent molecules are replaced from the electrode surface by the
condensed nucleic acid components, the differential capacitance of the electrode
double layer is depressed considerably, giving rise to characteristic “pits” on
capacitance—potential (C—E) curves and sharp spikes on cyclic voltammograms
(CVs) (Buess-Herman, 1986). Such capacitance “pits”” were for the first time
observed by Lorenz in 1958 with the near-saturated solutions of nonanoic acid
(Lorenz, 1958) and explained by the formation of condensed film at the elec-
trode surface. The position of the current spikes on the cyclic voltammogram
(CV) and the pit edges on the C-FE curves depend on the direction of the
potential scan (hysteresis), and the width of the condensed film decreases with
increasing temperature. These characteristics are typical properties of 2-D
physisorbed condensed films.

From the temperature dependence of the pit width and/or from the sur-
face tension measurements and from the course of adsorption isotherms the
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interaction energies of adsorbed molecules and the area occupied per one ad-
sorbed molecule can be determined (Brabec et al., 1996). The area occupied per
one adsorbed molecule gives information about orientation of molecules at the
electrode surface (adenine and uracil in the planar orientation occupy about
0.60 nm?, in the perpendicular orientation about 0.40 nm?) (Brabec et al., 1977;
Buess-Herman, 1994; Buess-Herman et al., 1992; Drazan and Vetterl, 1998;
Lipkowski et al., 1986; Mousty and Quarin, 1990; Retter et al., 1989; Temerk
et al., 1986). With neutral bases, the capacitance pit is usually observed near the
potential of electrocapillary maximum (potential of zero charge, pzc). Halogen
ions can induce a second potential region of condensation, as it was observed
with cytosine (Jursa and Vetterl, 1984) and adenine (Vetterl and de Levie, 1991).
The existence of two potential regions of condensation was explained by dif-
ferent orientation of the adsorbed molecules in these regions. The orientation of
bases and nucleosides in the compact film, the effect of ions in the solvent and
substituents of bases on the film formation and the energy of the interaction
between bases in the compact film were investigated (Jursa and Vetterl, 1986,
1989; Brabec et al., 1989; Vetterl et al., 2000). Reviews of these studies were
published previously (Brabec et al., 1996; PaleCek, 2002).

Two-dimensional first-order phase transitions of molecules adsorbed on
homogeneous surfaces often proceed via nucleation and growth processes. The
kinetics of the film formation can be studied by potential jump experiments.
Depending on the start and final potentials different shapes of capacitance or
current transients can be detected. The transients can be analysed by Avrami
equation (Buess-Herman, 1994; Donner et al., 1997; Retter, 1980, 1984a; Retter
and Lohse, 1982; Prado ef al., 2001). The capacitance transients (C-t curves)
have usually an S-shape with Avrami exponent m = 2 (instantaneous nuclea-
tion) or m =3 (progressive nucleation), see Chapter 2.2.4. Unusual time
dependence-slow increase of capacitance with time-was observed with uracil
and explained by fractal growth (Pospisil and Wandlowski, 1989 a,b). Oscil-
lations were observed on C-t curves with adenine (Vetterl and de Levie, 1991). A
mathematical model was developed which takes into account the simultaneous
processes of adsorption of the molecules from the bulk, surface diffusion of the
adsorbed molecules and their consumption at the edge of the growing nuclei.
From the numerical solutions of the model equations, several regimes of the
process of nucleation and growth can be obtained depending on the ratios of the
system parameters. The existence of these different growth regimes was pro-
vided experimentally in: 5-bromocytosine-mercury system (Pohlmann et al.,
1996; Retter, 1984a, b), quinoline derivatives-mercury system (Buess-Herman
and Gierst, 1984; Buess-Herman et al., 1981a, b, 1983a, b) and thymine-mercury
system (de Levie, 1988; Sridharan and de Levie, 1986, 1987a, b).

The role of the potential of zero charge and of the potential of maximum
adsorption during the adsorption of neutral molecules at the electrode surface is
not yet well understood. One of the new methods for the determination of the
potential of maximum adsorption in condensed layers is based purely on a
qualitative analysis of the shape of current—time transients, which change their
sign at the potential of maximum adsorption and become inverted. The method
was applied to the systems of thymine and adenine, respectively, adsorbed on
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mercury electrodes (Donner et al., 2000; Pohlmann et al., 1996). The knowledge
of the potential of maximum adsorption with respect to the potential of zero
charge of the pure electrolyte allows to calculate the orientation and reorien-
tation of the organic dipoles in relation to the electrode surface. It was found
that the potential of maximum adsorption is a function of the temperature, the
pH value and the potential of pre-polarization (Donner et al., 2000; Pohlmann
et al., 1996).

The influence of the cell resistance on the transient current signal after ap-
plying a potential step in condensation experiments has been investigated
(Donner, 2001). The cell resistance was simulated by an external resistance in
order to avoid chemical and double-layer effects. It could also be shown that the
shape of current transients depend sensitively on whether potentiostatic or non-
potentiostatic conditions exist on the surface during the phase transitions.
Potentiostatic conditions are only fulfilled for small capacities and electrolyte
concentrations higher than 0.1 M on one hand and for relatively slow adsorp-
tion kinetics on the other these conditions were fulfilled for the mercury elec-
trode. On gold electrodes in the physisorption region the simple interface model
of a pure capacitor could not be applied. Probably, additional reactions take
place simultaneously with the adsorption process (Donner and Kirste, 2001).

Methylation of nucleic acid bases plays an important role in molecular ge-
netics. The intermolecular interactions between bases in nucleic acids which are
involved in the processes of molecular recognition and transfer of genetic infor-
mation are of a similar nature as the interactions between bases adsorbed at the
electrode surface lead to a 2-D condensation. We have therefore studied the effect
of methylation on the 2-D condensation of nucleic acid bases in a more detailed.

The effect of methylation on the association of adenine at pH 4.8 was studied
at 5°C (Jursa and Vetterl, 1989). 1-Methyladenine does not associate on the
electrode surface not even at low temperatures if the ionic strength of the sol-
vent is low. With increasing NaCl concentration, the compact surface film is
formed at 5°C only near the potential of zero charge and not on the negatively
charged electrode surface unlike with adenine at the same pH 4.8. The effect of
methylation on the adsorption and association of adenine derivatives and
adenosine at pH 8 and 9 was studied as well; the results are summarized in
Brabec et al. (1996).

We have compared the adsorption and 2-D condensation of 5-methylcytosine
with that of cytosine. The 2-D condensation of 5-methylcytosine molecules
adsorbed at the mercury surface resulting in the formation of a compact layer
and capacitance pit on C—FE curves starts to occur at much lower bulk con-
centrations of 5-methylcytosine than it was observed with cytosine and it is
much faster. The capacitance pit of 5-methylcytosine was observed at two dif-
ferent potential regions, around —0.5 and —1.2'V, (Figure 1A, B). The depend-
ence of the C— E curves on pH has shown that the capacitance pit appears in
the range between pH 4 and 5.8, i.e. at the pH values close to the pK of
S-methylcytosine (pK = 4.6) similarly as it was observed with cytosine (Sponer
et al., 1996). The existence of the two separate potential regions of 2-D
condensation of cytosine and 5-methylcytosine can be explained by different
orientations of adsorbed cytosine and/or 5-methylcytosine molecules in the two
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Fig. 1. (A) Temperature dependence of the capacitance—potential curves (C—E curves) of
8 mM 5-methylcytosine in 1.0 M NaCl with BR buffer at pH 5.1 on the HMDE: (—) 5°C;
(...) 10°C; (o) 15°C; (W) 20°C. (B) pH dependence of the C— E curves of 5-methylcytosine at
10°C on the HMDE: (—) 4.0 pH; () 4.6 pH; (x) 5.1 pH; (H) 5.8 pH. Potential was scanned
from positive to negative values. (C) Nyquist plot (frequency dependence of complex im-
pedance Z = Z' +iZ"”) of 8 mM 5-methylcytosine in 1 M NaCl with BR buffer at 10°C on the
HMDE: (—) —0.8V; (H) —1.12V; () —1.5V (Ignac and Vetterl, unpublished results).
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potential regions. The peak observed around —0.8V on the C—FE curves of
S-methylcytosine is obviously a tensammetric peak resulting from the reorien-
tation of the adsorbed molecules. Electrochemical impedance spectroscopy
(EIS) measurement confirms the tensammetric character of this peak
(Figure 1C).

2.2. Mercury film electrodes based on the graphite substrates

More than 35 years ago it was shown that graphite substrates modified by
mercury layers, which are known as mercury film electrodes (MFE), could be
successfully used in electrochemical analysis and detection of traces of heavy
metals in environmental or food samples in similar potential windows, to those
of a mercury electrode itself (Brainina and Neyman, 1993; Brainina et al., 1989;
Copeland et al., 1973; Florence, 1979, 1980, 1986; Frenzel, 1993; Kounaves and
Deng, 1991; Kounaves et al, 1986; Wikiel and Kublik, 1984; Wikiel and
Osteryoung, 1989; Wu, 1994, 1996; Zakharchuk and Brainina, 1998;
Zakharchuk et al., 1999). The reason for this is that the Hg-modified graphite
electrodes combine the advantages of graphite and mercury electrodes. It means
that these electrodes have a wide interval of working potentials, adequate re-
producibility of the electrode surface and are less affected by surfactants than
solid metal electrodes. The use of MFEs is rather restricted due to the fact that
the Hg-modified surface is stable only for a short time (from minutes to hours).
The possibilities of the use of the MFEs in electrochemical analysis of different
inorganic ions and organic compounds in different environmental and analy-
tical samples have been reviewed recently (Economou and Fielden, 2003).

During the last decade the MFEs have been employed for voltammetric and/
or impedance analysis of DNA, RNA and synthetic polynucleotides (Hason
et al., 2002a, b, 2005; Kostecka et al., 2004; Kubicarova et al., 2000a, b; Wu
et al., 1997).

Recently, we have shown that Hg-modified graphite electrodes can be suc-
cessfully used for the study of the adsorption, 2-D condensation and formation
of ordered adlayers and kinetics of the phase transition during different adlayers
of nucleic acids components (Hason and Vetterl, 2002a, b; Hason et al., 2003).
It means that with the MFEs the effect of the surface morphology of the un-
derlying graphite substrates on the adsorption and kinetics of the 2-D conden-
sation of the nucleic acid components in the same potential windows as with a
hanging mercury drop electrode (HMDE) can be investigated.

2.2.1. Optical roughness and surface morphology of the mercury-modified graphite
surfaces

We applied a diffractive optical element (DOE)-based sensor and optical mi-
croscope (Nikon Eclipse ME600L) for the inspection of the optical roughness
and visualization of the surface morphology of the bare and Hg-modified
graphite surfaces, respectively. The theory of the DOE sensor and the technical
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arrangement of experiments for optical surface quality measurement are de-
scribed in greater detail elsewhere (Friesem and Amitai, 1996; Latta, 1971a, b;
Résdnen et al., 1995). In brief, the DOE sensor obeys the laws of hologram
imagery since the sensing element is a computer-generated hologram. During
the surface quality inspection, the reconstructed wave front from a laser (HeNe,
A = 632.8nm) is guided via the sample surface under test to the DOE aperture
(4 x 4mm?). The perfectly reconstructed wave front that diffracts from the
DOE used forms a 4 x 4 light spot matrix in its back focal plane. This means
that if the electrode surface is a true rough surface, the image of the 4 x 4 light
spot matrix in the back focal plane of the DOE will be distorted. By analysing
the magnitude of the distortion in the DOE image it is thus possible to gain
information about the surface quality of the electrodes studied.

The pyrolytic graphite electrode with basal orientation (PGEb) has a rough
surface, corrugated with cracks (Figure 2A). The DOE images revealed that the
average optical roughness R, of the PGEDb fluctuated around 0.040 um. The
glassy carbon electrode (GCE) surface is relatively smooth in comparison with
the bare PGEDb, with typical polishing lines running over the electrode surface
(Figure 3A). The average value of R, for GCE is about 0.034 um.

During the Hg-electrodeposition on the PGED surface the Hg droplets filled
the small corrugations and scratches (Figure 2C, thickness about 20 nm) fol-
lowed by covering also larger cavities and ruts of PGEb (Figure 2B, thickness
about 100nm). At longer deposition time the smaller mercury droplets coa-
lesced to form a bigger one and it seems that the overall morphology of the
thick Hg-modified PGEDb surface becomes smoother and mercury forms a true
Hg-film (Figure 2A, thickness about 500 nm). The overall magnitude of the
optical roughness R, of the 0.1 and 1 um Hg-modified PGEb is 0.036 and
0.032 um, respectively.

The mercury forms on the GCE surface inhomogeneously scattered droplets
of different diameter (Figure 3C). The density of Hg droplets increases with the
increasing thickness of the deposited Hg-layer on the GCE, but Hg-modified
GCE surface still includes uncovered areas (dark spots in Figure 3A). These
uncovered areas are larger on thin Hg-modified GCE (Figure 3B) than on the
thick one (Figure 3A). It seems that mercury forms on the GCE droplets of
different diameter gradually coalesced into bigger drops rather than a contin-
uous film. The R, of the 0.1 and 1 pm Hg-modified GCE surfaces were 0.052
and 0.040 um, respectively.

Fig. 2. Capacitance—potential curves of 15mM adenosine in 0.1 M NaCl at pH 5 on the: (A)
0.5um Hg-modified PGED, (B) 0.1 pm Hg-modified PGEb and (C) 0.02 pm Hg-modified
PGED electrode. Potential was scanned from positive to negative values. The different ad-
sorption states are labelled Ia, II and III. The temperature of measurement was 10°C. The
inserts show microscope images of the: (A) unmodified and 0.5 um Hg-modified pyrolytic
graphite electrode with basal orientation (PGEDb); (B) 0.1 um Hg-modified PGEDb; (C) 0.02 pm
Hg-modified PGEb. Images were recorded by an optical microscope Nikon Eclipse ME600L
(magnification was 1000 x ). (Part A is partially adapted from Hason and Vetterl, 2004,
Figure 1(B), with permission from Elsevier.)
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2.2.2. Phase transitions in adsorbed nucleic acid nucleoside layers at Hg-modified
graphite electrodes: experimental aspects

In this chapter we have focused on the kinetics of phase transitions of the
nucleoside’s adlayers starting from the dilute adsorption adlayer Ia to the 2-D
condensed adlayer II (Ia—1II) in acidic and/or alkaline solution at the Hg-
modified graphite surfaces. The kinetics of these phase transitions were inves-
tigated by means of current transients (j—¢ curves) using the double potential
step technique (Buess-Herman, 1986).

The procedure of the double potential step was: Before the potential jump
(step) we applied on the electrode the initial potential was E; = —1.8 V (waiting
time ¢ at the E; was 5s). During this initial period, the surface of Hg-modified
graphite electrode was electrochemically cleaned without any mechanical dam-
age to the Hg-layer. After this initial period the first potential jump to the pre-
treatment potential E, follows. At E, the dilute adsorption adlayer Ia was
formed. The waiting time ¢ at the E, was almost 2s. Finally, the second po-
tential step from the pre-treatment potential E, (dilute adlayer Ia) to different
final potentials E; in the 2-D condensed adlayer II followed. It means that
during the second potential jump the phase transitions of the nucleoside’s ad-
layers (Ia— II) were triggered.

The j—t curves were characterized by an exponential decay followed by a
pronounced maximum and finally by a decrease of current (Figure 4A). The
initial exponential decay of these j—¢ curves can be associated with the sum of
the double-layer charging due to the potential step itself and the Langmuir-type
(dilute) adsorption before the nucleation starts (Kolb, 2001; Wandlowski,
2002). The current maximum is associated with a nucleation and growth process
(Buess-Herman, 1992; Buess-Herman et al., 1999; Fleischmann and Thirsk,
1963). The j—¢ curves of the phase transients of Ia— II of nucleosides were fitted
(non-linear analysis) according to the equation, which is based on a generalized
form of the Bewick—Fleischman—Thirsk model of 2-D polynucleation and
growth (Fleischmann and Thirsk, 1963):

J(6) = k127 exp(—kst™) + ka exp(—ks?), (1)
where

ki

kg = qadsorptionkS >

= Qnucleationmk3 >

Fig. 3. Capacitance—potential curves of 15mM adenosine in 0.1 M NaCl at pH 5 on the: (A)
0.5 um Hg-modified GCE, (B) 0.1 pm Hg-modified GCE and (C) 0.02 pm Hg-modified GCE
electrode. Potential was scanned from positive to negative values. The different adsorption
states are labelled Ia, II and III. The temperature of measurement was 10°C. The inserts show
microscope images of the: (A) unmodified and 0.5 um Hg-modified glassy carbon electrode
(GCE); (B) 0.1 um Hg-modified GCE; (C) 0.02 pm Hg-modified GCE. Images were recorded
by an optical microscope Nikon Eclipse ME600L (magnification was 1000 x ). (Part A is
partially adapted from Hason and Vetterl, 2004, Figure 1(C), with permission from Elsevier.)
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k3 is a coefficient which combines the rates of nucleation and growth,
m (Avrami exponent) reflects the dimensionality and the nature of the nucle-
ation process, ¢pucleation corresponds to the total charge involved in the nucle-
ation, ks reflects the rate coefficient of the adsorption on defects and gadsorption 18
the corresponding charge. With m = 2 or 3, the first term in equation (1) reduces
to the case of instantaneous (m = 2) or progressive (m = 3) nucleation, provided
that we assume a constant growth rate.

After the formation of nucleotide adlayer at the Hg-modified graphite surface
the current of the current transient did not drop to zero (typical response for
polynucleation and growth process detected at HMDE and/or solid metal elec-
trodes), but crossed the zero charge lines and became negative (Figure 4B).
A similar result was observed after the same potential jump with supporting
electrolyte without nucleoside. It seemed that the presence of a catalytic process
in the supporting electrolyte gave an additional “offset current”. Therefore, this
“offset current” was subtracted from the current response.

2.2.3. Adsorption and kinetics of phase transitions of adenosine at the mercury-
modified graphite surfaces

Adenosine in acid solution (pH 5) forms two different 2-D condensed films at
the Hg-modified PGEDb surface down to 0.02 um thickness, similarly to the
HMDE (Figure 2A—C). The centre of the first (adlayer II) was located around
—1.2V; the second 2-D film was formed at more positive potentials around
—0.5V (adlayer III). These 2-D condensed adlayers of adenosine were detected
only at Hg-modified GCE surface down to 0.2 um thickness (Figure 3A—C).

Non-linear analysis of the phase transitions of Ia—II of adenosine in acid
solution for the time shorter than 80 ms at the 2 um Hg-modified PGEDb can be
described by a model that combines a Langmuir-type adsorption step with a
nucleation according to a power law and linear growth mechanism (Avrami
exponent m = 2.44 + 0.02; Figure 5A). During the Ia— II of adenosine the off-
set current at the 2 um Hg-modified PGEDb was not observed. The rate of the
phase transitions Ia—II of adenosine increases on the thinner Hg-modified
PGEDb, but a well-developed current maxima of Ia—1II can be observed at the
thick Hg-modified PGED (the thickness of Hg-layer is as high as 1 um). The
current maxima of the phase transitions of Ia—II increases at the 2pum
Hg-modified GCE in comparison with 2 pm Hg-modified PGEDb.

Fig. 4. (A-B) Experimental j—¢ curves of 15mM adenosine in 0.1 M NaCl at pH 5 on the
0.4pum platinum amalgam-alloy substrate recorded after a double potential step: (A)
Ei=—-18V, E, =—-0959V; and (B) E; = —1.8V, E; = —1.598 V. (A) Final potential was:
(a) —0.990V; (b) —1.005V; (c) —1.020V; and (d) —1.035V. (B) Final potential was: (a)
—1.510V; (b) —1.495V; (c) —1.480V; and (d) —1.465V. The waiting time at the initial (E))
and pre-treatment (£,) potentials was 5s and 2s, respectively. The temperature of meas-
urement was 5°C. (Part B is adapted from Hason et al., 2004, Figure 11(A), with permission
from Elsevier.)
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Fig. 5. (A—C) Experimental j—¢ curves of 14 mM adenosine in 0.1 M NaCl at pH 5 on the: (A)
2 um Hg-modified PGEDb; (B) 0.04 um copper amalgam-alloy; (C) 0.04 um platinum amal-
gam-alloy substrate recorded after a double potential step from the initial potential E; =
—1.2'V to the pre-treatment potential E,, the second potential step was from E;, (region Ia) to
various final potential (Ey) close to the potential of negative edge of the capacitance pit I1. (A)
Pre-treatment potential £, was —1.558 V, final potential E; was: (a) —1.470V; (b) —1.468 V;
(c) —1.466V. (B) Pre-treatment potential E, was —1.535V, final potential E; was: (a)
—1.440V; (b) —1.435V; (c) —1.430V. (C) Pre-treatment potential E, was —1.598V, final
potential Ey was: (a) —1.520V; (b) —1.515V; (c) —1.505 V. In the case of the phase transition
of adenosine on the amalgam-alloy substrates the “offset current’ was subtracted. The open
circles represent transitions calculated using equation (1). The waiting time at the initial and
pre-treatment potentials was 5 and 2 s, respectively. The measurement temperature was 5°C.
(Part A is adapted from Hason et al, 2003, Figure 1(B); parts B and C are adapted from
Hason et al., 2004, Figure 7(B) and 11(B), respectively, with permission from Elsevier.)
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Fig. 6. Capacitance—potential curves of 30 mM cytidine in 0.5 M NaCl with BR buffer on the
2 um Hg-modified pyrolytic graphite electrode at different pHs: (e) pH 5.0, and (A) pH 8.3.
Potential was scanned from positive to negative values. The different adsorption states are
labelled Ia, II and III. The temperature of measurement was 10°C. (Adapted from Hason and
Vetterl, 2002a, Figure 1(A), with permission from Elsevier.)

2.2.4. Adsorption and kinetics of phase transitions of cytidine at the mercury-modified
graphite surfaces

Cytidine forms well-developed 2-D condensed adlayers in a broad range of pH
at the 2 um Hg-modified graphite surfaces, similarly as in the HMDE (Figure 6).
In acid (pH 5) solution, only one kind of condensed layer (region II) is formed.
In alkaline solution, cytidine forms two different 2-D adlayers. The centre of the
first (adlayer II) is located around —0.8 V; the second 2-D film is formed at more
positive potentials around —0.2 V (adlayer I1I). The 2-D condensed adlayers of
cytidine were better developed at the 2 um Hg-modified PGEb in comparison
with 2 um Hg-modified GCE. The 2-D adlayers of cytidine were poorly devel-
oped at the Hg-modified pyrolytic graphite electrode with edge plane oriented
due to a higher resistance of the electrode surface. On the other hand, the 2-D
cytidine adlayers were still well-developed at the 0.1 um Hg-modified PGEDb. It
can be concluded that a higher stability of the 2-D condensed films of cytidine at
the Hg-modified PGEDb is due to the formation of a true Hg-film. Contrary to
this, the mercury forms still droplets on the GCE rather than a continuous film
and 2-D condensed adlayers are less stable.

The non-linear analysis of the phase transitions of Ia— II of cytidine in acid and/
or alkaline solution at the 2 um Hg-modified PGEDb can be described by a model
which combines a Langmuir-type adsorption step with an instantaneous nucleation
process and linear growth mechanism (Avrami exponent m = 2.08 £ 0.04
(Figure 7A, acid solution) and m = 2.1 + 0.07 (Figure 7B, alkaline solution)).
During the la—1I of cytidine the offset current at the Hg-modified PGEb was
observed. The current transients of cytidine at thinner Hg-modified PGEb (the Hg-
thickness was changed from 0.1 to 1pm) were characterized by an experimental
decay of the current without the current maximum. The j—¢ curves of cytidine at
2 um Hg-modified GCE did not show the exponential decay typical of rate control
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Fig. 7. (A-C) Experimental j—¢ curves of 30mM cytidine in 0.5M NaCl + BR buffer
recorded after a potential step from initial potential E; = —1.2'V (region Ia) to various final
potentials close to the potential of negative edge of the capacitance pit Il on the 2 um Hg-
modified PGEDb at: (A) pH 5 and (B) pH 8.3; and (C) 2 um Hg-modified GCE. (A) Final
potential E; was: (a) —0.985V; (b) —0.980V; (c) —0.970V. (B) Final potential was: (a)
—1.050V; (b) —1.040 V; (c) —1.020 V. (C) Final potential was: (a) —0.960 V; (b) —0.955V; (c)
—0.950 V. In the case of the phase transition of cytidine on the Hg-modified PGED the “offset
current” was subtracted. The open circles represent transitions calculated using equation (1).
The waiting time at the initial potentials was 20s. The measurement temperature was 5°C.
(Parts A and B are adapted from Hason and Vetterl, 2002b, Figure 6(B) and (D), respec-
tively; part 3 is adapted from Hason and Vetterl, 2002b, Figure 13(A), with permission from
Elsevier.)
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by diffusion, random adsorption or both (Guidelli et al., 1996), they exhibit rather
a shoulder (Figure 7C). A pronounced current maximum during the Ia— IT was not
observed and only the adsorption process took place.

The phase transitions of Ia—1II of cytidine in acid solution at the HMDE can
be described by a model 2-D one-step nucleation according to an exponential law
(Retter, 1984a, b). A progressive nucleation with m = 3 can be used for fitting of
the Ia—1I transients of cytidine in alkaline solution at the HMDE (Hason and
Vetterl, 2002c). The 2-D condensed cytidine film in alkaline solution is not stable
for a long time and gets destroyed (Hason and Vetterl, 2002¢). Such a behaviour
was observed earlier by Pospisil and Wandlowski with an ordered film of uracil
(Wandlowski and Pospisil, 1989a, b) and by Vetterl and de Levie with ordered
film of adenine (Vetterl and de Levie, 1991) at Hg electrode.

2.3. Solid amalgam-alloy electrodes

Another appropriate solid substrate for electrodeposition of mercury and pre-
paration of the Hg-modified surfaces are the noble metals, such as silver, gold,
platinum, iridium and/or copper (Cizkowska et al., 1994; Donten and Kublik,
1985, 1986, 1993; Golas et al., 1987; Kounaves and Buffle, 1987, 1988; Kounaves
and Deng, 1993; Wechter and Osteryoung, 1989). The deposited mercury at these
substrates does not form a true mercury film, since these metals dissolve in mer-
cury, but actually a metal-mercury amalgam/alloy surface layer is formed (Donten
and Kublik, 1985; Kounaves and Deng, 1993). The amalgam-alloy layer has a
longer lifetime (from hours to days) in comparison with Hg-film, but non-uniform
composition of the amalgam layer and possible interaction of the analyte with the
metal substrate can be detected sometimes. The advantage of these electrodes is
minimal toxicity. Another possibility, in context of non-toxicity, is the use of a
dental amalgam (Mikkelsen et al., 2001).

The possibilities of the use of the solid amalgam electrodes (MeAEs) as well
as the dental amalgam electrodes in electrochemical analysis of the different
inorganic ions and organic compounds in different environmental and analyt-
ical samples have been reviewed (Economou and Fielden, 2003; Mikkelsen and
Schréder, 2003; Yosypchuk and Novotny, 2002).

In the 1980s, the liquid indium amalgam—electrolyte interface served to the
studies of 2-D condensation of organic molecules (Freymann et al., 1997). How-
ever, it was shown that the liquid gallium is not suitable for studies of the for-
mation of condensed phases at low temperatures (Buess-Herman et al., 1999).

In the beginning of the 1990s, the studies of 2-D condensation of thymine at
platinum amalgam-alloy surfaces by surface plasmon excitation were performed
(Tadjeddine and Rahmani, 1991).

Quite recently, we described the kinetics of phase transitions of adenosine at
MeAEs (Hason et al., 2004; Hason and Vetterl, 2004). With MeAEs the effect
of the surface morphology on kinetics of the 2-D condensation of the nucleic
acid component in the same potential windows as with HMDE can be studied.
With this fact the MeAEs are an alternative to very expensive single-crystal
metal electrodes. In addition the amalgam-alloy has a minimal toxicity and a
much longer lifetime (from hours to days) in comparison with liquid Hg-films.
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2.3.1. Optical roughness and surface morphology of the solid amalgam-alloy surfaces

From DOE sensor measurement we observed that after the amalgamation
process the surface roughness of amalgam-alloy layer (the thickness of
amalgam-alloy layer was changed in the interval from 0.04 to 0.2 pm) becomes
higher for each of the used metallic substrate in comparison with the unmodi-
fied mechanically treated metal electrode surfaces. The optical roughness R, of
the polycrystalline metal electrodes used increases in the order: silver (AgE,
R, = 0.036 um) <platinum (PtE, R, = 0.036 um)<copper electrode (CuE,
R, = 0.055um). The R, of the 0.04-um-thick amalgam-alloy layer decreases
in the order: copper amalgam-alloy (CuA, R, = 0.056 um, Figure 8A) > plat-
inum amalgam-alloy (PtA, R, = 0.045um, Figure 8B)>silver amalgam-alloy
(AgA, R, = 0.043 um, Figure 8C). After longer amalgamation process the R, is
very similar for each of the 0.4 um amalgam-alloy layers (Raaga) = 0.055 pm;
Rapia)y = 0.056 pm; Rycua) = 0.054um). It was observed that the difference
between the optical roughness R, of the modified and unmodified CuE substrate
has the lowest value. It seems that the amalgam-alloy layer is more homo-
genously distributed on CuE substrate than on AgE and PtE substrates.

2.3.2. Adsorption of adenosine at the different solid amalgam-alloy electrodes

Both 2-D condensed adenosine adlayers II and III are well developed at the
copper amalgam-alloy (CuAE) and platinum amalgam-alloy PtAE substrates
when the thickness of the amalgam-alloy layer is as low as 40 nm (Figure SA—B).
The adlayer II of adenosine is formed at temperatures up to 35°C, the adlayer
IIT disappeared at 25°C. The condensed film II is only slightly affected by a
thickness of the amalgam-alloy layer. The 2-D condensed adlayers were stable
for several hours. On the other, these 2-D adlayers are poorly developed and
have a very short lifetime (only several minutes) on the silver amalgam-alloy
electrode (Figure 8C).

Non-linear analysis of the phase transitions of Ia — II of adenosine at the 40 nm
CuAE can be described by a model that combines a Langmuir-type adsorption
step with an instantaneous nucleation and linear growth mechanism (Avrami
exponent m = 2.07 £ 0.08; Figure 5B). The phase transitions of la— II of adeno-
sine at the 40nm PtAE can be described by a model, which combines a
Langmuir-type adsorption step with a nucleation according to a power law and
linear growth mechanism (Avrami exponent m = 2.55 + 0.06; Figure 5C). During

Fig. 8. Capacitance—potential curves of 15 mM adenosine in 0.1 M NaCl at pH 5 on the: (A)
0.04 um copper amalgam-alloy; (B) 0.04 um platinum amalgam-alloy; (C) 0.04 um silver
amalgam-alloy electrode. Potential was scanned from positive to negative values. The dif-
ferent adsorption states are labelled Ia, II and III. The temperature of measurement was
10°C. The inserts show microscope images of the unmodified polycrystalline metal and
amalgam-alloy electrodes surfaces: (A) Cu; (B) Pt; (C) Ag. Images were recorded by an
optical microscope Nikon Eclipse ME600L (magnification was 1000 x ). (Parts A and B are
partially adapted from Hason and Vetterl, 2004, Figure 1(E) and (D), with permission from
Elsevier.)
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the Ia—1I of adenosine the offset current at both the CuAE and PtAE substrates
was detected. The phase transitions were 2.5 times faster at the CuAE than at the
PtAE substrate. The rate of the phase transition Ia — II was slightly dependent on
the thickness of the amalgam-alloy layer.

2.4. Solid metal electrodes

Early measurements of camphor adsorbed on zinc or tin electrodes indicated
that the observation of the 2-D condensation was not restricted to the ideal
defect-free surfaces of liquid metals (Batrakov et al., 1974; Gorodetskii et al.,
1972). During the 80 years of the last century came appropriate the experi-
mental procedures for the preparation and treatment of well-defined solid elec-
trodes as well as their electrochemical characterisation (Hamelin, 1985). Due to
this knowledge the investigations of molecular adsorption onto single-crystal
electrodes rapidly gained increasing interest. The use of such substrates has
opened a new field of research, which has been investigating the role played by
the electrode surface on the stability of 2-D molecular assemblies. In the be-
ginning of the 90 years of 20th century it was observed that the bases of the
nucleic acids can form the 2-D condensed adlayers at the high-oriented pyro-
lytic graphite (HOPG) substrates, and on a basal faces of a single-crystal elec-
trodes (Popov et al., 1992a, b; Srinivasan and Gopalan, 1993; Srinivasan et al.,
1991, 1992; Tao et al., 1993; Tao and Shi, 1994a, b). Detailed studies of the
adsorption of pyridine and the nucleic acid bases and nucleosides on various
gold, silver and more recently on copper (Furukawa et al., 1997, Kawai et al.,
1997; Nakagawa et al., 1997; Tanaka et al., 1996, 1999) single-crystal electrodes
have provided clear evidence of the importance of the nature as well as of the
crystallographic orientation of the electrodes (Bare and Buess-Herman, 199§;
Bare et al., 1998; Buess-Herman, 1985, 1986, 1992, 1994; Buess-Herman et al.,
1999; Holzle et al., 1994, 1995a, b, ¢, 1996; Dretschkow et al., 1997; Dretschkow
and Wandlowski, 1998; Roelfs et al., 1997, Wandlowski, 2002; Wandlowski and
Holzle, 1996a, b; Wandlowski et al., 1996a, b; Wu et al., 1998). In addition, with
single-crystal electrodes it was possible to use another experimental technique
studying the formation and/or dissolution of self-assembled monolayers at the
electrode surface such as scanning tunneling microscopy (STM) (Kolb, 2000,
2001; Wandlowski, 2000, 2002), atomic force microscopy (AFM) and Raman
spectroscopy (Garcia-Ramos et al., 1996; Garcia-Ramos and Sanchez-Cortés,
1997; Sanchez-Cortés and Garcia-Ramos, 2000, 2001).

2.4.1. Gold electrodes

2.4.1.1. Cytosine and cytidine. 'The adsorption of cytosine at Au electrode from
0.1 M NaCIO4 and HCIO4 aqueous solutions was studied by in situ surface-
enhanced infrared absorption spectroscopy and cyclic voltammetry (CV)
(Ataka and Osawa, 1999). From the spectral analysis, it was found that cyto-
sine is physisorbed at negative potentials and is chemisorbed at positive
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potentials. Both the physisorbed and chemisorbed molecules are oriented with
the N(3), C = O and NH, moieties directed towards the surface. A pair of redox
peaks observed in the cyclic voltammogram was ascribed to the transformation
between the physisorbed and chemisorbed states (Ataka and Osawa, 1999;
Wandlowski et al., 1996a, b). The structure and stability of a densely packed 2-
D condensed adlayer at a rather positive potential (chemisorbed state) was
characterized employing in situ STM. This state contains highly ordered do-
mains with a unit cell with the following dimensions: a =7.3+£0.3A, b=
8.7+ 0.3A and y = 50°+5°. The proposed packing model assumes the coor-
dination of the N(3) ring nitrogen of cytosine with gold atoms (Tao et al., 1993;
Wandlowski et al., 1996a, b). The kinetics of dissolution of the chemisorbed
adlayer was analysed by comparison with a model based on hole nucleation and
growth in combination with a parallel Langmuir-type desorption process
(Wandlowski et al., 1996a, b).

We showed (Hason and Vetterl, 2002a) that cytidine in the acid (pH 4.2) and
neutral solution (pH 7.0) formed at the Au (111) the physisorbed 2-D con-
densed adlayer in potential window from —0.3 to +0.07 V (region II). At pos-
itive potential (around potential +0.23 V) cytidine forms ordered chemisorbed
adlayer in acid and neutral solution (region IV). In contrast to region II, the
extent of region IV is only slightly affected by temperature or concentration
change (Figure 9).

2.4.1.2. Uracil, its methyl derivatives, and uridine. The adsorption of uracil on
different crystallographic orientation of gold single-crystal electrodes by elect-
rochemical and microscopic techniques was described. The influence of ad-
sorption of uracil on the driving force for the (p x /3)«< (1 x 1) transition of
the Au(11 1) surface by in situ X-ray scattering was studied (Wandlowski et al.,
1996a, b; Wu et al., 1998). The overall driving force is a combination of the
driving force due to charge and the driving force due to the adsorbate. The
results show that the two driving forces are of comparable magnitude and that
the interpretation of the surface reconstruction phenomena given in terms of
either purely charge or a purely adsorbate effect is an oversimplification (Wu
et al., 1998). A physisorbed uracil film of planar oriented and via hydrogen
bonds connected molecules exists at negative electrode charges of Au(100).
Coupled with changes in the electronic state of the adsorbed uracil this mono-
layer undergoes a first-order phase transition when altering the electrode po-
tential towards more positive values. A chemisorbed adlayer was finally formed
simultaneously with the substrate surface structural transition (hex)— (1 x 1).
Uracil changes its orientation from planar to perpendicular, and a substrate-
specific surface coordination complex was created. The physisorbed films on
Au(111)-(p x 4/3), Au(100)-(hex) and Au(100)-(1 x 1) are rather similar.
They display characteristic properties of a hydrogen-bonded network of planar-
oriented uracil molecules. At sufficiently positive electrode potentials, uracil
deprotonates and forms highly ordered chemisorbed, perpendicularly oriented
surface coordination complexes. The organic molecule occupies (/3 x /3)R30
degrees-positions of the Au(111)-(1 x 1) lattice. The chemisorbed uracil film on
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Fig. 9. Capacitance—potential curves of 50 mM cytidine in 0.1 M KCIO,4 on the Au(111) at
different pHs: (A) pH 7.0 and (B) pH 4.2. (—) Potential scan from —0.6 V to more positive
values; (—) potential scan from +0.4 V to more negative values. The different 2-D condensed
adlayer are labelled II and IV. The temperature of measurement was 25°C (Hason and
Vetterl, unpublished results).
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Au(100)-(1 x 1) is of oblique symmetry and consists of interdigitated regular
arrays of stacks, each containing four molecules (Dretschkow et al., 1997;
Dretschkow and Wandlowski, 1998). Two adsorbed states with different vi-
brational frequencies were observed for uracil in 0.1 M LiClOy4 solution, which
have pronounced interaction with water molecules and electrolyte ions
(Futamata and Dieseing, 1999). The infrared spectra show that uracil and thy-
mine adopt similar coordination forms with the surface with both exocyclic
oxygen atoms and deprotonated N3 facing in towards the surface in a vertically
oriented chemisorbate. Thymine exhibits smaller ordered domains, which are
expanded in one direction to allow for the spatial requirements of methyl group
on thymine (Li et al., 1999).

The kinetics of formation of condensed physisorbed film of uracil on Au(100)-
(hex), Au(111)-(p x 4/3) and Au(100)-(1 x 1) were investigated by double po-
tential steps in order to reduce the effect of pre-adsorption on the immediate
phase transition kinetics. These primary transients could be modelled with an
exponential law of nucleation and an induction time in combination with 2-D
surface diffusion-controlled growth (Wandlowski and Dretschkow, 1997).

The adsorption and phase formation of uracil on massive Au[r(111)-(110)]
single-crystal and Au(111-20nm) film electrodes was studied by attenuated
total reflection surface-enhanced infrared reflection absorption spectroscopy
(ATR-SEIRAS) (Pronkin and Wandlowski, 2003). At £<0.15V uracil mole-
cules are disordered and planar oriented, co-adsorbed with weakly hydrogen-
bonded interfacial water (region I). Around the potential of zero charge a 2-D
condensed, physisorbed film of planar-oriented molecules, interconnected by
directional hydrogen bonds is formed (region II). At more positive potentials
the increase of intensity and a large negative shift of the carbonyl combination
bands, characteristic to uracil coordinated to metal ions (region III) was ob-
served. Band intensities and peak positions reach rather constant values at
E>0.80V (region 1V), where uracil undergoes an orientational change from
planar to perpendicular accompanied by the formation of a chemisorbed ad-
layer composed of molecular islands. Time-resolved ATR-SEIRAS experiments
demonstrate that the transformation of chemisorbed uracil into lower coverage
adlayers proceeds in the following steps: (i) perpendicularly oriented uracil
molecules change their orientation towards a tilted or planar arrangement de-
pending on the final potential; (ii) desorption of strongly hydrogen-bonded
second-layer water and sulphate species; (iii) adsorption of weakly hydrogen-
bonded water (Pronkin and Wandlowski, 2003).

The interfacial behaviour of 1,3-dimethyluracil (1,3-DMU) on Au(l111) was
investigated quantitatively using chronocoulometry. The adsorption parameters
such as film pressure, relative Gibbs surface excess, Gibbs energy of adsorption
and electrosorption valency were determined as a function of electrode potential
and charge density for concentrations of 1,3-DMU up to 50 mM. The values of
the relative Gibbs surface excess and the small shift of the zero charge potential
due to 1,3-DMU adsorption indicate that the organic molecules are oriented
parallel to the electrode surface within the entire region of an ideal polarizable
interface. The Gibbs energy at maximum adsorption is equal to —35.4kJ mol™!
and suggests weak chemisorption (Wandlowski and Hoélzle, 1996a, b).
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A stable condensed physisorbed film of 5,6-dimethyluracil (5,6-DMU) was
formed between the limits of the hydrogen evolution (at —0.3 V) and the lifting
of the surface reconstruction (at 0.4 V) in the bulk solution concentration on the
Au(111). The onset of hydrogen evolution led to the formation of ““bubble”-
like structures which disrupted the stability of the film causing a disordering
process which takes place within the whole scanned area. Stepping the potential
back to the region of stability allowed the real-time observation of the film
reorganization. An anisotropic evolution of the film was found (Cunha and
Nart, 2001).

STM images of 5-chloride uracil and 5-bromide uracil adsorbed on Au(111)
in sulphuric acid solution under potential control has shown that the change
of the halogen substituents leads to dramatic changes in the molecular packing
structure of the films (Cunha et al., 2001). Both molecules form highly ordered
films, but while 5-bromide uracil has a lying, hydrogen bond stabilised,
positioning, 5-chloride uracil assumes an upstanding positioning (Cunha et al.,
2001).

The first and second layer adsorbates on Au thin film electrodes were eluci-
dated with respect to deprotonation of organic monolayers or Cu-UPD (under
potential deposition) on Au(111) using attenuated total reflection-infrared spec-
troscopy (Futamata, 2003). The v(Cl-O) band from CIOj ions at the second
layer, located outside the uracil monolayer, shows invariant frequency, while the
ClO4 band at the bare Au surface increases with the potential. The CI™ ions co-
adsorb with sulphate species during the Cu-UPD process. In contrast to the XPS
(X-ray photoelectron spectroscopy) data, the surface coverage of the halide ions
does not change significantly at the second UPD peak (Futamata, 2003).

The kinetics of dissolution of condensed chemisorbed layer of uridine on
Au(111), Au(13,13,12) and Au(554) were studied by current transients (Van
Krieken and Buess-Herman, 1998). All the transients were satisfactorily de-
scribed by a model that combines a desorption step with a simultaneous hole
nucleation and growth process. On the basis of a model considering an expo-
nential law of nucleation and a surface diffusion-controlled growth, it was
found that an increase of the step density of the electrode surface by affecting
the ordering of the organic layer enhances markedly the rate of formation of
holes in the film but slows down the expansion of the holes. The influence of the
temperature and of the surfactant concentration on the nucleation and growth
parameters was also reported (Bare et al, 1998; Scharfe et al, 1995; Van
Krieken and Buess-Herman, 1998). The effect of Au surface structure on the
adenine adsorption was studied recently by CV and capacitance measurements
(Martins et al., 2005).

2.4.1.3. Oligonucleotides. Double-stranded oligonucleotides (poly(dAj;q).poly
(dT30)) adsorbed at gold electrodes, were investigated by various techniques,
including CV, quartz crystal microbalance (QCM), electrochemical scanning
tunnelling microscopy (EC-STM) and surface-enhanced Raman scattering
spectroscopy (SERS). CV and QCM results show that double-stranded poly
(dA3g).poly(dTsg) forms at the gold electrode surface a saturated monolayer of
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double-stranded DNA(dsDNA) lying flat on surfaces. EC-STM was used as
evidence directly that dsSDNA forms a highly ordered and compact monolayer
film on the gold substrate, whereas single-stranded DNA(poly(dT;p)) adopts a
coiled configuration and, therefore, cannot form an ordered structure on the
gold substrate. Moreover, it was demonstrated by SERS experiments that par-
tial denaturation of duplexes occurs arising from the different interfacial
orientations of A and T bases on the gold electrode surface. The DNA-modified
gold surface is stable in a wide range of potentials (Zhang et al., 2002).

Organized oligonucleotide monolayers on polycrystalline Au and single-crystal
Au(111) are extensively studied by Wackerbarth et a/ (Wackerbarth ez al., 2004a;
Wackerbarth et al., 2004b) and the results are reviewed in his chapter of this book
(Chapter 15).

2.4.1.4. DNA. Complementary, single strands of DNA (ssDNA), one bound
to a gold electrode and the other to a gold nanoparticle were hybridized on the
surface to form a self-assembled, dsSDNA bridge between the two gold contacts
(Nogues et al., 2004). The adsorption of an ssDNA monolayer at each gold
interface eliminates non-specific interactions of the dSDNA with the surface,
allowing bridge formation only upon hybridization. The technique used, in
addition to providing a good electrical contact, offers topographical contrast
between the gold nanoparticles and the non-hybridized surface and enables
accurate location of the bridge for the electrical measurements. Reproducible
AFM conductivity measurements were performed and significant qualitative
differences were detected between conductivity in ss- and dsDNA. The ssDNA
was found to be insulating over a 4eV range between + /—2 V under the studied
conditions, while the dsSDNA, bound to the gold nanoparticle, behaved like a
wide band gap semiconductor and passes significant current outside a 3eV gap
(Nogues et al., 2004).

DNA molecules were adsorbed specifically on gold surfaces (Aqua et al.,
2003). The specificity of the adsorption was controlled by a novel approach, in
which the gold surface was first blocked with a hydrophobic layer (C-18-SH) to
various extents, followed by the adsorption of thiolated DNA. The technique
was applied both for short and for long strands of DNA. It was shown that the
reactivity of the thiolated short DNA in a ligation reaction is enhanced by more
than an order of magnitude by the presence of the alkylthiol layer. Due to the
hydrophobic and insulating nature of the C-18-SH layer, this blocking method
is advantageous for electronic measurements (Aqua et al., 2003).

2.4.2. Silver electrodes

The formation of uracil adlayers on Ag(11 1) and Ag(100) in aqueous solutions
was studied by CV and capacitance—potential measurements (Holzle et al.,
1995a; Wandlowski, 1995). It was founded evidence for the existence of two
distinctly different organized uracil layers at both crystal planes. The first was
formed at medium coverages and potentials close to the potential of zero charge
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of the electrolyte, and corresponds to a 2-D condensed physisorbed film. The
second type of adlayer was formed at rather positive charge densities and shows
extreme temperature stability. This film was assigned as chemisorbed uracil. The
adsorption of 6-methyluracil, thymine and 5,6-dimethyluracil from aqueous
solutions on Ag(111) was investigated by CV, capacity measurements and
current transients, to elucidate the role of the electrode surface and of the
intermolecular forces in the formation of ordered adlayers. From the calculated
free adsorption enthalpies stability sequences for the condensed physisorbed
phase were established (Holzle et al., 1996).

The short-time adsorption of uracil on Ag(111) was interpreted by a model
that accounts for diffusion-controlled random adsorption of uracil molecules
according to a Frumkin isotherm, followed by their progressive nucleation and
by growth of the resulting clusters. The long-time behaviour was explained by a
model that considers the formation of a new 2-D phase and the nucleation and
growth of water holes within this new phase, up to the attainment of a steady
state (Foresti ez al., 1995; Guidelli et al., 1996). The structure of the chemisor-
bed uracil overlayer that is formed on Ag(111) at potentials positive to —0.70 V
following a 2-D disorder—order phase transition was investigated by in situ STM
as well. The uracil molecules were arranged in parallel rows. A packing model in
which the rows consist of chains of flat, H-bonded uracil molecules was hy-
pothesized (Cavallini et al., 1998).

The adsorption of uridine on Ag(11 1) was investigated as well. The kinetics
of the interfacial rearrangements were investigated by recording current—time
curves. When single potential steps were applied starting from the chemisorbed
layer, the transients are predominantly associated with the dissolution of the
initial layer. Those transients were analyzed in terms of a model which combines
a Langmuir-type desorption step and a dissolution which proceeds from holes
growing with a time-dependent rate (Van Krieken and Buess-Herman, 1999).

The potential-induced changes in thymine coordination on polycrystalline
silver electrodes were studied by SERS for potentials positive to the potential of
zero charge up to the end of the double layer range (Aroca and Bujalski, 1999;
Cunha et al., 2003). Two distinct sets of spectra could be obtained in the range
of potentials studied. Both states correspond to chemisorbed phases of thymine
on silver, where a distinct heteroatom is responsible for the bond with the
surface. At less positive potentials, one of the ring oxygen atoms is responsible
for the chemical bond and the molecule assumes a tilted position. At more
positive potentials, one of the ring nitrogen atoms, possibly deprotonated, es-
tablishes a new bond with the surface, aligning the molecule’s axis closer to the
surface normal (Cunha et al., 2003).

The Raman and SERS spectra of uracil were measured and the vibration
spectra of uracil and deprotonated uracil in the condensed phase were predicted
by calculations using density functional theory (DFT) (Giese and McNaughton,
2002a). On the basis of these calculations combined with normal Raman spec-
troscopy, two different tautomers corresponding to N(1) and N(3)-deprotonated
uracil were identified in alkaline aqueous solution, the N(1)-deprotonated
species being slightly more common. In the SERS spectra of alkaline uracil
solution in a silver sol, contributions from both tautomers are detected. The
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ratio of the two tautomers depends on the concentration of analyte. At neutral
pH uracil adsorbs to the silver colloid exclusively in its N(3) deprotonated form.
The interaction between uracil and an electrochemically roughened silver elec-
trode is similar to the interaction between uracil and the silver colloid. Spectral
changes caused by varying the applied electrode potential are most likely due to
the inductive effect of the metal rather than a molecular reorientation at the
metal surface (Giese and McNaughton, 2002a).

The SERS spectra of adenine and three deuterated analogues adsorbed on
colloids, electrochemically roughened electrodes and vacuum deposited island
films of silver were also investigated (Giese and McNaughton, 2002b). Surface
selection rules derived from the electromagnetic enhancement model were em-
ployed to deduce adenine orientations on the different surfaces. On the colloids,
adenine adopts an almost perpendicular orientation interacting with the metal
surface via N(7) and the exocyclic amino group. On the electrodes, adenine
adsorbs in a more tilted orientation while on the island films the tilt is even more
pronounced. Interaction with the electrodes takes place through N(7) and the
amino group, while interaction with the island film may be solely through N(7).

The surface-coverage study of the SERS of cytosine and its derivatives in-
dicated that these molecules tend to be predominantly edge-on adsorbed at
lower concentrations. At high concentrations the orientation was not com-
pletely perpendicular due to the increasing contribution to the SERS spectrum
from molecules placed in layers different to the first one. The SERS intensity
changes observed in presence of CI~ were governed by the electromagnetic
enhancement mechanism, while the changes of the spectral profile were rather
connected to the charge-transfer mechanism, due to the relative increasing im-
portance of the first layer in the SERS spectrum. The pH-dependent intensity
changes were due to a transition from a first layer to a multilayer configuration
with increasing pH (Sanchez-Cortés and Garcia-Ramos, 2001). The SERS ob-
servation showed the chemisorption of dimethylcytosine on the silver surface.
Dimethylcytosin is also chemisorbed on colloidal metals, and it is observed that
the growing interaction strength is in the order Ag<Au<Cu (Sanchez-Cortés
and Garcia-Ramos, 2000).

SERS of hypoxanthine molecule on silver colloid showed that the molecule
exists as [keto-N(9) H(9)] form in the surface adsorbed state at acidic and
normal pH, but it occurs as [enol-O(6) H(1), N(9) H(9)] form at alkaline pH. It
was substantiated by the appearance of an intense carbonyl-stretching mode at
1690cm ™", a medium-intense in-plane C = O bending mode at 655cm™" and
disappearance of the C(6)-O(6) H(1) stretching mode in SER spectra in acidic
and normal pH. Hypoxanthine molecule is adsorbed on the metal surface at
acidic pH (pH 2) through the N(3) atom with the molecular plane lying almost
perpendicular on the silver substrate, while at alkaline pH the molecule is ori-
ented nearly parallel to the silver surface via non-bonding electrons of N(1),
N(3), N(7) and O(6) (Chowdhury et al., 2000).

Self-assembled monolayers (SAM) of NAD formed at two silver surfaces with
different roughness were investigated by SERS technique combined with
Raman mapping. On the basis of the analysis of the recorded Raman mapping
spectra together with reference to the calculation results of minimized energy
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conformation of NAD, an adsorption mode of SAM of NAD at silver surface
was suggested including adenine moiety of the perpendicular orientation onto
the surface via N(7) and amino group as well as a flat orientation for the
nicotinamide moiety. The various degree of roughness of silver surface mostly
impacted on the dynamic process rather than the thermodynamics of SAM
formulation of NAD (Yang et al., 2004).

2.4.3. Copper electrodes

It was observed that DNA base molecules form low-dimensional superstruc-
tures on Cu(l11) surfaces through hydrogen bonding among molecules and
through their epitaxial nature on the surface. The formation of characteristic
self-assembled structures depend not only on the coverage of the molecules but
also on the deposition rate and both parameters indicate that a dynamic process
at the surface plays an important role in its formation. STM images revealed
that the chemical inertness of the Cu(l1 1) substrate allows the molecules to
diffuse over the surface to spontaneously self-assemble themselves into their
own unique structure: adenine into one-dimensional molecular chains, thymine
into 2-D islands, guanine into 2-D square lattices and cytosine into one-
dimensional zigzag molecule cluster networks (Furukawa et al, 1997; Kawai
et al., 1997; Nakagawa et al., 1997; Tanaka et al., 1996). It was elucidated that
the most stable hydrogen-bonded dimer plays a very important role as nuclei in
the self-assembly formation of the adenine molecule. It was observed that the
nuclei hydrogen-bonded dimers diffuse in the substrate, and self-assemble
themselves into two different characteristic superstructures, a ‘“‘one-dimensional
chain structure” and a “‘two-dimensional hexagonal structure”, through two
distinct kinds of hydrogen bond pattern at low coverage and low deposition
rate. It was also found that chemically modified adenine with an alkyl chain,
which prevents the formation of the nucleic dimer, forms randomly aggregated
small clusters (Furukawa er al., 1997; Kawai et al., 1997; Tanaka et al., 1996).
Novel superstructures of self-assembled uracil molecules were also observed at
lower temperatures at Cu(1l11). Isolated uracil trimers are formed at low cov-
erage, and 2-D islands with a hexagonal superstructure are built up at increased
coverage. The dominant force responsible for the formation of the trimers and
the islands is electrostatic interaction through anisotropic hydrogen bonds be-
tween uracil molecules (Furukawa et al., 1997, 2000; Kawai et al., 1997; Tanaka
et al., 1996).

Semi-empirical molecular orbital (MO) calculation indicated that there exists
predominantly stable dimer structures for the guanine, cytosine and adenine
molecules, while such phenomena was not observed among the possible thymine
dimer and even trimer structures. Based on experimental and theoretical results,
the authors concluded that specific hydrogen-bonded nucleus formation is a
decisive process in the 2-D self-assembly formation of DNA base molecules on
Cu(111) surfaces (Furukawa et al., 2001).

Using the pulse injection method, ssDNA and ds plasmid DNA were depo-
sited on Cu(111) surfaces under ultrahigh vacuum (UHYV) conditions. The
STM images revealed that DNA molecules are adsorbed directly onto a clean
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Cu(111) surface. The ssDNA oligomers have exhibited the images of individual
internal base molecules and the helix structures made of complementary base
sequences. For the ds plasmid DNA, the images have shown the Watson—Crick
double-helix structure (Tanaka et al., 1999).

STM images of poly(dA-dT)-poly(dA-dT) and poly(dG-dC)-poly(dG-dC) ad-
sorbed on Cu(1 1 1) substrates revealed that the two DNA molecules have different
adsorbed structures and topographic heights. The observed structural differences
originate from the inherent differences in the stability of the adenine-thymine
(A-T) and guanine—cytosine (G—C) base pairs (Nishimura et al., 2002).

The adsorption of adenine, guanine, cytosine and thymine on Cu(110) was
investigated by reflection absorption infrared spectroscopy in UHV as well.
Cytosine exhibited characteristic asymmetric and symmetric NH, stretching
signal. The asymmetric stretching signal was missing in the submonolayer re-
gion, indicating that the whole molecule was standing upright, with the NH,
group sticking out of the surface. Thymine was also proved to stand upright at
the surface. Guanine exhibited weakened infrared signals, indicating that the
core purine ring was tilted on the surface, with an interaction of NH-C = O side
of the molecule. Adenine at coverages below one monolayer gave no absorption
signals, evidencing the molecules laid flat on the surface (Yamada et al., 2004).
From electron energy loss spectroscopy, Chen showed that the molecular plane
of adenine is parallel to the substrate with a tilted C—NH, bond. A4b initio
calculations confirm the molecular orientation and show an sp’ hybridization
on the N(amino) atom, which is directly bonded to the substrate. The origin of
the chains lies in the formation of homochiral rows of molecules, linked by two
types of H-bonding interactions, commensurate with the substrate (Chen et al.,
2002).

2.4.4. Bismuth electrodes

The electrochemical impedance method has been used for the quantitative study
of uracil adsorption kinetics at the bismuth single-crystal plane in aqueous
Na,SOy, solution. Analysis of impedance data demonstrates that the adsorption
process of uracil is complicated and limited by the mixed kinetics, i.e. by the
slow adsorption and diffusion steps. Analysis of the Cole-Cole and other de-
pendences indicates that, at small frequencies and higher uracil concentrations,
2-D association of the uracil molecules is possible. Non-linear regression anal-
ysis has been used for fitting the experimental complex plane (Z”, Z’) plots. The
classical Frumkin—Melik—Gaikazyan circuit in the region of higher frequencies
and lower uracil concentrations (less than or equal to 2 x 107> M), and the
modified Frumkin—Melik—Gaikazyan equivalent circuit (taking into account the
inhomogeneous semi-infinite diffusion) at uracil concentrations greater than or
equal to 2 x 107> M fit with a reasonable accuracy the experimental Z”, Z'-
plots. It was found that the values of the double layer capacitance, partial
charge transfer resistance, adsorption capacitance and Warburg-like diffusion
impedance depend noticeably on the electrode potential and concentration of
uracil (Kasuk et al., 2003).
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2.5. Semiconductor electrodes

2.5.1. Single-crystal n-CdSe

The adsorption of adenine (A), thymine (T), guanine (G) and cytosine (C), and
base pairs onto single-crystal n-CdSe substrates was studied in several solvents,
using the band gap photoluminescence (PL) of the semiconductor as a probe
(Meeker and Ellis, 2000). In methanol solution, all four bases cause similar,
reversible PL quenching. The PL changes can be well fit by a dead-layer model,
indicating that adsorption increases the depletion width of the semiconductor
by 200- 300 A. In dimethylsulfoxide (DMSO) solution, there is no PL response
to individual bases. However, the complementary A-T and G-C base pairs yield
a PL response, providing evidence that the surface can promote base pair for-
mation. The A-T and C-G responses in DMSO correspond to depletion width
increase of 100 and 200 A. In chloroform solution, the PL response of C-G base
pairs can be distinguished from those of C and G individually, whereas A, T and
A-T are experimentally indistinguishable (Meeker and Ellis, 2000).

2.5.2. Silicon

The STM images showed that adenine and thymine are adsorbed on Si(100)-
2 x 1 surfaces. The double bright molecular images are located on the neigh-
bouring two Si dimer rows and have ellipsoidal shapes. An extended Huckel
MO calculation of the adenine adsorbed on the Si cluster gives the form of the
hybridized orbital in this system. This calculation explains the adsorption site
and the surface local density of states corresponding to the observed STM
images (Kasaya et al., 1995, 1996).

Due to semi-empirical MO calculation the local surface density of states for
the adsorbed molecules of adenine on the Si surface was revealed. The energy
level diagrams of the MOs of the Si cluster on which the molecules are adsorbed
are shown (Kasaya et al., 1998).

The STM images show that uracil is able to form ordered structures on the
surface of Si(100)-2 x 1 on which the molecules adsorb preferentially along
dimer rows. The high-resolution electron energy-loss spectroscopy (HREEL)
spectra show a stronger intensity of the in-plane modes compared with the out-
of-plane vibrations. This indicates that the orientation of the molecular plane is
more upright. The observation of a distinctive Si—-H band in the vibrational
spectra of Si(100)-2 x 1 exposed to uracil indicates that adsorption of the
molecule occurs through cleavage of an O-H/N-H bond. The vibrational spectra
show that only the enol tautomer interacts with the surface, mainly through
cleavage of the OH bond and the formation of an Si—O linkage (Lopez et al.,
2002).

The adsorption of uracil on the Si(00 1) surface was investigated by DFT
calculations using a plane-wave basis in conjunction with ultrasoft pseudopo-
tentials. There exists a pronounced tendency for molecular fragmentation,
leading to the dissociation of hydrogen from the molecules and possibly to
oxygen insertion into Si dimers (Seino et al, 2003). The results showed that
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semiconductor surface electronic properties can be tuned within a very wide
range by organic functionalization even with only one molecular species (Seino
et al., 2004).

Reflectance anisotropy spectra (RAS) for energetically favoured models of
uracil covered Si(00 1) surfaces were calculated within the independent particle
approximation (Seino and Schmidt, 2004). While for low coverage mainly an
attenuation of the features typical for the clean surface is found, the calculations
predicted the appearance of new peaks for higher coverage, suggesting the usage
of RAS for the analysis of organic/inorganic interfaces (Seino and Schmidt,
2004).

The interface formed between cytosine and hydrogen-passivated Si(111)
substrates was investigated by spectroscopic methods and density functional
calculations of optimized adsorbate geometries. The cytosine was thermally
evaporated by organic molecular beam deposition onto flat and vicinal
H-passivated Si(11 1) substrates under UHV conditions. In order to take ad-
vantage of surface-enhanced Raman scattering at rough metal surfaces, silver
was evaporated onto the biomolecular adsorbate. Polarization-dependent
Raman measurements reveal that the cytosine molecules align along the steps
on vicinal H-passivated Si(111) surfaces. The orientation of the molecular
plane of the cytosine molecule deduced from the SER spectra can be well
reproduced with density functional calculations of the optimized geometries of
an adsorbed cytosine molecule at a step edge of H-passivated Si(111) slab. As
the binding energy of cytosine at the substrate step is as large as —0.41 eV, one
can conclude that the coverage with silver does not affect the preferential ad-
sorption geometry of the cytosine molecule (Silaghi et al., 2004).

DNA molecules can be selectively adsorbed onto a SiO, surface in SiO,/SiH
pattern, fabricated using photolithography, by adding MgCl, to a DNA so-
lution (Tanaka et al., 2001, 2004). Since DNA molecules can be adsorbed onto a
Si substrate through Mg ", the adsorption of DNA molecules in a SiO,/SiH
pattern is influenced by the concentration of MgCl, and the difference in
chemical property between a SiO, surface and a SiH surface (Tanaka et al,
2001, 2004). DNA molecules attach to a hydrophilic SiO, surface but not to a
hydrophobic SiH surface. This result indicates that it is possible to fabricate
micropatterning on a Si surface by using a DNA template and photolithog-
raphy (Tanaka et al., 2001).

2.5.3. Gallium arsenide

GaAs-based electronic devices have interesting applications in spintronics and
as sensors. In the past, methods were developed to stabilize the surface of GaAs,
since it is known to be highly sensitive and unstable. It turns out, however, that
these particular properties can be used for controlling the electronic character-
istics of the devices, by adsorbing molecules that affect the surface properties.
The adsorption of molecules that can be bound to GaAs through their phos-
phate group was studied (Artzi et al., 2003). Phosphate functional groups can be
found in many biological molecules; therefore, the binding of organic phosphate
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to a semiconductor surface can provide the first step towards a new line of
hybrid bioorganic/inorganic electronic devices. The adsorption of tridecyl
phosphate (TDP) was investigated and compared with the adsorption of do-
decanoic acid (lauric acid), which contains a carboxylic binding group. The
alkyl phosphate monolayer is found to bind to the GaAs surface more strongly
than any other functional group known to date. The authors showed that the
adsorption of a DNA nucleotide (5-AMP) as well as ssDNA on the GaAs
surface occurs through the phosphate groups (Artzi et al., 2003). Hence, DNA
can be bound to these surfaces with no need for chemical modifications.

2.6. Minerals, soils and resins

The adsorption of organic molecules onto the surfaces of inorganic solids has
long been considered a process relevant to the origin of life. The equilibrium
adsorption isotherms for the nucleic acid purine and pyrimidine bases dissolved
in water on the surface of crystalline graphite was determined by Sowerby
(Sowerby and Petersen, 1997; Sowerby et al, 1998a, b, c, 2001a, b). The
adsorption behaviour of the individual bases was significantly different
and decreased in the series: guanine >adenine > hypoxanthine > thymine >
cytosine >uracil. In the same sequence decreased the adsorption of nucleic
acid base at the mercury electrode determined by differential capacitance mea-
surement (Vetterl, 1966a, b). Sowerby (Sowerby et al., 2001a,b) proposed that
such differential properties were relevant to the prebiotic chemistry of the bases
and may have influenced the composition of the primordial genetic architecture.
The combinatorial arrangements of planar arranged purine and pyrimidine
bases could provide the necessary complexity to act as a primitive genetic
mechanism and may have relevance to the origin of life (Denton et al., 2003;
Sowerby et al., 1996, 2000, 2001a,b, 2002; Sowerby and Heckl, 1998; Sowerby
and Petersen, 2002; Hansson et al., 2002).

The iron oxide hydroxide minerals goethite and akaganeite were likely con-
stituents of the sediments present in, for instance, geothermal regions of the
primitive Earth (Holm et al, 1993). They may have adsorbed organics and
catalysed the condensation processes which led to the origin of life. The binding
to and reactions of nucleotides and oligonucleotides with these minerals was
investigated. The adsorption of adenosine, 5-AMP, 3-AMP, 5-UMP and
5’-CMP to these minerals was studied. Adenosine did not bind to goethite and
akaganeite. The adsorption isotherms for the binding of the nucleotides re-
vealed that they all had close to the same affinity for the mineral. Binding to
goethite was about four times stronger than to akaganeite. There was little
difference in the adsorption of each nucleotide suggesting the binding was be-
tween the negative charge on the phosphate group and the positive charges on
the mineral surface. The absence of binding of adenosine is consistent with this
explanation (Holm et al., 1993).

In order to study the effects of large-surface-area solids on the formation of
biomacro-molecules, copper(Il)-nucleosides complexes were studied in water at
high pH and after contact with the cavity walls of 13X-zeolite (Ciani et al., 2003).
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The results were mainly collected by electron spin resonance in continuous (cw-
ESR) and pulsed (ESE) wave. Particular attention was dedicated to adenosine as
a nucleoside model for the formation of compounds which were fully charac-
terised in alkaline water solution and after adsorption on commercial 13X-zeo-
lite. In aqueous solution, adenosine was coordinated to copper(Il) through
deprotonated hydroxyl groups in the 2" and 3’ positions of the ribose unit. When
adsorbed on zeolite, both cw-ESR and ESE showed that a fraction of the ad-
sorbed complexes did not change their structure and showed high mobility in the
zeolite faujasite cavity. The remaining fraction directly interacted with Al-27
nuclei of the zeolite framework. Other copper(Il)-nucleosides behaved in the
same manner (Ciani et al., 2003).

Recently, SERS was used to characterise adenine adsorption on and release
from specimens of two meteorites, the Zagami Martian meteorite and the
Murchison meteorite (El Amri et al., 2004). Powdered meteoritic material was
incubated with very dilute adenine solutions. An adenine SER response of the
resulting supernatant weaker than that of the initial solution indicated that
adenine was bound to the meteorite. A SER signal with the pellet meant the
adenine that was initially adsorbed on it was transferred to the silver colloid
SER probe. Adenine adsorption on and release from the Murchison carbon-
aceous chondrite and the mineral Zagami meteorite depended on the compo-
sition of the meteorites. Adenine was much more strongly bound to the
Murchison meteorite, which contains bioorganic matter, than to the purely
mineral Zagami meteorite (El Amri et al., 2004).

Enantiomeric interactions between nucleic acid bases and amino acids on
solid surfaces was studied as well (Chen and Richardson, 2003).

Adsorption kinetics of nucleic acid bases and nucleosides as ligands on co-
balt(Il)-carboxylated diaminoethyl sporopollenin (CDAE-sporopollenin) have
been performed using continuous column runs (Ayar and Gurten, 2003). Ad-
sorption rate measurements were carried out by using a UV—Vis spectropho-
tometer, and rate control step of the adsorption process was determined. The
results show that the type of ligand has a great effect on ligand adsorption
behaviour. External ligand concentrations play a significant role on adsorption
rate of nucleic acid bases (Ayar and Gurten, 2003).

2.7. Adsorption of base and/or nucleosides mixtures

2.7.1. Adsorption at Hg electrode

The condensed monolayer of nucleic acid bases can be stabilized either by
stacking interactions between bases oriented perpendicularly to the electrode
surface (Brabec et al., 1996; Jursa and Vetterl, 1984; Palecek, 2002; Retter, 1980,
1984; Retter et al., 1989; Vetterl, 1976; Vetterl and de Levie, 1991; Vetterl and
Pokorny, 1980) or by hydrogen bonds between planar-oriented bases (de Levie,
1988; de Levie and Wandlowski, 1994; Sridharan and de Levie, 1987). Some
information about the orientation in the surface can bring the measurement of
the adsorption of mixtures of complementary and non-complementary bases
and/or nucleosides.
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The electrosorption of mixtures of complementary and non-complementary
bases (Brabec et al., 1978) and nucleosides (Ueharra and Elving, 1981) was studied
more than 20 years ago. It was found that mixtures of non-complementary bases
when only one of which was able to form a capacitance pit exhibit an initial dilute
adsorption region (Brabec et al., 1978). At critically defined bulk solution con-
centrations of bases capable to form the pit, a surface reorientation occurs even in
the presence of the base in the solution incapable to form the pit. However,
mixtures of complementary bases, exhibit only a dilute adsorption region. Even at
bulk solution concentrations considerably greater than those required to observe
the flat-to-perpendicular reorientation for the single bases the mixed base system
does not exhibit such a surface phenomenon. Thus one of the contributing factors
to stabilization of the dilute (flat) adsorption layer in the mixed complementary
base system is the Watson—Crick hydrogen bonding between the base pairs on the
electrode surface (Brabec et al, 1978). Similar results were obtained with the
mixtures of nucleosides (Ueharra and Elving, 1981).

The condensation behaviour of adenine at the mercury surface with respect to
a possible reorientation during the phase transition was investigated in 2001 by
Kirste and Donner (2001). They found that, in contrast to thymine, randomly
adsorbed adenine yields a negative dipole contribution with regard to the dis-
placed water molecules. During the condensation, reorientation takes place in
such a way that this negative dipole contribution is reinforced. Co-adsorption of
the complementary DNA bases adenine and thymine leads to destabilization of
both the condensed and the randomly adsorbed layers. In place of the attractive
lateral forces between adenine and thymine in a pure condensed monolayer,
another kind of interaction occurs between adenine and thymine in a mixed
adsorbate. Hence, the phase transition disappears when a critical ratio of ad-
enine to thymine is reached (Kirste and Donner, 2001).

A mixed monolayer constituted by chemisorbed 6-thioguanine and physisor-
bed guanine molecules was studied recently by Arias et al (2004). The mixed
monolayer was characterised by chronoamperometry, CV and phase-sensitive
ac voltammetry under in situ conditions, and the experimental data revealed a
compact packing of molecules in the film. Ex situ measurements in the presence
of dissolved oxygen proved that the mixed monolayer is stable in solutions
lacking 6TG and G (Arias et al., 2004).

2.7.2. Adsorption at Au(111)

The adsorption of adenine as well as the co-adsorption of A-T and U-T on
Au(111) was studied (Camargo et al., 2002, 2003). It was found that adenine is
chemisorbed in two different states. Mutual interaction between adenine and
thymine could be detected only at negative potentials where both molecules are
oriented with their plane parallel to the surface. This interaction depends on the
concentration of thymine, the pH value, the temperature and the roughness of
the surface. At positive potentials where T-A are oriented perpendicular to the
electrode surface no hints for their interaction could be found (Camargo et al.,
2002, 2003). Thymine prevents the uracil adsorption and no interaction between
the non-complementary bases T-U was found (Camargo et al., 2002, 2003).
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2.8. Adsorption of bases at Hg from non-aqueous solvents

The 2-D phase transition of adenine adsorbed at the Hg/ethylene glycol solution
interface was studied (Benedetti ez al., 2004). Equilibrium aspects are effectively
rationalized by using a model that was originally developed for the 2-D phase
transition of adenine adsorbed at the Hg/aqueous solution interface. The at-
tention was mainly focused on the validation of the model itself in the case of a
solvent different from water. The results obtained in the two different solvents
were compared in terms of structural (orientation of the adsorbate at the
interface) and related thermodynamic (liquid like — solid like 2-D standard en-
tropy variation) properties. It was found that the kinetics of formation of the
2-D solid-like phase follows a nucleation and growth mechanism in close sim-
ilarity with the results obtained in water (Benedetti et al., 2004).

3. ELECTROREDUCTION AND ELECTROOXIDATION OF
NUCLEIC ACID COMPONENTS

As early as in 1958 it was shown by Palecek that all five bases usually occurring
in nucleic acids give oscillopolarographic signals. With adenine, cytosine and
guanine, the oscillopolarographic signals were observed with their nucleosides
and nucleotides as well (Palecek, 1958).

3.1. Electroreduction at mercury electrode

Adenine and cytosine in protonated forms and their nucleosides and nucleotides
can be reduced at mercury electrodes in aqueous solutions.

Adenine gives a single, large, pH-dependent and diffusion-controlled polaro-
graphic wave (E, = —0.975 to 0.084; pH between 1 and 6). The reduction wave
of adenine has almost a constant height up to pH 4 or 5, when it begins to decrease
with increasing pH and disappears at pH 6 or 7. The mechanism of electrode
reactions was studied mostly by Elving and Janik (Janik and Elving, 1968; Webb
et al., 1973). The reduction of adenine involves a primary potential controlling
reduction of the N(1) = C(6) double bond to give 1,6-dihydro-6-aminopurine
(Figure 10). This compound is reduced in a 2e”- 2H" process to give 1,2,3,
6-tetrahydro-6-aminopurine. The reduction mechanism is the same in adenine
nucleosides and nucleotides.

Cytosine also exhibits a single, pH-dependent polarographic reduction wave
(E12 = —1.125 to 0.073; pH between 4 and 6) (Webb ez al, 1973). The basic
reaction pattern involves a rapid protonation at the N(3) position to form elect-
roactive species (Figure 11). A two-electron reduction of the N(3) = C(4) double
bond then occurs to form a carbanion. Protonation of the latter followed by
deamination, regenerates the N(3) = C(4) bond giving 2-oxypyrimidine. Proto-
nation and further one-electron reduction of 2-oxypyrimidine gives a free radical,
which then dimerizes to 6,6'-bis(3,6)-dihydropyrimidone-2. The same mechanism
of reduction is proposed for cytosine nucleosides and nucleotides.
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Fig. 11. Reaction scheme for polarographic reduction of cytosine.

Guanine can be reduced at the mercury electrode at highly negative potentials
close to background discharge (Studnickova et al., 1989; Trnkova et al., 1980).
Reduction of adenine, cytosine and inosine was studied using elimination
polarography (Havran et al., 1998; Trnkova et al., 2001).

Thymine and uracil are reduced at the mercury electrode in non-aqueous
media (Cummings and Elving, 1978,1979). Cathodic stripping voltammetry
(CSV) and cathodic transfer stripping voltammetry developed by Palecek
(Palecek et al., 1989) can be used to determine low concentrations of substances
that form sparingly soluble compounds with electrode mercury (see Paragraph
3.5.) (Brainina, 1971; Brainina and Neyman, 1993).

In the middle of the 1980s, it was shown that the nucleic acids bases can be
determined by CSV at the hanging mercury drop electrode (HMDE) at nano-
molar levels in the presence of a small amount of copper ions as sparingly
soluble compounds of Cu(I) with the purine bases (Glodowski et al., 1986, 1987,
Househam ez al., 1987). It was observed that the sparingly soluble compounds
of Cu(I) with the purine bases can be accumulated at the electrode surface either
by reduction of Cu(Il) ions at the HMDE or by oxidation of the copper liquid
amalgam. The purine base-Cu(I) complex was stripped either cathodically or
anodically with detection limits of 0.3 and 20 nM, respectively (Glodowski et al.,
1986, 1987; Househam et al., 1987). Recently, Farias et al. (2001, 2003) deter-
mined a very low concentration of adenine by CSV at the HMDE in the pres-
ence of copper in alkaline medium (detection limit was a 0.03nM at 6-min
accumulation time). The determination of purine bases of acid hydrolysed DNA
in alkaline medium of 0.005M NaOH on the silver or copper amalgam elec-
trode modified by a liquid mercury meniscus (Yosypchuk er al, 2002), and
polished solid silver amalgam electrode (Fadrna et al., 2004) in the presence of
copper ions with detection limits of 4.4 and 1.75nM (related to the monomer)
was performed as well, respectively.

Elimination voltammetry with linear scan (EVLS) has been applied to the
resolution of reduction signals of adenine and cytosine in short synthetic homo-
oligodeoxynucleotides (dA(9) and dC(9)) (Trnkova et al., 2003). In comparison
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with the common electrochemical methods (linear sweep, differential pulse and
square-wave voltammetry) EVLS enables one to resolve the overlapped signals
by using the function, which eliminates the charging and kinetic currents (I-c,
I-k) and conserves the diffusion current (I-d). For the adsorbed electroactive
substance, this elimination function gives a good readable peak-counterpeak
which has successfully been utilized to the analysis of overlapped reduction
signals of adenine and cytosine on HMDE. The height and potential of signals
studied were affected by the dC(9)/dA(9) ratio, the time of accumulation, the
stirring speed during the adsorption and pH. Our results showed that EVLS in
connection with the adsorption procedure is a useful tool for qualitative and
quantitative studies of short oligonucleotides (Trnkova et al., 2003).

3.1.1. Determination of picogram quantities of DNA by stripping transfer voltammetry

Highly sensitive label-free techniques of DNA determination are particularly
interesting in relation to the present development of the DNA sensors. It was
shown (Jelen et al., 2002, 2004) that subnanomolar concentrations (related to
monomer content) of unlabelled DNA can be determined using copper amal-
gam electrodes modified by a liquid mercury meniscus or HMDEs in the pres-
ence of copper. In the first step, DNA is hydrolyzed for 30min in 0.5M
perchloric acid at 75°C, and the acid-released purine bases are directly deter-
mined by the CSV. The electrochemical step involves generation of Cu(I)-purine
base residue complex on a mercury electrode surface, transfer of electrode with
accumulated complex into supporting electrolyte where voltammetric measure-
ment is performed. Analysis is carried out in 14 uLL drop volume (two-electrode
connection) or in 30 pL. drop (three-electrode connection) on a platinum plate,
which is used as a counter electrode. Supporting electrolyte was 0.05M borate
buffer, pH 9.2 with 6.3 uM Cu(Il). This method enables to accumulate under
the controlled potential and determine subnanomolar concentration of DNA
corresponding to the amount of 200pg of DNA. We recently detected the
picomolar level of oligodeoxynucleotides (ODN) containing purine bases
(250 pM of acid hydrolysed (A)gg ODN, related to the monomer) via surface
accumulation of the purine base residue-Cu(I) complex at the mercury-modified
graphite electrodes (Figure 12) (Hason er al., 2005).

3.2. Electrooxidation at carbon electrodes

Purine bases, nucleosides and nucleotides are oxidized in a wide pH range at
carbon electrodes (Dryhurst and Elving, 1968; Dryhurst and Pace, 1970;
Dryhurst, 1997).

The mechanism of electrooxidation of adenine at the graphite electrode
(Dryhurst and Elving, 1968) involves two sequential 2 -2H " oxidations to
give first 2-oxy- and 2,8-dioxyadenine (Figure 13). Then, a further two electron
oxidation at the C(4) = C(5)double bond occurs to give a dicarbonium ion.
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Fig. 12. (A) The steady-state cyclic voltammogram of 0.05M sodium borate (pH 9.3) in
presence of 20 uM Cu(Il) ions on the 0.4 um Hg-modified PGEDb. (B) The parts of cyclic
voltammograms of 0.05M sodium borate in presence of: (ele) 20 uM Cu(II), and (A10)
50nM (A)jo+20uM Cu(Il). Before the potential scan the accumulation of the (A);o-Cu(I)
complex at the 0.4 pm Hg-modified PGED surface was performed. The accumulation con-
ditions were: potential accumulation of Exc = —0.38 V; accumulation time of tpoc = 8 min;
rate of stirring w = 3000 min~". The scan rate of the measured CVs was vseqn = 1 Vs~!. The
measurement was performed at room temperature. (Parts A and B are partially adapted from
Hason et al., 2005, Figures 4(B) and 5, respectively, with permission from Elsevier.)
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Fig. 13. Reaction scheme for electrochemical oxidation of adenine.

Guanine is oxidized by an initial 26 -2H " attack at the N(7) = C(8) to give
8-oxyguanine, which is immediately oxidized in a further 2 -2H " process to the
diimmine (Dryhurst and Elving, 1968; Dryhurst, 1977) (Figure 14). The latter
product undergoes secondary hydration, fragmentation and oxidation to par-
abanic acid or secondary hydrolysis to oxalylguanidine. Close to 4.7 electrons are
transferred during oxidation of guanine, which accounts for the four electrons
involved in the primary electron-transfer process plus the extra electrons required
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Fig. 14. Reaction scheme for electrochemical oxidation of guanine.

for the origin of parabanic acid. Oxidation of the guanine reduction product
(7,8-dihydrogen guanine) can be observed using CV (Jelen et al., 1997; Palecek
et al., 1986, 1997). The electrochemical oxidation of adenosine (Goyal and
Sangal, 2002) and AMP (Goyal and Sangal, 2003) has been studied in phosphate
buffers in the pH range 1.4-9.8 at a pyrolytic graphite electrode. Oxidation has
been found to proceed in a single well-defined peak. The kinetic studies of the
UV-absorbing intermediate generated during electrooxidation were followed
spectrophotometrically and the decay occurred in a pseudo-first-order reaction.
On the basis of electrochemical, spectrochemical and product analysis, a detailed
redox mechanism for the formation of the oxidation products in neutral and
alkaline medium have been proposed (Goyal and Sangal, 2002, 2003).

Electrochemical impedance spectroscopy was used to study the adsorption
and oxidation at GCEs of guanine, its corresponding nucleoside, guanosine and
adenine (Oliveira-Brett et al., 2002a,b). Impedance studies at different concen-
trations and applied potentials show that all three bases are adsorbed on the
electrode, blocking the surface. Irradiating the electrode with low-frequency
(20 kHz) ultrasound whilst recording the impedance spectra increased transport
of molecules to the electrode surface with cavitation cleaning the surface and
removing strongly adsorbed molecules of bases. In this way, sonoelectrochem-
ical experiments enabled the electrode processes to be studied in the absence of
adsorption and the oxidation rate constants were calculated (Oliveira-Brett
et al., 2002a, b).

Oxidation of thymine and cytosine at carbon electrode was observed by
Oliveira-Brett and Matysik (Brett and Matysik, 1997).

The voltammetric oxidation of all DNA monophosphate nucleotides was
investigated over a wide pH range by differential pulse voltammetry (DPV) with
a GCE (Oliveira-Brett et al., 2004). Experimental conditions such as the elec-
trode size, supporting electrolyte composition and pH were optimized to obtain
the best peak potential separation and higher currents. This enabled the simul-
taneous voltammetric determination of all four DNA bases in equimolar mix-
tures and detection limits in the nanomolar range at physiological pH. It was
also possible to detect the oxidation of each of the purine and pyrimidine
nucleotides free in solution or as monomers in ssSDNA (Oliveira-Brett et al.,
2004).

Graphite-epoxy composites (GEC) have an uneven surface allowing DNA,
oligonucleotides and free DNA bases to be adsorbed using a simple and fast
wet-adsorption procedure (Erdem et al, 2004). In contrast with other trans-
ducers commonly used for electrochemical genosensing, the oxidation potentials
are much lower when GEC is used. Free guanine base is oxidized at +0.35V
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while adenine oxidation occurs at +0.63 V (vs Ag|AgCl). Cytosine and inosine-
free bases show no peaks within the experimental potential range. The oxidation
of DNA guanine moieties occurs at a potential of +0.55V while DNA adenine
bases are oxidized at +0.85V. A novel label-free hybridization genosensor
using GEC as an electrochemical transducer for the specific detection of a
sequence related with Salmonella spp. was developed (Erdem et al., 2004). The
extent of hybridization onto the GEC surface between the probe and the target
has been determined by DPV using the oxidation signal of guanine coming from
the target. The hybridization event has also been detected in co-existing salmon
testes DNA (stDNA) as interference (Erdem er al., 2004).

3.3. Electrooxidation at diamond electrode

Boron doped diamond (BDD) is a promising material for electroanalytical
chemistry mainly due to its chemical stability, its high electrical conductivity
and to the large amplitude of its electroactive window in aqueous media. The
latter feature allowed to study the direct oxidation of the two electroactive
nucleosides, guanosine and adenosine (Fortin et al., 2004). The BDD electrode
was first activated by applying high oxidizing potentials, allowing to increase
anodically its working potential window through the oxidation of CH surface
groups into hydroxyl and carbonyl terminations. Guanosine (1.2V vs. Ag/
AgCl) and adenosine (1.5V vs. Ag/AgCl) could then be detected electrochemi-
cally with an acceptable signal to noise ratio. The electrochemical signature of
each oxidizable base was assessed using DPV, in solutions containing one or
both nucleosides. These experiments pointed out the existence of adsorption
phenomena of the oxidized products onto the diamond surface. Scanning
electrochemical microscopy (SECM) was used to investigate these adsorption
effects at the microscopic scale. The usefulness of BDD electrodes for the direct
electrochemical detection of synthetic oligonucleotides is also evidenced (Fortin
et al., 2004).

3.4. Effect of uracil adsorption on the oxygen reduction at platinum electrode

The rate of oxygen reduction in 0.5 M H,SO,4 has been controlled by adsorbing
uracil and its alkyl derivatives on a Pt electrode. Addition of an ethyl group to
C(5), or methyl groups to the C(5) and C(6) positions of uracil enhances the
reaction rate. 5-Ethyluracil and 5,6-dimetfiyluracil have such an effect, however,
only when their concentrations in the electrolyte are less than or equal to
0.1 mM. Substitution of the hydrogen on N(3) with -CHj3, or exocyclic oxygens
with -OCH3 groups results in the inhibition of the reaction; 1,3-dimethyluracil
and 2,4-dimethoxypyrimidine (0.1 mM) are two systems that cause inhibition.
Interaction between the surface Pt atoms and the N(3) and O sites on the
organic molecule, especially in the presence of -CH; or -C,Hs groups on the
C(5) and/or C(6) centres, are essential for the enhancement of the reaction rate.
Results of rotating disc electrode experiments suggest that at low overpotentials,
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S-ethyluracil and 5,6-dimethyluracil increase the exchange current to produce
higher reaction rates (Saffarian ez al., 2001).

3.5. Sparingly soluble compounds at the mercury electrode

All nucleic acid bases and a number of purine and pyrimidine derivatives produced
sparingly soluble compounds with mercury and could be determined by the CSV
at nanomolar and subnanomolar concentrations (Palecek et al, 2002). Groups
responsible for the formation of the mercury compounds may involve exocyclic
and ring nitrogens in dependence of the nature of the base and experimental
conditions (Palecek et al, 1982). At alkaline pH the mercury-binding site of ad-
enine is the 6-aminogroup. Pyrimidine nucleosides are inactive because of substi-
tution of the pyrimidine ring by a sugar residue at N(1), involved in the mercury
binding in bases. In contrast to other pyrimidine nucleosides, pseudouridine (in
which the sugar moiety is bound to C(5) while N(1) is free) produces electro-
chemical responses typical of mercury compounds (Palecek, 1985). Purine nuc-
leosides (the sugar residues bound to N(9)) behave similarly to their parent bases.

4. CONCLUDING REMARKS

Nucleic acid bases posses an extraordinary high ability of self-association at the
electrode surface and undergoes a 2-D condensation forming a monomolecular
layer. By this high condensation ability, nucleic acid bases differ from most of
the other purine and pyrimidine derivatives, which currently do not occur in
nucleic acids (like isocytosine, isoguanine, xanthine, etc.). Two-dimensional
first-order phase transitions of molecules adsorbed on homogeneous surfaces
often proceed via nucleation and growth processes. The kinetics of these phase
transitions were investigated by means of current transients (j—¢ curves) using
the double potential step technique. Depending on the start and final potentials
different shapes of capacitance or current transients can be detected. The j—¢
curves were mostly characterised by an exponential decay followed by a pro-
nounced maximum and finally by a decrease of current. The initial exponential
decay of these j—¢ curves can be associated with the sum of the double-layer
charging due to the potential step itself and the Langmuir-type (dilute) ad-
sorption before the nucleation starts. The current maximum is associated with
nucleation and growth process.

We showed that Hg-modified graphite electrodes can be successfully used for
the study of the adsorption, 2-D condensation and formation of ordered ad-
layers and kinetics of the phase transition between different adlayers of nucleic
acids components. It means that with the MFEs the effect of the surface mor-
phology of the underlying graphite substrates on the adsorption and kinetics of
the 2-D condensation of the nucleic acid components in the same potential
windows as with an HMDE can be investigated.

At the end of the last century the investigations of molecular adsorption onto
single-crystal electrodes rapidly gained increasing interest. The use of such
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substrates has opened a new field of research, which has been investigating the
role played by the electrode surface on the stability of 2-D molecular assemblies.
Detailed studies of the adsorption of pyridine and the nucleic acid bases and
nucleosides on various gold, silver and more recently on copper single-crystal
electrodes have provided clear evidence of the importance of the nature as well
as of the crystallographic orientation of the electrodes.

Quite recently, we described the kinetics of phase transitions of purine nuc-
leotides at MeAEs. It means that the MeAEs are an alternative for the study of
the adsorption, 2-D condensation and formation of ordered adlayers and ki-
netics of the phase transition between different adlayers of nucleic acids com-
ponents to very expensive single-crystal metal electrodes. In addition the
amalgam-alloy has a minimal toxicity and a much longer lifetime (from hours to
days) in comparison with liquid Hg-films.

Adenine and cytosine protonated forms and their nucleosides and nucleotides
can be reduced at mercury electrodes in aqueous solutions. Guanine can be
reduced at the mercury electrode at highly negative potentials close to back-
ground discharge. Purine bases, nucleosides and nucleotides are oxidized in a
wide pH range at carbon electrodes.

The adsorption of organic molecules onto the surfaces of inorganic solids has
long been considered a process relevant to the origin of life. The equilibrium
adsorption isotherms for the nucleic acid purine and pyrimidine bases dissolved
in water on the surface of crystalline graphite was determined by Sowerby. The
adsorption behaviour of the individual bases was significantly different
and decreased in the series: guanine >adenine > hypoxanthine > thymine >
cytosine >uracil. In the same sequence decreased the adsorption of nucleic
acid base at the mercury electrode determined by differential capacitance
measurement proposed that such differential properties were relevant to the
prebiotic chemistry of the bases and may have influenced the composition of
the primordial genetic architecture.

LIST OF ABBREVIATIONS

AFM atomic force microscopy

AMP adenosine monophosphate

ATR attenuated total reflection

Ag (100), Ag (111) single crystal Ag

Au (100), Au (111) single crystal Au

BDD boron doped diamond

BR buffer Britton-Robinson buffer

C differential capacitance of the electrode double layer
Cv cyclic voltammogram, cyclic voltammetry

CSv cathodic stripping voltammetry

Cu (110), Cu (111) single crystal Cu
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DFT

DNA, ssDNA, dsDNA,

stDNA
DMSO
DOE
DPV

E

EIS
ESR
EVLS
GaAs
GCE
GEC
HMDE
HREEL
HOPG
J
MeAE
MFE
MO
NAD
m
ODN
PGE,
PL

pzc
QCM
q

R,
RAS
RNA
SAM
SECM
SEIRAS

SERS

Si (001), Si (111)
SPR

STM

TDP

UHF

UMP

density functional theory
deoxyribonucleic acid, single stranded DNA, double
stranded DNA, salmon testes DNA
dimethylsilfoxide

diffractive optical element

differential pulse polarography

electrode potential

electrochemical impedance spectroscopy
electron spin resonance

elimination voltammetry with linear scan
gallium arsenide

glassy carbon electrode

graphite-epoxy composite

hanging mercury drop electrode

high resolution electron energy-loss spectroscopy
high oriented pyrolytic graphite

electric current density

metal-mercury amalgam electrode
mercury film electrode

molecular orbital

nicotineamide adenine dinucleotide
Avrami exponent

oligodeoxynucleotide

pyrolytic graphite electrode with basal orientation
photoluminiscence

potential of zero charge

quartz crystal microbalance

electric charge

optical roughness

reflectance anisotropy spectra

ribonucleic acid

self assembled monolayers

scanning electrochemical microscopy
surface enhanced infrared reflection absorption
spectroscopy

surface enhanced Raman spectroscopy
single crystal Si

surface plasmon resonance

scanning tunneling microscopy
tridecylphosphate

ultra high vacuum

uridine monophosphate

underpotential deposition

real part of the complex impedance
imaginary part of the complex impedance
two-dimensional
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1. INTRODUCTION

First reports about the ability of nucleic acids to produce analytically useful
electrochemical reduction and oxidation signals were published by the end of
the 1950s and in the beginning of the 1960s (Palecek, 1958, 1960a, 1961), re-
viewed in Palecek (1969b) (Chapter 1). It was shown that these signals are due
to residues of bases in DNA and RNA. Adenine (A) and cytosine (C) residues in
DNA produced reduction signals (Figure 1), while guanine (G) residues yielded
anodic signals due to oxidation of the guanine reduction product (reviewed in
Janik and Elving, 1968; Palecek et al., 2002b). In addition, it was shown that all
nucleic bases produced sparingly soluble compounds with the electrode mercury
(Palecek, 1958, 1960a, 1980b, 1985, 2005; Palecek et al., 1981). At the same time
the electrode processes responsible for the reduction of A, C, and G at the
mercury electrodes were elucidated (reviewed in Janik and Elving, 1968) (see
Chapter 2). Electrochemical analysis sensitively reflected DNA denaturation
and minor changes in the DNA structure (reviewed in Palecek, 1971, 1976,
1983). Oscillographic polarography at controlled a.c. and derivative/differential
pulse polarography yielded the early evidence of the DNA premelting and of the
polymorphy of the DNA double-helical structure (reviewed in Palecek, 1976).

For almost four decades the research into the electrochemistry of nucleic
acids was performed by a handful of laboratories located mainly in East Europe
and in France. In recent years, the situation has dramatically changed.
Electrochemistry of nucleic acids has become a booming field involving a
number of laboratories in various countries, including USA, Europe, Japan,
China, etc. Numerous reviews (Drummond et al., 2003; Erdem and Ozsoz, 2002;
Fojta, 2002, 2004; Gooding, 2002; Homs, 2002; Katz et al., 2004, Kerman et al.,
2003; Labuda et al., 2005; Maruyama et al., 2001; Mascini et al., 2001; Palecek,
2005; Palecek and Fojta, 2001, 2005; Palecek et al., 2002b; Tarlov and
Steel, 2003; Thorp, 1998; Tombelli ez al., 2001; Vercoutere and Akeson, 2002;
Wang, 2000a, 2002, 2003; Wang et al., 2005a), and several special issues, e.g.
(Analytica Chimica Acta, 2003; Biosensors and Bioelectronics, 2004; Talanta,
2002) were published since 2001. This change was related to the expectation that
electrochemical methods will soon complement the optical detection of DNA
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Fig. 1. Schematic representation of curves dE/d¢ = f(E) of native double-stranded (ds) and
thermally denatured single-stranded (ss) DNAs obtained by means of oscillographic polaro-
graphy at controlled alternating current. Cathodic indentation CA (originally denominated
as CI-2) is due to reduction of cytosine and adenine residues and corresponds to the DPP
peak III (see Figure 9), or LSV peak 3 (Figure 15); Indentation CI-1 is of capacitive nature
corresponding to a.c. polarographic/voltammetric peak 1 (Figure 3), LSV peak 1 or DPP
peak I. Anodic indentation G (originally A 1) is due to oxidation of the reduction product of
guanine residues. Background electrolyte: 0.5M ammonium formate, 50 mM sodium phos-
phate, pH 6.9; dropping mercury electrode. Sparingly soluble compounds with the electrode
mercury are produced by all nucleic acid bases as well as by purine nucleosides and nuc-
leotides. Adapted from Palecek (2002). Copyright 2002, with permission from Elsevier.

and RNA in the DNA hybridization sensors (Section 6 and Chapters 4-11)
increasingly used in genomics and in various areas of practical life. Also other
types of promising DNA sensors have been developed, including sensors for
DNA damage (Chapters 12 and 13). Another reason for an increased interest in
the nucleic acid electrochemistry can be seen in an easy availability of the
synthetic oligodeoxyribonucleotides (ODN).

For about three decades biosynthetic polynucleotides, chromosomal and (less
frequently) viral DNAs and RNAs were used in electrochemical research into
nucleic acids (Palecek et al., 2002b). Working with these nucleic acids required
some knowledge in biochemistry and skill to handle properly the nucleic acid
samples. With the exception of commercially available calf thymus and salmon
sperm DNAs and some biosynthetic polynucleotides, the nucleic acid samples
had to be isolated, purified and characterized in the researcher’s laboratory.
This was rather difficult and discouraging for most electrochemists. At present
well defined, highly purified ODNs are available for affordable prices providing
thus attractive objects for the electrochemical research. In addition to the
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Table 1. Custom DNA-oligonucleotides synthesis®
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(Calculated for scale 200 nmol, HPLC purity)

Oligodeoxynucleotide Price/base — EURO from Mean value — EURO
0.74 to 1.35
~1
~20P
End modifications
Price/modification
Biotin 3'/5 from 32 to 45 ~38.5
Aminolink C6 5 from 24 to 30 ~27
SH mod. & from 41 to 60 ~50.5
SH mod. 3’ from 41 to 150 ~95.5
Phosphorylation 3'/5 from 21 to 30 ~25.5
Succinate 3'/5 from 24 to 41 ~32.5
Ferrocene 5’ ~270

Base modifications

2'-Deoxyuridine 9
5-Methyl-dC 55
2-Aminopurine 140

Dye modifications
Different fluorescent dyes or Molecular Probes’ dyes (e.g. Tamra, Rox, AMCA,
Texas Red, etc.) from 40 to 100

Double-dye modifications (if available) from 80 to 100

Custom PNA synthesis
Price/base ~40

Data were taken from materials of European and US companies.

#Length: Without mod.-up to 100 bases, dyes-up to 70 bases SH-up to 45 bases, PNA -up to
50 bases.

Polyacrylamide gel electrophoresis (PAGE) purification.

conventional unmodified ODNSs, also chemically modified ODNs (Table 1) as
well as oligoribonucleotides (ORN) can be bought. Both ORNs and chemically
modified ODNs are, however, more expensive than simple ODNSs. Relatively
short oligonucleotides (usually 10-20 nucleotides) represent an interesting
object of the electrochemical research but it should not be forgotten that struc-
tures and some properties of longer natural DNAs may significantly differ from
those of the short ODNs. Electrochemical studies should thus not be limited to
short oligonucleotides but an appreciable attention should be paid also to
natural nucleic acids, their fragments and segments amplified by the polymerase
chain reaction (PCR).

There is no doubt that electrochemical methods offer, in addition to the de-
velopment of the DNA biosensors, a number of interesting possibilities in the
contemporary nucleic acid research, including studies of the DNA-protein inter-
actions (see Chapter 19), DNA damage (see Chapters 12 and 13), highly sensitive
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NA determination down to atto- and zettomole quantities, effect of surface charge
on structure and properties of the nucleic acid adsorbed at the surface, highly
sensitive detection of impurities in DNA and RNA samples, etc. Electrochemical
research into DNA and RNA is a vast field requiring more researchers with some
knowledge both in electrochemistry and biochemistry of nucleic acids.

2. ELECTROCHEMICAL METHODS AND ELECTRODES
2.1. Methods

Till 1965, mainly the so-called oscillographic polarography at controlled alter-
nating current (invented by the Nobel laureate J. Heyrovsky in the beginning of
the 1940s (Kalvoda, 1965) was used in the electrochemical analysis of nucleic
acids (reviewed in Palecek, 1969b). Sensitivity of the classical direct current
(d.c.) polarography was found too low to study large chromosomal DNA mole-
cules (Palecek and Vetterl, 1968). Later other methods such as Barker’s deriva-
tive (Palecek and Frary, 1966) and Osteryoung’s differential pulse polarography
(Palecek and Doskocil, 1974), a.c. polarography (Palecek, 1966) and linear scan
and cyclic voltammetry were applied in nucleic acids research. Recently, con-
stant current chronopotentiometry (Cai et al., 1996, 1997; Fojta et al., 1997a;
Hason ef al., 2002a; Kubicarova et al., 2000a; Palecek et al., 1997; Tomschik
et al., 1998, 1999; Wang and Kawde, 2002; Wang et al., 1997b,c, e, f, 1998Db, c,
1999a,b, 2002a) and the so-called elimination voltammetry with linear scan
(EVLS) (Dracka, 1996) proved to be useful tools in this research area. With the
exception of EVLS, electrochemical methods were well described in a number of
books, including recent J. Wang’s Analytical Electrochemistry (Bard and
Faulkner, 2000; Bockris et al., 1999; Bond, 1980; Wang, 2000b). We shall very
briefly summarize some properties of the less well-known EVLS method.

2.1.1. Elimination voltammetry with linear scan (EVLS)

EVLS enables the elimination of selected partial voltammetric currents contrib-
uting to a total current (Adams, 1969; Bard and Faulkner, 2000). The basic idea
of elimination of the chosen current lies in the different dependencies of various
voltammetric currents on the scan rate. The elimination can be thus achieved by a
function obtained by linear combination of total voltammetric currents measured
at different scan rates. One of the scan rates is taken as the reference scan rate,
while the others are chosen as multiples or fractions of the reference scan rate.
Best EVLS results were obtained with EVLS function eliminating kinetic and
charging currents and conserving the diffusion current. Compared to usual volt-
ammetric methods, EVLS showed some advantages: (i) the expansion of available
electrode potential range, (ii) increase of current sensitivity, (iii) better peak res-
olution, (iv) easy identification of the current nature, and (v) the detection of
minor electrode processes overlapped by a major one (Adams, 1969; Bard and
Faulkner, 2000; Dracka, 1996; Trnkova and Dracka, 1996).



78 E. Pale¢ek and F. Jelen

41 1uA)

E (V)

Fig. 2. LSV and EVLS reduction signals of ODN — 1.5 uM d(A)y in 0.2 M acetate buffer (pH
5.3), coeenn reference curve (v = 200mV/s), potential step 2mV, time of accumulation 1205,
accumulation and starting potential —0.1V, eeee elimination curve. The elimination func-
tion f{I) eliminates simultaneously kinetic and charging currents (., I) and conserves the
diffusion current Iy Hanging mercury drop electrode (HMDE). Potentials are given against
the saturated calomel electrode (SCE). Adapted from Trnkova et al. (2003). Copyright 2003,
with permission from Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

For irreversible redox processes with substance in an adsorbed state, elimi-
nation of charging and kinetic currents combined with conservation of the
diffusion current provided a characteristic peak—counterpeak form (Figure 2),
indicating adsorption (Trnkova and Dracka, 1993; Trnkova et al., 2000, 2002,
2003, 2004) and improving resolution and sensitivity of the analysis (without
any baseline correction). These special EVLS signals were applied in analysis of
DNA and ODNs (Trnkova, 2005; Trnkova et al., 2000, 2002, 2003, 2004)
(Section 3.2).

2.2. Electrodes

For more than one decade only mercury dropping electrodes (DME) were used
in the electrochemical research of nucleic acids (reviewed in Palecek, 1971,
1983). In the 1970s stationary mercury electrodes and carbon electrodes were
applied (reviewed in Berg, 1976; Brabec et al., 1996; Palecek, 1996). Mercury
and carbon electrodes were extensively used to study electroactivity and
adsorption/desorption properties of DNA. Later carbon (Chapter 7) (Marrazza
et al., 1999a, b; Mascini et al., 2001; Wang, 2003c; Wang et al., 1995, 1996b,
1997d, 1998a, 2000c) (reviewed in Brabec et al., 1996; Palecek, 1971, 1996;
Palecek and Hung, 1983; Palecek and Fojta, 2001; Palecek et al., 1993;
Prado et al., 2002) gold, Sections 6.1.2. and 6.5.2 and indium tin oxide (ITO),
Section 6.4, copper, silver and platinum electrodes have been increasingly
applied in relation to the development of DNA sensors. Gold electrodes were
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predominantly applied to measure responses of DNA redox indicators, ITO
electrodes were used in electrocatalytic oxidation of DNA guanine residues and
copper electrodes were reported as suitable for studies of DNA sugar oxidation
(Brazill et al., 2000; Singhal and Kuhr, 1997a, b).

Potential window of mercury electrodes is usually between 0 and —2V at
neutral and weakly alkaline pHs." In contrast, the potential windows of most of
the solid electrodes are shifted by approximately 1 V to more positive values.>
Solid electrodes are thus better for studying NA oxidation, while mercury elec-
trodes suit well for investigating reduction of nucleic acids and attached redox
indicators. The atomically smooth and highly reproducible surfaces of liquid
mercury are ideal for a.c. impedance measurements and offer great potentialities
in studies of DNA self-assembled monolayers (Section 6.1.2.2), until recently
limited to gold surfaces (Section 6.1.2.1). DME and hanging mercury drop
electrode (HMDE) are excellent tools in electrochemical analysis but they have
been of little use in biosensors requiring sturdy, easy to handle solid electrodes.
With relatively low hydrogen overvoltage these electrodes do not allow to
measure reduction signals of a number of compounds, including nucleic acids.
Highly sensitive signals due the catalytic hydrogen evolution produced e.g. by
proteins (Chapters 1,18 and 19) and chemically modified nucleic acids (Section
6.3) appear at potentials too negative to be measured by the above solid elec-
trodes. To overcome these difficulties, attempts have been made to apply solid
mercury-containing electrodes in nucleic acid research.

2.2.1. Solid amalgam electrodes

Amalgam electrodes were used for decades to analyze various compounds, in-
cluding biomolecules (Kalab, 1955, 1956; Kalab and Franek, 1955; Pechan
et al., 1955; Stock et al., 1947). They were prepared usually by dipping a suitable
metal substrate (e.g. a copper wire) in liquid mercury. These electrodes suffered
from some drawbacks, such as poor stability and reproducibility of their pre-
paration. Recently, solid amalgam electrodes (SAE, based on amalgamation of
soft metal powders) (Yosypchuk and Novotny, 2002a—) and dental amalgam
electrodes (Mikkelsen and Schroder, 2003) were introduced showing excellent
properties as substitutes for HMDE. SAE comprising solid amalgam of metals
or metallic alloys, exhibiting high affinity to liquid mercury, represent non-
toxic, well-defined and reproducible electrodes. They can be prepared as
polished (p-SAE) or mercury meniscus-modified (m-SAE). m-SAE bears on its
surfaces a very small amount of mercury which cannot be accidentally removed
due to its strong adhesion to the solid amalgam support. M-SAEs represent the
best alternative of a liquid mercury electrode with potential windows very close
to that of HMDE (Table 2). Recently, SAEs have been used in analysis of
nucleic acids and proteins and their components and in DNA hybridization
sensors (Yosypchuk and Novotny, 2002a—c, 2003). Mercury-modified copper

"Potentials are given against saturated calomel electrode if not stated otherwise.

2An overview of potential ranges of mercury, carbon and platinum electrodes in different media is given
in Wang (2000b).
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Table 2. Range of working potentials of different electrodes

Electrode (disc’s Potential range, V'
diameter)
0.1M HCIO,4 0.2M acetate pH  0.05M NA,B,0, 0.1M NaOH
4.8 pH 9.2

HMDE —1.19 0.44 -1.7 0.31 —1.98 0.15 —1.97 —0.07
AgE (0.40 mm) —0.64 0.39 —0.99 0.36 -1.2 0.38 —1.41 0.19
p-AgSAE (0.70 mm) —1.12 0.45 —1.51 0.31 —1.88 0.16 —1.96 —0.06
m-AgSAE (0.70 mm) —1.08 0.43 —1.44 0.21 —1.92 0.16 —1.95 —0.07
(0.54 mm) —1.11 0.44 —1.39 0.3 —1.92 0.15 —1.99 —0.06
m-CuSAE (0.48 mm) —1.17 0.06 —1.44 —0.03 —1.75 0.95 —1.85 —0.24
AuE (0.40 mm) —0.54 1.69 —0.91 1.49 —1.39 1.15 —1.62 0.81
m-AuSAE (0.40 mm) —1.12 0.45 —1.47 0.31 -1.9 0.16 —-1.91 —0.05
m-IrSAE (0.67 mm) —1.01 0.43 —1.32 0.29 —1.63 0.15 -1.72 —0.06

Experimental results were obtained by linear sweep voltammetry; reference electrode SCE;
scan rate 0.02V/s; the potential limits correspond to 1 mA current level; air oxygen was
removed by nitrogen. Adapted from Yosypchuk and Novotny (2002b). Copyright 2002, with
permission from CRC Press LLC.

solid amalgam electrode (M-CuSAE) were particularly useful in determination
of subnanomolar concentrations of A and G released from DNA by acid
treatment (Jelen ez al., 2002b), while m-AgSAE were applied in catalytic re-
actions of osmium-modified DNAs (Yosypchuk ez al., 2005). It can be expected
that non-toxic SAE and dental amalgam electrodes will extend the pallette of
solid electrodes indispensable in electrochemistry of nucleic acids and proteins
and particularly in biosensors.

3. ADSORPTION OF NUCLEIC ACIDS

Nucleic acids are usually strongly adsorbed on electrodes. Irreversible adsorp-
tion of RNA and/or DNA was observed at mercury, carbon and other elec-
trodes (Palecek et al., 2002b). DNA-modified mercury and carbon electrodes
can easily be prepared by immersing the bare electrode into the DNA solution
for a short time, followed by the electrode washing. Compared to mercury and
carbon electrodes adsorption of NAs at gold and ITO electrodes is much
weaker and no DNA-modified gold electrodes prepared by spontaneous physi-
cal adsorption of unmodified DNA were reported. On the other hand,
Au electrodes with chemisorbed end-thiolated ODNs were widely used in
DNA hybridization sensors (Section 6.1.2). Reduction and oxidation of DNA
and RNA at mercury and carbon electrodes proceed in an adsorbed state; NA
adsorption should be thus considered also in faradaic electrode processes. It is
interesting that negatively charged DNA and RNA can remain adsorbed on
mercury electrodes at highly negative potentials (close to —2V) (Fojta et al.,
1997b). At these electrodes even stronger adsorption of peptide nucleic acid
(PNA), which backbone is not charged, was observed (Section 3.2).
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Miller (1961a) was perhaps the first who studied adsorption of DNA. Using
DME he showed that adsorption of chromosomal DNA was diffusion
controlled for partly covered surfaces and that the differential capacitance
reached a constant value after the surface became fully covered. He calculated
the area per adsorbed nucleotide around 95 A2 for denatured DNA. Later about
85A2 per nucleotide for short chains of poly(U) (containing about 100 mon-
omeric units) was obtained by Janik and Sommer (1973a); the area decreased
with the increasing length of the polynucleotide chain down to about 75 A?
(for polynucleotides containing about 1500 monomeric units) suggesting
that the orientation of these RNA molecules on the electrode depended on
the chain length.

According to theory the adsorption of a linear flexible polymer (forming
a random coil) should result in a change in the polymer conformational to-
pology. Such molecules form cooperative structures of adsorbed segment
trains alternating with three-dimensional loops. Ellipsometry (Humphreys
and Parsons, 1977) suggested a rather diffuse arrangement of molecules of
denatured DNA in the adsorbed layer, with DNA strands extending into the
bulk of solution. A.c. polarography of synthetic polyribonucleotides (Janik and
Sommer, 1973a) showed that the fraction of segments in contact with the
surface decreased as the m.w. of the polynucleotide increased and became con-
stant at high m.w. (above 3 x 10°). Because of their size, the loops extended
beyond the outer double layer and could not thus affect significantly the dif-
ferential capacitance. The ratio of loops to adsorbed segments increased with
the polynucleotide length and the change in the differential capacitance, induced
at a constant NA concentration (related to the monomer content), decreased
with increasing chain length. It was further shown that the height of the
tensammetric peak increased with the chain length, but no significant varia-
tion of the peak potential was observed. The dependencies of the intensity of
the voltammetric (adsorption/desorption , tensammetric) signal on the DNA
concentration reached limiting values and did not show any characteristics
for multilayer adsorption (Brabec and Palecek, 1972). It was concluded that
adsorption of NAs on mercury electrodes proceeded only in one layer, or
that the formation of further layers did not influence intensity of the electro-
chemical signals.

It was found (Brabec and Palecek, 1972) that all monomeric constituents of
DNA, i.e., the base, sugar and phosphoric acid residues could participate in the
DNA adsorption on mercury electrodes (Palecek et al., 2002b). The extent of
their participation depended on pH and ionic strength of the solvent and on the
electric charge of the electrode surface (Figure 3). At neutral pH and moderate
ionic strengths hydrophobic bases were adsorbed most strongly on the hydro-
phobic mercury electrode surface. At low ionic strengths and on the positively
charged electrode surface electrostatic adsorption of the negatively charged DNA
and RNA was observed both on mercury and carbon electrodes . Adsorption of
ssDNA and ssRNA on mercury, carbon and other electrodes was recently re-
viewed (Palecek er al., 2002b). Further we shall limit ourselves only to basic
data necessary to understand better the following sections and to some recent
papers.
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DME HMDE

ssDNA

dsDNA

Fig. 3. A.c. polarograms and voltammogram of ss (A, C, D) and ds (B, E, F) calf thymus
DNA. (A, B) Schematic representation of a.c. polarograms and the role of the DNA con-
stituents in the DNA adsorption at DME. DNA polarograms obtained (solid curves) at
moderate ionic strength (0.5 M KCI) and (light curve in B part) at low ionic strength (10 mM
sodium phosphate) at pH 8; broken curve, background electrolytes. At low ionic strengths
dsDNA is adsorbed mainly electrostatically (via unscreened negatively charged phosphates)
at the positively charged electrode. At moderate ionic strengths dsSDNA can be adsorbed via
its backbone even at a negatively charged electrode. (C, D, E, F) A.c. voltammograms
presented as adsorptive stripping admittance (Y = wC, where w is angular frequency and C is
capacitance) curves of ss and dsDNA with negative- (C, E) and positive-going (D, F) scans.
DNA in concentration of 40 pg/mL in 0.5M NaCl with 0.05M sodium phosphate, pH 7.8.
The a.c. voltage amplitude was 10mV (peak-to-peak), potential step SmV. If not stated
otherwise, in further figures potentials are given against SCE. Adapted from Palecek (1995)
and Jelen ez al. (2000b). Copyright 1995 and 2000, with permission from Elsevier and Wiley-
VCH, respectively.

3.1. Adsorption of DNA at mercury electrodes depends on its structure

It was shown that at the mercury electrodes adsorption/desorption behavior of
DNA strongly depended on the structure of the DNA molecules (reviewed in
Palecek, 1983, 1988a, b; Palecek et al., 2002b). At moderate ionic strengths,
for example in 0.3 M NaCl the phosphate charges were screened by sodium ions
and intact linear dSDNA was adsorbed at DME almost as an electroneutral
compound (Brabec and Palecek, 1972; Brabec et al., 1983; Palecek et al., 2002b)
via sugar—phosphate backbone. The tensammetric (adsorption/desorption)
peak appeared on C-E curves at about —1.1V (denoted as peak 1, Figure
3B). In dsDNA containing some ss or distorted regions in which the hydro-
phobic bases were able to contact the electrode surface, another adsorption/
desorption peak appeared on C-E curves around potential —1.3V (peak 2).
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This peak corresponded to the desorption (reorientation) of distorted regions of
dsDNA which were adsorbed via bases more firmly than intact DNA double-
helical segments (Figure 3B). At low ionic strengths (<0.1 M) the dsSDNA was
electrostatically adsorbed via charged phosphate groups at positively charged
electrode surface. At negative potentials unscreened phosphate charges were
repulsed from the electrode (Brabec, 1980; Brabec and Palecek, 1972) and
dsDNA was only weakly adsorbed via sporadic bases if available. The corre-
sponding reorientation peak (Brabec and Palecek, 1972; Brabec et al., 1996)
appeared around the potential of zero charge (p.z.c.) (Figure 3B).

In difference to dsDNA, bases in ssDNA are freely accessible for the inter-
action with the environment and adsorption of ssDNA on mercury electrodes is
governed in a wide potential range by strong interaction of hydrophobic purine
and pyrimidine bases with the hydrophobic mercury surface. At about —1.1V
peak 1, corresponding to the desorption of sugar—phosphate backbone was
observed followed by peak 3 around —1.4V, reflecting adsorption/desorption of
DNA segments adsorbed via bases (Figure 3A).

3.1.1. DME and HMDE may show different responses of dsDNA

It should be stressed that (at neutral pH and moderate ionic strength) a.c.
polarographic (tensammetric) curves of dsDNA obtained with DME greatly
differ from those of ssDNA (Figure 3B, E, F). In intact chromosomal dsDNA
only peak 1 was observed while peak 3 was always absent; peak 3 was thus
specific for ssDNA. In contrast, a.c. voltammetry with HMDE displayed
smaller differences between ds and ssDNAs, showing peak 3 even with intact
dsDNA (Figure 3C-F). It was shown that dSDNA was unwound at HMDE in a
narrow potential range due to strains resulting from the effect of the electric
field on DNA firmly immobilized at the electrode surface (Section 5). Because
the DNA surface denaturation took place (around neutral pH) at about —1.2V,
i.e. at potentials less negative than the potential of peak 3 (at about —1.4V), in
dsDNA the height of this peak was influenced by the history of the electro-
chemical experiment, if the potential was scanned in negative direction (and the
HMDE was used). Problems of the DNA structure at the electrode surface will
be discussed in detail in Section 5. It is interesting that similar differences bet-
ween ss and ds DNAs were observed both in their adsorption/desorption and
redox behavior at DME and HMDE (Sections 4 and 5).
Adsorption/desorption behavior of nucleic acids at electrodes can be studied
by a number of methods (reviewed in Palecek et al., 2002b). Among them
particularly attractive appear measurements of frequency dependencies of the
impedance of the electrode double layer by means of electrochemical impedance
spectroscopy (EIS) (Brett and Brett, 1993; Fu et al., 2005; Hason et al., 2002a, b;
MacDonald, 1987; Pospisil, 1996; Sluyters-Rehbach and Sluyters, 1982; Strasak
et al., 2002; Vetterl et al., 2000). Using EIS adsorption kinetics and mobility of
the adsorbed NA segments as well as mechanism of electrode processes were
studied. Strongest frequency effects were observed at the potentials of adsorp-
tion/desorption peaks. With more flexible ss NAs the frequency effect was larger
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than with the more rigid ds ones. In biopolymers the frequency effect depended
upon the rate of migration of adsorbed trains from the surface phase to the
loops extending to the solution and wvice versa. Such segment migration could
occur only in combination with rearrangement of the whole biopolymer
molecule, EIS thus appeared capable to provide information about the structure
of the adsorbed nucleic acid.

3.2. Adsorption of oligonucleotides

Early studies of oligonucleotides were limited to adsorption of short oligonuc-
leotides (2—5-mers) on mercury electrodes by a.c. polarography (Krznaric et al.,
1975; Krznaric et al., 1978; Valenta and Krznaric, 1977; Webb et al., 1973)
and surface tension measurements (Brabec and Kavunenko, 1987). With
oligoriboadenylates it was found that the shorter molecules (dinucleotides
and trinucleotides) were adsorbed with all A residues oriented flat at the elec-
trode surface and with all sugar or sugar—phosphate residues close to the
surface. The tetranucleotides and longer oligomers seemed to be adsorbed
with a maximum of three A rings directly anchored to the electrode surface
(Brabec and Kavunenko, 1987). The first study of a self-complementary ODN
duplex 10-mer d(CCAGGCCTGG) showed strong adsorption of this ODN on
HMDE and its ability to produce reduction and oxidation signals. By meas-
uring the anodic peak G (resulting from guanine residues) it was possible to
detect this ODN at subnanomolar concentrations by adsorptive stripping
(Palecek et al., 1990). A short hairpin d(GCGAAGC) was analyzed by cyclic
voltammetry (CV) and elimination voltammetry (Section 2.1.1) at HMDE
under similar conditions and a splitting of the guanine anodic peak was
observed (Trnkova et al., 2004). Such splitting might be related to the specific
location of guanines in the ODN molecule. More work will be necessary to
understand better this phenomenon.

Adsorption of PNA and DNA decamers (GTAGATCACT and comple-
mentary sequences) at HMDE was studied by means of a.c. impedance (Fojta
et al., 1997b). In Figure 4C-E the curves of PNA and DNA decamers (CAT-
CTAGTGA) as well as of histone (obtained with biomolecule-modified elec-
trodes) were compared. At negatively charged surface DNA produced
adsorption/desorption peak. Neither PNA nor histone displayed any adsorp-
tion/desorption peak. Among the molecules tested, positively charged histone
(known to bind polyanionic DNA in chromatin) showed the smallest AC at the
positively charged surface. At highly negative potentials (more negative than
—1.5V) the DNA decamer and histone curves almost coincided with the curve
of the background electrolyte while PNA showed an appreciable AC, suggesting
that its molecules remained adsorbed at the negatively charged electrode
(Figure 4). The behavior of the PNA suggested an attraction between the
PNA molecules at the electrode surface at higher surface coverages. Prolonged
exposure of DNA to highly negative potentials resulted in removal of almost
all DNA from the surface while PNA remained adsorbed under the same
conditions.
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Fig. 4. Adsorptive transfer C—E curves of DNA (1), PNA (2) and histone (3). Concentra-
tions: DNA and PNA 10 pg/mL; histone 30 ug/mL. DNA was adsorbed under conditions
securing full coverage of the electrode from 0.1 M NaCl, 5mM sodium phosphate (pH 7),
and PNA and histone were adsorbed from 5 mM sodium phosphate at room temperature. e,
background electrolyte (0.3 M NaCl, 50 mM sodium phosphate, pH 8.5), HMDE. Adapted
from Fojta et al. (1997b). Copyright 1997, with permission from Biophysical Society.

In recent years a number of papers were published on electrochemistry of
ODN:s serving as sequence-specific probes in DNA sensors, reporting on their
immobilization at surfaces (Section 6), formation and properties of self-
assembled monolayers (Section 6.1.2), etc. but only few papers were published
concerning their redox and adsorption/desorption properties. Because of
widespread use of DNA biosensor technology, interest in the fundamentals of
the ODN adsorption on the electrodes used in DNA biosensors has recently
been growing. Competitive adsorption of 5-mer homo ODNs by ex situ Fourier
transform infrared spectroscopy (FTIR) investigation showed base content
dependence in the strength of binding of these small ODNs to gold sur-
faces (Kimura-Suda et al., 2003). The question of how such DNA base
interactions affect DNA-thiol attachment to the gold surface was not investi-
gated until recently. Migration studies suggested sequence dependence in the
orientation of 43- and 36-mer ODNs attached to nanoparticles (Parak et al.,
2003). Recently, results of the first systematic study on sequence-dependent
kinetics of short ss ODN surface immobilization were published (Wolf et al.,
2004). By measuring film coverage for both non-thiolated and thiolated 25-mer
ODNSs as a function of adsorption time, the relative contribution of specific
thiol-surface interactions and DNA-surface (non-specific) interactions to their
overall mechanism of DNA-thiol attachment to gold was determined. It was
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shown that sequence-dependent non-specific base interactions with the sur-
face played a significant role in DNA-thiol immobilization, influencing both
the kinetics and the extent of ODN adsorption. Sequences such as poly(dA),
that initially formed strong contact with the surface, hindered long time
thiol adsorption. In contrast, sequences such as poly(dT), that initially bound
slowly and weakly to the surface, did not obstruct further thiol adsorption,
resulting in higher film coverage and Langmuir immobilization kinetics. A
comparison of non-thiolated with thiolated ODNs revealed that the former
ODN contacted the surface in a more horizontal orientation, whereas thiolated
ODNs attained a more upright orientation. The surface coverage and the
time dependence of the adsorption process of thiolated ODNs depended on
the ODN nucleotide composition. Similar results were obtained by voltam-
metric studies of thiolated and non-thiolated ODN adsorption and redox be-
havior at mercury electrodes (E. Palecek and V. Ostatna, unpublished, 2005). At
these electrodes A, C and G residues produced their specific reduction and
oxidation signals in both types of the ODNs. Thiolated ODNs yielded addi-
tional signals due to the formation of the Hg—S bond. Concentration and time
dependences of these signals provided first information about the electrochem-
ical behavior of thiolated ODNs at mercury electrodes (see also Section 6.1.2.2
and Chapter 19).

4. REDUCTION AND OXIDATION OF NUCLEIC ACIDS AT
ELECTRODES

The ability of nucleic acids to accept or deliver electrons on interaction with
electrodes was reported more than 40 years ago (Palecek, 1958, 1960a, 1961,
reviewed in Palecek, 1969b). This finding was confirmed and studied for decades
in several laboratories (reviewed in Palecek, 1983; Sequaris, 1992) but it
remained unrecognized by a number of electrochemists. Until recently from
time to time papers were published, which claimed that NAs are electroinactive,
(e.g. Thara et al., 1996) and should be therefore labeled with electroactive com-
pounds. Reasons for this long-lasting misunderstanding are not completely
clear. Probably, the first reports on DNA electroinactivity at DME (Berg, 1957)
played some role. Moreover, in the last decade, when the research of DNA
hybridization sensors became popular, many researchers used gold electrodes
for their electrochemical studies of DNA, finding DNA -electroinactive at
these electrodes. Similarly, no faradaic signals of DNA were obtained with
ITO electrodes (Section 6.4). Gold electrodes are well suited for immobilization
of thiolated ODNSs (Section 6.1.2) but unlabeled chromosomal DNA appears
poorly adsorbed at gold electrodes and the literature on electroactivity of
NA on these electrodes is scarce. Already in 1981, oxidation of purine bases at
the gold electrodes (where measurement of the respective anodic currents is
complicated by simultaneous formation of gold oxides) was discussed by
Hinnen et al. (1981). Electrooxidation of purine nucleotides as well as of
native and denatured DNA at gold microelectrodes was reported by Pang et al.



Electrochemistry of Nucleic Acids 87

(1995). Recently, Ferapontova and Domingues (2003) reported oxidation of
guanine at polycrystalline gold electrode. If suitable electrochemical methods
are used DNA and RNA produce (reviewed in Brabec et al., 1996; Palecek,
1983, 1996; Palecek and Fojta, 2001; Palecek et al., 2002b; Sequaris, 1992)
well-developed reduction and oxidation signals at mercury electrodes (reviewed
in Labuda et al., 2005; Palecek, 1983, 1996; Palecek et al., 2002b) and oxida-
tion signals at carbon electrodes (Brabec, 1981; Brabec et al., 1996; Palecek
et al., 2002b).

4.1. Oxidation

4.1.1. Solid electrodes

Oxidation of guanine and adenine residues in polynucleotides at carbon
electrodes was reported already by the end of the 1970s (Brabec, 1981, 1983;
Brabec and Dryhurst, 1978) and shortly afterwards voltammetric oxidation
signals were utilized in DNA and RNA research (Brabec, 1981; Brabec et al.,
1996; Palecek et al., 1993). DNA voltammetric peaks were, however, poorly
developed and the sensitivity of the DNA and RNA analysis was substantially
lower than that obtained with mercury electrodes. Only in 1995 it was shown
that application of sophisticated baseline correction greatly improved the shape
of the oxidation peaks and sensitivity of the NA analysis at carbon electrodes
(Cai et al., 1996; Tomschik et al., 1999; Wang et al., 1995, 1996a). Using con-
stant current chronopotentiometric stripping analysis (CPSA) or square wave
stripping voltammetry the sensitivity of the DNA and RNA determination
increased by 2-3 orders of magnitude (Figure 5) becoming comparable to the
sensitivities obtained with mercury electrodes (Palecek, 1996; Wang, 1999).
Further improvement was recently obtained by using carbon fiber microelec-
trodes for the NA analysis in unstirred solution and at low ionic strength (Wang
et al., 1997a) and by the application of carbon nanotubes (Cai et al., 2003b;
Kohli et al., 2004; Wang, 2005; Xu et al., 2004) whose potentialities have not yet
been fully exploited. Quite recently it has been shown by Brett et al. (Oliveira-
Brett et al., 2004) that in addition to guanine and adenine also pyrimidine
bases such as cytosine and thymine can produce their oxidation signals at
highly positive potentials on carbon electrodes. More details about nucleic
electrochemistry on carbon electrodes can be found in Chapter 7 and in some
recent reviews (Palecek et al., 1998; Popovich and Thorp, 2002; Thorp, 2004;
Wang, 2005).

Application of carbon nanotubes in nucleic acid electroanalysis and par-
ticularly in biosensors is a new promising field (Baughman et al., 2002; Cai et al.,
2003a; Rao et al., 2001; Wang and Musameh, 2005; Wang et al., 2004;
Zhao et al., 2002), reviewed in Wang (2005). It has been shown that carbon
nanotubes can enhance electrochemical reactivity of important biomacro-
molecules (Gooding et al., 2003b; Yu et al., 2003) including oxidation of
guanine residues in DNA (Wang et al., 2004). These nanotubes also may
be useful as reservoirs of enzymes and other catalytically active compounds
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Fig. 5. Oxidation of DNA at carbon electrodes. (A) Raw square wave voltammetric curve of
oligodeoxynucleotide (AAAAGGAGAG). (A1) The same curve after moving average base-
line correction. Oxidation peaks of adenine (4ox) and guanine (Gox) are shown. SWV:
frequency 350 Hz, amplitude 10 mV, potential step SmV, t4 = 5 min at 0.5V, concentration
of D10-pu 10 ng/mL. (B) Constant-current chronopotentiometric stripping analysis (CPSA)
of ds and ssDNA. Only peak Gox is displayed. Experiment was performed with 100 pg/mL of
dsDNA and 50 pg/mL of ssDNA. PGE, 0.2 M sodium acetate (pH 5.0) was used as a back-
ground electrolyte. Potentials are given against Ag/AgCl/3M KCI reference electrode.
Adapted from Tomschik ef al. (1999) and Palecek and Fojta (2001). Copyright 1999 and
2001, with permission from Elsevier and American Chemical Society.

in DNA sensors, particularly in combination with the double surface technique
(Section 6.2).

Among other solid electrodes applied in NA electrochemistry were silver
(Brabec and Niki, 1985; Fan et al., 1999; Koglin and Sequaris, 1986; Trnkova,
2002; Trnkova et al., 2002) and copper electrodes. With the latter electrodes
combined with sinusoidal voltammetry signals due to oxidation of the sugar
moiety were observed (Singhal and Kuhr, 1997a,b). The method was applied
for determination of nucleotides, ODNs and DNA. Thorp’s group studied
DNA oxidation responses by ITO electrodes modified with nitrocellulose or
nylon membranes (Napier and Thorp, 1999) or with self-assembled dicarboxy-
late monolayers (Napier and Thorp, 1997). In these experiments, DNA
was attached to the electrode either covalently or via adsorption forces in the
modifier layer. Bare ITO electrode did not adsorb DNA. Oxidation of guanine
in DNA was mediated by a redox metal chelate [Ru(bipy);] which shuttled
electrons to the electrode surface from DNA in solution or attached at the
modifier film (Napier and Thorp, 1997, 1999); immobilization of a redox me-
diator at ITO electrode modified with electropolymerized poly[Ru(bipy);] film
was also used (Ontko et al., 1999).
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Fig. 6. (A) Representation of Watson—Crick base pairs and electroactive groups. Circles
denote sites that can be reduced at mercury electrodes, R-deoxyribose residues; squares show
sites oxidized at carbon electrodes. (B) d.c. polarograms of native (ds) and denatured (ss) calf
thymus DNA at a concentration of 500 pg/mL showing inactivity of dsDNA and poorly
developed polarographic wave of ssDNA at about —1.4 V. DNA was thermally denatured in
7mM NaCl with 0.7mM citrate, pH 7. Both curves start at 0.0 V. Adapted from Palecek and
Fojta (2001) and Palecek and Vetterl (1968). Copyright 2001 and 1968, with permission from
American Chemical Society and John Wiley & Sons.

4.1.2. Mercury electrodes

Oxidation signals of ss and dsDNA were obtained also with mercury electrodes
(Janik and Palecek, 1966; Jelen and Palecek, 1986; Palecek, 1958, 1960a, b;
Palecek et al., 2002b; Studnickova et al., 1989; Trnkova et al., 1980). These
signals (peak G) were due to the oxidation of the guanine reduction product.
Exposition of DNA to highly negative potentials (at neutral pH between about
—1.6 and —2.0 V) was necessary to obtain peak G. At these potentials reduction
of G residues took place involving the 7,8 double bond of the imidazole ring in
guanine as a primary reduction site (Figure 6). In the anodic process reoxidation
of the G reduction product back to guanine occurred. Protonation of G residues
was involved in the electrode process (Palecek et al., 1986b; Studnickova et al.,
1989). This chemically reversible process was highly dependent on the potentials
at which the guanine reduction product was formed (Jelen and Palecek, 1986;
Palecek et al., 1986b). Characteristic S-shaped curve (Figure 7A) showed that at
switching potentials around —1.8 V CV peak G attained the highest values. On
the other hand at these potentials peak G decreased with each cycle in a
repeated cycle mode probably due to deeper reduction of guanine at more ne-
gative potentials. At less negative potentials the height of the peak did not
change with repeated cycles (Figure 7B) showing very good chemical re-
versibility of the electrode process.

In measurements close to neutral pH presence of some salts in the back-
ground electrolyte, such as 0.6M ammonium formate, 0.1 M MgCl, or
Mg(ClOy), (Palecek et al., 1986b) was required to obtain a well-developed
peak (usually denominated as peak G). Similarly as in the case of the DNA
reduction signals, these salts played a role in screening of the DNA negative
charges and probably also in protonation of DNA at the electrode surface.
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Fig. 7. (A) Dependence of the anodic voltammetric peak G of 2 x 107*M poly(A,U,G) on
switching potential, Eg,. CV measurements were performed with an HMDE in 0.6 M am-
monium formate, 0.1 M sodium phosphate, pH 6.8. Scan rate =0.2V/s, E, = —0.1V,
ta = 140s, without stirring. (B) Sections of repetitive adsorptive transfer stripping (AdTS)
cyclic voltammograms of linearized pAT32 DNA (56 pg/mL) showing anodic peak G. Eyy, a,
—1.85V and b, —1,65V. DNA in 10 mM Tris-HCI, SmM EDTA, pH 7.7 was adsorbed at the
HMDE for t4 2 min from a 4 pLL drop of a DNA solution (at an open circuit).The electrode
was then washed and transferred into an electrolytic cell containing 5 ml of deaerated 0.3 M
ammonium formate and 50 mM sodium phosphate, pH 6.9. E, —0.1V; Eg, —1.85V, scan
rate 0.2 V/s, SCE. Adapted from (A) Jelen and Palecek (1986) and (B) Teijeiro et al. (1993).
Copyright 1986 and 1993, with permission from Elsevier and Adenine Press, respectively.

Cyclic modes (such as CV) were used to obtain well-developed and symmetrical
peak G (documenting involvement of adsorption in the electrode process). Al-
ternatively, a short exposition of mercury electrodes (HMDE, mercury film or
solid amalgam electrodes) to sufficiently negative potentials, followed by scan-
ning to positive potentials, was used to obtain this peak (Jelen er al., 1997,
Tomschik et al., 1999). Peak G offered a better alternative for the determination
of NAs at concentrations below ppm (by stripping techniques) as compared to
the asymmetrical reduction peak of adenine and cytosine residues, formed at
potentials too close to the background discharge. Constant current
chronopotentiometric stripping analysis (Tomschik et al., 1998) and square
wave voltammetric stripping (Jelen et al., 1997) were used to study peak G at
concentrations below 1 ppm.

4.2. Reduction

So far electroreduction of nucleic acids was observed only at mercury elec-
trodes. It was shown that mercury electrodes are particularly sensitive to DNA
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minor conformational changes such as those induced by nucleases, chemical
and physical agents, including ionizing radiation. Linear native dsDNA
at neutral pH and moderate ionic strengths showed no d.c. polarographic
reduction signal (with DME) at room temperature (Palecek, 1966; Palecek
and Vetterl, 1968) even at concentrations as high as 0.5mg/mL (Figure 6B).
Denatured DNA and other ssNAs containing adenine and/or cytosine residues
were, under the same conditions, d.c. polarographically reducible (Brabec and
Palecek, 1970a,b, 1973; Janik and Sommer, 1972, 1973b; Janik et al., 1972;
Palecek, 1966, 1969a, 1972; Palecek and Vetterl, 1968; Palecek and Doskocil,
1974; Reynaud et al., 1977, Valenta and Grahmann, 1974; Valenta and
Nurnberg, 1974a; Valenta et al., 1974, 1975), reviewed in Palecek et al. (2002b).
D.c. polarographic signals yielded by chromosomal denatured ssNAs were
rather low due to slow transport of their molecules to the electrode. D.c.
polarography thus did not appear suitable for biochemical analysis requiring
more sensitive methods. Derivative pulse polarography (which was applied for
DNA analysis already in the middle of 1960s) allowed, however, the ssDNA
determination at uM and submicromolar concentrations (Palecek, 1971) (re-
lated to the monomer content). Electrode processes of ssNAs taking place at the
mercury electrodes were intensively studied. They will be briefly reviewed in the
following paragraphs.

4.2.1. Reduction of ss nucleic acids

ssNAs containing C and/or A were reducible at neutral and weakly acidic pH
producing d.c. polarographic (with DME) or voltammetric (using HMDE) re-
duction signals at about —1.4 V. Protonated forms of the NAs were subjected to
an irreversible reduction in an adsorbed state (Brabec, 1974; Brabec and Palecek,
1970a, b, 1973, 1974; Palecek, 1969a, 1972; Palecek and Vetterl, 1968; Palecek and
Doskocil, 1974; Valenta and Grahmann, 1974; Valenta and Nurnberg, 1974a;
Valenta et al., 1974, 1975). In the range of pH 6.0-8.7 (in a background eclec-
trolyte with ammonium formate) both A and C residues were reduced in dena-
tured DNA (Brabec and Palecek, 1974).

4.2.1.1. Effect of pH and salts. Around neutral pH the electrochemical re-
sponses were dependent on the nature and concentration of salts (Brabec and
Palecek, 1970a; Palecek, 1969a; Palecek and Brabec, 1972) in the background
electrolyte. The dependence of the wave heights of single-stranded (ss) poly-
nucleotides on pH was S-shaped (Figure 8). Some organic and inorganic salts
and polyamines (Brabec, 1974; Brabec and Palecek, 1970a; Janik and Sommer,
1973b; Palecek, 1969a, 1983; Palecek and Brabec, 1972) shifted the S-shaped
curves to higher pH values. In the descending part of the S-shaped curve the d.c.
polarographic wave had a maximum-like appearance, while at lower pH values
usual d.c. polarographic wave appeared (Figure 8A). The height of this wave
was almost independent of the nature and concentration of salts. The ability of
salts and polyamines to shift the descending part of this S-shaped curve to
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Fig. 8. Dependence of (A) the height and (B) E, , of the d.c. polarographic wave of polycytidylic
acid on pH. 0.1 mM poly(C) either in 0.3 or 1.0 M ammonium formate with Britton—Robinson
buffer. In the descending part of the d.c. polarographic waves a maximum-like shape appeared
(see insets). DME, SCE. Adapted from Palecek (1969a). Copyright 1969, with permission.

higher pH values and to influence the shape of the wave was explained by the
effect of these agents on NA adsorbability and partly on NA protonation
(Brabec, 1974; Brabec and Palecek, 1970a; Janik and Sommer, 1973b; Palecek,
1983). The maximum-like shape of the polarographic curve was due to a current
decrease, resulting from DNA desorption at negative potentials. The relation
between the height and shape of the d.c. polarographic wave on one hand and
DNA adsorption/desorption properties on the other hand was reported by
several authors (Brabec, 1974; Brabec and Palecek, 1970a; Janik and Sommer,
1973b; Miller, 1961a). These and other results suggested that the NA adsorption
was critical in the reduction of the nucleic acids. At neutral pH, DNA as a
polyanion, should be strongly repulsed from the electrode at negative potentials
of the DNA reduction. Strong adsorption of ssDNA via its hydrophobic bases
to the hydrophobic mercury surface prevents DNA desorption in spite of
the electrostatic repulsion (which can be partially neutralized by counter-
ions forming the DNA ionic atmosphere). The possibility that DNA protona-
tion at the electrode could be facilitated by DNA adsorption was also
considered (Palecek, 1983; Palecek and Brabec, 1972). If ssDNA was exposed
at the mercury electrode to sufficiently negative potentials blocking of the
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electrode surface by the NA reduction products was detected at HMDE (Jelen
and Palecek, 1986; Palecek, 1969b; Valenta and Nurnberg, 1974a; Valenta
et al., 1974). No such effect was observed with techniques working with
small voltage excursions during the drop lifetime (e.g. using d.c. polarography
with DME).

In practical electrochemical experiments usually conditions corresponding to
the horizontal part of the S-shaped pH dependence were chosen (Figure §). In
experiments performed close to neutral pH some ions known to efficiently
screen the negatively charged DNA phosphate residues were added into the
background electrolyte. Buffered 0.3-0.6 M ammonium formate or CsCl were
among the salts widely used for this purpose (Brabec, 1980; Palecek, 1983;
Palecek et al., 2002b). D.c. polarographic currents obtained within the hori-
zontal part of the S-shaped pH dependence showed characteristics of the ad-
sorption currents (Brabec, 1974; Brabec and Palecek, 1970a, 1973; Filipski
et al., 1971; Janik and Sommer, 1973b; Palecek, 1969a; Palecek and Brabec,
1972; Valenta and Grahmann, 1974; Valenta and Nurnberg, 1974a) provided
the electrode surface was fully covered. At partial electrode coverage, cha-
racteristics typical for diffusion-controlled currents were obtained (Brabec,
1974; Brabec and Palecek, 1970a, 1973; Palecek and Vetterl, 1968).

To our knowledge, the reduction of ssDNA represented the first case of the
electrochemical reduction of a giant biomacromolecule with the m.w. of the
order of 107 and the contour length about 0.01 mm. Criteria based on theories
and experience with the low-molecular weight substances for DNA electro-
chemistry were therefore applied with caution. Nevertheless, the agreement be-
tween the data obtained experimentally for calf thymus ssDNA (Brabec, 1974;
Brabec and Palecek, 1970a), poly(A) (Brabec and Palecek, 1973) as well as for
chromophoredextrans (m.w. up to 5 x 10°) on one hand (Berg, 1976), and those
calculated on the basis of Ilkovic (Heyrovsky and Kuta, 1965) or Koryta
equations (Koryta, 1953) on the other hand, was surprisingly good.

4.2.1.2. Differential (derivative) pulse polarography (DPP). Wide use of DPP in
electrochemical analysis of organic compounds (Wolff and Nurnberg, 1966)
started in the second half of the 1960s; practically in the same time DPP became
one of the most efficient methods in electrochemical analysis of nucleic acids
(Palecek and Frary, 1966). Since that time DPP and later DP voltammetry (DPV)
were for about two decades the major methods utilized in studies of nucleic acids
using DME, HMDE and carbon electrodes. In the 1990s these methods were
complemented by square wave voltammetry (Tomschik et al., 1999) and constant
current chronopotentiometry (Wang et al., 1995). Recently, elimination volt-
ammetry has been applied in studies dealing with the resolution of reduction
signals of adenine and cytosine in short synthetic homo-oligodeoxynucleotides
(dAg and dCy) and DNA (Trnkova et al., 2000, 2003).

Peak III of ssDNA. As an example of DP-polarograms of ss and dsDNAs and
RNA are shown in Figure 9. At low sensitivity of the instrument denatured
ssDNA produced a well-developed peak III while native dSDNA, in agreement
with the results of d.c. polarography (Palecek and Vetterl, 1968), appeared
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Fig. 9. DP polarograms of ds and ss DNA and RNA. (A) — DNA. dsDNA from calf thymus
at a concentration of 470 pg/mL and ssDNA at a concentration of 50 pg/mL. (B) ssRNA at a
concentration of 250 pg/mL and dsRNA at a concentration of 500 pg/mL. Measurements
were performed on the A 3100 Southern—Harwell pulse polarography, Mark II, which did
not display current values (see Table 3 to compare current and potential on DP polaro-
grams). The potentials were measured against the mercury pool at the bottom of the po-
larographic vessel. Adapted from (A) Palecek (1971) and (B) Palecek and Doskocil (1974).
Copyright 1971 and 1974, with permission from Academic Press.

inactive. At high sensitivity of the instrument (and high DNA concentration)
additional peaks were observed; both ds and ssDNAs yielded peak 1. dsSDNA
produced also peak II, which was not observed with ssDNA. From the analy-
tical point of view peak I was of little interest; it responded weakly to changes in
DNA conformation and its height was comparable to that of peak III only at low
DNA concentrations, while at higher concentrations of ssDNA peak III was
substantially larger than peak I. As early as in 1966 we suggested (Palecek and
Frary, 1966) that peak I was of non-faradaic (capacitive) nature. This assumption
was supported by correspondence of peak I potential with that of the capacitive
oscillopolarographic indentation CI-1 (Figure 1) and of the tensammetric (a.c.
polarographic) peak 1 (Figure 3) produced by dsDNA at potentials of its des-
orption. Later it was shown (Anson et al., 1976; Barker and McKeown, 1976;
Flanagan et al., 1977; Jacobsen and Lindseth, 1976) that other surface-active
substances yielded non-faradaic DPP peaks related to the desorption of the sub-
stance. Reduction and tensammetric pulse—polarographic signals of ss polynuc-
leotides were studied in detail and diagnostic criteria for classification of small
peaks of ds nucleic acids were proposed (Palecek et al., 1987).
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Effect of molecular weight of ss polyribonucleotides. D.c. and normal pulse
polarography (NPP) (Janik and Sommer, 1972, 1976) was used to study the
effect of lengths of ss poly(A) molecules on their d.c. and NPP responses. Using
16 poly(A) samples with m.w. in the range of 3 x 103 x 10° (i.e. chain lengths
from about 90 to 9000 nucleotides) a correlation was found between the current
magnitudes, intrinsic viscosity and sedimentation coefficients S, of the samples.
The log—log plots of m.w. against current intensity were linear with the slope
- 1/4. In principle, electrochemical methods could be used for fast determination
of the lengths of the nucleic acids. More detailed work would be, however,
necessary to establish a ready-to-use method.

Unlike peak I, peaks II and III were of great analytical significance. It was
shown that all reducible ss nucleic acids studied, i.e., denatured ssRNA (ob-
tained by thermal denaturation of viral double-stranded RNA), poly(A)
(Brabec and Palecek, 1973; Palecek, 1969a, 1971, 1972; Palecek et al., 1974)
and poly(C) (Brabec and Palecek, 1973; Palecek, 1969a, 1971) produced
well-developed peaks similar to peak III of denatured ssDNA (Figure 9). The
height of the DPP peaks depended on the pulse amplitude in an unusual way
(Palecek, 1972). At small pulse amplitudes (up to about 10 mV) linear depend-
ence was observed, but the peaks obtained at the amplitude of 50 and 100 mV
were much higher than could be expected for the linear dependence. This de-
pendence was explained by accumulation of the nucleic acid on the electrode
surface and the proximity of reduction and desorption potentials (Palecek,
1972; Palecek et al., 1987). At high pulse amplitude ss nucleic acids were de-
termined by DPP at concentrations down to about 100 ng/mL.

Peak II of ds nucleic acids. Almost all ds nucleic acids studied, i.e., RNA
(a replicative form of phage f2 RNA), poly(rA) - poly(rU), poly(rC) - poly(r]),
poly(dA) - poly(dT), poly(dA—dT) - poly(dA—dT), produced peak II (Jelen and
Palecek, 1985; Palecek, 1983). The only exception was poly (rG)- poly(rC)
which did not yield any DPP peak at a wide variety of pHs and ionic
strengths (Jelen and Palecek, 1979). In contrast, the alternating double-stranded
copolymer poly(dG—dC) - poly(dG—dC) (with the same base composition)
produced a peak similar to those of other ds polynucleotides. DP peaks of
dsNAs were utilized in NA structure research (Section 4.2.1.3). Peak II
was always less negative and substantially smaller than peak III of the corre-
sponding ss nucleic acid (Figure 9). The difference in the potentials of peak 11
and III was about 70 and 180mV in chromosomal DNA and phage RNA,
respectively (Table 3). The highest amount of data were obtained with DNA;
the work with RNA was limited to biosynthetic polyribonucleotides and few
natural RNAs, producing results in a reasonable agreement with those obtained
with DNAs.

For all polarographic and voltammetric signals of DNA obtained with
mercury and carbon electrodes adsorbed DNA was responsible. These methods
thus reported about the properties of DNA at the electrode surface. It has been
shown, however, that under certain conditions electrochemical methods can
report on changes in DNA structure in solution, while under different condi-
tions relatively slow changes in the DNA structure, occurring secondarily at the
electrode surface can be observed.
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Table 3. Heights, summit potential E, and half-width W1/2 of derivative pulse-
polarographic peaks of RNA and DNA?®

Sample Concentration Peak Height E, (V) wi1/2
(ng/mL) (HA) (mV)

dsRNA 400 IT R 0.62 -1.3 55

Thermally 80 IIT R 0.64 —1.48 75

denatured RNA

Native DNA 400 11 0.05 —1.48 —

Thermally 80 I 1.42 1.55 85

denatured DNA

#The measurements were performed in 0.3 M ammonium formate with 0.1 M sodium phos-
phate pH 7 with the polarographic analyzer PAR 174 at pulse amplitude of S0 mV with
DME, R-peak of RNA. Potentials were measured against mercury pool at the bottom of the
polarograpic vessel. Adapted from Palecek and Doskocil (1974). Copyright 1974, with per-
mission from Academic Press.

4.2.1.3. Changes of DNA structure in solution can be detected electrochemically. 1t
was shown that the electrochemical signals of chromosomal denatured ssDNA
obtained with mercury and carbon electrodes greatly differed from those of native
dsDNA (Figures 1, 3, 5, 6B, 9). ssDNA produced a d.c. polarographic reduction
wave while native dsDNA was under the same conditions d.c. polaro-
graphically inactive (Figure 6B). The d.c. polarographic inactivity of dsDNA
(at neutral pH, moderate ionic strengths and room temperature) was explained by
the inaccessibility of the reduction sites for the electrode process. In the B-form of
dsDNA the reduction sites are hidden in the interior of the DNA molecule
forming a part of the Watson—Crick hydrogen bonding system (Figure 6A). It
should be noted that higher concentration of dsDNA produced DP polaro-
graphic peak II (Figure 9A, Table 3) which was almost by two orders of mag-
nitude smaller than peak III of the thermally denatured ssDNA (if the height of
peak III was extrapolated to the concentration of dsSDNA at which peak II was
observed). Peak II was highly sensitive to DNA damage by chemical and physical
agents involving DNA strand breaks (Fojta, 2004; Palecek, 1983) (Chapter 12).
Similar sensitivity was observed with peak ITIR of dsRNA (Figure 9B) (Palecek
and Doskocil, 1974). Peak II was assigned to labilized regions in the DNA double
helix, including DNA ends and single-strand breaks. At room temperature peak
IT was produced by nicked circular DNA but not by covalently closed-circular
(supercoiled) DNA (see below) (Fojta, 2004; Vojtiskova et al., 1981). UV irra-
diation (at 254 nm) of linear dsDNA, similarly to other physical and chemical
agents, produced an increase of peak II (Palecek, 1983; Vorlickova and Palecek,
1974).

In contrast to the reduction sites, oxidation sites of adenine and guanine
(Figure 6A) are closer to the surface of the dsDNA molecule and not involved
in the hydrogen-bonding system. Consequently, the formation of the double
helix does not prevent them from oxidation at the graphite electrodes. ssDNA
produced larger oxidation signals than dsDNA but the differences were
much smaller than those obtained with DP polarography or voltammetry with
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mercury electrodes (Figure 5). It was assumed that the differences in oxidation
signals of ds and ssDNA observed at carbon electrodes were related to the
different flexibilities of the ss and dsDNA (Brabec et al., 1996) (greater flexi-
bility of the ss molecules allowed a better adherence of DNA to the uneven
surfaces of the carbon electrodes). DNA single-strand breaks were not detect-
able at carbon electrodes (Cahova-Kucharikova et al., 2005; Cai et al., 1996;
Kubicarova et al., 2000b).

Polarographic techniques (including DPP with DME) were applied also to
studies of protonated ds structures of polyriboadenylic and polyribocytidylic
acids (Brabec and Palecek, 1972; Palecek, 1972; Palecek et al., 1974). Proton-
ated ds structures of both of these biosynthetic polynucleotides greatly differs
from the Watson—Crick DNA and RNA duplexes. Reduction sites of adenine
and cytosine residues are better accessible in protonated ds structures than in
non-protonated DNA duplexes. It was thus not surprising that the differences
between the electrochemical signals of protonated ds duplexes and their (non-
protonated) ss forms were much smaller than in ss and dsDNAs. Nevertheless it
was possible to obtain dependencies of electrochemical signals on pH indicating
the structural transitions of these polynucleotides (Brabec and Palecek, 1972;
Palecek, 1972). With longer polynucleotides larger differences in electrochem-
ical signals between ss and protonated ds structures were observed (Palecek
et al., 1974), suggesting that these signals were affected by different diffussion
coefficients of long ss and ds polynucleotides.

DPP peak IIT (Figure 9B) was used to monitor full or partial DNA dena-
turation, DNA renaturation (Palecek, 1976) or formation of polynucleotide
complexes (Jelen and Palecek, 1985; Palecek, 1969c) and to detect traces of
ssDNA in dsDNA (Palecek, 1971; Palecek and Frary, 1966). Figure 10 shows
the time course of renaturation of RNA at two different ionic strengths and
temperatures. Using peaks III and II renaturation of DNA and RNA could be
followed in real time. The results of the electrochemical measurements were in
agreement with those of optical measurements. Moreover, a negative correla-
tion between the content of ssSRNA, reflected by peak IIIR, and antiviral and
interferon-inducing activities was found (Palecek and Doskocil, 1974). The DPP
thermal denaturation curves corresponded well to optical density curves, if
DNA was exposed to elevated temperatures and the measurements were per-
formed at room temperature after quick cooling of the DNA sample (Palecek,
1969b, 1976; Palecek et al., 1977). Similarly, the alkaline melting curve of
chromosomal DNA obtained by means of adsorptive transfer stripping cyclic
voltammetry (peak G was measured) agreed with the UV absorption (260 nm)
melting curve (Palecek, 1988a).

DNA premelting. If thermal denaturation of chromosomal DNA was done
in such a way that the DPP measurements were performed at elevated tem-
perature, peak II increased with temperature in the temperature range where
no changes in DNA absorbancy were detectable. These premelting changes
were later detected by circular dichroism and other methods (reviewed in
Palecek, 1976). In supercoiled DNA (see below) no premelting changes
were observed above 40°C (Vojtiskova et al., 1981). Above 40°C an inflexion
appeared on DP polarogram and grew with temperature in the premelting
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Fig. 10. Time-course of renaturation of phage f2 dsRNA. (A) Thermally denatured ssSRNA
was incubated (e—e) at 85°C in 2.5 x sodium saline citrate (SSC) or (0—o) at 85°C in SSC,
and (x—x) at 55°C. Samples were withdrawn in time intervals given in the graph and quickly
cooled. DPP measurements were performed at room temperature at a RNA concentration of
3.2pug/mL in 0.3M ammonium formate with 0.2 M sodium acetate, pH 5.6; PAR 174. (B)
(0—o) peak IIR. (e—e) peak ITIR. ssRNA (108 png/mL) in 0.01 x SSC was heated for 6 min
at 100°C. Then it was placed into a thermostated polarographic vessel with the same volume
of 0.6 M ammonium formate with 0.2 M sodium phosphate, pH 7, preheated to 58°C. The
pulse polarograms were measured at 58°C in times given in the graph. Southern—Harwell A
3100, amplifier sensitivity 1/8. Adapted from Palecek and Doskocil (1974). Copyright 1974,
with permission from Academic Press.

region. It should be noted that in supercoiled DNA no molecular ends are
present.

Using the adsorption transfer stripping method it was shown that the temp-
erature at which dsDNA was adsorbed at the electrode (but not the temperature
at which the electroreduction took place), played a decisive role in the man-
ifestation of the DNA premelting (Palecek, 1988b). This result is in agreement
with the assumption that it was the DNA structure (affected by the temperature
in the time of adsorption of the DNA molecule) which determined the elect-
rochemical response (Palecek, 1976), while the effect of temperature on
the electroreduction was of lesser importance.
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Fig. 11. Adsorptive square wave voltammograms of long ssODN and dsODNs (97-mers).
(A) cathodic response, (B) anodic response (peak G). 1- (TTC)yy(T)ys, 2 - duplex
[(TTC)24(T)25] - [(GAA)24(A)as]. 3 - ODN (GAA)4(A)s , 0.25uM ODN in 0.1 M NaCl,
pH 7 was adsorbed from a 10 pL. sample drop at 0°C for 60's at open current circuit. Then the
ODN-modified HMDE was washed, and transferred into background electrolyte (0.3 M
ammonium formate, 50 mM sodium phosphate, pH 6.9) and measured at room temperature.
SWYV: frequency 380 Hz, step potential 5mV, amplitude 25mV, initial potential (A) —0.6V
or (B) —1.85V. Potentials are given against Ag/AgCl/3M KClI reference electrode. Hybrid-
ization: A mixture of complementary ODN aliquots in 0.1 M NaCl, pH 7 was incubated at
90°C for 30 min, and then slowly cooled to room temperature (F. Jelen and E. Palecek,
unpublished).

Large differences between the signals of ss and dsNAs (obtained with mer-
cury electrodes) (Figure 9) were observed with chromosomal, plasmid and viral
nucleic acids (Palecek, 1983; Palecek et al., 2002b) but not with short ODNS.
For example, a ds decamer ODN compared to a ss decamer showed almost no
difference in its voltammetric signals (Palecek et al, 1990) (F. Jelen and
E. Palecek, unpublished, 2005). This lack of differences in the electrochemical
behavior of ss and dsODNs might be due to unwinding of the ends of the ODN,
flatly lying at the electrode surface. In long dsDNA molecules such unwinding
can be neglected, while in a ds decamer it may involve a major part of the ODN.
To test this assumption we have recently measured several ss and dsODNs
of different lengths and we found that the ratio ss/ds of the cathodic responses
depended on the ODN lengths. Figure 11A shows a very small square
wave voltammetry (SWYV) cathodic response of 97-mer duplex ODN
[(TTC)24(T)25] - [(GAA)4(A)>s] as compared to high peak C (due to reduction
of cytosine residues) of ss(TTC),4(T)>s. In agreement with the previous
measurements of the anodic peak G in long chromosomal ss and dsDNAs
(Section 4.1.2) peak G of ss(GAA),4(A),5 was only about twice as high than the
peak of ds[(TTC)»4(T)ss5] - [(GAA)»4(A)»s] (Figure 11B). This was attributed to
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the location of the electroactive site of guanine out of the DNA duplex interior
(Figure 6). Ss(TTC),4(T),5 produced no peak G in accordance with absence of
guanine residues in this ODN (Figure 11B).

Supercoiled DNA. About 40 years ago, Vinograd et al. (1965) discovered the
twisted circular form of polyoma virus (Lebowitz, 1990; Palecek, 1991).
Three forms of polyoma DNA were visualized in the electron microscope — open,
linear and twisted (supercoiled, superhelical). Twisted appearance of this DNA was
explained by the formation of superhelical turns in the circular mole-
cule. It soon became apparent that circular DNAs that existed in many organ-
isms, were supercoiled. Even linear DNA could supercoil in the cell if
constrained into topologically different domains (see Section 5.5.1.2 for more de-
tail). Experimental methods suitable for studies of supercoiled (sc) DNA are rather
limited. No crystals of scDNA have been obtained, and the molecules are too large
to be studied by NMR. Electron microscopy and cryoelectron micro-
scopy were important in the study of the global shapes of scDNA (Adrian et al.,
1990; Bednar et al., 1994). Raman spectroscopy, circular dichroism, dynamic light
scattering and scattering time-resolved fluorescence anisotropy measurements of
intercalated ethidium, were applied to studies of supercoiled DNA (reviewed in
Vologodskii and Cozzarelli, 1994). In general, the conformational problem of
scDNA is sufficiently complex to require a combination of different experimental
approaches and theoretical analysis. ScDNAs are very interesting models for stud-
ies of various DNA properties, including the DNA interfacial behavior. Electro-
chemical studies of these interesting DNAs have been, however, limited to very few
laboratories because highly purified scDNAs are not commercially available. With
commercially available kits their isolation is now rather easy but purification re-
quires usually density gradient ultracentrifugation followed by further purification
steps. Various electrochemical methods and particularly DPP, a.c. impedance and
a.c. voltammetric and CV measurements with HMDE, proved useful in investi-
gations of scDNA (Boublikova et al., 1987; Fojta et al., 1998; Palecek, 1988b;
Palecek et al., 1986a; Teijeiro et al., 1993; Vojtiskova et al., 1981). It was shown that
breakage of single fosfodiesteric bond in the scDNA molecule can be sensitively
detected by electrochemical methods (Boublikova ef al., 1987; Fojta and Palecek,
1997, and references therein).

Adsorptive transfer stripping voltammetry was used to investigate alkaline
denaturation of supercoiled and linearized plasmid DNA (Teijeiro et al., 1993).
Up to pH 11.5 there were no changes in peaks G and CA (Figure 12). Both
peaks increased between pH 11.5 and 11.9 only in linear DNA, while no
changes were observed in these peaks of scDNA up to pH 12.5. Between pH
12.5 and 12.7 a striking increase of both peaks was observed. Physical properties
and denaturation of scDNA were studied by various methods (Palecek, 1991).
Using sedimentation measurements it was shown that alkaline denaturation
of scDNA was entirely reversible up to pH 12.6 (at an ionic strength of about
0.25) (Rush and Warner, 1970). The voltammetric data (Figure 12) obtained
under slightly different ionic conditions were thus in an agreement with the
sedimentation measurements but compared to sedimentation, voltammetry
produced additional information about the behavior of AT and GC pairs
(Teijeiro et al., 1993).
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Fig. 12. Alkaline denaturation of M, supercoiled and A, linearized plasmid DNA. pAT32
DNA at a concentration of 10.3 ug/mL was adsorbed at the HMDE from a Britton—
Robinson buffer at pH indicated in the graph. The electrode was then washed and transferred
into an electrolytic cell containing 5mL of deaerated 0.3 M ammonium formate and 50 mM
sodium phosphate, pH 6.9. CV: initial potential —0.1 V; switching potential —1.85V, scan
rate 0.2V/s. Adapted from Teijeiro et al. (1993). Copyright 1993, with permission from
Adenine Press.

a.c. impedance measurements represent a useful method for investigation of
DNA adsorption that is not perturbed by chemical reactions that may accompany
the DNA redox processes at electrodes. It was shown in Section 3.1.1 that ad-
sorption behavior of ss and ds DNAs at the mercury electrodes greatly
differed. Our further studies showed that a.c. impedance responses of sc plasm-
id DNA differed qualitatively from that of chromosomal DNA and open circular
and linear plasmid DNAs (Fojta and Palecek, 1997). Similar to chromosomal
linear ds and denatured ss DNAs (reviewed in Palecek, 1983), various forms of
circular plasmid DNA adsorbed at the electrically charged mercury/water inter-
face in a wide potential range. A detailed comparison of the C-E curves of relaxed,
native and highly supercoiled DNA revealed quantitative differences in AC and in
the height of peak 1 (Figures 13 and 14), suggesting that these DNA species may
interact with the electrically charged surface and respond to the alternating voltage
in different ways (Fojta et al., 1998). The adsorption/desorption behavior of
covalently closed-circular DNAs was influenced by the DNA negative superhelix
density (—o). Studies of topoisomer distributions showed two superhelix density-
dependent structural transitions at midpoints of —g about 0.04 and 0.07. The first
transition (explained by changes in global structure of circular DNAs) was
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Fig. 13. Sections of C-E curves of a HMDE modified with pUC19 DNA: (A) supercoiled
DNA at native superhelix density; (B) topoisomerase I-relaxed DNA (C) highly supercoiled
DNA (—5>=0.11); D, open circular DNA. DNA concentration was 100 pg/mL, adsorption
time 74 = 120s; in B, (---), 250 pg/mL, t4o = 180s; (---), background electrolyte. The re-
sponse of open circular DNA prepared from covalently closed circular DNA by y-irradiation
(arrows marked ““y”’) was not influenced by the superhelix density of the original covalently
closed circular DNA. In panel (A) the meaning of the capacitance decrease (AC) is displayed.
DNA was adsorbed at the electrode from a drop (4 uL) of solution containing 0.2 M NaCl
and 0.01 M Tris-HCI buffer, pH 7.4, at room temperature. DNA-modified electrodes were
then washed in water and in background electrolyte solution and placed into a cell containing
blank background electrolyte (0.3M NaCl, 0.05M sodium phosphate, pH 8.5). Adapted
from Fojta et al. (1998). Copyright 1998, with permission from American Chemical Society.

indicated by changes in peak 1. The other one, occurring at more negative —g, was
manifested by peak 3" which had not previously been observed (see below).

Figure 13 shows striking differences in presence and absence of peak 3 in
different forms of circular DNA. This peak was produced by open circular
DNA (Figure 13D) and linearized denatured DNA (not shown) but not by any
investigated covalently closed-circular DNA (Figure 13A—C). Compared to
scDNA at native negative superhelix density (—o about 0.05) highly supercoiled
DNA (—¢ = 0.11) gave rise to peak 3" (Figure 13C), which was about 50 mV
less negative than peak 3 produced by open circular and denatured DNAs. The
height of peak 3~ decreased with releaving of the superhelical stress and
disappeared close to the native superhelix density. Peak 3" was assigned to
disturbances of the DNA structure resulting from strong superhelical stress in
DNA molecules with highly negative o.

In addition to the ex situ experiments with DNA-modified HMDE, a.c. po-
larographic measurements with DME immersed into the DNA solution were
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Fig. 14. A.c. polarograms (C-E curves with DME) of various forms of plasmid pUC19 DNA
(indicated in the figure) measured in 0.3 M NaCl, 0.03M NaHCOs;, pH 9.5. DNA concen-
tration 200 pg/mL. Rel, relaxed DNA; oc, open circular DNA; nsc, supercoiled DNA at
native supercoiled density; den, denatured linear DNA. Measurements were performed in
80—100 pL of solution on air. In contrast to the other a.c. impedance measurements, in this
experiment the mercury electrode was immersed directly in the DNA solution during the
measurements. Scan rate 1 mV/s, drop lifetime 10s. SCE. Adapted from Fojta er al. (1998).
Copyright 1998, with permission from American Chemical Society.

performed (Figure 14). Polarograms of scDNA at native —o, relaxed (circular)
dsDNA and linearized denatured ssDNA at DME qualitatively corresponded to
the behavior of the same DNAs observed with DNA-modified HMDE (Figure
13). In contrast the behavior of open circular (oc) DNA at the DME (Figure 14B)
greatly differed from that obtained with HMDE (Figure 13D). The most striking
difference was the absence of peak 3 at the C-E curve obtained with DME
(Figure 13B), which agreed with the earlier DPP studies (Vojtiskova et al., 1981)
not showing any peak III (characteristic for ssSDNA) as well as with the structure
of ocDNA in solution, which should be virtually free from ss regions. Presence of
peak 3 on the C-E curve of ocDNA was explained by secondary opening of the
dsDNA structure at the electrode surface (Section 5).

We may thus conclude that techniques working with small voltage excursions
during the drop life time, such as a.c. and d.c. polarography (i.e. methods
working with DME) are able to reflect changes in conformation of long DNA
molecules in solution. In such a case secondary changes in the DNA structure at
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the electrode can be neglected. If, however, techniques working with large
voltage excursions during the drop lifetime or with a hanging mercury drop or
solid electrodes are used, large changes in the DNA structure may take place at
the electrode. This problem will be discussed in the next section.

5. CHANGES IN DNA CONFORMATION AT SURFACES
5.1. History

Investigations of the effect of the electric field on the conformation of DNA at
the electrode surface started in the 1960s (Chapter 1). Already in 1961 the
differential capacitance of ds (native) and ss (denatured) DNAs adsorbed at
DME was measured in unbuffered solutions by Miller (1961a, b). He concluded
that at positive potentials a partial unwinding of double-stranded DNA took
place on the electrode, whereas at negative potentials DNA preserved its
double-helical structure. In 1968, Flemming (1968) used a.c. voltammetry in
combination with HMDE to study DNA. He did not confirm Miller’s con-
clusion about the DNA surface unwinding and assumed that DNA preserved its
double-helical structure over the whole range or potentials reached at HMDE
under the given conditions. This assumption was defended for some time by
Berg et al. (reviewed in Berg, 1976; Palecek, 1983).

It has been shown in the previous section that most of the electrochemical
methods, and particularly the DPP, are well suited for studies of the DNA
thermal denaturation and that this method showed good correlation with op-
tical method reflecting the DNA structure in solution (Figures 3, 5, 9, 10, 12,
14). On the other hand, since the first attempts in 1966 (Palecek and Frary,
1966) to apply pulse polarography to the analysis of nucleic acids it was ap-
parent that (NPP, working with DME) did not simply reflect the DNA structure
in solution. The results of this technique poorly correlated with those of non-
electrochemical methods and differed markedly from the results obtained by
means of DPP. Only in 1974, NPP of DNA was studied in a greater detail
(Palecek, 1974) and an explanation of the disagreement between the DPP and
NPP results was offered (Palecek, 1974, 1983).

5.2. Effects of electrochemical methods and types of mercury electrodes

There are substantial differences in polarization of the DME in NPP and DPP
(DPV). DPP works with small voltage excursions during the drop lifetime
(Figure 15A). The time for which DNA was exposed to the electric field in DPP
at the DME was relatively short (usually 15s). The electrochemical signal thus
reflected changes in DNA conformation, which occurred either (a) in solution
or (b) at the electrode surface during the drop lifetime charged to the potentials
at which the electrode process responsible for the measured signal took place.
Eventual changes in DNA conformation occurring at more positive or more
negative potentials did not affect the polarographic signals. Similar properties
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Fig. 15. A\, signals applied and responses obtained: in DPP with the DME (representing a
technique working with small voltage excursion during the drop lifetime; A,, LSV with
HMDE. (A)): in DPP a single voltage pulse (usually of 10-50 mV) is applied to each drop of
mercury dropping from the DME in 1 s intervals. The voltage ramp is scanned 1 mV/s. (A,):
in LSV, HMDE is kept for a certain time interval ¢ at the initial potential E;. During this
waiting time ¢, DNA is adsorbed at the electrode and may undergo certain changes in its
secondary structure due to its prolonged interaction with the electrode surface. After the
waiting time ¢, the electrode potential is changed (usually 0.5-5 V/s) to more negative values
(passing necessarily the region U); ssDNA is reduced at about —1.4V (E,q). B, The height of
the voltammetric peak 3 is proportional to the amount of ssSDNA reduced at the electrode
surface. If DNA is adsorbed at HMDE this peak can indicate the extent of surface dena-
turation of dsDNA. (a,d) ssDNA (b,c,e.f) dsSDNA (in the bulk of solution); (b) dsDNA at
higher concentrations (300400 pg/mL) and a high sensitivity of the instrument; (¢) dsSDNA
at a concentration as usual for measurements of ssDNA (20-30 pg/mL); (d, f) E; in the region
T (e.g. —0.6 V); (e) E; in the region U (e.g. —1.2V), for region U and T see Figures 16¢ and 17.
SCE. Reproduced from Jelen and Palecek (1985). Copyright 1985, with permission from the
Slovak Academy of Sciences.

have also other techniques working with small potential excursions during the
drop life time, such as a.c. and d.c. polarography (working with DME).

5.2.1. Methods working with large voltage excursions during the DME drop lifetime
or with stationary electrodes

In contrast, NPP (which also uses DME) works with large voltage excursions
during the drop lifetime (Bond, 1980), holding the electrode at the initial po-
tential for a substantial part of the drop lifetime. With this method all changes in
DNA conformation, which occurred at the initial potential and during the
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potential scanning, could influence the resulting electrochemical signal (because
the DNA whose conformation would be irreversibly disturbed at less negative
potentials was still at the electrode surface when the reduction process took
place); in other words the resulting polarogram was affected by the history of the
experiment (potential scanning from the initial potential to the potential of the
measured signal) even if DME was used. When working with stationary elec-
trodes (such as HMDE) the resulting signal (regardless of the electrochemical
technique) could also be affected by the history of the experiment, taking place at
a single surface. In this arrangement, the scan rate and scan direction played
important roles. Conformational changes occurring in DNA secondarily at the
electrode surface could be, however, minimized by experimental conditions, such
as high scan rates, direction of the potential scanning and choice of suitable
initial potentials. On the other hand, stationary electrodes were well suited for
studies of the effects of the electric field on the conformation of the nucleic acid
anchored at the surface. In this respect, the DNA-modified electrodes parti-
cularly appeared useful, allowing separation of the DNA immobilization from
the electrode processes, and providing data not complicated by the DNA dif-
fusion (from the bulk of solution to the electrode) during the electrode processes.

5.3. Changes in DNA conformation at mercury surfaces as detected by
conventional polarographic and voltammetric methods

The results so far obtained suggest that dsSDNA can be unwound at certain
potentials on the mercury and other electrode surfaces and that, in addition to
the effect of potential scanning and type of the electrode, the DNA ionization
and the solution conditions can play important roles (Section 5.3.2). For the
first two decades studies of the changes in conformation of dSDNA were pre-
dominantly performed by means of conventional polarographic (using DME)
and voltammetric methods (using HMDE), reviewed in Berg (1976) Palecek
(1969b, 1971, 1976). Later solid electrodes and DNA-modified electrodes were
applied. Most of the work was, however, done with conventional methods using
the bare electrode immersed in the analyzed NA solution. These methods cre-
ated a solid base for further studies of DNA structure and properties at the
electrode surface. In this section, we shall first summarize the results obtained
with conventional methods.

The acid—base behavior of nucleotides is one of their most important physical
characteristic. It determines their charges, tautomeric structures as well as their
abilities to donate or accept hydrogen bonds, which are the key features of the
base recognition in DNA and RNA. In the range between pH 5 and 9 DNA is
usually a polyanion carrying one negative charge per each nucleotide phos-
phate. Under these conditions bases and sugar residues are uncharged. At pH
<5 protonation of A, C and G residues should be considered while at pH >9
deprotonation of G, T and U residues in DNA or RNA may take place. At
substantially higher pHs ionization of deoxyribose (and ribose) may occur.
Free bases have pK,; of 3.5 and 4.2 for N1 of adenine and N3 of cytosine,
respectively, and 9.2 and 9.7 for N1 of guanine and N3 of thymine (Moody
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et al, 2004; Saenger, 1984). These values shift from neutrality in a
Watson—Crick base pair due to the stability conferred by base pairing (Narlikar
and Herschlag, 1997). On the other hand, numerous folded state pK,s are per-
turbed toward neutrality for RNA and DNA, with values ranging from 3.8 to
6.6 (Huppler et al., 2002). pK, shifted toward neutrality can participate in RNA
and DNA catalysis (Bevilacqua, 2003).

5.3.1. Conditions not involving ionization of DNA bases

The early data showed that the NPP and linear sweep voltammetry (LSV)
signals, produced at neutral pH by native dSDNA, were strongly dependent on
the initial potential (£;) that is the potential to which the DME was charged for
a certain time (about 1-2s) before the application of the voltage rectangular
pulse (in NPP) or the linear voltage sweep (in LSV) (Figure 15B). On the other
hand, the signals yielded by denatured ssDNA were almost independent of E;.
With native dsDNA the highest signals were observed in a narrow potential
range around —1.2 V (Unwinding region, U). In this range only peak III (NPP
wave III) appeared, whose potential corresponded to the potential of the peak
of ssDNA. As a result of interactions of dsSDNA with the electrode charged to
more positive E; (region T), relatively small peaks II and III were observed; in
the region U peak II (produced only by native dsDNA) decreased and dis-
appeared. The changes in the electrochemical signals, resulting from the
exposition of dsDNA immobilized at the electrode to the potentials of region U,
were thus similar to those resulting from DNA denaturation in solution (ex-
posed for example to elevated temperatures or strongly alkaline pHs (see
Section 4.2.1.3) (Brabec and Palecek, 1976a; Palecek, 1974). The process in-
volving dsDNA at the electrode surface charged to potentials of the region U
were interpreted as due to opening of the DNA double helix at the electrode
surface resulting in an increased accessibility of bases. It was assumed (Palecek,
1983, 1996 and references therein) that the opening of the dSDNA was due to a
strong electrostatic repulsion of the negatively charged DNA phosphates from
the electrode surface to which DNA was firmly adsorbed via hydrophobic
bases. In linear dsSDNA molecules, bases could be available for the interaction
with electrode at the ends of the molecule, at single-strand breaks, at transiently
opened DNA regions, etc. (Scheme 1).

5.3.1.1. Potential region U of DNA surface denaturation. 1t was shown that the
potential of the region U corresponded to the potential of the tensammetric peak
1 of native dsDNA (Figure 3) suggesting the DNA surface denaturation in this
region may be related to the DNA desorption (Brabec and Palecek, 1976a;
Palecek, 1974). The characteristic changes in the region U (Figures 15f and 16c)
were observed both under complete and incomplete surface coverage both at
DME and HMDE (Brabec and Palecek, 1976a; Palecek, 1974; Palecek and Kwee,
1979). The extent of these changes depended on the salt or polyamine concen-
trations in solution (Brabec and Palecek, 1976a; Palecek and Kwee, 1979) and on
the damage induced to DNA. To explain the DNA surface denaturation a rough
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Scheme 1. Changes in DNA structure at the surface of the mercury electrode. (A) Adsorp-
tion of a dsDNA segment at the electrode surface at potentials close to the zero charge
(region T) may result in limited opening of the DNA duplex in the vicinity of the end of the
molecule and/or single-strand breaks (or other disturbances of the DNA structure). (B, C) At
potentials around —1.2'V (region U) relatively slow opening of the DNA duplex is taking
place manifested by the peak 3 (characteristic for ssDNA). Opening of chromosomal calf
thymus (native) DNA at neutral pH takes about 90-120s.

tentative scheme was put forward (Brabec and Palecek, 1976a; Palecek, 1974). It
could be expected that in the vicinity of the potential of zero charge, segments of
dsDNA were adsorbed via sugar—phosphate backbone (Section 3.1) as well as via
sporadic bases located in the labile regions of the DNA double helix (Section
4.2.1.3). As the electrode potential was made more negative, DNA segments
adsorbed mainly through the sugar—phosphate backbone could be desorbed. In
contrast, the segments attached to the surface more strongly via bases remained
adsorbed even at potentials of the region U. At these potentials a situation could
arise where the DNA molecule was anchored on the surface by an ss segment S,qs
(involving one end of the DNA strand), while the adjacent ds segments (not
involving significant base adsorption) were strongly electrostatically repulsed
from the negatively charged electrode, putting the DNA molecule under stress.
Such stress might induce unwinding of the dsDNA segment. From the segment
Sads, the surface denaturation could proceed to further regions of the molecule.
The unwound ss regions formed in the vicinity of the segment S,4; were readily
adsorbed via bases and their adsorption stimulated the unwinding process fur-
ther. Considering the length of the molecule of chromosomal DNA one would
expect that the unwinding process took place mainly in the outer part of the
double layer and in the bulk of solution.

DNA opening at the mercury electrode was relatively slow (in about 100s
about 90% of a chromosomal DNA was opened) and its rate increased with
shifting of the potential (to which DNA was exposed at the electrode) to more
negative values (Nurnberg and Valenta, 1976; Palecek, 1974). The process was
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completed in a time ranging from tens of seconds to few minutes (Palecek and
Kwee, 1979). The duplex opening was partially irreversible (Nurnberg and
Valenta, 1976; Palecek, 1974) and depended on the DNA nucleotide sequence
(Jelen and Palecek, 1985). With calf thymus DNA both AT and GC pairs were
involved in the early stage of the opening process (Nurnberg and Valenta, 1976;
Palecek, 1974). Irreversible opening of dsDNA in the potential region U imply
that when the initial potential of HMDE is less negative than region U and the
potential is scanned in negative direction (at usual scan rates) surface denatur-
ation of dsDNA cannot be avoided. Flemming and Berg (1974) studied adsorp-
tion/desorption behavior of DNA at HMDE and observed peak 3 (Figure 3E) at
a.c. voltammogram of dsDNA, if the potential was scanned in the negative di-
rection, but they did not explain their results in terms of opening of the DNA
structure (Berg, 1976; Flemming and Berg, 1974). Instead they offered a com-
plicated mechanism (Berg, 1976), which was not confirmed (Section 5.5.1.1).

Opening of dsDNA at mercury electrodes at potentials of the region U was
observed at ionic strengths between about 0.1 and 1.0. At very low ionic
strengths dsSDNA could be adsorbed on the negatively charged mercury elec-
trode only very weakly (Brabec and Palecek, 1972; Nurnberg and Valenta, 1976;
Palecek, 1974). Under these conditions, DNA interfacial behavior can be dif-
ferent because of strong repulsion between the polyanionic DNA molecule and
the negatively charged mercury electrode. In 10mM KCIO,, where probably
only electrostatic interactions were involved, no differences in the differential
capacity of ss and sonicated dsSDNA were observed (Hinnen et al., 1981). Under
conditions of moderate ionic strengths at potentials positive (region T) or neg-
ative (region W) to the region U (Figure 16C) no extensive surface changes in
DNA conformation (comparable to those observed in region U) were detected
(Palecek, 1983; Palecek and Kwee, 1979). The absence of DNA opening in
region W was explained by inability of dsDNA to adsorb strongly at the mer-
cury electrode charged to highly negative potentials.

The DNA opening at the electrode surface was probably not completely iden-
tical with the known DNA denaturation in solution. Considering the immobili-
zation of the DNA molecule at the surface some special features and/or limitations
of the opening process could be expected. For example, formation of partially
unwound dsDNA, in which some bases were accessible for the interaction with
electrode surface, or a “ladder DNA” might be compatible with the experimental
data (Nurnberg and Valenta, 1977; Palecek, 1966, 1974, 1983, 1992a).

Voltammetric behavior of biosynthetic ds polydeoxynucleotides (a) with
alternating nucleotide sequences, such as poly(dA—dT)-poly (dA-dT),
poly(dA—dU) - poly(dA—-dU), poly(dG—dC)- poly(dG—dC) and (b) homopoly-
mer pairs poly(dA) - poly (dT), poly(rA)-poly (rU) and poly (dG) - poly (dC)
(Jelen and Palecek, 1985; Palecek and Jelen, 1984) was studied using HMDE.
Both types of ds duplexes showed distinguished regions U, but the interfacial
behavior of these duplexes was strongly influenced by the nucleotide sequence.
The behavior of polynucleotides with alternating sequences differed from that
of homopolymer pairs (Figure 16A—C). Duplexes with alternating sequences
displayed a very narrow half-width (<100 mV) region U and the rate of open-
ing of the double helix strongly depended on the electrode potential within the
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Fig. 16. Dependence of the voltammetric behavior of biosynthetic polynucleotides with dif-
ferent nucleotide sequences on the initial potential (E;). (A): voltammetric peaks of poly
(dA—-dU)- poly (dA-dU). E; = —0.6 V (left), E; = —1.35V (right); (B): e—e , peak 2; o—o,
peak 3; (C): poly (rA) - poly (rU), e—e, peak 2; o-—-, peak 3; - ---, calf thymus DNA (data
extracted from Palecek and Kwee (1979), peak height expressed in percents of the height of
peak of thermally denatured DNA. DNA at a concentration of 100 pg/mL, concentration of
other polynucleotides was 5 x 107> M (related to phosphorus content). Background electro-
lyte: 0.3 M ammonium formate with 0.05M sodium phosphate (pH 6.9). HMDE, scan rate
0.5V/s, waiting time 60s. U is the potential region in which relatively slow opening of the
DNA double helix occurs, involving an appreciable part of the molecule (provided the time
of DNA interaction with the electrode is sufficiently long). T is the potential region where fast
opening of the DNA double helix takes place; it is limited to several percents of the molecule
in the vicinity of certain anomalies in the DNA primary structure (e.g. single-strand breaks).
W is the potential region where no changes in the DNA conformation were detected. Po-
tentials were measured against SCE. Reproduced from Jelen and Palecek (1985). Copyright
1985, with permission from the Slovak Academy of Sciences.

region U. In the homopolymer pairs, the width of region U was comparable to
that of natural DNA (>200mV) but it was composed of two distinct phases
(Figure 16C). Poly (dG)-poly (dC) produced no region U. The differences
between the interfacial behavior of DNA duplexes with alternating sequences
and homopolymer pairs were explained by non-equal adsorbabilities of purine
and pyrimidine chains in the homopolymer pair molecule (resulting from the
known different adsorbabilities of purine and pyrimidine bases) contrasting to
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equal adsorbability of both chains in alternating sequence polynucleotide
molecules (Figure 16B, C).

5.3.1.2. Potential region T. Interaction of dsDNA with the electrode surface
charged to the potentials of the region T (Figure 16C) did not result in any sign
of extensive surface denaturation (as in region U), even if the time of the DNA
interaction with electrode surface was prolonged to minutes (Palecek and Kwee,
1979). A small peak 3 observed on LS voltammograms (Figure 16A) (Brabec
and Palecek, 1976a) (independent of time of DNA interaction with the elec-
trode) was indicative of a limited surface denaturation, which proceeded very
quickly, affected only a small part of the adsorbed DNA molecule (probably the
DNA strand ends) and stopped. Experimental results obtained with a large
mercury pool electrode (Brabec and Palecek, 1978) agreed with this assumption.
Peak 3 (in the region T) increased in p-irradiated DNA containing a small
number of ss breaks and other types of damage induced by ionizing radiation
(Brabec and Palecek, 1976a). These results suggested that the conformational
changes in DNA adsorbed at the electrode at potentials of the region T were due
to increased accessibility of bases in the labilized regions of the DNA molecule,
including its strand ends. Heights of peak 3 in DNA homopolymer pairs in the
region T were higher than in corresponding alternating sequence duplexes. This
peak produced by duplexes composed only of G x C pairs was smaller than
peak III of the A x T and A x U containing duplexes (Jelen and Palecek, 1985).
This result suggests that the limited opening of dsDNA in the region T was
affected by higher stability of the G x C pairs in DNA.

It should be stressed that native dsDNA which did not produce any peak III
on DP polarograms yielded this peak on LS voltammograms obtained either
with DME or HMDE. The mechanism responsible for the peak III of dsDNA
on LS voltammograms is not yet fully understood. The process might involve
the initial step of the mechanism suggested for the surface denaturation in the
region U. At potentials of region U the repulsion forces (which drove the DNA
unwinding of the dsDNA segments next to the segment S,4) between the elec-
trode and the adsorbed DNA should be much stronger than at less negative
potentials of the region T. Thus in the region T the DNA unwinding might be
limited to the segment S,q having no ability to continue in the neighboring
segments as it is the case in the region U. Conformational changes in the region
T might be due to direct effect of the electric field (Valenta et al., 1974; Valenta
and Nurnberg, 1974b), affecting the DNA structure of the DNA segment laying
flatly on the electrode surface (Brabec et al., 1983, 1996).

5.3.1.3. Effect of DNA cross-linking. Investigations of DNA adducts with plat-
inum drugs such as monofunctional diethylenetriamminedichloroplatinum(II)
(dien-Pt) and bifunctional trans- and cis-diamminedichloroplatinum(II) showed
that the effects observed in region U were inhibited by interstrand crosslinks
(produced by the bifunctional compounds) but not by other types of adducts
formed in DNA by dien-Pt (Kasparova et al., 1987; Zaludova et al., 1997). This
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finding was in a good agreement with the opening of dsDNA at the electrode
surface. Such a DNA opening should be inhibited by formation of covalent
bonds (cross-links) between the DNA strands limiting or preventing DNA un-
winding (Palecek, 1991).

5.3.2. Conditions involving ionization of bases

5.3.2.1. Surface denaturation at alkaline pHs. At alkaline pHs DNA was not
reducible at mercury electrodes (Section 4.2). On the other hand it produced
capacitive (non-faradaic) peaks on LS voltammograms qualitatively similar to
those observed at neutral pH (Figure 17B). DNA signals of a similar nature
could be observed also by other methods such as a.c. and DP voltammetry (or
polarography with DME) (Palecek, 1980c, 1983). The non-faradaic peaks of
denatured DNA at alkaline pH were substantially lower than the faradaic ones
(observed in 0.3M ammonium formate, pH 6.9) (Figure 17). At pH 8.7 the
heights of peaks 2 and 3 of native dsSDNA changed in dependence on E; (Figure
17B) in a similar way as at neutral pH (Figure 16C). Up to pH 10.8 the peak
heights were practically independent on E; in the region around the potential of
the zero charge but at E; more negative than —0.6 V they increased with in-
creasing pH (Figure 17B). At pH 12 (where the beginning of DNA alkaline
denaturation in the bulk of solution can be expected) the height of peak 3 at E|
around p.z.c. increased about 10-fold (compared to pH 9.8) and between E;
—0.2 and —0.9'V this peak was practically independent of E;. The height of peak
3 at E; of denatured ssDNA was independent of E; in a wide range of potentials
and pHs. The behavior of dsDNA in dependence on E; in alkaline media was
very similar to that observed at neutral pH (Figures 16C and 17B). It was
therefore concluded that the mechanism responsible for the DNA surface de-
naturation at weakly alkaline pHs did not substantially differ from that at
neutral pH. The effect of DNA protonation on surface denaturation of DNA
will be discussed in the next paragraphs.

5.3.2.2. DNA surface denaturation at acid pH. Nurnberg and Valenta (1977)
studied the electrochemical behavior at HMDE by means of LSV at weakly acid
pH (mostly at pH 5.6). Independently but in parallel with Palecek’s laboratory
they detected in 1974 DNA unwinding at the electrode surface (Nurnberg and
Valenta, 1976, 1977; Valenta and Grahmann, 1974; Valenta and Nurnberg,
1974a, b; Valenta et al., 1974). At pH 5.6, they observed only small dependence
of the LSV peak of dsDNA on E;, without any well-distinguished regions U and
T. Later it was shown (Brabec and Palecek, 1976b; Palecek and Jelen, 1980) that
the presence of the distinct T and U regions were dependent on pH (Figure 17)
as well as on the intactness of the dsDNA sample. With a relatively intact
sample of calf thymus DNA, marked regions T and U were observed at pH 6.0
(Figure 17A). Decreasing the pH resulted in an increase of the electrochemical
signal in the region T, without any significant signal change in region U. These
changes were not in accord with protonation of DNA in solution suggesting
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Fig. 17. Dependence of the height of the DNA voltammetric peak 3 on initial potential E; (A)
at acid pHs. dsDNA at concentration of 420 pg/mL: A—A, pH 6.0; B—M, pH 5.3; x—x,
pH 5.1. The graphical indication of the region T and U is valid only for the curve of dsDNA
at pH 6.0. (B) at alkaline pH’s. dsSDNA: lM—M, pH 8.7, 00—, pH 9.8; A—A, pH 10.8;
A—A, pH 12.0. ssDNA: x—x, pH 8.7. PAR 174, DME, LSV, scan rate 5 V/s, waiting time
60s. Potentials were measured against SCE. Adapted from Brabec and Palecek (1976b) and
Palecek (1983). Copyright 1976 and 1983, with permission from John Wiley and Sons Ltd.

that DNA protonation at the electrode surface might take place. At pH 5.1 no
separate T and U regions were observed.

Based on their studies at acid pHs, Nurnberg et al. (Malfoy et al., 1976;
Valenta and Nurnberg, 1974b) concluded that the DNA unwinding was due to
the effect of the electric field on the DNA adsorbed at the electrode surface and
suggested a detailed mechanism of DNA surface deconformation. This mech-
anism (which might be efficient at pHs below pH 6) did not, however, explain
the existence of the regions T and U observed at neutral and alkaline pHs
(Figures 16C and 17B). We therefore preferred the tentative mechanism
suggested for neutral pH (Section 5.3.1) and considered the mechanism oper-
ating at acid pHs as a special variant of the mechanism acting at neutral pH. At
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pH <5 protonation of adenine, cytosine and guanine residues in solution (Izatt
et al., 1971) gained importance (Section 5.3) decreasing the thermal stability of
the dsDNA structure. DNA protonation could be facilitated at the electrode
surface and adsorbed DNA could accept proton even at pH > 5 (Sections 4.2
and 5.3). In partially protonated DNA adsorbed on the electrode at potentials
of the region T via the destabilized regions, further protonation and
destabilization might take place on the surface in a close neighborhood of the
adsorbed DNA segments. Such destabilization could provide further distorted
DNA regions with bases available for their adsorption and electron transfer
processes on the electrode. Compared to the DNA surface denaturation in the
region U at neutral pH, which was relatively slow (Palecek, 1992a), changes in
DNA structure at acid pHs were faster resembling the behavior of damaged
DNA in the region T at neutral pH.

5.4. Carbon electrodes

It was reported that voltammetric signals of dsSDNA (due to oxidation of guanine
and adenine residues) at graphite electrodes were increased as a result of exposing
the electrode to sufficiently negative potentials (between —0.4 and —0.8 V) prior
to potential scanning (Brabec et al., 1996). These signals depended on the DNA
base content, showing higher signals in AT-rich DNAs. It was concluded that
dsDNA was unwound at the negatively charged graphite surface. More work
with carbon electrodes will be necessary to understand this phenomenon better.

5.5. Changes in DNA structure at DNA-modified electrodes

The above results were obtained by conventional polarographic (using DME)
or voltammetric (using HMDE or carbon electrode) methods, i.e. with the
electrode immersed into the DNA solution during the measurements. In 1986,
we introduced a different arrangement in which DNA was first attached to
HMDE, the DNA-modified mercury electrode was washed and immersed in an
empty background electrolyte to perform the electrochemical measurements
(Palecek and Postbieglova, 1986). We then used the DNA-modified electrodes
to study the effect of electrode potential on the DNA structure at the electrode
surface (Palecek and Fojta, 2001; Palecek et al., 1993; Teijeiro et al., 1993).

Earlier H. Berg and J. Flemming offered a complex model of the DNA
interaction with the mercury electrodes (reviewed in Berg, 1976). This model
was based on an assumption that in the region U (where the DNA molecules
were supposed to be oriented perpendicularly to the electrode surface) the
DNA surface concentration was higher than in the region T (where the DNA
molecules were expected to lay flatly at the surface). After introducing the
DNA-modified HMDE, we saw a chance to test directly the Berg’s model by
investigating the behavior of the immobilized DNA immersed in a blank back-
ground electrolyte.
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5.5.1. Mercury electrodes

5.5.1.1. Linear DNA molecules. In experiments with the DNA-modified
electrodes, dsDNA was immobilized (by physical adsorption) at the HMDE
at potential £, —0.1V (i.e. in the region T, at the potential more positive than
the p.z.c.). The electrode was then washed and transferred to the background
electrolyte not containing any DNA, followed by exposure to potentials Ey
(varying from —0.1 to —1.55V) for 100s prior the CV measurements (Palecek,
1992a). We observed a distinct region U, showing a steep increase in peaks CA
and G, similar to that obtained earlier with HMDE immersed in a DNA
solution during the measurements (Section 5.3). With the DNA-modified
HMDE immersed in the empty electrolyte, the amount of DNA attached to the
electrode surface could not increase (because there was no DNA in the bulk of
solution to diffuse to the electrode and to reoccupy the empty surface resulting
from reorientation of the DNA molecules). If in this system, the flatly oriented
DNA molecules orient themselves perpendicularly to the electrode (as assumed
by Berg, 1976), a decrease of the DNA surface concentration should be expected
because most of their parts would extend to the bulk of solution, outside the
electrode double layer, without producing any electrochemical response. We
may thus conclude that the results obtained with the DNA-modified electrode
(Palecek, 1992a) were in agreement with conception of the DNA surface
denaturation (Section 5.3) and unambiguously excluded the alternative expla-
nation offered by Berg and Flemming (reviewed in Berg, 1976).

Experiments with the DNA-modified electrodes brought also other important
information about the behavior of DNA at the electrode surface. For example,
signals of dsDNA (but not of ssDNA) displayed typical premelting changes
when dsDNA was attached to HMDE at different temperatures and voltam-
metric measurements were performed (after the medium exchange) at room
temperature (Palecek, 1988b); this was surprising because DNA premelting was
reversible in solution (as observed with DME) (Palecek, 1976). If dsSDNA was
placed in a denaturing medium (e.g. 0.2 M NaOH) and adsorbed at the mercury
electrode, no sign of the DNA renaturation was observed after transfer of the
DNA-modified electrode to a non-denaturing medium (Fojta, 2004; Palecek,
1988b). Also composition of the medium from which DNA was adsorbed
affected the signals at neutral pH in an usual empty background electrolyte
(Jelen and Palecek, 1985; Palecek, 1988a; Palecek et al., 1993). A.c. voltammetry
of DNA complexes with intercalators (Fojta, 2004; Fojta et al., 2000; Palecek,
1980a) suggested that changes in DNA conformation (induced by the inter-
calator) may be conserved after the intercalator removal from the electrode
surface. All these data suggested that DNA might keep its conformation (at-
tained at the surface after its adsorption at the electrode) even after changing
the experimental conditions (e.g. placing the electrode with the DNA layer into
different media). Thus the observed irreversibility of the opening of dsDNA in
the region U (Palecek, 1974) was in agreement with the finding that the elec-
trode tends to fix DNA in the spatial arrangement in which the molecule was
adsorbed at the electrode surface (Jelen and Palecek, 1985; Palecek, 1988a;
Palecek et al., 1993).
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5.5.1.2. Open- and closed-circular DNAs. Among the circular DNAs (Section
4.2.1.3) sc plasmid DNAs represent the most frequently used forms of closed
duplex (cd) DNA (or covalently closed-circular DNA). Plasmid DNAs of
different m.w. can be obtained but usually DNAs containing about 3000 base
pairs are used. cdDNAs do not contain any molecular ends and strand inter-
ruption and their extensive unwinding in solution (under the conditions induc-
ing denaturation of linear DNA) is prevented for topological reasons (Bates and
Maxwell, 1993; Fojta et al., 2000). Introduction of a single break into the
phosphodiesteric backbone of the cdDNA molecule results in formation of an
open-circular (oc) DNA molecule.

Exposure of the scDNA to the potentials of the region U at the HMDE
surface resulted in no detectable DNA opening as indicated by absence of
faradaic (Teijeiro et al., 1993) or capacitive (Fojta and Palecek, 1997) signals
characteristic for ssDNA. This finding was in agreement with the limitations in
the duplex unwinding of these DNA molecules (Bates and Maxwell, 1993; Fojta
and Palecek, 1997). A.c. impedance C-E curves of scDNA as well as relaxed
DNA (covalently closed DNA circle, free of supercoiling, in which unwinding in
solution is also prevented) produced no a.c. impedance peak 3 (Figure 13A, B).
If in scDNA, a single-strand interruption was introduced (e.g. by y-irradiation
or enzymatically, using DNAse 1) the resulting ocDNA molecule produced a.c.
impedance peak 3 (Figure 13D), suggesting that a substantial portion of bases
in the molecule were able to interact with the HMDE surface. On the other
hand, if instead of HMDE the dropping mercury electrode was used, no peak 3
was produced by the same ocDNA (Figure 14) suggesting absence of an
appreciable amount of bases capable to interact with the electrode. In contrast
to ocDNA, the results of measurements with DME and HMDE of either
scDNA or of denatured DNA did not qualitatively differ. Absence of peak 3
on the C-E curves of ocDNA obtained with DME was in agreement
with solution structure of ocDNA, in which almost all bases should be includ-
ed in an intact B-DNA structure and not accessible for interactions with the
environment. In difference to relaxed and scDNAs unwinding of ocDNA is
not topologically restrained and ocDNA can be denatured under conditions
sufficient for denaturation of linear DNAs. We may thus conclude there is
a good qualitative agreement between the measurements with DME and
HMDE of the DNAs (a) in which bases are accessible for the interaction with
the environment, such as in sSDNA or (b) bases are hidden in the interior of
the DNA duplexes but unwinding is prevented by the DNA topology, such as
in relaxed and scDNAs (Figures 13A, B and 14). On the other hand in the
DNAs, in which bases are hidden in the interior, but DNA unwinding in so-
lution is not prevented, large differences in their electrochemical behavior at
DME and HMDE can be observed (Figures 13D and 14). These differences can
be explained by unwinding of the latter DNAs at the surface of HMDE (at
potentials of region U) but not at DME. At DME the DNA is adsorbed again
and again at newly formed mercury drops (Figure 15A). The DNA which is
adsorbed at DME charged to potentials of peak 3 cannot be denatured at the
mercury drops whose potentials are within the region W and out of region U
(Figure 14).
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A detailed investigation by means of CV showed small but significant changes
in the height of guanine anodic peak (Ig) of scDNA exposed to the potentials of
region U (Figure 18B). These changes were time dependent but slower than
those yielded by the linearized DNA. Under the same conditions, the cathodic
peak CA (characteristic for ssDNAs) was absent in the scDNA (Figure 18A). It
was concluded that little or no base pair opening occurred in scDNA as a result
of its prolonged interaction with the electrode surface. On the other hand, the
increase of Ig in the region U (Figure 18B) suggested that some process, dif-
fering from DNA denaturation, was taking place at the electrode. This process
strikingly differed from the alkaline denaturation of scDNA and thermal de-
naturation of linear DNA (Section 4.2.1.3), which were accompanied by parallel
changes in peaks G and CA. The observed increase in peak G not accompanied
by the appearance of peak CA might be due to changes in orientation of the
scDNA molecules at the surface and/or to changes in DNA conformation not
involving significant base pair opening. Further work will be necessary to elu-
cidate the behavior of scDNA at the electrode surface.

Compared to chromosomal DNA, where the signals indicating the DNA
unwinding in the region U reached up to about 90% of the intensity of the
signal of the denatured DNA (Figure 16C), the extent of the unwinding of
linearized plasmid DNA was much smaller (Palecek and Fojta, 2001; Palecek
et al., 1993; Teijeiro et al., 1993). This was probably due to the absence of single-
strand breaks in the linearized plasmid DNA. Chromosomal DNA molecules
contain usually a large number of strand breaks which are the source of bases
accessible for the interaction with the electrode surface (producing reduction
signals in the region T) and from which the DNA unwinding in the region U can
start. In contrast to the linearized plasmid DNA and chromosomal DNAs
(Figures 16C and 18A) used in earlier studies, the scDNA produced no peak CA
due to its contact with the electrode charged to potentials of the region T
(Figure 18A), suggesting that the DNA molecular ends are important for the
appearance of this peak.

The above data suggested that HMDE and particularly the DNA-modified
HMDE are useful tools in studies of the interfacial properties of DNA, including
changes in DNA conformation at the electrode surface. On the other hand, mer-
cury electrodes and especially the DME can be used also to study changes in DNA
conformation in solution. For this purpose, polarographic methods working with
small voltage excursions during the DME drop lifetime are suited best (Section
4.2.1.3). If HMDE is used, the surface changes in the DNA structure can be
minimized by choosing proper conditions, including fast voltage scanning.

5.5.2. DNA-modified platinum and gold electrodes

It was shown by M. J. Heller’s team (Sosnowski et al., 1997) that electric fields
can be used to regulate hybridization and denaturation of ODNs immobilized
on Pt-electrodes. A streptavidin-containing agarose permeation layer was
applied over the electrodes in the low-density (25 electrodes) microchip array.
This layer (i) served as a matrix for attachment of biotinylated ODNS, (ii) for
permitting ion flow and distancing the ODN from potentially damaging
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Fig. 18. Dependence of the height of the AATS CV peaks (A), CA (Ica) and (B), G (Ig) of B,
supercoiled, A, linearized double-stranded and x, denatured (linearized) DNA on the initial
potential (£;g). DNA at a concentration of 28 pg/mL in 0.3 M ammonium formate, 50 mM
sodium phosphate, pH 6.9 was adsorbed at HMDE for 74 4 min from a 4 pL drop of a DNA
solution (at an open current circuit). The electrode was then washed and transferred into a
voltammetric cell with SmL of the background electrolyte where it was charged to the
potential Ejg (indicated in the graph) for the time tg = 100s followed by CV measurements.
Potentials were measured against SCE. Adapted from Teijeiro et al. (1993). Copyright 1993,
with permission from Adenine Press.

electrochemical reactions which may take place on the electrode. Bodipy Texas
red was used as a fluorescent label of ODNs and changes in fluorescence were
measured to indicate the DNA hybridization or denaturation at the electrodes.
Positively biased electrodes were capable of significantly accelerating the
DNA hybridization; at least 25-fold acceleration was observed as compared to
neutral (open-current circuit) test sites. Application of negative potentials re-
sulted in DNA denaturation. Using the controlled electric fields it was possible
to efficiently and rapidly discriminate single-base pair mismatches. The
observed acceleration of the hybridization or induction of DNA denaturation
and the single-base mismatch discrimination could hardly be explained by a
pure electric field effect because DNA in the permeation layer was too far from
the electrode surface. Under the given conditions, the electric field strength was
estimated to be too low (around 300 V/m) to cause the above observations.
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Reduction of hybrid duplex stability by local pH changes combined with an
electric field effect was considered as a more plausible explanation.

Optical surface plasmon resonance (SPR) spectroscopy was used by Georgiadis
and coworkers (Heaton et al., 2001) to monitor hybridization kinetics for mono-
layer DNA films on gold in the presence of an applied electrostatic field. The d.c.
field denatured surface-immobilized DNA duplexes or enhanced hybridization of
DNA. Discrimination between matched and mismatched hybrids was achieved
by proper adjustment of the electrode potential. The monolayer films of thiolated
ODN:s were tethered directly to the SPR gold sensor surface through an Au-thiol
attachment. The attractive d.c. field (+300mV) was used, in a reversible manner,
to increase the rate of ODN hybridization. Application of the repulsive potential
(=300mV) to two-base-mismatched hybrids resulted in rapid denaturation of
most of the immobilized duplexes (about 75%) within a few minutes (Figure 19),
whereas in fully complementary duplex DNA little loss of ssDNA was detected
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Fig. 19. Discrimination between the fully complementary hybrid (closed triangles) and 2-bp
mismatched hybrid (open triangles) by electric field-induced denaturation on the same sur-
face. After passive hybridization for 14 h, a d.c. electrochemical potential of 300 mV vs. Ag/
AgCl was applied and the percent hybridization monitored as loss of ssSDNA from the
interface by in situ SPR. The same discrimination is also observed for hybrids formed by
electrostatically assisted hybridization. Experimental conditions were 1 M NaCl solution
containing 1 uM ODN target. Data were obtained by using the same regenerated probe
surface. Adapted from Heaton et al. (2001). Copyright 2001, with permission from the
National Academy of Sciences.
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even after many hours of exposure to the d.c. field. In contrast to the DNA
denaturation reported by Heller’s group (Sosnowski et al., 1997), the monolayer
DNA thiol films used in this work were attached directly to the gold surface.
Therefore, the immobilized DNA was exposed to a field gradient at the interface
of the order of 10° V/m close to the d.c. field strength affecting DNA adsorbed at
mercury electrode surfaces.

5.5.3. Other methods and surfaces

Opening of the DNA double helix at the surface was observed also by atomic
force microscopy (AFM). dsDNA molecule attached to an AFM tip and a
gold surface was overstretched, and the mechanical stability of the DNA double
helix was tested. Stretching experiments with single DNA molecules showed a
highly cooperative transition, where the natural B-DNA was converted into a
new overstretched conformation called S-DNA (Clausen—Schaumann et al.,
2000). The B-S transition at 65 piconewtons (pN) in A-phage DNA was fol-
lowed by a second conformational transition at 150 pN, during which the DNA
duplex melted into two single strands. Upon relaxation, the two single strands
recombined to the dsDNA conformation. Both the B-S and the melting tran-
sitions took place at significantly higher forces in poly(dG-dC) compared to
poly(dA-dT) (Bensimon et al., 1995). Belotserkovskii and Johnston reported
low levels of DNA denaturation at room temperature in the presence of certain
types of polypropylene tube surfaces (Belotserkovskii and Johnston, 1996,
1997). If DNA fragments contained (GT), - (CA), or (GA), - (CT), sequences,
multimeric complexes were formed. This surface activity was inhibited by ad-
dition of micromolar concentrations of an ODN prior to adding dsDNA.. It was
unclear what might attract DNA to the polypropylene surface. Electrostatic
considerations predict that DNA in water solution should be repelled from an
object with a low dielectric constant such as a polypropylene tube wall. Be-
lotserkovskii and Johnston suggested that such a repulsion could be overcome
by hydrophobic interactions between the polypropylene surface and the bases of
denatured ssDNA (Belotserkovskii and Johnston, 1997). The reaction was not
observed in tubes made of borosilicate glass. It was shown that dsDNA ad-
sorbed on phospholipid membranes adopted an altered conformation inter-
preted as DNA denaturation (Budker ef al., 1980).

5.6. Concluding remarks

The above results show that DNA denaturation results from the DNA inter-
action with some electrodes and other surfaces. It has been known for decades
in many DNA laboratories that partial DNA denaturation can occur upon
drying of DNA after ethanol precipitation. Almost 20 years ago, it was shown
that such denaturation of DNA fragments might involve intrastrand hairpin
formation producing misleading interpretations of the mobility shift assays
(Svaren et al., 1987). If few bases are released from the DNA duplex and adsorb
at the hydrophobic surface, the adsorption may cause local dehydration and



Electrochemistry of Nucleic Acids 121

denaturation of a short segment of dsDNA in a close neighborhood of the
adsorbed bases. This denaturation may be facilitated by high AT content in the
DNA segment or other factors decreasing the stability of the dSDNA structure.
Such limited DNA denaturation may thus take place even in the absence of a
strong electric field as reported in Refs. (Belotserkovskii and Johnston, 1997,
Sosnowski et al., 1997). If sufficiently strong repulsive electric field acts on
dsDNA firmly anchored at the surface, the repulsive forces (eventually com-
bined with the DNA dehydration) may distort or denature the DNA double-
helical structure (Section 5.3). These intuitive conclusions are buttressed by
recent theoretical studies (Vainrub and Pettitt, 2000), which show that the
melting temperature of an 8-mer ODN is significantly decreased by the repulsive
negatively charged surface while the positively charged surface increases the
stability of the duplex. These effects depend on the distance of DNA from the
surface and on the ionic strength. At low ionic strength, such as 0.01 M NaCl,
electrostatic effects are stronger because of the longer Debye screening length.
At low ionic strengths the attractive surface may increase the DNA melting
temperature to such an extent that DNA, which would not be able to hybridize
in solution, still hybridizes at the positively charged surface. Such situation can
arise with DNA covalently attached (chemisorbed) to the surface. If, however,
DNA is physically attached to the surface, the ionic strength may affect not only
the stability of the DNA duplex but also the groups involved in the DNA
adsorption and the adsorption strength.

The structure of DNA partially denatured at the surface is not fully under-
stood. It can be expected that the DNA spatial arrangement of such DNA will
differ from that of ssDNA in solution and depend on the nature and charge of
the surface as well as on ionic conditions close to the surface. Combination of
electrochemical and optical methods as well as scanning force microscopy and
other methods will be necessary to understand better the spatial arrangement
and behavior of DNA at electrically charged surfaces.

The ability of surfaces to stimulate DNA renaturation/hybridization or DNA
denaturation/unwinding depending on the surface charge is important for
the development of modern DNA biotechnologies, including DNA chips. In
addition to this DNA ability may also be biologically relevant because in cells
DNA interacts with a number of electrically charged surfaces and biomacro-
molecules. Interactions of DNA with cell walls and particularly DNA inter-
action in chromatin, which depends on histone chemical modification such as
acetylation and phosphorylation (Zlatanova and Leuba, 2004) represent only
some of possible examples.

6. ELECTROCHEMICAL PRINCIPLES IN NA BIOSENSORS

A biosensor usually consists of a selective biological recognition element
associated with a transducer, which translates the recognition event into a
physically measurable value. In DNA hybridization sensors the recognition
element is usually the ssSDNA with a defined nucleotide sequence, usually de-
noted as a probe DNA. This DNA sequence is challenged with another ssDNA
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(Chapters 4 and 5) in solution, whose sequence is tested (target DNA, tDNA). If
the sequence is complementary” to the DNA probe sequence the hybrid dsDNA
(double-helical, duplex DNA) is formedElectrochemical detection of the DNA
hybridization event is one of the crucial steps of the nucleotide sequence
determination in the DNA hybridization sensor. Development of the electro-
chemical DNA hybridization sensors is a booming field covered in this book by
an overview (Chapter 4) and by several other chapters concerning specific
modern technologies based on nanoparticles (Chapters 5 and 11), conductive
polymers (Chapters 8 and 9), etc. used in DNA sensors. Here we wish to deal
with some electrochemical principles, which may be important in further
research and development of the DNA sensors.

6.1. DNA hybridization and detection at the same surface

For almost one decade of the development of the electrochemical DNA hy-
bridization sensors two important steps, that is the DNA hybridization and
electrochemical detection, were performed at a single surface, the detection
electrode (DE). Some methods of the detection of the DNA duplex formation at
DE are shown in Figure 20. Such arrangement was simple and convenient but it
had some disadvantages, which, in some cases, limited the biosensor perform-
ance. Among the tools for the detection of the DNA hybridization event (DNA
duplex formation) redox indicators preferentially binding to dsDNA (Figure
20), such as intercalators and groove binders (Palecek et al., 2002b) were per-
haps most favored. At present, such indicators are less favored but their use-
fulness is still investigated (Del Pozo et al., 2005; de-los-Santos-Alvarez et al.,
2005; Jin et al., 2004; Kerman et al., 2004). Among the intercalators bis-
intercalators (Jelen et al., 2000a, 2002a) and threading intercalators (Sato et al.,
2004; Takenaka et al., 2000) showing the highest preference for dSDNA appear
useful in DNA sensors (Section 10). In 2002 a new technique was proposed
(Jelen et al., 2002b; Palecek et al., 2002a,d; Wang et al., 2002b), in which the
DNA hybridization was performed at one surface and the detection of the DNA
hybridization at another surface; this technique was denominated as double-
surface technique (DST). We shall deal first with the more common single-
surface arrangement and return to DST in Section 6.2. Following paragraphs
will focus on some steps important for recognition of the complementary DNA
nucleotide sequence: (a) Immobilization of the (capture) probe DNA serving for
capture and recognition of tDNA, (b) blocking and interfacing of the electrode
surface, (¢) efficiency of DNA hybridization at surfaces and (d) formation of the
self-assembled monolayers of thiolated ODNs at metal electrodes. In these
steps, an important role is played by a number of factors, including the material
of the electrode, the method of DNA immobilization at the surface, the density
of the probe DNA layer etc.

*The ability of DNA to reform its double-helical structure from the separated single strands, i.e. DNA
renaturation and hybridization, was discovered about 40 years ago by J. Marmur and P. Doty while
working at Harvard (Marmur, J. and D. Lane, 1960; Marmur, J., R. Rownd and C.L. Schildkraut, 1963).
E. Palecek was a postdoc to J. Marmur in 1962-1963.
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Fig. 20. Scheme of DNA hybridization and electrochemical detection at a single (electrode)
surface; various ways of detection. Probe DNA (usually 15- to 20-mer ssODN) is immo-
bilized at the electrode surface and hybridized with a target DNA in solution. On interaction
of the probe with the complementary target DNA a DNA duplex is formed. (a) Formation of
the duplex at the electrode surface is manifested either (i) by changes in the properties (a.c.
impedance, conductivity, etc.) of the DNA duplex vs. ssDNA, or (ii) by a redox indicator
binding preferentially to the DNA duplex, (iii) by a reporter probe (RP) which is end-labeled
by an electroactive marker; RP should be complementary to a DNA sequence near to the
duplex (located close to the electrode surface). (b,c) Presence of target DNA is detected at the
electrode surface. (b) With end-labeled DNA, by the signal of an electroactive marker or (c)
with unlabeled DNA, using the signal due to electroactivity of DNA (usually guanine ox-
idation is measured) (see Chapter 5 for other methods aimed at an amplified DNA elect-
rochemistry, including DNA synthesis at the electrode surface. Adapted from Palecek et al.
(2002d). Copyright 2002, with permission from Elsevier.

6.1.1. Immobilization of DNA at electrode surfaces

In DNA hybridization sensors the probe DNA (with the known nucleotide
sequence) is usually immobilized at the surface to challenge the target DNA
(with the unknown sequence) in solution (see also Chapter 11). In principle, an
opposite arrangement, i.e. immobilization of target DNA at a surface followed
by hybridization with the labeled probe DNA, is also possible. Such approach
has been, however, rarely applied (Azek et al., 2000; Bagel et al., 2000). Its use
in combination with small electrodes in single-surface technique (SST) may
cause some difficulties (e.g. covalent immobilization of target DNA is difficult,
with longer target DNAs the density of hybridized duplex DNA segments/mm?
of the electrode area can be low). This approach may, however, be convenient in
combination with the DST, in which a large surface for DNA hybridization can
be used. Further we shall consider only the immobilization of the relatively
short probe DNA at the electrode surfaces, commonly used in SST.

Probe DNAs (usually short 20-30-mer ODNs) were immobilized to the elec-
trode surface using either covalent or non-covalent binding. Adsorption served
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well for binding DNA to carbon electrodes (Mascini et al., 2001; Palecek et al.,
1998; Popovich and Thorp, 2002; Wang et al., 1997f). Electrostatic binding of
DNA to the positively charged carbon electrodes via the DNA sugar—phosphate
backbone (carrying the negative charge) was sufficiently strong and did not
make bases inaccessible for the hybridization with target DNA. On the other
hand, adsorption of unmodified ssDNA to the mercury electrode, regardless of
its charge, strongly decreased or eliminated the DNA hybridization (Cai et al.,
1997; Tomschik et al., 1999) because of strong adsorption of the hydrophobic
bases on the hydrophobic mercury surface.

Covalent binding of the DNA probe via its ends was preferred because it could
be well controlled and the non-specific molecules weakly bound to the surface
could be easily removed. Immobilization of DNA probes to different electrodes
including gold and ITO was recently reviewed (Drummond et al., 2003;
Popovich and Thorp, 2002; Tarlov and Steel, 2003; Thorp, 1998, 2004). Car-
bodiimide or silane chemistries were used for covalent binding of DNA to carbon
electrodes (Mikkelsen, 1996; Schiilein et al., 2002). Avidin (streptavidin)-biotin
binding was applied to attach DNA to various surfaces (reviewed in Drummond
et al., 2003; Popovich and Thorp, 2002; Tarlov and Steel, 2003). This technique
was used to immobilize biotinylated probe DNA also to carbon electrodes
(Masarik et al., 2003). ITO electrodes could be modified via phosphonate self-
assembled monolayers (Armistead and Thorp, 2001) and silane overlayers
(Eckhardt et al., 2001). Carbon and gold surfaces were well suited as electrode
materials in DNA sensors; with the latter electrode, covalent attachment of DNA
was necessary. Various aspects of DNA immobilization on different surfaces and
particularly at gold electrodes were recently summarized in a review by Tarlov
and Steel (Tarlov and Steel, 2003). In Section 6.1.2.1 only a brief summary on
DNA immobilization at gold electrodes will be given.

6.1.2. Blocking and interfacing the electrode (transducer) surface

With real DNA samples, non-specific interactions (involving non-complemen-
tary targets, overhangs of long target DNAs, various impurities in DNA
samples, etc.) at the electrode surfaces could interfere with the hybridization
signals. To prevent such non-specific interactions efficient interfacing between
the DNA system and the electrode surface were elaborated. Thiols and con-
ducting polymers were found suitable for this purpose.

Conducting polymers were either synthesized chemically (e.g. polyphenylenes)
or electropolymerized as thin films onto an electrode (e.g. polythiophenes
and polypyrroles). Experimentally obtained conductivities of conjugated poly-
mers were several orders of magnitude lower than those of metals. They were,
however, sufficiently high to be considered as molecular wires. Reversible
redox processes in these polymers controlled by potential and cyclic voltammo-
grams were used to provide electrochemical signatures of the studied polymers.
Conducting polymers such as copolymer functionalized with osmium complex,
polyazines, polyanilines, polypyrroles, or polythiophenes (Cosnier, 1999;
Sadik, 1999; Wang et al., 2001a), reviewed in Livache et al. (1998), were
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applied for blocking and interfacing the transducer, and also for modulation of
the DNA interactions at surfaces and for generating signals monitoring such
interactions. More details are in Chapters 8 and 9.

Self-assembled monolayers (SAMs) result usually from adsorption of amphi-
functional molecules possessing high affinity toward the surface. Perhaps the
most investigated systems involve SAMs of alkanethiols (including both RSH
and RSSR) on gold (Finklea, 2000). In the last decade, alkanethiol self-
assembly methods were used to fabricate DNA-probe modified gold surfaces
with known probe coverages exhibiting high efficiency of the DNA hybridiza-
tion (Herne and Tarlov, 1997).

6.1.2.1. Self-assembled monolayers of thiolated ODNs on gold surfaces. Among a
number of methods of DNA immobilization at surfaces, the well-known
thiol-gold interaction has been used most frequently for this purpose
(Tarlov and Steel, 2003) (Chapter 15). Thiol or disulfide end-labeled
DNA probes were directly attached to gold via its —SH group forming a self-
assembled monolayer. SAMs of thiolated DNAs resembled the self-assembly of
alkanethiols studied in detail in recent years (Herne and Tarlov, 1997
Huang et al., 2001; Levicky et al., 1998; O’Brien et al., 2000; Okahata et al.,
1992). After the DNA self-assembly taking usually 4-16h, a second SAM was
usually created using alkanethiol molecules to limit non-specific adsorption of
other compounds and particularly of the non-complementary DNA or
RNA [(Gooding et al., 2003a) for a recent review on SAM]. Moreover, the
alkanethiol SAM prevented interactions between the probe and gold
surface, leaving probes in largely up-right position accessible for DNA
hybridization. Films containing a thiol-derivatized ssDNA probe and a dilu-
ent thiol, mercaptohexanol, were prepared on the gold surface (Peterlinz and
Georgiadis, 1997). The thickness and dielectric constant of the film were
determined by two-color surface plasmon resonance, and the DNA amount
tethered to the surface was quantified. Measurements of the kinetics of
hybridization and thermally induced dehybridization indicated a high efficiency
of the hybridization process.

Efficiency of DNA hybridization and stability of DNA at surfaces. Various
factors may influence the hybridization efficiency. The probe should be suffi-
ciently long to secure the binding specificity in the presence of a large number of
non-specific sequences. On the other hand, too long probe may be less favorable
for the DNA hybridization. Steel and coworkers showed (Steel ef al., 2000) that
the random-coil nature of DNA probes directly influenced the probe packing
density. Surface packing density increased with the probe length up to 24 bases
and decreased in probes containing 30 or more bases. It was assumed that the
probes, whose length did not exceed 24 bases, had highly extended configura-
tion, while in longer probes a more random-coil configuration was expected.

Presence of a spacer (linker) between the ODN probe and the surface could
increase the hybridization yields up to two orders of magnitude. The length,
charge and hydrophobicity of the linker played a critical role in the DNA hy-
bridization (Chrisey et al., 1996; Gray et al., 1997, Maskos and Southern, 1992,
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1993; Mir and Southern, 2000; Shchepinov et al., 1997) . Among these properties
the spacer length appeared the most important in affecting the DNA hybrid-
ization (Shchepinov et al., 1997). At polypropylene surfaces an optimal spacer
length corresponded to 40 atoms. On the other hand with DNA probes linked to
gold almost 100% hybridization was obtained with a six-methylene linker
(Levicky et al., 1998; Steel et al., 1998). The reason for the above discrepancy
was not clear; different substrates and the ODN coupling chemistry might play
some role. Experimentally determined values for optimal probe coverage were
in the range of 10'>-10"* DNA probes/cm” while packing density of the
n-alkanethiol SAMs on gold was about 5 x 10'*/cm?, i.e., by almost two orders
of magnitude higher than DNA probe density (Poirier, 1997). Thermal stability
of thiol-attached DNA probes was limited to 75°C (Tarlov and Steel, 2003).

Temperatures of melting of the DNA duplexes (covalently bound via organ-
osilane chemistry to fused silica optical fibers) were influenced by the surface
density of the immobilized DNA. At the highest surface density (about 5 x 10'?
probes/cm?) the lowest duplex stability was observed (Piunno et al., 1999;
Tarlov and Steel, 2003; Watterson et al., 2000).

Electrochemical technique for direct measurement of the melting temperature
(Tm) of DNA attached to gold via an alkanethiol linker was proposed
(Meunier—Prest et al., 2003). In this technique a special thin layer cell was used,
allowing the recording of cyclic voltammograms under controlled temperature
conditions. T, of immobilized DNA was obtained via the square-wave volt-
ammetric response of methylene blue as a function of temperature. 7}, increased
linearly with the ionic strength similarly as in solution but with values by 12°C
higher. In solution the intercalation of methylene blue between the bases of
dsDNA destabilized DNA, in contrast to stabilization of DNA attached to the
gold surface. SAMs were shown to be stable at potentials between +0.8 and
—1.4V (against SCE) (Gooding et al., 2003a; Hobara et al., 1998, 1999; Ma and
Lennox, 2000; Mirsky, 2002; Wang et al., 2000a). At higher temperature thiol
SAMs of DNA should be used with care because at these temperatures DNA
monolayer can desorb (Meunier—Prest et al., 2003). Self-assembled monolayer
containing a viologen group was formed on a gold electrode via Au-S bonds
(Liet al., 1997). Binding of dsDINA to this layer resulted in a positive shift of the
redox potential of the viologen signals indicating hydrophobic interactions.
Recently, SAMs composed of other substances were proposed (Arias et al.,
2004; Wang et al., 2005b).

6.1.2.2. Self-assembled monolayers on mercury surfaces. SAMs at solid surfaces
have many advantages, including their easy characterization not only by elect-
rochemistry but also by different optical methods. Solid surface cannot be,
however, atomically flat over a large area and the resulting SAMs thus accom-
modate defects such as grain boundaries and pinholes (Finklea, 2000; Muskal
and Mandler, 2000). In the last decade formation of extremely low defect den-
sity alkanethiol SAMs at liquid mercury surfaces were reported (Brucknerlea
et al., 1993, 1995; Mandler and Turyan, 1996; Muskal and Mandler, 1999, 2000;
Muskal et al., 1996; Slowinski et al., 1996, 1997). The term mercaptans orig-
inated from high affinity of these compounds toward mercury. Liquid mercury
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offered atomically flat surfaces with good electric conductivity and high affinity
toward thiols. At those surfaces highly organized, 2-D arrays of adsorbed mol-
ecules were obtained. Lattice structure of solid surface, for example Au[l 1 1],
determined the organization of the layer of adsorbed molecules, while on liquid
mercury surfaces, the intermolecular interactions of the adsorbed molecules
were probably governed by intermolecular interactions of the adsorbed mole-
cules (Muskal and Mandler, 2000). At mercury electrodes thiols could be ad-
sorbed either physically or chemically depending on the electrode potential.
Under open circuit current or at sufficiently positive potentials thiols are
chemisorbed by a process that was similar to the self-assembly process of thiol
monolayers on gold. This chemisorption was accompanied by an anodic signal
corresponding to the oxidation of mercury followed by formation of a Hg—thiol
adduct. This adduct was reduced at negative potentials producing a cathodic
signal from which the excess of surface coverage could be calculated. With short
chemisorbed thiols, multilayers were observed at positive potentials, which
turned into dense self-assembled monolayers at more negative potentials
(Muskal and Mandler, 2000). In the last decade thioalkane SAMs at mercury
electrodes were investigated rather intensively while corresponding studies of
thiolated ODNs were missing.

Oligonucleotide SAMs. Recently, we found that thiol-end-labeled ODN
(HS—ODN) can form SAM at hanging mercury drop electrodes (Ostatna et al.,
2005) (E. Palecek and V. Ostatna, unpublished, 2005). We showed that in alkaline
cobalt-containing solutions HS—-ODNs produced several electrochemical signals
potentially useful in DNA—protein interaction studies (Chapter 19). In addition in
neutral solutions not containing cobalt we observed reduction and oxidation
signals (due to bases, known in unmodified DNAs, Section 4.2) as well as the
signal due to reduction of the HgS—-ODN compound (typical for thiolated
DNAs). We used these signals to obtain information about the properties of the
adsorbed HS-ODN layers. Immobilization of HS-ODN at HMDE was con-
veniently traced by voltammetric reduction peak of cytosine and/or adenine close
to —1.5V. These signals provided information about contacts of the bases with
the electrode surface. Reduction of the Hg—S bond produced another peak close
to —1.5V. The dependence of these signals on the ODN bulk concentration and
accumulation time suggested that at low surface concentrations the molecules of
HS—(CTT); laid flatly at the electrode surface. With their increasing surface con-
centration the ODN molecules tended to change their orientation to upright
position forming a SAM (Scheme 2). After DNA self-assembly a second SAM
was formed using 6-mercaptohexanol that prevented interactions between DNA
bases and the mercury surface, leaving DNA in a largely end-tethered config-
uration, accessible for the DNA hybridization. If solid amalgam electrodes
(Yosypchuk and Novotny, 2002b) were used (Section 2.2.1) instead of HMDE,
similar voltammetric signals were obtained (Ostatna et al., 2005).

Our measurements pointed to fundamentally different adsorption modes of
thiolated and thiol-free ODNs at the mercury surface. At low ODN surface
concentrations flat orientation prevailed with hydrophobic bases contacting the
electrode surface in both types of ODNs (Scheme 2). At higher surface con-
centrations, islands of HS—ODN molecules in upright position were formed but
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——.~v» Thiolated ODN

Scheme 2. Immobilization of thiolated oligodeoxynucleotides (HS-ODN) and formation of
SAM at the mercury surface. (A) At low surface concentrations HS-ODN lay flatly at the
electrode with hydrophobic bases adsorbed at the surface. (B) With increasing surface con-
centrations HS-ODN s, attached to the surface via the Hg—S bond tend to change their
orientation to upright position, forming first islands and then (C) a SAM. Compared to
HS-ODN SAMs at gold electrodes, formation of such SAMs at mercury electrodes is much
faster (Ostatna et al., 2005; V. Ostatna and E. Palecek, unpublished, 2005).

a significant portion of molecules remained still in contact with the surface via
the base residues. At high surface concentration a SAM was formed even at
negatively charged electrode surface. It was concluded that at the mercury sur-
faces it was the ODN surface concentration, but not the electrostatic repulsion,
which played a decisive role in HS—ODN reorientation from flat to more up-
right position. Screening of ODN negative charges by cations (at moderate ionic
strengths) probably helped to form a dense HS—ODN monolayer in which the
negatively charged DNA strands were close to each other, resembling DNA
condensation in vitro and in vivo (Bloomfield, 1996).

6.2. DNA hybridization and detection at two different surfaces

The requirements for optimum hybridization (H) surface greatly differ from
those for the optimum surface for the electrochemical DNA detection. For
example, (1) surface H should be relatively large (to accommodate a large
number of the hybridized DNA duplexes), while the detection electrode should
be small (to detect a small number of DNA molecules); (2) non-specific DNA
adsorption during the DNA hybridization should be minimized but adsorption
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(and accumulation) of DNA at DE, after the DNA selective capture, is ben-
eficial for increasing sensitivity of the electrochemical detection; (3) during the
DNA hybridization the DE should be blocked or interfaced to increase the
selectivity of the DNA hybridization and to eliminate false-positive signals. On
the other hand, blocking or interfacing of DE may decrease the sensitivity of the
DNA determination; etc. Optimization of hybridization and detection at a sin-
gle DE surface may thus be difficult, particularly when long tDNA molecules
are analyzed. These problems prompted development of a new approach, the
so-called double-surface technique. In 2004, this new approach proved parti-
cularly successful by demonstrating (a) the highest sensitivity of the DNA de-
tection in an electrochemical biosensor (Wang et al., 2004) and (b) the ability to
detect the lengths of expanded DNA repetitive sequences in long DNAs (> 5000
base pairs) not detectable by single-surface techniques.

In 2002, we showed that DST can be conveniently used in DNA hybridization
sensors (Palecek et al., 2002a). We used for DNA hybridization commercially
available superparamagnetic Dynabeads oligo(dT) (DBT), with the covalently
attached DNA probe (dT),s (surface H) (Figure 21). Mercury and solid amal-
gam electrodes (i.e. the electrodes at which DNA hybridization was difficult) as
well as carbon electrodes served as DEs. Due to minimum non-specific DNA
and RNA adsorption at the hydrophilic beads (developed especially for the
RNA and DNA hybridization), we achieved very high specificity of the DNA
hybridization. Optimum DE was chosen only with respect to the electrochemi-
cal processes of the analyte, regardless of the DE suitability for the immobi-
lization of the DNA probe. By means of DST, detection of relatively long
tDNAs was possible (Fojta et al., 2004a,b). Approximately at the same time
Wang et al. applied the same principles using different type of magnetic beads
[streptavidin-coated beads to which biotinylated probe DNA was bound
(Wang, 2002; Wang et al., 2002b; Willner and Katz, 2003)] (Sections 4 and 11).
Application of DST to DNA chips relies on microfluidic systems (Wang et al.,
2000b), included into the chip to manipulate the analyte at different surfaces.
A number of methods of magneto-switchable electrocatalytic and biocatalytic
transformation methods were developed by Willner et al. (Katz et al., 2002;
Patolsky et al., 2003; Weizmann et al., 2003), reviewed in Wang et al. (2005a)
and Willner and Katz (2003).

Magnetic beads proved very convenient for DS technique but also other
materials and approaches were used. For example, in an arrangement, between
the typical single- and double-surface techniques, a membrane (non-conductive
but semipermeable) with immobilized DNA was used for DNA hybridization
and carbon electrode placed below the membrane served as the DE (Napier and
Thorp, 1999; Pividori et al., 2001). Nitrocellulose (NC) and functionalized ny-
lon membranes proved excellent carrier materials in current biochemical studies
of biomacromolecules, due to hydrophilicity and high sorption ability of these
membranes with respect to immobilized macromolecules (Babkina ez al., 1996;
Kiechle, 1999, Kurien and Scofield, 2003; Tomkinson and Stillman, 2002). In
spite the rapid expansion of modern microarray-based methods, immobilization
of nucleic acids onto such membranes still belongs to the most frequently ap-
plied techniques in various areas of biochemistry and molecular biology. The
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Fig. 21. Scheme the double-surface technique of DNA (or RNA) hybridization in which
Dynabeads oligo(dT)25 (DBT) are used as surface H and a HMDE as DE. The detection is
based on the cathodic stripping voltammetry (CSV) of adenine released from DNA by acid
treatment. Adenine, producing a sparingly soluble compound with the electrode mercury, can
be determined by CSV at nanomolar concentrations (Palecek, 1980b) and at subnanomolar
concentrations (in the presence of copper or at copper solid amalgam electrodes). Adapted
from Palecek ez al. (2002a). Copyright 2002, with permission from Elsevier.

advantages of the NC or nylon membranes were utilized also in DNA elec-
trochemical analysis. For example, Pividori et al. (2001) proposed an ampero-
metric sensor involving nylon membrane carrying target DNA placed on a
graphite composite electrode. In this sensor, a horse radish peroxidase-labeled
probe was used to detect specific nucleotide sequence. Nitrocellulose or nylon
membranes with immobilized DNA were also used as coatings of mercury film
(Babkina and Ulakhovich, 2004; Babkina et al., 2003, 2004) or ITO (Napier and
Thorp, 1999) electrodes. In these experiments usual dot—blot analysis was com-
bined with electrochemical detection, i.e. DNA was adsorbed on a membrane,
followed by DNA hybridization or interaction with low molecular mass com-
pounds and further steps necessary for the electrochemical detection. Then the
membrane was mechanically attached (e.g. using an o-ring) to the electrode to
perform the electroanalysis. Since direct electrical communication between the
membrane-confined DNA and the electrode was precluded, such analysis in-
volved a soluble species capable of diffusion through the membrane to the
electrode surface. For example, DNA anchored at NC or nylon membrane-
modified ITO electrode was detected using the electrocatalytic scheme proposed
by Thorp et al. (Napier and Thorp, 1999 and references therein). Their tech-
nique was based on oxidation of the DNA guanine residues by a soluble
ruthenium mediator. Another approach was proposed by Babkina et al. (1996),
while determining autoantibodies to DNA. DNA and its enzyme label
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(cholinesterase) were coimmobilized in nitrocellulose membrane attached to a
mercury film electrode.

Recently, we have prepared NC membrane-coated glassy carbon elec-
trodes (GCE) for the detection of DNA hybridization via a biocatalytic/
electrochemical protocol (Kourilova et al., 2005). Target DNA was confined to
the sensor surface by direct mixing with the NC solution prior to its deposition
onto the electrode membrane. Membrane-immobilized DNA hybridized with a
biotinylated probe that was recognized by streptavidin—alkaline phosphatase
conjugate. This enzyme transformed the electroinactive naphtyl phosphate
substrate into an electroactive product (1-naphtol) that penetrated through the
NC membrane to the GCE surface producing an anodic signal. In difference to
the previously published papers (Babkina and Ulakhovich, 2004; Babkina et al.,
1996, 2000, 2003, 2004; Napier and Thorp, 1999; Pividori et al., 2001), this
experimental arrangement is better amenable for parallel DNA analysis on
chips.

Application of DST with magnetic beads resulted in various highly sensitive
assays, which would be difficult or impossible to obtain by means of SST. They
included label-free DNA and RNA detection (Jelen et al., 2002b), sensitive de-
tection of osmium-modified DNA, yielding catalytic signals at mercury electrodes
and SAE (Fojta et al., 2002, 2003, 2004b; Havran et al., 2004), differently coded
reporter probes (Fojta et al., 2004b; Wang et al., 2003a), enzyme-linked immuno-
assays (Palecek et al., 2002c), nanoparticle labels reviewed in Wang (2003), in-
cluding electroactive beads (Wang et al., 2003c) and indium microrod tags (Wang
et al., 2003b) enabling a very high sensitivity of the DNA detection (Chapters 4
and 11). Particularly interesting appears the use of carbon nanotubes (Chapter
11) (Cai et al., 2003b; Kohli et al., 2004; Wang, 2005; Wang et al., 2004; Xu et al.,
2004), determination of point mutations by means of a MutS protein (Palecek
et al., 2004) and the possibility of determination of the length of the DNA
repetitive sequences without using any additional non-electrochemical method.
The latter determination is briefly discussed below.

6.2.1. Length determination of long repetitive sequences

Long repetitive sequences were considered for decades to be useless junk DNA.
Now it becomes clear that at least some of these sequences represent biologically
important DNA segments (Eddy, 2001; Mattick, 2003; Storz, 2002; Yelin et al.,
2003). Moreover, genomic expansions of DNA trinucleotide repeats are related
to neurodegenerative diseases such as myotonic dystrophy (CTGQG), fragile X
syndrome (CGG triplet), Friedreich ataxia (FRDA; GAA), etc. Determination
of the triplet length expansion is used in molecular-biological diagnosing of
these diseases (Campuzano et al., 1996; Paulson and Fischbeck, 1996). Fast
DNA sensors capable to detect the triplet are therefore sought. Reporter probes
(RP) are well suited for this purpose, but in SST (Section 6.1) the requirement of
RP binding to tDNA sequences that are close to the electrode surface limits the
use of RPs. In contrast, in DST positioning of the RP binding site on tDNA
does not play a significant role. To determine the length of the CGG or CTG
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triplet repeats it was necessary to combine electrochemistry with DNA radi-
oactive labeling (Yang and Thorp, 2001).

Recently, we proposed a new electrochemical double surface method to detect
the length of the triplet expansion in FRDA (Fojta et al., 2004a). In this method
DNA fragments or PCR amplified target DNA were thermally denatured and
modified by osmium tetroxide 2,2'-bipyridine (Os,bipy) (Section 6.3.1) known
to react with pyrimidine but not with purine bases (Palecek, 1992b). To capture
the (GAA), triplet repeat-containing DNA strand at the magnetic beads with
covalently attached oligo(dT),s (serving as surface H in the DS electrochemical
technique) we utilized (dA);g stretch naturally occurring next to this repeat
(Figure 22). Then the biotin-labeled reporter probe (CTT);» (RP-biot) was
hybridized to the captured target DNA to obtain an electrochemical signal
characterizing the length of the (GAA), triplet repeat expansion. The number of
pyrimidines in tDNA was independent of the length of the (GAA),, triplet repeat
and the electrochemical signal of Os,bipy-modified pyrimidines was thus related
to the number of DNA molecules captured at the beads. The length of the
triplet expansion was calculated from the ratio of the electrochemical signal
intensities of hybridized RP (enzyme-linked assay)/tDNA Os,bipy label.
Os,bipy-modification of pyrimidines in (CTT), repeat of the complementary
strand (Figure 22) effectively prevented reassociation of the purine and pyrimi-
dine strands after the DNA denaturation (Palecek et al., 2002d) which resulted
in about 10-fold increase of the signals obtained for the RW59 amplicon or
EcoRI-linearized plasmid pRW3821. The RP-biot was detected via an elect-
rochemical enzyme-linked assay involving binding of streptavidin-alkaline
phosphatase conjugate to the RP-biot and transformation of the electrochem-
ically inactive substrate 1-naphthylphosphate into an electroactive 1-naphthol
product which was determined at carbon electrodes using an anodic peak N
(Palecek et al., 2002c). Os,bipy-modified pyrimidine residues within sequences
flanking the homopurine (GAA), repeat in tDNA were determined either at
carbon or at mercury electrodes. Compared to carbon electrodes mercury elec-
trodes allow to reach more negative potentials where a catalytic signal of
DNA-Os,bipy (offering higher sensitivity of the determination) can be measured
(Jelen et al., 1991; Kizek et al., 2002; Palecek, 1992b). Principles of this assay
can be utilized in determination of lengths of expansions of different neuro-
degenerative disease-associated triplet repeats (Campuzano et al., 1996; Paulson
and Fischbeck, 1996; Yang and Thorp, 2001) and can be adapted for the length
determination of any repetitive sequence.

6.3. Electroactive markers covalently bound to DNA

DNA and RNA are naturally electroactive but both their oxidation and re-
duction are electrochemically irreversible, occurring at highly positive or highly
negative potentials. Electroactive markers were introduced into DNA to obtain
electrochemical signals at potentials closer to the potential of zero charge and/or
to increase the sensitivity of the analysis. Most of these markers either under-
went reversible electrode reactions at less extreme potentials or produced high
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Fig. 22. Scheme of the detection of the (GAA), repeat expansion in PCR products by means
of the DST using magnetic beads (Bt) for hybridization and biotinylated (TTC);, reporter
probe (RP-biot) in combination with chemical modification for the DNA detection at carbon
electrodes. (A) The target DNA (tDNA) was thermally denatured and modified with Os,bipy.
(B) tDNA strand containing the (GAA), sequence was captured at the By via its stretch of
A18 residues. After being washed, the DBT suspension was split into two aliquots. (C)
Aliquot I: the tDNA-Os,bipy was released from the Bt and determined using osmium peak R
at the pyrolytic graphite electrode (PGE). The number of pyrimidine residues modified by
Os,bipy in the GAA-strand of the tDNA (reflected by peak R) was constant and independent
of the length of the repeat tract. (D, E) Aliquot II: RP-biot was hybridized with the target
(GAA), sequence at the beads followed by binding of streptavidin—alkaline phosphatase
conjugate (SALP). The beads were then transferred into a solution of 1-naphthyl phosphate
which was enzymatically converted to electroactive 1-naphthol yielding anodic peak N at the
PGE. The resulting 1-naphthol concentration depended on the number of RP-biot molecules
captured at the Bt which is directly proportional to the (GAA), length. The triplet repeat
expansion length is estimated from the peak height ratio N/R. Adapted from Fojta et al.
(2004a). Copyright 2004, with permission from the American Chemical Society.
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electron yield catalytic signals. Electroactive osmium labels were introduced
into DNA already in the beginning of the 1980s (Lukasova et al., 1982, 1984;
Palecek and Hung, 1983; Palecek and Jelen, 1984; Palecek et al., 1984). To our
knowledge they were the first electroactive labels covalently bound to DNA.

6.3.1. Osmium labels

6.3.1.1. Osmium tetroxide complexes with nitrogen ligands (Os"™ L). osV L
binds to pyrimidine residues in ssSDNA and RNA through the addition to the
5,6 double bond of the pyrimidine ring (Figure 23). DNA modification with
Os,L is simple and fast and can be performed under conditions close to physio
logical (Jelen et al., 1991; Lukasova et al., 1982, 1984; Palecek, 1992b; Palecek
and Hung, 1983; Palecek and Jelen, 1984; Palecek et al., 1984). Os,L-modified
DNA produced a signal at about —1.2V at mercury and SAE (Yosypchuk,
2004). This signal was due to the catalytic hydrogen evolution, capable to detect
ssDNA at subnanomolar concentrations. In addition three redox couples
between 0 and at about —0.6 V were produced at mercury (Figure 24) and
carbon electrodes (Figure 25) (Fojta et al., 2002, 2003, 2004b; Havran et al.,
2004; Jelen et al., 1991; Kizek et al., 2002; Lukasova et al., 1982).

The first experiments were done with osmium tetroxide, pyridine (Os" " ,py),
but osmium tetroxide, 2,2’-bipyridine (Os¥"™,bipy) soon replaced less convenient
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Fig. 23. (A) Reaction of osmium tetroxide (alone) with thymine. (B) Formation of the adduct
between osmium tetroxide, pyridine, and thymine along with some tertiary amines which can
replace pyridine in the osmium tetroxide complex; (1) tetramethylethylenediamine (TEMED);
(2) 2,2-bipyridine (bipy); (3) 1,10 phenanthroline (phe); (4) bathophenanthrolinedisulphonic
acid (bpds); dotted bonds show hydrogen bonding in the Watson—Crick base pair. Only final
reaction products are shown. Adapted from Palecek (1992b). Copyright 1992, with permission
from Academic Press.



Electrochemistry of Nucleic Acids 135

-0.00

F-0.05

2
I [uA]

-0.15

Ve
v T T J L Al U A v v 020
-14 12 -10 08 08 04 <02 1.4 1.2 -10
E(V] E[V]

Fig. 24. (A) Adsorptive stripping cyclic voltammograms (AdSCV) of unmodified ssDNA
(dashed line) and ssDNA modified with 2mM Os,bipy (DNA-Os,bipy) (full line) at a con-
centration of 10 pg/mL. Background electrolyte: 0.3 M ammonium formate and 0.05M so-
dium phosphate (pH 7.0), ¢, 1 min, scan rate 0.1 V/s, initial potential 0 V, switching potential
—1.85V. (B) Section of the DNA and DNA-Os,bipy cyclic voltammograms measured at scan
rate 1 V/s, other conditions as in (A). (C) Adsorptive stripping differential pulse voltammo-
grams of ssDNA modified with 2mM Os,bipy (full line) and with 2mM Os,py (dashed line)
at a concentration of 800 ng/mL. Background electrolyte (thin full line): Britton—Robinson
buffer pH 4.0, ¢, 1 min, pulse amplitude 0.05V, scan rate 0.01 V/s, E, —0.6 V. Potentials are
given against Ag/AgCl/3 M KCl reference electrode. Peak a is characteristic for the DNA-Os,
bipy adduct. Adapted from Havran et al. (2004). Copyright 2004, with permission from
Elsevier.

(0s¥™M py) (Palecek, 1992b). Later Os¥™ bipy and other Os¥",L complexes
have been widely applied as probes of the DNA structure in vitro and
in vivo in connection with DNA sequencing techniques and immunoassays
(reviewed in Palecek, 1991, 1992b,c, 1994; Palecek er al., 1992). Os'™ bipy-
modified tDNA and end-labeled reporter probes have been conveniently used in
DNA hybridization sensors (Section 6.2). End-labeling of oligonucleotides with
Os"™ bipy can be performed in any biological laboratory without any organic
chemistry equipment. End-labeling of homopurine recognition sequences, in-
cluding the use of multiple labels is particularly easy (Fojta et al., 2004a, b).

6.3.1.2. Osmium (VI) complexes (Os"”, L). 1In difference to osmium tetroxide
complexes, six-valent potassium osmate, K,Os,(OH),, in the presence of pyridine
did not react with the nucleic acid bases. Almost 30 years ago it was shown
that K,0s,(OH),, py reacted with the ribose residue of any usual ribonucleosides
(Figure 26) (Daniel and Behrman, 1976a,b; Palecek, 1992b). Such an
RNA-specific reaction may be of use for site-specific labeling of a cis-diol in
unphosphorylated ribose residues at 3’-ends of the RNA molecules. In spite of the
potential usefulness of this reaction no reports were published on its application
to natural RNAs or longer synthetic oligoribonucleotides until now. Recently, we
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Fig. 25. Adsorptive transfer stripping (AdTS) cyclic voltammogram at a PGE of: (1)
Os,bipy-modified denatured (ss)DNA (ssDNA-Os,bipy; purified by dialysis); (2) Os,bipy
alone; (3) unmodified ssDNA and (el), background electrolyte. Initial potential —1.0 V, qui-
escent time 1s, switching potential + 1.0V, scan rate 1V/s; background electrolyte 0.2 M
sodium acetate, pH 5.0; DNA (50 pg/mL) or Os,bipy (0.1 M) was accumulated at the elec-
trode from a 7 uL drop of 0.25M NacCl for 14 = 60s, followed by washing the electrode with
distilled water and transfer into a voltammetric cell containing blank background electrolyte.
Potentials are given against Ag/AgCl/3M KCI reference electrode. Peak alpha is charac-
teristic for the DNA-Os, bipy adduct. Adapted from Fojta et al. (2002). Copyright 2002, with
permission from Elsevier.

attempted to modify the 3’-end ribose in a 21-mer oligonucleotide and we found
conditions under which the modification proceeded well. We showed that sim-
ilarly to the DNAp,ees-Os' ™, L adducts, the RNA ;p0s-Os "', L adducts can be
sensitively detected at carbon and mercury (Figure 27) electrodes (M. Trefulka
and E. Palecek, unpublished, 2005). In spite of these advantages of Os,L reagents,
the ferrocene ODN label (which can hardly be prepared in a biological labo-
ratory, and as a commercial product it is rather expensive) is at present perhaps
the most favored ODN electroactive marker.

6.3.2. Ferrocene and other labels

Ferrocene has perhaps been the most frequently used electroactive label in
DNA hybridization sensors (Anne et al., 2003; Baca et al., 2004; Fan et al.,
2003; Gibbs et al., 2005; Thara et al., 1996; Immoos et al., 2004b; Popovich
et al., 2002; Sato et al., 2004; Yu et al., 2000, 2001). Ferrocene-labeled ODNs
were prepared by covalent linkage of a ferrocenyl group to the amino
hexyl-terminated ODN (Ihara et al., 1996, 1997). Using high-performances lig-
uid chromatography (HPLC) equipped with an electrochemical detector DNA
and RNA were determined at femtomole level (Ihara et al., 1996). Uridine-
conjugated ferrocene ODNs were synthesized and ferrocene-labeled signaling
probes with different redox potentials were prepared for reliable detection of
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Fig. 26. Formation of oxoosmium(VI) nucleoside sugar esters (as a product of the reaction
of cytidine with potassium osmate(VI) and pyridine) and of heterocyclic osmate esters (re-
sulting from the reaction of the same nucleotide with osmium tetroxide(VIII) and pyridine).
Adapted from Palecek (1992b). Copyright 1992, with permission from Academic Press.

point mutations in DNA (Yu et al., 2000, 2001). Ferrocene labels and other
labels mentioned below required solid state organic chemistry and in difference
to the Os,L labels they could hardly be used for labeling of longer NAs, such as
plasmid and chromosomal DNAs, viral RNAs, etc. Other compounds, such as
daunomycin (Kelley et al., 1999a), viologen and thionine (Mao et al., 2003) were
used as electroactive labels of ODNs. End-labeling of DNA with biotin and
thiol groups has been widely applied (Section 6.2). Electroactive labels were
introduced into DNA not only by chemical methods, but also by means of
enzymes such as DNA polymerases capable to incorporate in DNA synthetic
ferrocene tethered to dUTP (Patolsky et al., 2002).

6.4. Electrocatalytic oxidation of DNA

Redox reactions of guanine and its residues in nucleic acids are intensively
studied because of their great biological significance, particularly in aging and
various diseases (Chapters 12 and 13). Among the NA bases, G is most easily
oxidizable by different oxidants, including singlet oxygen, hydroxyl radicals,
transition metal complexes and alkylating agents. Guanine redox reactions
have been found useful in nucleic acid analysis (Section 4.1.2), including the
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Fig. 27. Cyclic voltammogram of 40 mM adenine riboside (adenosine) (thick line) modified
with Os(VI),bipy (thin line) in 0.2 M sodium acetate, pH 5.0. AUTOLAB, PGE, Ag/AgCl/
3M KCl reference electrode, scan rate 1V/s, accumulation time 60s (M. Trefulka and E.
Palecek, unpublished).

development of the DNA hybridization sensors (Thorp, 2004) and in the re-
search into the electron transfer reactions along the DNA double helix (Giese
and Wessely, 2001).

Electrocatalysis refers to catalysis of electrochemical reactions. Electrocata-
lyst increases the rate of the electrochemical reaction, usually calculated from
the electrolytic current (Banica and Ion, 2000). Using electrocatalytic reaction
either the catalyst or some substrate compounds (not amenable to direct elect-
rochemical analysis) can be determined quantitatively. Electrocatalysis was
performed at bare and modified electrodes. Catalytic layers on electrode sur-
faces were ingeniously engineered yielding a great variety of chemical and bio
chemical sensors.

Thorp and coworkers (Armistead and Thorp, 2000, 2001; Eckhardt ez al., 2001;
Holmberg et al., 2003; Johnston et al., 1994, 1995; Napier and Thorp, 1997, 1999;
Ontko et al., 1999; Popovich and Thorp, 2002; Ropp and Thorp, 1999; Szalai and
Thorp, 2000; Thorp, 1998) pioneered the use of mediators and electrocatalysis on
ITO electrodes in electrochemistry of NAs. In the last decade a lot of important
basic research was done which was utilized in the development of the DNA
hybridization sensors (Popovich and Thorp, 2002; Tarlov and Steel, 2003). This
work was reviewed in a recent comprehensive review (Thorp, 2004) (see also
Section 4). We therefore limit ourselves to a short summary and some interesting
aspects of this work.

To increase the sensitivity of the guanine-based electrochemical analysis
Thorp et al. (Thorp, 2004) investigated the application of transition-metal
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complexes for mediating oxidation of guanine and found that ruthenium
trisbipyridyl [Ru(bipy);]> " was an effective oxidation catalyst of guanine. Ad-
dition of DNA to a solution of [Ru(bipy)s;]* " resulted in a catalytic enhance-
ment of the [Ru(bipy)s]* " oxidation peak at cyclic voltammograms (Figure 28).
These voltammograms were indicative of a scheme where the electrogenerated
Ru(IIT) was reduced to Ru(Il) by DNA guanine residues, setting up an elect-
rocatalytic cycle (Johnston et al., 1995):

[Ru(bipy);** — [Ru(bipy)s]* +e” (1)

[Ru(bipy);]** + guanine — [Ru(bipy);]** + guanine®® (2)

In this reaction guanine was oxidized by a single electron to guanine®™ and the
electrogenerated [Ru(bipy);]’ " underwent a thermal reaction with guanine to
regenerate [Ru(bipy);]*" which was then oxidized on the electrode. The addi-
tional current in the electrocatalytic signal arosed thus from the reoxidation of
the [Ru(bipy)s]* " as shown in equation (2). Such observations were originally
made with [Re(O)(py)s]> /" (Johnston er al., 1994) but later [Ru(bipy)s]° © was
shown to be a more stable catalyst. The assignment of guanine as the electron
donor is supported by numerous lines of evidence (Thorp, 2004), the electron
transfer reaction of [Ru(bipy)s]’ " with guanine is probably a proton-coupled
reaction (Weatherly et al., 2001, 2003) but the precise mechanism of the guanine
oxidation is still under investigation.

Binding of the metal complex to DNA was studied in detail. At high ionic
strengths binding of [Ru(bipy)s]*" to DNA was negligible (Johnston and
Thorp, 1996). At low ionic strengths a number of effects of DNA binding on
electrochemical signals [Os(bipy)s]* " complex were found (Welch and Thorp,
1996; Welch et al., 1995), including tighter binding of the 3 form than for the
2" form due to the higher charge of the former. Thus, the redox potentials of
the Os(I11/II) couple were different for the DNA-bound and free forms (Welch
and Thorp, 1996). Similar effects were originally found with [Co(phen);]*" by
Carter and Bard (1987); Carter et al. (1989). The diffusion coefficient of the
bound form corresponded to that of DNA and with chromosomal DNA this
coefficient differed from that of the free form by almost one order of magnitude
(Welch and Thorp, 1996; Welch et al., 1995). It was thus concluded that the
majority of the electrochemistry occurred through the free [Ru(bipy)s]°*. It
could be expected that binding of the metal complex to DNA should occur in a
relative proximity to the guanine residue, from which an electron should be
abstracted. It was found that electrons were transferred to a [Ru(bipy);]* " that
was bound between 2.5 and 5 base pairs from the guanine donor (Sistare ez al.,
1999). Sensitivity of 44 attomol/mm? (or 3 x 10° molecules) was reported for
1497 base pair PCR product (Armistead and Thorp, 2000).

A number of groups observed that in two adjacent guanines present in a
DNA sequence, the 5-guanine was preferably oxidized (Hall et al., 1996;
Meggers et al., 1998; Saito et al., 1998; Schuster, 2000; Sugiyama and Saito,
1996). The lowest reactivity was observed for a guanine with a thymine on the
G 3'-side (Sugiyama and Saito, 1996). The CV of [Ru(bipy);]° " was measured
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Fig. 28. Cyclic voltammograms of Ru(bipy)%+ in the presence of the DNA at pH 7. A, added
sequences are the duplex forms of G15 (G), GG16 (containing dublet GG), and GGG17
(containing triplet GGG). B, added sequences are the duplex forms of G15 (n = 1), G x G18
(n=2),and G x G x G21 (n = 3) (containing isolated guanine residues). Potentials are given
against Ag/AgCl/3M KCI reference electrode. Adapted from Sistare ez al. (2000). Copyright
2002, with permission from the American Chemical Society.

by Thorp’s group in the presence of the sequence d(AAATATAGTATAA-
AAA) (G15) and in the presence of the same sequences in which the single G
was replaced either with GG (GG16) or with GGG (GGG17) (Sistare et al.,
2000). The results were indicative of very rapid electron transfer for GG16 and
GGG17 (Figure 28A). It was shown that the faster oxidation rates for the
guanine multiplets were not due simply to the increase of guanine concentra-
tion. The increase of electrocatalytic currents from ODNs containing two and
three isolated guanines was much lower (Figure 28B) than that produced by
GG16 and GGG17 (Figure 28A), suggesting that it was the guanine multiplets
that enhanced the guanine reactivity. The rate constants were calculated and the
ratio for the 5-G compared to isolated guanine, kgg/kg, of 12+2 (across a
broad range of scan rates) and DNA concentrations was found. Later studies of
similar sequences by other authors (Johnston et al., 1995) were consistent with
the results of Thorp’s group (Sistare et al., 2000) shown in Figure 28.

The work of Thorp et al. (Thorp, 2004) relied on special properties of ITO
electrodes. These electrodes (1) are optically transparent and can be fabricated
on glass (Armstrong et al., 1976; Popovich et al., 2002); (2) at neutral pH they
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can access potentials up to 1.4V (Popovich et al., 2002); (3) they do not adsorb
DNA appreciably (Grover and Thorp, 1991); (4) the direct oxidation of guanine
is extremely slow even when DNA is intentionally attached to the electrode
(Armistead and Thorp, 2000, 2001). In difference to carbon electrodes yielding
oxidation signals of guanine and adenine (Section 4.1), no significant signals
resulted from direct oxidation of guanine at ITO electrodes. These properties of
ITO electrodes made them suitable for developing systems for studies of elect-
rocatalytic oxidation of nucleic acids. Most efficient electron transfer between
the mediator and ITO electrode was obtained at polycrystalline ITO films
probably due to the higher density of defects.

Reactivity of guanine residues in DNA decreased in the following way:
ssDNA > mismatched dsDNA >dsDNA. Detection of base mismatches using
the guanine-Ru(IIl) reaction was, however, difficult because properly paired
guanines in the DNA duplex obscured the effect of the mismatch. 8-Oxo-7,
8-dihydroxyguanine (8-0xoG) arises from oxidative DNA damage and its
occurrence in DNA represents one of the important signs of the DNA damage
(Chapters 12 and 13). 8-0x0G is oxidized at less positive potentials than guanine
(Steenken et al., 2000) and the rate of its oxidation (in a DNA duplex paired
with cytosine) by Os(III) is approximately an order of magnitude higher than
for guanine oxidation by Ru(III) (Thorp, 2004). If a mixture of [Ru(bipy)s]* "
and [Os(bipy)s]* " was used in the presence of a single guanine-containing ODN
only the [Ru(bipy);]* " signal was enhanced but when guanine was replaced by
8-0x0G, enhancement of [Os(bipy);]* " was observed (Ropp and Thorp, 1999).
Using 8-0x0G-Os(I1]) reaction it was possible to detect TTT deletion (deletions
of three thymines is common genetic mutation in cystic fibrosis). Adenine
(8-oxoG)adenine sequence hybridized to TTT wild-type sequence gave a rel-
atively small current enhancement while in the mutant the adenine(8-oxoG)ad-
enine sequence formed a bulge which produced a significantly higher current
enhancement.

6.5. DNA conductivity in DNA sensors

6.5.1. DNA conductivity

The idea that dSDNA may function as a conduit for fast electron transport along
the axis of its base-pair stack was advanced more than 40 years ago (Porath et al.,
2004 and references therein). But later low-temperature experiments suggested
charge migration within the frozen water layer surrounding the DNA double
helix (Warman et al., 1996). In the recent decade, investigations of the DNA
conductivity became a hot topic because of its relevance for a number of bio-
logical processes, such as those involved in mutagenesis and cancer, and for
molecular electronic. The literature on the DNA conductivity was reviewed in
several articles, e.g. (Barbara and Olson, 1999; Grinstaff, 1999) and in 2004 a
special volume of Topics in Current Chemistry (2004) was devoted to this topic.
Here, only a brief summary will be presented with special attention to application
of DNA charge transport in electrochemical sensors for DNA hybridization.
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Solution chemistry experiments on a number of short DNA molecules indi-
cated high charge transfer rates between a donor and acceptor, which were
located at distant DNA sites (Porath er al., 2004). Several mechanisms were
proposed for DNA-mediated charge transport, in dependence on the structural
aspects of the system under investigation, including the DNA base content and/
or sequence. These advances stimulated interest in DNA for nanoelectronics
and led to a set of direct electrical transport measurements. A number of in-
genious experiments with single molecules, bundles and networks were per-
formed showing that it is possible to transport charge carriers along DNA
molecules. After some initial controversial reports on the conductance of DNA
devices, recent results indicated that short DNA molecules were capable of
transporting charge carriers, similarly to DNA bundles and DNA networks. On
the other hand it was shown that transport through single DNA molecules,
longer than 40 nm was blocked. This might be due to the DNA interaction with
the surface which may induce defects in the DNA molecules disturbing the
electronic structure of dsSDNA (including the DNA surface denaturation, see
Section 5) and blocking the charge transport. The question whether DNA has
properties of a metal, semiconductor or an insulator was frequently asked. This
terminology originates from solid-state physics. It is, however, questionable
whether such terminology can describe adequately the orbital energetics and the
electronic transport through one-dimensional soft polymer, such as DNA, that
is formed of a large number of sequentional segments. A large number of
junctions and phase-coherent “islands’ may influence the transport mechanism
along the molecule. In some cases such junctions can constitute a rate-limiting
step for the transport. In spite of the outstanding progress in controlling the
self-assembly of DNA on electrodes (Section 6.1.2), unanimously accepted ex-
planation of the mechanisms responsible for the charge mobility through the
dsDNA structure is not yet available. On the other hand, charge transfer in self-
assemblies of thiolated dsODNs was exploited in development of the electro-
chemical DNA sensors (Drummond et al., 2003).

6.5.2. Charge transfer in DNA sensors

Electrochemistry at chemically modifed surfaces has been applied to investigate
charge transport in various media including thioalkanes and proteins
(Armstrong et al., 2000; Chi et al., 2001; Creager et al., 1999; Finklea, 1996;
Immoos et al., 2004c; Munge et al., 2003; Nahir and Bowden, 1996; Niki et al.,
2003; Sachs et al., 1997). Barton and coworkers reported self-assembly of 15-20
base pair dsODNs (containing different nucleotide sequences) covalently at-
tached to gold surfaces via thiol tethers and demonstrated unique charge trans-
fer characteristics through this assemblies (Drummond et al., 2003). They
developed electrochemical assays for DNA hybridization, including detection of
point mutations as well as for DNA damage and DNA-protein interactions.
Typically, DNA duplexes were prepared in solution and self-assembled on gold
electrodes. The electrode was then treated with planar redox active molecules,
such as methylene blue (MB) which was non-covalently bound (intercalated) to
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Fig. 29. Scheme of electrochemical assay for mismatches through DNA-mediated charge
transport. On the right is shown an electrode modified with well-matched duplex DNA.
Current flows through the well-stacked DNA to reduce methylene blue (MB ™) intercalated
near the top of the film, to leucomethylene blue (LB). LB goes on to reduce ferricyanide in
solution, thereby regenerating MB™ catalytically, leading to an amplification of the hybrid-
ization signal. In the case of a DNA film containing mismatched duplexes (left), current flow
through the DNA duplex is attenuated, MB™ is not reduced, and the catalytic signal is lost.
Adapted from Drummond ez al. (2003). Copyright 2003, with permission from the author.

the densely-packed DNA-modified gold electrode. It was shown that these in-
tercalators bound near the solution accessible interface of the densely packed
DNA-modified surfaces eliminating the need for covalent binding (Boon et al.,
2000, 2002a, b, 2003; Kelley et al., 1999b; Sam et al., 2001). The reduction of the
intercalator at the top of the film through a DNA mediated reaction reflected
base-pair stacking within the film (Figure 29). With intact stacking MB was
efficiently reduced at the DNA film but in presence of an intervening mismatch
or other duplex perturbation attenuation of MB reduction was observed (Boon
et al., 2000, 2002a, b; Kelley et al., 1999a, b). In some cases, the MB signal was
amplified through an electrocatalytic cycle. MB served as a catalyst for the
reduction of ferricyanide diffusing in solution outside of the DNA film (Boon
et al., 2000, 2002b, Kelley et al., 1999a). It was shown that both the direct and
catalytic reduction of MB took place via charge transfer through the DNA base
stack (Boon et al., 2003; Kelley et al., 1997a). Thus DNA mediated charge
transfer electrochemistry represented a sensitive probe of nucleic acid structure
and base stacking. Even minor perturbations in stacking diminished the MB
reduction signal (Boon et al., 2002b; Kelley et al., 1999a). Electrochemical re-
duction of DNA intercalators was used to study DNA-protein interactions
(Boon et al., 2002a) and hybridization of antisense oligonucleotides (Boon et al.,
2002b). Charge transfer in right-handed A- and B-form DNA double helices
and in left-handed Z-DNA was investigated (Boon and Barton, 2003). The A-
DNA was examined in the context of a DNA/RNA hybrid duplex and Z-DNA
at high Mg>" concentrations in duplexes containing methylated cytosine in
d(CG),, sequences. Efficient charge transfer was detected in both A- and
B-DNA using MB reduction as a probe. In Z-DNA films lower level of MB
reduction was observed. Less efficient but not completely attenuated charge
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transfer in Z-DNA can be due to different base stacking related to different
structural parameters and particularly to the alternating syn—anti-sugar con-
formation in Z-DNA (in difference to A- and B-DNA there is no intra-strand
stacking in Z-DNA), etc.

Alternatively, the intercalating probe was site-specifically coupled to the
HS-ODN before the self-assembly to control precisely the location of the inter-
calator (Kelley et al., 1999a). This technique was used to probe the distance
dependence of the charge transfer by preparing a series of DNA-modified elec-
trodes in which the through helix distance from the intercalator (daunomycin,
DM) to the gold surface spanned over 4.5nm. It was found that the electro-
chemical response of the intercalated DM was not dependent on its location in
the DNA helix (Kelley ez al., 1999a). Considering the very shallow distance
dependence of the charge transfer in solution (Boon and Barton, 2002; Hall
et al., 1996; Kelley et al., 1997b; Nunez et al., 1999; Wan et al., 1999; Yoo et al.,
2003) and striking dependence of the presence of a single-base mismatch in the
duplex, the role of the length of the linker was tested (Drummond et al., 2004). A
homologous series of DM-labeled ODN assemblies featuring thiol-terminated
linkers possessing different numbers (n) of methylene units conjugates (with n
ranging from 4 to 9) were constructed. The resulting ODN-DM molecules were
self-assembled on gold electrodes with excess Mg " to obtain dense monolayers
(surface coverages ranged from 30 to 75 pmol/cm?). Irrespective of linker lengths
a chemically reversible reduction of DM was observed at about —0.6 V (vs. Ag/
AgCl 1 M KClI). On the other hand, the intensity of the electrochemical response
decreased with increasing linker length. It was concluded that in the time scale of
the CV experiments (scan rates ~1V/s) the ODN-DM conjugates behaved as
discrete redox-active entities, with electrochemical responses independent of the
DM intercalation site in a good agreement with results of the scanning tunneling
microscopy (STM) studies of the self-assemblies on gold (Ceres and Barton,
2003). Irrespective of the mechanism of the charge transfer through the ODN
assembly, charge transfer through the o-bonded linker followed semiclassical
superexchange theory. Thus, when the linker lengths and the DM positions var-
ied the charge transfer through the o-bonded linker was the rate-limiting step
(Drummond et al., 2004).

The conclusions of Barton et al. (Boon and Barton, 2002; Drummond et al.,
2004; Kelley et al., 1999a; Yoo et al., 2003) based on voltammetric responses of
their systems were supported by the results of investigation of thiol-modified
ODN films on gold surfaces using electrochemical in situ scanning tunnelling
microscopy (Ceres and Barton, 2003). This technique revealed effective charge
transport on gold (under conditions close to physiological) depending upon
ODN orientation and integrity of base-pair stacking. Base mismatches behaved
as electronic perturbations exerting strong effects on the ODN conductivity in
agreement with electrochemical (Boon et al., 2000), photophysical (Kelley et al.,
1997b) and biochemical (Bhattacharya and Barton, 2001) studies. dsDNA was
suggested (Ceres and Barton, 2003) as a promising candidate in molecular
electronics under the conditions that the orbitals could efficiently overlap with
the electronic states and the environment did not disturb the DNA double
helical structure, forming non-native poorly stacked DNA conformations.
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DNA-mediated charge transport through DNA self-assemblies at gold elec-
trodes was exploited to examine the effect of the presence of base analogs and
DNA damage products in ODN duplexes (Boal and Barton, 2005). General
trends in how base modifications affect charge transfer efficiency were found. A
decrease in the charge transfer efficiency was caused by: (a) modifications of the
Watson—Crick hydrogen bonding system or addition of steric bulk; (b) base
structure modification inducing conformational changes such as burying of
hydrophilic groups within the DNA double helix. On contrary addition or
subtraction of methyl groups, not disrupting hydrogen bonding interactions,
did not show a large effect on charge transfer efficiency. No simple correlation
between the charge transfer efficiency and DNA melting temperatures was
found. It was suggested that the sensitive detection methodology (monitoring
the electrocatalytic reduction of MB) might be useful as a possible damage
detection for DNA repair enzymes and in diagnostic applications.

The results of Barton’s group showed an interesting and convincing picture of
charge transfer in relatively short DNA double helices (Drummond et al., 2003). It
has been shown in many experiments that efficient charge transfer reactions can
occur in short well-stacked ODNs self-assembled at the gold surfaces
(Bhattacharya and Barton, 2001; Boal and Barton, 2005; Boon and Barton,
2002, 2003; Boon et al., 2000, 2002a, b, 2003; Ceres and Barton, 2003; Drummond
et al., 2003, 2004; Hall et al., 1996; Kelley et al., 1997a,b, 1999a, b, 1998; Nunez
et al., 1999; Sam et al., 2001; Wan et al., 1999; Yoo et al., 2003). Recently, several
papers have been published which do not show any charge transfer through similar
ODN helices under different experimental conditions (Anne et al., 2003; Fan et al.,
2003; Immoos et al., 2004a,b; Mao et al., 2003). These papers will be briefly
summarized in the following section where we shall return to the problem of the
charge transfer in DNA.

6.6. Changes in DNA structure signaling DNA hybridization

After the discovery of the right-handed B-DNA double-helical structure, other
DNA structures were found such as local segments of left-handed Z-DNA,
cruciform and triplex structures stabilized by DNA supercoiling (Section
5.5.1.2) (Palecek, 1991). Some of them can be formed also by ODNs and/or
linear DNA fragments in vitro and utilized in DNA hybridization sensors. Stem-
loop structure resembling half of a cruciform was the first one applied for this
purpose and soon it became popular as an optical molecular beacon. In many of
molecular beacons the DNA was labeled with a fluorophore and its quencher
at either of its ends. In the folded hairpin-loop DNA structure the quencher
was held in close proximity to the fluorophore making this beacon inactive
(Figure 30). In the presence of a complementary target DNA a rigid linear DNA
duplex was formed, the stem—loop structure was lost and the fluorophore was
removed from the quencher proximity making thus possible a strong emission
enhancement. In an attempt to create a molecular beacon, which would be
potentially useful for miniaturized and parallelized array-based optical assay, its
solid-state version was recently introduced (Broude, 2002). Almost in the same
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Fig. 30. (A) Electrochemical detection of target nucleic acid sequences using a DNA wrap
assay as opposed to a conventional sandwich assay. (B) Cyclic voltammograms of 5'-Fc-
DNA-PEG-DNA-SH-3" modified gold ball electrodes in the absence (off) and presence (on)
of target DNA (200nM, Fc-ferrocene, PEG-polyethyleneglycol). (Conditions: 100m V/s,
25mM phosphate buffer, 100mM NaCl, pH 7.0). Adapted from Immoos et al. (2004a).
Copyright 2004, with permission from the American Chemical Society.

time electrochemical variants of molecular beacon were proposed (Fan et al.,
2003; Palecek, 2004). In contrast to solution optical molecular beacon, its sur-
face-attached version used instead of a chemical quencher the gold surface (to
which the stem—loop structure was attached) as a solid quenching agent. In the
electrochemical sensor the ss ODN was labeled by a redox marker, such as
ferrocene (Fan et al., 2003; Immoos et al., 2004a, b) or thionine (Mao et al.,
2003) at one of its ends and immobilized via its -SH group at the other end to
the gold electrode. In the stem—loop structure redox marker was located close to
the electrode surface producing a distinguished cyclic voltammetric redox pair
in absence of the complementary target DNA. The voltammetric signals were
caused by electron tunnelling between redox marker and the electrode. Hy-
bridization of tDNA with the loops of the stem—loop structures resulted in
formation of a rigid rod-like duplex DNA, which moved the redox marker away
from the electrode surface. The increase in the distance of the electroactive label
from the electrode surface caused a decrease or elimination of the electrochem-
ical signal, because efficiency of electron tunneling decreased exponentially with
increasing distance.

After the first excitement with the stem—loop structures (Fan et al., 2003;
Palecek, 2004; Thorp, 2004) further papers were published showing that similar
results can be obtained using sSODN probes (Anne et al., 2003; Immoos et al.,
2004a) instead of the stem—loop structure (Fan et al., 2003; Mao et al., 2003).
Anne et al. (2003) used 3'-ferrocenylated —(dT),o-5'-cystaminyldisulfide deriv-
ative which was chemically reduced to its 5'-ethylthiol form and immobilized to
the gold electrode at low surface coverage (corresponding to about 10% of that
for a monolayer). The CV responses indicated that all ferrocene markers
reached the surface. After exposing the ODN-modified electrode to the com-
plementary (dA),g in 0.1 M NaClO, for 2 h the redox response disappeared. No
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experiment with non-complementary ssDNA was reported. Immoos et al.
(2004a) exploited DNA conformational changes that occurred when a surface-
attached ODN-poly(ethyleneglycol triblock molecule bound a complementary
ODN strand (Figure 30). Immobilized at a gold electrode via its 3’-SH group,
the 5'-terminal ferrocene label of this system was repelled from the negatively
charged electrode (covered with mercaptopropionic acid) and was thus elect-
rochemically inaccessible. Upon binding the complementary strand to the im-
mobilized capture strand, the former strand bound also the probe segment,
forcing the 5'-terminal ferrocene label to a location close to the electrode sur-
face. Using this method a target sequence characteristic for a gene overex-
pressed in prostate cancer was detected. In difference to the methods based on
DNA hairpins (Fan et al., 2003; Immoos et al., 2004a,b; Mao et al., 2003;
Steichen and Buess-Herman, 2005) and simple ss probe ODNs (Anne et al.,
2003), Immos et al. (2004a) proposed a ‘‘signal-on” approach which appears
more convenient than the hairpin-based signal-off devices.

In most of the above methods, formation of stem—loop structure and its trans-
formation into a DNA duplex at the electrode surface was expected without
providing any evidence that such a process really took place at the surface.
Immoos et al. (2004b) used ellipsometry to characterize their ferrocene-labeled
ODNs s at Au(111). Their measurements gave thickness 29 +0. 4 A for the hairpin
ODN and 41.6+0.5A for duplex DNA after the target hybridization. These
results agree well with those obtained by Kelley ez al. (1998) showing about 28 A
for hairpin and 42 A for a duplex. Recently, Steichen and Buess-Herman pro-
posed a label-free method to detect hybridization of complementary ssDNA with
the loop of the hairpin immobilized on a polycrystalline gold electrode using
impedance spectroscopy in the presence of [Fe(CN)sJ>~/*~ (Steichen and Buess-
Herman, 2005). Addition of the complementary ODN to the hairpin probe de-
creased the electron transfer rate, R, while an opposite effect was observed when
ssDNA probe was used instead of a hairpin (Figure 31). These results were
explained by the conformational change of the DNA hairpin probe, due to the
DNA hybridization, and by smaller surface concentration of the hairpin as
compared to the ssDNA probe. Addition of non-complementary ODN induced
no change in the impedance spectra. The above data suggest that the confor-
mation of the hairpin sequence ODN on the surface is different from that of
ssDNA and that upon the hybridization, some conformational change is taking
place which probably differs from that resulting from hybridization of ssDNA
probe with ssDNA target. It can be expected that neutron reflectivity, X-ray
photoelectron spectroscopy (XPS), AFM and other methods will provide more
detailed picture of the DNA structure and its transitions at the electrode surfaces.
Both optical and -electrochemical biosensors based on binding-modulated
donor—acceptor distances have been recently reviewed by Fan et al. (2005).

Taking together, the results in Section 6.5.1 show two strikingly different
phenomena: (a) transfer through n-stacked bases in the perfectly matched DNA
duplex well documented by J. Barton et al. (Boal and Barton, 2005; Ceres and
Barton, 2003; Drummond et al., 2003, 2004) and (b) extinction of the charge
transfer resulting from the DNA duplex formation at the electrode surface. The
reader may ask a question: are these two categories of the experimental results
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Fig. 31. (A) Representation of the formation of the mixed SAM of thiolated hairpin and
linear single-stranded oligonucleotides (HS-ssDNA) and 4-mercaptobutan-1-ol (MCB) at a
gold electrode. (B) Impedance spectra of: (a) Au-linear ssDNA/MCB (xpna = 0.2), (b) Au-
hairpin ssDNA/MCB (xpna = 0.2) before addition (e); after addition of the complementary
strand 1M (o) and a non-complementary strand 1 uM (A), which is a negative control.
Measurements performed in a 0.01 M phosphate buffer (pH 7.4) in the presence of [Fe(CN)g
P7* (5x107°M, 1:1) at +0.21V. Adapted from Steichen and Buess-Herman (2005).
Copyright 2003, with permission from Elsevier.

in contradiction or can they be both correct and understandable? Before an-
swering this question we may summarize some important differences between
experiments mentioned in Sections 6.5.1. In Barton’s work always a redox ac-
tive marker was intercalated in DNA duplex (bound either covalently or non-
covalently) and the ODN layer at the gold surface was tightly packed; ODN
duplexes were prepared in solution. In experiments summarized in this section
neither ferrocene nor thionine (Mao et al., 2003) were intercalated, the packing
of the ODN layer was either not mentioned or low density coverage was re-
ported; duplexes were prepared by ODN hybridization at electrode surfaces.
There were certainly other differences between the two groups of experiments,
but even those mentioned above might be sufficient to start solving of the
puzzle. The results of Barton ez al. (Section 6.5.1) suggest that intercalation of
the redox marker and proper packing of the assembly might be critical for the
charge transfer through n-stacked bases in DNA duplexes. Considering that the
charge transfer through the o-bonded linker decrease with the linker length
(Drummond ez al., 2004) we may expect that using two linkers at each ODN
ends, as it is the case in experiments in this Section (one linker for —-SH group



Electrochemistry of Nucleic Acids 149

and the other one for ferrocene), will substantially decrease the charge transfer.
Non-intercalated redox marker, freely interacting with the solvent (compared to
intercalated marker in an intimate contact with DNA duplex interior) may
represent another obstacle for the charge transfer. In tightly packed self-
assembled ODN, duplexes are in upright position, cannot lay flatly at the sur-
face and are not exposed to surface interaction which may disturb the electronic
structure of the DNA duplex (Sections 5 and 6).

So far the above two approaches and their experimental settings were isolated
and no explanation (based on experimental testing) of the observed differences
in dsDNA conductivity was offered. We believe that performing well-designed
tests should be relatively easy and comparable testing of these two different
approaches may help to understand better electrical properties of DNA.

7. ELECTROCHEMICAL DNA BIOSENSORS: FUTURE PROSPECTS

This book (Chapters 4-13) reflects tremendous progress in the research and de-
velopment of biosensors for DNA hybridization and DNA damage reached in the
last decade. At present, electrochemical detection of a specific nucleotide sequence
in relatively short ODNs (about 15-30 nucleotides) can be easily performed. Also
determination of single-base mismatches (Bhattacharya and Barton, 2001; Kelley
et al., 1999b; Palecek et al., 2004; Sosnowski et al., 1997) is now possible (Chapters
4, 5 and 19). The practical DNA analysis is, however, done with amplified DNA
fragments, which are usually much longer than 30-mer ODNs. Most of the elect-
rochemical experiments have been, however, carried out with model ODNs and
only a smaller fraction of the experimental work was performed with PCR-
amplified DNA fragments (Fojta et al., 2004a; Kara et al., 2003; Ozkan et al.,
2002; Ozsoz et al., 2003; Palecek et al., 2002c, d; Patolsky et al., 2001, 2002; Wang
et al., 2001b) (Section 5). It was shown that, using the double surface technique,
sequence and length of even very long repetitive nucleotide sequences ( > 2000 base
pairs) can be determined electrochemically (Section 6.2).

On the other hand, electrochemical detection of non-amplified DNA has not
been reported. DNA in a human cell contains about 3 x 10 base pairs. Let us
imagine that we wish to detect an exact 30-nucleotide sequence in human DNA.
It would be necessary to find it in an excess of 10® base pairs. This would be
perhaps more difficult than to look for a needle in a haystack. Recently, reached
tremendous increase in sensitivity of the DNA detection (Chapter 11, Section
6.2) raises hopes that the sensitivity necessary for the detection of non-amplified
DNA will soon be available. The solution of the problem of extremely high
selectivity of the DNA determination in a very large excess of non-
complementary DNA will require more work. Detection of non-amplified
DNA represents thus a challenge, which can be met by using most sensitive
single- and double-surface methods employing electrode miniaturization and
amplification of the electrochemical signals, including electrocatalysis. Double
surface techniques might be particularly successful in attempts to significantly
increase both the sensitivity and selectivity of the DNA and RNA detection. In
the last decade, DNA electrochemical analysis made a great progress and it is
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not excluded that using the known principles, determination of nucleotide se-
quences in non-amplified DNA from prokaryotes will become possible. Anal-
ysis of RNA, which has obtained little attention among electrochemists, may
represent another interesting challenge for future research. We believe that for
the same analysis of human chromosomal DNA new principles should be
sought to overcome the problem of insufficient selectivity of the present
methods.

8. SUMMARY AND CONCLUSION

Electroactivity of nucleic acids was discovered about 45 years ago. It was shown
that at mercury electrodes adenine and cytosine were reduced in ssDNA, while
guanine produced an anodic signal due to oxidation of guanine reduction
product. About 15 years later it was shown that oxidation of guanine and
adenine took place at carbon electrodes. DNA signals at mercury electrodes
were highly sensitive to changes in DNA structure due to DNA denaturation
and renaturation as well as to minor structural changes resulting from DNA
premelting and DNA damage. Changes in DNA structure were reflected not
only by the DNA faradaic responses but also by non-faradaic signals due to
adsorption/desorption of DNA. Also RNA signals responded to changes in
RNA structure but compared to DNA much less work was done.

Methods working with small voltage excursions during the drop lifetime (of
the dropping mercury electrode), such as DPP, reflected changes of DNA
structure in solution. On the other hand, methods working with large voltage
excursions or experiments with HMDE disclosed changes in dsDNA structure
occurring secondarily at the electrode surface. At neutral pH and weakly al-
kaline pHs DNA surface denaturation occurred in a narrow potential range
(around —1.2V against SCE) and was relatively slow. DNA surface denatur-
ation depended on DNA ionization showing differences in the DNA behavior at
alkaline and acidic pHs. Recently, DNA unwinding was observed at other
negatively charged electrodes and other surfaces.

Already in the 1960s polarographic behavior of organic compounds weakly
bound to DNA was studied and in the beginning of the 1980s electroactive
osmium labels were covalently bound to DNA and used as probes of the DNA
structure. In the middle of the 1980s DNA-modified electrodes were introduced,
which then have become increasingly popular, particularly in relation to the
development of the DNA sensors.

In the 1990s, dramatic progress in biochemistry and molecular biology and
particularly advances in nucleotide sequencing of genomes of different organ-
isms (including the human genome) stimulated interest in DNA hybridization
sensors. In addition to sensors with optical detection, electrochemical detection
showed great promise because of a number of advantages and particularly
simple design, low energy requirements and low cost. By the end of the century,
a number of conceptions of electrochemical sensor were available based on
carbon, gold or ITO electrodes, differing in the ways of DNA immobilization at
the electrode surface and methods of DNA detection. In these methods both the
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DNA hybridization (specific interaction of complementary DNA with the im-
mobilized DNA probe resulting in formation of a DNA duplex) and detection
of the DNA hybridization event were performed at the same surface. In the
beginning of the 2000s a new conception was introduced in which hybridization
was performed at one surface (optimized for DNA hybridization) and DNA
detection at another surface. This double-surface technique has some advan-
tages but is more complicated, requiring some microfluidic system if incorpo-
rated in DNA arrays. At present time, various electrochemical sensors for DNA
hybridization are available which can be used for determination of specific
nucleotide sequences, DNA point mutations and lengths of long repetitive se-
quences in amplified DNA fragments. Remarkable sensitivities of the electro-
chemical DNA determination were reached in recent years. Determination of a
specific DNA sequence in a genome without amplification of DNA remains,
however, a challenge, because of very high excess of non-complementary DNA
in the analyzed samples requiring enormous selectivity of the analysis.

Several interesting principles have been used in the development of the DNA
sensors. They include:

1. Amplified electrochemical analysis (Chapter 5) involving electrocatalytic and
biocatalytic reactions and labeling of DNA (involved in the recognition
process) by micro- and nanoparticles (Chapter 11). These approaches (some
of them completely new) helped to greatly increase the sensitivity of the DNA
analysis. Particularly promising appears the combination of electrochemical
and biochemical principles, including the use of catalytic nucleic acids such as
ribozymes and DNA enzymes.

2. Investigation of charge transport between a redox indicator intercalated in
dsDNA and a gold electrode covered with self-assembled monolayer (SAM)
of DNA. This charge transport is inhibited by disturbances in the DNA base
stacking, such as single-base mismatches or certain kinds of DNA damage. It
can be expected that further investigation of this charge transport will help to
understand better the electrical properties of DNA.

3. Tracing of changes in conformation of DNA covalently bound to the electrode
surface and effect of the electrode charge on the DNA conformation. Such
experiments represent not only an elegant way of the detection of the DNA
hybridization but they can provide biologically relevant information about
the DNA structure at charged surfaces. Moreover, the rate of DNA hybrid-
ization or denaturation can be influenced by controlling the charge of the
electrode to which DNA is immobilized.

4. Application of conductive polymers (Chapters 8 and 9) and other interesting
approaches (Gibbs et al., 2005; Hwang et al., 2005; Park and Hahn, 2004)
which may find use in further development of the DNA sensors.

There is no doubt that at present time sensors for DNA hybridization and DNA
damage (Chapters 12 and 13) lead the field of the electrochemistry of nucleic
acids. Generally, these trends are beneficial for this research field but the in-
creasing interest in electrochemical DNA sensors results, in some cases, in pro-
duction of papers, which are scientifically superficial or too technical. It appears
probable that DNA sensors will be successfully commercialized soon. This
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would require further research into nucleic acid electrochemistry to improve the
first commercial devices. On the other hand, it cannot be excluded that the
development of the electrochemical DNA sensors will not win the race (what I
consider as a less probable case) and some other types of inexpensive DNA
sensors will become commercially successful. Even in such a case, electrochem-
istry of nucleic acids will remain an important scientific field because of its
relevance to a number of biological and biochemical problems.

LIST OF ABBREVIATIONS

A adenine

a.c. alternating current

AdTS adsorptive transfer stripping

AFM atomic force microscopy

C cytosine

cd closed duplex

CPSA constant current chronopotentiometric stripping analysis
CvV cyclic voltammetry

DBT Dynabeads oligo(T)

d.c. direct current

DE detection electrode

DM daunomycin

DME mercury dropping electrode

DPP differential (derivative) pulse polarography
DPV differential (derivative) pulse voltammetry

ds double-stranded

DST double-surface technique

EIS electrochemical impedance spectroscopy

EVLS elimination voltammetry with linear scan
FRDA Friedreich ataxia

FTIR Fourier transform infrared spectroscopy

G guanine

GCE glassy carbon electrode

H hybridization surface

HMDE hanging mercury drop electrode

HPLC high-performance liquid chromatography

ITO indium tin-oxide

LS linear sweep

LSV linear sweep voltammetry

m-AgSAE mercury-modified silver solid amalgam electrode
MB methylene blue

m-CuSAE mercury-modified copper solid amalgam electrode
m-SAE mercury meniscus-modified solid amalgam electrode

NA nucleic acid
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NC nitrocellulose

NPP normal pulse polarography

oc open circular

ODN oligodeoxyribonucleotides
ORN oligoribonucleotides

PCR polymerase chain reaction
PNA peptide nucleic acid

poly(A) polydeoxyadenylic acid
poly(rA) polyriboadenylic acid

p-SAE polished solid amalgam electrode
p-z.c. potential of zero charge

RP reporter probe

SAE solid amalgam electrode

SAM self-assembled monolayer

sc supercoiled

SCE saturated calomel electrode
SPR surface plasmon resonance

ss single-stranded

SST single-surface technique

STM scanning tunneling microscopy
SWV square wave voltammetry
tDNA target DNA

tm temperature of melting

XPS X-ray photoelectron spectroscopy
c density
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1. INTRODUCTION

Wide-scale genetic testing requires the development of easy-to-use, fast, inex-
pensive, miniaturized analytical devices. Traditional methods for detecting
DNA hybridization, such as gel electrophoresis or membrane blots, are too slow
and labor intensive. Biosensors offer a promising alternative for faster, cheaper,
and simpler nucleic-acid assays. Biosensors are small devices employing bio-
chemical molecular recognition properties as the basis for a selective analysis.
Such devices intimately couple a biological recognition element with a physical
transducer. The major processes involved in any biosensor system are the anal-
yte recognition, signal transduction, and readout. Common transducing ele-
ments, including optical, electrochemical, or mass-sensitive devices, generate
light, current, or frequency signals, respectively. There are two types of bio-
sensors, depending on the nature of the recognition event. Bioaffinity devices
rely on the selective binding of the target analyte to a surface-confined ligand
partner (e.g., antibody, oligonucleotide). In contrast, in biocatalytic devices, an
immobilized enzyme is used for recognizing the target substrate. For example,
single-use sensor strips with immobilized glucose oxidase have been widely used
for personal monitoring of diabetes.
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Fig. 1. Steps involved in the detection of a specific DNA sequence using an electrochemical
DNA hybridization biosensor. (Reproduced from Gooding, 2002 with permission.)

DNA hybridization biosensors commonly rely on the immobilization of a
single-stranded (ss) oligonucleotide probe onto a transducer surface to recog-
nize — by hybridization — its complementary target sequence. The binding of the
surface-confined probe and its complementary target strand is translated into a
useful electrical signal (Figure 1). Transducing elements reported in the liter-
ature have included optical (Piunno et al., 1995), electrochemical (Palecek and
Fojta, 2001), and microgravimetric (Okahata et al., 1992) devices. The two
major requirements for a successful operation of a DNA biosensor are high
specificity (including observation of a change in a single nucleotide) and high
sensitivity. Even though nucleic acids are relatively simple molecules, finding the
sequence that contains the desired information and distinguishing between
perfect matches and mismatches are very challenging tasks.

Electrochemical transducers have received considerable recent attention in
connection to the detection of DNA hybridization (Palecek and Fojta, 2001;
Gooding, 2002; Mikkelsen, 1996, Drummond et al., 2003). The foundation of
these devices can be traced to the discovery of the electrochemical properties of
nucleic acids about 40 years ago (Palecek, 1958, 1960). Modern electrical DNA
hybridization biosensors and bioassays offer remarkable sensitivity, compati-
bility with modern microfabrication technologies, inherent miniaturization, low
cost (disposability), minimal power requirements, and independence of sample
turbidity or optical pathway. Such devices are thus extremely attractive for
obtaining the sequence-specific information in a simpler, faster, and cheaper
manner, compared to traditional hybridization assays. In addition, electro-
chemistry offers innovative routes for interfacing the nucleic acid recognition
system with the signal-generating element and for amplifying electrical signals.
Direct electrical reading of DNA interactions thus offers great promise for
developing simple, rapid, and user-friendly DNA-sensing devices (in a manner
analog to miniaturized blood-glucose meters). Recent efforts have led to dif-
ferent new strategies for electrical detection of DNA hybridization (Wang, 1999;
Mikkelsen, 1996; Palecek and Fojta, 2001; Gooding, 2002; Drummond ez al.,
2003). This activity has led to ultrasensitive detection of multiple DNA targets,
and produced reusable devices that require minimal use of reagents. Such
electrochemical avenues for generating the hybridization signal are the subject
of the present chapter.
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2. ELECTROCHEMICAL BIOSENSING OF DNA HYBRIDIZATION

Electrochemical detection of DNA hybridization usually involves monitoring of
a current response, resulting from the Watson—Crick base-pair recognition
event, under controlled potential conditions (Wang, 1999; Mikkelsen, 1996;
Palecek and Fojta, 2001). The probe-coated electrode is commonly immersed
into a solution of a target DNA whose nucleotide sequence is to be tested. When
the target DNA contains a sequence which matches that of the immobilized
oligonucleotide probe DNA, a hybrid duplex DNA is formed at the electrode
surface (Figure 1). Such hybridization event is commonly detected via the in-
creased current signal of an electroactive indicator (that preferentially binds to
the DNA duplex), in connection to the use of enzyme or redox labels, or from
other hybridization-induced changes in electrochemical parameters (e.g., ca-
pacitance or conductivity).

In the following sections, we will focus on the major steps involved in elect-
rochemical biosensing of DNA hybridization, namely the design of the nucleic
acid recognition layer, the actual hybridization event, and the transformation of
this recognition event into an electrical signal (Figure 1). As will be illustrated
below, the success of such devices requires a proper combination of synthetic-
organic and surface chemistries, DNA recognition, and electrical detection
protocols.

2.1. Surface immobilization

The probe immobilization step plays a major role in the overall performance of
electrochemical DNA biosensors. The achievement of high sensitivity and se-
lectivity requires maximization of the hybridization efficiency and minimization
of non-specific adsorption events, respectively. The probes are typically short
oligonucleotides (25-40 mer) that are capable of hybridizing with specific and
unique regions of the target nucleotide sequence. Control of the surface chem-
istry and coverage is essential for assuring high reactivity, orientation/accessi-
bility, and stability of the surface-bound probe, as well as for avoiding non-
specific binding/adsorption events. For example, it was demonstrated recently
that the density of immobilized ssDNA can influence the thermodynamics of
hybridization, and hence the selectivity of DNA biosensors (Watterson et al.,
2000). Greater understanding of the relationship between the surface environ-
ment of biosensors and the resulting analytical performance is desired. This is
particularly important as the physical environment of hybrids at solid/solution
interface can differ greatly from that of hybrids formed in the bulk solution
(Watterson et al., 2000). Several useful schemes for attaching nucleic acid probes
onto electrode surfaces have thus been developed. The exact immobilization
protocol often depends on the electrode material used for signal transduction.
Common probe immobilization schemes include attachment of biotin-func-
tionalized probes to avidin-coated surfaces (Ebersole et al., 1990), self-assembly
of organized monolayers of thiol functionalized probes onto gold transducers
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Fig. 2. Schematic preparation of the mixed thiol-derivatized single-stranded oligonucloetide/
6-mercapto-1-hexanol monolayer in a solution containing the target DNA. (A) Adsorption
of the ssDNA (HS-ssDNA); (B) formation of the mixed layer after the addition and ad-
sorption of mercaptohexanol; (c) Hybridization step. (Reproduced from Levicky et al., 1998
with permission.)

(Levicky et al., 1998), carbodiimide covalent binding to an activated surface
(Millan et al., 1992), use of conducting polymers (Livache et al., 1995), as well as
adsorptive accumulation onto carbon-paste or thick-film carbon electrodes
(Wang et al., 1996a). The use of alkanethiol self-assembly methods has been
particularly attractive for fabricating reproducible probe-modified surfaces with
high hybridization activity (Levicky et al., 1998). For this purpose, the DNA is
commonly immobilized on gold by forming mixed monolayers of thiol-deri-
vatized single-stranded oligonucloetide and 6-mercapto-1-hexanol (Figure 2).
The thiolated probe is ‘put upright’ as a result of such co-assembly with a short-
chain alkanethiol. The latter, along with a hydrophilic linker (between the thiol
group and DNA), is often used for minimizing non-specific adsorption effects
(of unwanted non-hybridized DNA adsorbates). Such monolayer-based struc-
tures can also provide a general route for linking to the surface relevant (enzyme
or redox) labels.

The electropolymerization route is attractive for localizing the oligonucleotide
probes on small electrode surfaces, as desired for the fabrication of high-density
DNA arrays. The copolymerization of pyrrole monomers with pyrrole mon-
omers functionalized with the oligonucleotide is particularly attractive for this
task (Livache et al., 1995).

Despite this considerable progress there are many fundamental questions
concerning the surface orientation and accessibility, and the nature of the
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Fig. 3. The coupling of magnetic separation and electrochemical detection of DNA hybrid-
ization, illustrated here using an enzyme tracer. (a) Introduction of the oligomer-coated
beads; (b) addition of the biotinylated target (T) oligomer — hybridization event; (c) addition
of the streptavidin-enzyme and its conjugation with the biotinylated target (of the duplex);
(d) addition and enzymatic reaction of the substrate; (e) placement of a droplet onto the
thick-film electrode. (Reproduced from Palecek et al., 2002b with permission.)

interfacial molecular interactions. Surface characterization techniques (e.g.,
XPS, reflectance IR ellipsometry) can shed useful insights into the surface cov-
erage and organization (Levicky et al., 1998).

Palecek (Palecek et al., 2002¢) and Wang (Wang et al., 2002a) proposed a new
method in which the DNA hybridization is performed at commercially available
magnetic beads, while the electrochemical detection on detection electrodes
(DE) (e.g., Figure 3). Such magnetic isolation of the duplex and efficient re-
moval of unwanted (non-hybridized) constituents successfully address errors
associated with non-specific adsorption effects and obviates the need for de-
signing advanced surface layers. High sensitivity and specificity in the detection
of relatively long DNA targets has been documented (Palecek et al., 2002b).

2.2. The hybridization event

The development of electrochemical DNA biosensors (as well as other DNA
biosensors) requires proper attention to experimental variables affecting the
hybridization event at the transducer—solution interface. These include the
salt concentration, temperature, viscosity, the presence of accelerating agents,
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contacting time, base composition (% G+ C), and length of probe sequence.
Careful control of the hybridization event is thus required. The stability of
hybrids formed between strands with mismatched bases is decreased according
to the number and location of the mismatches. Many DNA biosensors are not
capable of selectively detecting a point mutation, as desired in numerous prac-
tical situations. Controlling the stringency of hybridization, particularly using
elevated temperatures, can thus be used for discriminating among oligonucleo-
tide hybrids (including mismatch discrimination). Control of the hybridization
time can be used for tuning the linear dynamic range, with shorter time offering
an extended range at the cost of lower sensitivity (Wang et al., 1997a,b). De-
tection limits ranging from the nanomolar to the picomolar concentration range
can thus be achieved in connection to 5 and 60 min hybridization times. Even
lower detection limits can be attained in connection to advanced amplification
protocols (described below).

We have demonstrated that significantly enhanced selectivity can be achieved
by the use of peptide nucleic acid (PNA) probes (Wang et al., 1996b). Such
DNA analog possess an uncharged pseudopeptide backbone (instead of the
charged phosphate-sugar one of natural DNA). Owing to their neutral back-
bone, PNA probes offer greater affinity in binding to complementary DNA,
and improved distinction between closely related sequences (including the de-
tection of single-base imperfections). This is attributed to the fact that a mis-
match in PNA/DNA duplexes is much more destabilizing than in DNA/
DNA duplexes (with a lowering of the 7, by 15°C vs. 11°C, respectively). Such
mismatch discrimination is of particular importance in the detection of disease-
related mutations.

Proper attention should be given also to the reusability of the DNA biosen-
sors, namely to the regeneration of the surface-bound single-stranded probe
after each assay. Both thermal and chemical (sodium hydroxide, urea) regen-
eration schemes have been shown useful for ‘removing’ the bound target in
connection with different DNA biosensor formats. Even more elegant is the use
of controlled electric fields for facilitating the denaturation of the duplex (Cheng
et al., 1998). Such electronic control has been used also for differentiating
among oligonucleotide hybrids. Mechanically renewed electrodes, including
polishable biocomposites and graphite pencils, have also been used for regen-
erating a ‘fresh’ probe layer (Wang et al., 1998a, 2000). Alternately, one can use
“one-shot” screen-printed electrodes, similar to those used for self-testing of
blood glucose, and hence obviate the need for regeneration (Wang et al., 1996a).
Such disposable DNA sensor strips also meet the needs of many decentralized
genetic testing.

2.3. Electrochemical transduction of DNA hybridization

The hybridization event is usually detected via the increased current signal of a
redox indicator (that associates with the newly formed surface hybrid), or from
changes in electrochemical parameters (such as capacitance or conductivity), or
in the redox activity of the nucleic acid resulting from the duplex formation.
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2.3.1. Indicator-based detection

Earlier devices have relied primarily on the use of redox hybridization indicators
(Mikkelsen, 1996). Such indicators are small electroactive DNA-intercalating or
groove-binding substances, that posses a much higher affinity for the resulting
hybrid compared to the single-stranded probe. Accordingly, the concentration
of the indicator at the electrode surface increases when hybridization occurs,
resulting in increased electrochemical response. Besides effective differentiation
between ss- and double-stranded (ds) DNA, the indicator should possess a well-
defined, low-potential, voltammetric response. Such properties of redox indi-
cators are essential for attaining high sensitivity and selectivity. Both linear-scan
or square-wave voltammetric modes (Millan and Mikkelsen, 1993) or constant-
current chronopotentiometry (Wang et al., 1996¢) can be used to detect the
association of the redox indicator with the surface duplex.

Mikkelsen’s group, that pioneered the use of redox indicators, demonstrated
its utility for detecting the cystic fibrosis AF508 deletion sequence associated
with 70% of cystic fibrosis patients (Millan et al., 1994). A detection limit of
1.8 fmol was demonstrated for the 4000-base DNA fragment in connection to a
Co(bpy)s " marker. High selectivity toward the disease sequence — but not to the
normal DNA — was achieved by performing the hybridization at an elevated
temperature of 43°C. Such use of the electrochemical transduction mode re-
quires that proper attention be given to the choice of the indicator and its
detection scheme. Our laboratory demonstrated the use of the Co(phen)3* in-
dicator, in connection to a carbon-paste chronopotentiometric transducer and
PNA probes, for detecting single-base imperfections in the p53 gene (Wang et
al., 1997a,b). Other useful redox-active indicators include bisbenzimide dyes
such as Hoecht 33258 (Hashimoto et al., 1994) or anthracycline antibiotics such
as daunomycin (Marrazza et al., 1999). A daunomoycin-based chronopotentio-
metric biosensor was combined with PCR amplification of DNA extracted from
whole blood for the genetic detection of apolipoprotein E polymorphism (Mar-
razza et al., 2000).

New electroactive indicators, offering better distinction between ss-and
dsDNA have been developed for attaining higher sensitivity. Very successful
has been the recent use of a threading intercalator ferrocenyl naphthalene diimide
(FND) (Takenaka et al., 2000) that binds to the DNA duplex more tightly than
usual intercalators and displays a negligible affinity to the single-stranded probe.
This duplex-specific threading indicator resulted in a detection limit of 10 zmol in
connection to differential pulse voltammetric monitoring of the hybridization
event (Figure 4). The oligonucleotide probe was chemisorbed onto gold elec-
trodes through a thiol anchor. Table 1 summarizes common redox-active indi-
cators used in electrochemical DNA hybridization biosensors. Oligonucleotides
bearing electroactive reporter molecules, such as ferrocene or anthraquinone
tags, have also been considered for electrical detection of surface hybridization
(Ihara et al., 1997, Kertez et al., 2000). Ferrocene tags are being used in a new
hand-held device, the CMS eSensor ™ system of Motorola Inc., that can detect
up to 48 different sequences in connection to elegant surface chemistry (com-
bining self-assembly of thiolated probes and phenylacetylene ““molecular wires”)
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Fig. 4. Differential pulse voltammograms for the ferrocenyl naphthalene diimide indicator at
the dT,g-modified electrode before (a) and after (b) hybridization with dA,, Also shown, the
chemical structure of the indicator. (Reproduced from Takenaka et al., 2000 with permission.)

Table 1. Examples of redox-active indicators used for the biosensing of DNA hy-
bridization

Indicator Detection mode Electrode  E,,/vs. Ag/AgCl, V References
transducer

Co(bpy)3* Cyclic voltammetry Carbon 0.15 Millan and Mikkelsen,
paste 1993

Co(phen)3 ™ Chronopotentiometry ~ Carbon 0.15 Wang et al., 1996
paste

Hoechst 33258 Pulse voltammetry Gold 0.58 Hashimoto et al., 1994

Daunomycin Chronopotentiometry  Screen- 0.45 Marrazza et al., 1999
printed

Ferrocenyl Pulse voltammetry Gold 0.50 Takenaka et al., 2000

naphthalene diimide

and a highly sensitive alternative-current voltammetrix detection (Umek et al.,
2000). An attractive reagentless biosensor, based on a ferrocene-tagged DNA
stem-loop structure, was developed recently (Fan et al., 2003). Such use of
molecular-beacon like labeled DNA leads to hybridization-induced changes in the
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Fig. 5. Electrical detection of DNA hybridization based on surface-confined molecular bea-
cons. The hybridization event changes the distance between the label (conjugated to the
oligonucleotide probe) and the electrode surface. (Based on Fan et al., 2003.)

distance between the label and the electrode surface, and hence in the electron-
transfer efficiency (Figure 5). The resulting changes in the cyclic voltammetric
signal offer convenient measurements of DNA targets down to the 10 pM level,
and an impressive dynamic range over six orders of magnitude.

2.3.2. Use of enzyme labels for detecting DNA hybridization

Enzyme labels have been widely used in bioaffinity sensors, particularly in
immunosensors. The use of enzyme tags to generate electrical signals offers also
great promise for ultrasensitive electrical detection of DNA hybridization.
Heller’s group (de Lumley et al., 1996; Zhang et al., 2003) demonstrated that a
direct low-potential sensitive amperometric monitoring of the hybridization
event could be achieved in connection to the use of horseradish peroxidase
(HRP) labeled target and an electron-conducting redox polymer. In this system
the hybridization of enzyme-labeled oligo(dA),s target with oligo(dT),s probe,
covalently attached to electron-conducting redox hydrogel, resulted in the ‘wir-
ing’ of the enzyme to the transducer and in a continuous hydrogen-peroxide
electroreduction current. A single-base mismatch in an 18-base oligonucleotide
was thus detected using a 7-um-diameter carbon fiber electrode. Such enzymatic
amplification facilitated measurements down to the zmol (3000 copies; 0.5 fM)
level using 10 ul sample droplets (Zhang et al., 2003) (Figure 6). A HRP
label has been combined by Willner’s group (Patolsky et al., 1999) with a bio-
catalytic precipitative accumulation of the enzyme-generating product to
achieve multiple amplifications, and hence extremely low detection limits.
Chronopotentiometry and faradaic impedance spectroscopy were employed for
detecting the biocatalyzed deposition reaction. Applicability for the detection of
mutations relevant to the Tay-Sachs genetic disorder was demonstrated. The
use of enzyme-linked immunoassay for electrical sensing of DNA hybridization
was also demonstrated (Palecek er al., 2002b). Such protocol relied on mod-
ifying the DNA target with osmium tetroxide,2,2’-bipyridine (Os,bipy). The
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Fig. 6. Highly sensitive amperometric monitoring of DNA hybridization based on the use of
HRP labeled target and an electron-conducting redox polymer. Current increments upon
raising the hydrogen peroxide concentration from 0 to 1mM. (a) Without the analyzed
sequence in the droplet; (b) with 0.1 fM perfectly matched analyzed sequence; (c) as in (b), but
with a mismatched base; (d) as in (b), with two mismatched bases. (Reproduced from Zhang
et al., 2003 with permission.)

DNA-Os,bipy adduct was determined by an enzyme immunoassay. A one-step
enzymatic reaction involving glucose oxidase was recently used for the direct
detection of genes in mRNA extracted from animal tissues (Xie et al., 2004).

Enhanced amplification of DNA-sensing processes was also achieved by us-
ing liposomes labeled with multiple HRP tags in connection to faradaic imped-
ance spectroscopic detection (Alfonta et al., 2001) (e.g., Figure 7). Such use of
functionalized liposomes resulted in a dramatic signal amplification (of ca. 10°).
The same enzyme label was employed for quantitative pulse amperometric
monitoring of PCR amplification (Wojciechowski et al., 1999) and for differ-
ential pulse measurements of sequences related to human cytomegalovirus
DNA (Azek et al., 2000). Another attractive enzyme for amplified electrical
assay, bilirubin oxidase, can be used in connection ambient oxygen as the
substrate, to offer the detection of ~1000 DNA copies (Zhang et al., 2004). The
coupling of enzyme-based DNA assays with an efficient magnetic removal of
unwanted sample constituents has been illustrated in our laboratory (Wang et
al., 2002a). A dramatic amplification of alkaline phosphatase (ALP)-based
electrical DNA hybridization was obtained using carbon nanotubes (CNT),
carrying numerous enzyme tracers and accumulating the enzymatically liber-
ated product on CNT-modified transducer (Wang et al., 2004). A coverage of
around 9600 enzyme molecules per CNT (i.e., binding event) allowed ultrasen-
sitive measurements down to the 1.3zmol level in 25 pl samples.

2.3.3. Use of nanoparticle tracers

Recent activity has led to powerful nanoparticle-based electrochemical DNA
hybridization assays (Wang et al., 2001a; Authier et al., 2001; Cai et al., 2002;
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Fig. 7. Amplified electrical detection of DNA hybridization using HRP-functionalized lipo-
somes and biocatalytic precipitation of the product of the enzymatic reaction. (Reproduced
from Alfonta et al., 2001 with permission.)

Ozsoz et al., 2003). Such protocols have relied on binding of the gold (Wang
et al., 2001a; Authier et al., 2001), silver (Cai et al., 2002), or CdS (Wang et al.,
2002c) nanoparticles to the captured target, followed by dissolution and anodic-
stripping electrochemical measurement of the metal tracer. This method takes
advantage of the inherent signal amplification (preconcentration) of electro-
chemical stripping analysis of dissolved metal particle tags. Catalytic enlarge-
ment of the colloidal gold label has been useful for further enhancing the
sensitivity of nanoparticle-based stripping DNA detection (Wang et al., 2001a).
Solid-state measurements of metal-nanoparticle tracers (without acid dissolu-
tion) have also been described (Wang et al., 2002b).

Inorganic nanocrystals have paved the way for a multi-target electrochemical
DNA detection (Wang et al., 2003a). Three encoding nanoparticles (zinc sulfide,
cadmium sulfide, and lead sulfide) have thus been used to differentiate the
signals of three DNA targets in connection with a sandwich hybridization assay
and stripping voltammetry of the corresponding metals (Figure 8). Each hy-
bridization event thus yields a distinct voltammetric peak, whose position and
size reflects the identity and level, respectively, of the corresponding target.
Recent efforts have demonstrated the ability to create large particle-based li-
braries for electrochemical coding, based on the judicious design of encoded
‘identification’ beads or wires (Wang et al., 2003b). By incorporating different
levels of multiple metal-particle markers, such beads or rods lead to a large
number of unique stripping voltammetric signatures (i.e., electrical barcodes).

2.3.4. Label-free electrochemical biosensing of DNA hybridization

Increased attention has been given recently to direct /label-free electrochemical
detection schemes, in which the hybridization event triggers a change in an
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Fig. 8. Use of different quantum-dot tracers for electrical detection of multiple DNA targets.
Stripping voltammograms for a solution containing dissolved ZnS, CdS, and PbS nanopar-
ticle tracers. (Reproduced from Wang et al., 2003a with permission.)
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electrical signal. Such protocols greatly simplify the sensing protocol (as they
eliminate the need for the indicator addition/association/detection steps) and
offers an instantaneous detection of the duplex formation. Such direct, in-situ
detection can be accomplished by monitoring changes in the intrinsic redox
activity of the nucleic acid target or probe or changes in the electrochemical
properties of the interface.

The electroactivity of DNA was demonstrated by Palecek over 40 years ago
(Palecek, 1958, 1960). Palecek (1958) also demonstrated the ability of electro-
analysis to monitor DNA renaturation processes. Among the four nucleic acids
bases, the guanine moiety is most easily oxidized and is most suitable for such
indicator-free hybridization detection (Palecek, 1996). It is possible to exploit
changes in the guanine response accrued from the hybridization event for label-
free detection of target DNA (Johnston et al., 1995; Wang et al., 1998b; Wang
et al., 2001b; Palecek et al., 2002a). To overcome the limitations of the probe
sequences (absence of G), guanines in the probe sequence were substituted by
inosine residues (pairing with C’s) and the hybridization was detected through
the target DNA guanine signal (Wang et al., 1998b). A greatly amplified gua-
nine signal, and hence hybridization response, can be obtained by using the
electrocatalytic action of a Ru(bpy)3" redox mediator (Johnston et al., 1995).
This involves the following catalytic cycle:

Ru(bpy);* — Ru(bpy);" +e~ (1)

Ru(bpy);" +G — Ru(bpy);* + G* )

The presence of a guanine-containing nucleic acid target thus creates a catalytic
cycle that results in a large current output (Figure 9). The ability of this
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Fig. 9. Schematic representation of guanine oxidation mediated by a ruthenium complex.
(Reproduced from Li et al., 2003 with permission.)

approach to detect mutations or deletions involving guanine bases has been
demonstrated (Ropp and Thorp, 1999). A single microtiter plate thus allows 672
measurements (480 tests and 192 controls). Tin-doped indium oxide (ITO)
electrodes (with probes linked to a self-assembled phosphonate monolayers)
have been particularly useful for such Ru(bpy)3 " -mediated guanine-oxidation
hybridization detection protocol (Napier et al., 2000; Popovich et al., 2002). The
coupling of the Ru(bpy); "-mediated guanine oxidation with CNT nanoelec-
trode array has facilitated the detection of subattmoles of DNA targets (Koehne
et al., 2004). Such CNT array was applied for label-free detection of DNA PCR
amplicons, and offered the detection of less than 1000 target amplicons. In
addition to anodic measurements of the target guanine, it is possible to use
cathodic stripping measurements of the target adenine for sensitive detection of
DNA hybridization (Palecek et al., 2002c). A copper amalgam electrode was
shown very useful for label-free cathodic stripping voltammetric measurements
of acid-released purine bases, following the hybridization on a separate mag-
netic bead surface (Jelen ez al., 2002).

It is also possible to exploit different rates of electron transfer through ss- and
dsDNA for probing hybridization (including mutation detection) via the per-
turbation in charge migration through DNA. Barton’s group demonstrated that
such charge transport is disrupted by the presence of a single-base mismatch
(Kelley et al., 1999; Boon et al., 2001). Such disruption and point mutation were
detected, using a gold electrode modified with thiolated DNA, by monitoring
changes in the charge transport between an electroactive methylene-blue inter-
calator and a ferricyanide redox species. A substantially smaller electrocatalytic
signal was observed in the presence of the single-base mismatch. Such detection
of mismatches is not dependent on thermodynamic distabilization at the mis-
match site, and hence does not require a stringent hybridization control. Pros-
pects for designing electronic circuits based on manipulation of charge transport
through DNA were discussed (Aich et al., 1999).

Direct, label-free, electrical detection of DNA hybridization has also been
accomplished by monitoring changes in the conductivity of conducting polymer
molecular interfaces, e.g., using DNA-substituted or doped polypyrrole (PPy)
films (Korri-Youssoufi et al., 1997; Wang et al., 1999). For example, Garnier’s
group has demonstrated that a 13-mer oligonucleotide substituted polypyrrole
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Fig. 10. An ion-channel sensor based on a PNA probe immobilized on gold electrode, and
detection of the hybridization based on the electrostatic repulsion of a negatively charged redox
marker (shown as an octahedron). (Reproduced from Aoki et al., 2000 with permission.)

film displays a decrease current response during the duplex formation (Korri-
Youssoufi et al., 1997). Such change in the electronic properties of PPy has been
attributed to bulky conformational changes along the polymer backbone due to
its higher rigidity following the hybridization. Janata’s group (Thompson et al.,
2003) developed a label-free cyclic-voltammetric hybridization detection proto-
col based on modulating the ion-exchange properties of the PPy/DNA layer
(associated with changes in the charge during the hybridization event). Label-
free real-time conductivity detection of DNA hybridization can also be accom-
plished using one-dimensional nanowires, bridging two closely spaced electrodes.
This relies on the binding of negatively charged DNA target to neutral PNA
probes — immobilized on p-type silicon nanowires — that leads to an increase
conductance owing to an increased surface charge (Hahm and Lieber, 2004).

2.3.5. Other attractive routes and amplification schemes

New avenues for generating the hybridization signal are currently being
explored in several laboratories. Siontorou et al. (1997) reported on the use of



Electrochemical Nucleic Acid Biosensors 189

Magnetic < Hybridization a. }'.- o ] Pt
bead+ > (s ] 3 F
probe . % o = Q' g Boad J
p : - 5 & % d ution/detection —
A W 0;,-:-7 f e b (4] (LN >
e o = (o] 2 et
Target ,L
labeled
i Magnetic capture

A B C
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self-assembled bilayer lipid membranes (BLMs) for the direct monitoring of DNA
hybridization. A decrease in the ion conductivity across the lipid membrane sur-
face, containing the single-stranded probe, was observed during the formation of
the duplex. This was attributed to alterations in the ion permeation associated
with structural changes in the BLM accrued by the desorption of the dsSDNA. The
mechanism of interaction between oligonucleotides and BLM films was examined
(Hianik et al., 2000). Umezawa’s group developed a novel ion-channel protocol for
the indirect biosensing of DNA hybridization (Aoki et al., 2000). The system relied
on the electrostatic repulsion of the diffusing ferrocyanide redox marker, accrued
from the hybridization of the negatively charged target DNA and the neutral PNA
probe (Figure 10). High specificity toward mismatch oligonucleotides was dem-
onstrated. Willner’s group described a related approach for amplifying DNA
hybridization signals, based on the use of negatively charged liposomes (Patolsky
et al., 2000). Such liposomes bind to the bound target to form a ‘giant’ negatively
charged interface that repels the anionic redox probe. The resulting barrier to the
interfacial electron transfer was monitored by Faradaic impedance spectroscopy.
Internal encapsulation electroactive tags within polymeric carrier beads offer an
attractive route for ultrasensitive electrical DNA detection (Wang et al., 2003c)
(Figure 11). The resulting ‘electroactive beads’ are capable of carrying a huge
number (>10°) of the ferrocene marker molecules and offer a remarkable am-
plification of single hybridization events (along with zmol detection limits).

Johansson’s group demonstrated that changes in the capacitance of a thio-
lated-oligonucleotide modified gold electrode, provoked by hybridization to the
complementary strand (and the corresponding displacement of solvent mole-
cules from the surface), can be used for monitoring in high sensitivity and speed
the hybridization event (Berggren et al., 1999).

3. CONCLUSIONS AND OUTLOOK

Over the past decade we have witnessed a tremendous progress toward the de-
velopment of electrochemical DNA biosensors. Such devices are of considerable
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interest due to their tremendous promise for obtaining sequence-specific infor-
mation in a faster, simpler, and cheaper manner compared to traditional nucleic
acid assays. The instrumentation for electrochemical DNA detection is signifi-
cantly cheaper and smaller than that of comparably sensitive non-electrochemical
methods. In addition to excellent economic prospects, such devices offer inno-
vative routes for interfacing (at the molecular level) the DNA-recognition and
signal-transduction elements, i.e., an exciting opportunity for fundamental re-
search. The realization of instant decentralized (medical, forensic, or environ-
mental) DNA testing would require additional developmental work. Particular
attention should be given to the major challenges associated with assays of real-
world genomic samples, including the mismatch discrimination, signal amplifi-
cation, non-specific adsorbates, as well as integration of various processes (in-
cluding sample collection, DNA extraction and amplification, with the actual
hybridization detection) on a single microchip platform containing multiple
functional elements and related microfluidic network. Such integration and min-
iaturization should lead to significant advantages in terms of cost, speed, sample/
reagent consumption, simplicity, and automation. An attractive example is the
recently developed self-contained disposable DNA biochips, combining electro-
chemical detection with electrochemical pumping, sample preparation (cell pre-
concentration and lysis), and PCR amplification, that have been successfully
applied for whole blood analysis (Liu et al., 2004). Electronic readouts are ex-
pected to be particularly attractive for DNA microarrays. The multiplexing of
multiple biosensors into useful sensor arrays should lead to the simultaneous
analysis of multiple nucleic acid sequences, and hence to the generation of char-
acteristics hybridization patterns and acquisition of expression information.
Screening of DNA—protein or DNA—drug interactions would also benefit from
such DNA microarrays. Given the rapid pace of advances in this field, the de-
velopment of miniaturized, easy-to-use electrochemical DNA diagnostic systems
for large-scale genetic testing seems a realistic goal.
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1. INTRODUCTION

The elucidation of the human genome paved a tremendous interest in the de-
velopment of rapid and selective DNA detection methods. The high-throughput
analysis of DNA and DNA mutants has enormous diagnostic significance for
the early detection of genetic disorders in embryos or newborns, or for the
continuous detection of mutations that lead to fatal diseases such as cancer. The
analysis of DNA has other important implications such as the rapid detection of
pathogens for clinical diagnostics or homeland security. Other practical appli-
cations of DNA analysis include tissue matching, environmental and food
quality control, forensic applications, and more.

Not surprisingly, the development of analytical procedures for the analysis of
DNA attracts substantial scientific and industrial efforts. The fundamental
topics that need to be addressed upon the development of DNA analysis sys-
tems include: (i) the sensitivity of the analytical procedures. (ii) the specificity of
the analytical method, and its ability to detect single-base mismatches. (iii) the
possibility to apply the procedure for the parallel and high-throughput analysis
of many DNA targets. (iv) the complexity of the analytical procedure, and the
number of analytical steps involved in the protocol. This latter aspect has im-
portant consequences on the duration of the analysis and its cost-effectiveness.
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Any analytical protocol for the analysis of a target DNA involves the hy-
bridization of the target analyte with a complementary nucleic acid and the
subsequent imaging of the formation of the double-stranded hybrid by physical
means. The optical detection of DNA has been a subject of intense research, and
fluorescence (Epstein et al., 2002), surface plasmon resonance (SPR) (Wang
et al., 2004; Kobori et al., 2004), chemiluminescence (Miao and Bard, 2004; Xu
and Bard, 1995), and other optical methods (Vodinh et al., 1994) were widely
applied for sensing DNA. In this context, the development of arrays of nucleic
acids (DNA chips) that enable the parallel optical imaging of numerous nucleic
acid strands, represents a major breakthrough that advanced gene analysis
(Mockler and Ecker, 2005; Lagally and Mathies, 2004; Auroux et al., 2004). The
recent accomplishments in nanotechnology, and the discovery of the unique size-
controlled optical properties of metal or semiconductor nanoparticles (NPs)
(quantum dots) introduced new approaches for the optical detection of DNA.
The metal-metal interparticle plasmon interactions (Mirkin ef al., 1996), the size-
controlled emission properties of semiconductor NPs (Bruchez et al., 1998), or
the semiconductor NP-stimulated fluorescence resonance energy transfer
(FRET) (Thara et al., 2002; Patolsky et al., 2003a) were applied to develop
analytical procedures for the analysis of DNA. Chemiluminescence provides an
alternative means for the photonic detection of DNA (Patolsky et al., 2002a) and
recent studies have applied catalytic nucleic acids as DNAzymes for chemilumi-
nescence generation in DNA detection schemes (Xiao et al., 2004b).

An alternative approach for DNA analysis involves the electronic readout of
the DNA hybridization event. Bioelectronic detection of DNA is a subject of
immense research in the past two decades. The bioelectronic DNA sensing
device (Palecek and Jelen, 2002; Zhai et al., 1997; Mikkelsen, 1996; Fojta, 2002;
Wang et al., 1997; Nicolini et al., 1997) (Figure 1) includes an electronic element
that upon recognizing the target DNA transduces the hybridization event into
an electronic signal to the macroscopic environment. The transducer is usually
modified with a nucleic acid interface that is complementary to the analyte
DNA. Hybridization of the analyte DNA with the sensing matrix alters the
interfacial properties of the transducer, thus allowing the quantitative assay of
the DNA. Electrodes (Palecek and Jelen, 2002), field-effect transistors (ISFET)
(Shin et al., 2004), or piezoelectric crystals (Nicolini et al., 1997) were widely
applied to transduce DNA hybridization events at the respective interfaces.
Changes in the impedance properties of the conductive surfaces (Katz and
Willner, 2003; Alfonta et al., 2001; Patolsky et al., 1999a) or control of the
redox functions of the electrodes (Gibbs et al., 2005; Immoos et al., 2004a,b)
were employed to transduce the hybridization events on electrode supports.
Similarly, the control of the gate potential of ISFET devices, and consequently,
the current flow through the devices, was controlled by the DNA hybridization
(Shin et al., 2004). Also, mass changes occurring upon the hybridization of
DNA on functionalized piezoelectric crystals were employed to electronically
transduce DNA sensing by following the crystal frequency changes (Nicolini
et al., 1997).

Besides the optical and electronic transduction of DNA hybridization, recent
efforts are directed to the application of micro/nanoscale devices and single



Amplified Electrochemical and Photoelectrochemical Analysis of DNA 197

Electronic
output

DNA-primer DNA-analyte ds-DNA-complex
Transducer o
surface
—>.
Hybridization @

Electronic transducers

~

Interface

Vgs
| Reference
=) Electrode
l/ Sensing
R It IS 53

Electrode T

E e BtoniE s Drainsi

~
Source

Piezoelectric
" crystal

Field-effect transistor

Fig. 1. Bioelectronic DNA sensors based on conductive electrodes, field-effect transistors
and piezoelectric crystals.

molecule interactions to follow base-pairing. The force exerted to unzip a double-
stranded DNA assembled between an AFM tip and a surface, and the effect of
base mismatches on the “‘unzipping” force was used to sense DNA (Sattin
et al., 2004; Albrecht et al., 2003; Krautbauer et al., 2003). Also, the force
interactions between a hydrophobic AFM tip and the double-strand formed
between a peptide nucleic acid (PNA) and a DNA was used to probe the
hybridization process (Lioubashevski et al., 2001). Microscale mechanical
devices were used to analyze DNA and single-base mismatches. For example,
the stress developed on an AFM cantilever, and the resulting deflection of the
cantilever, as a consequence of electrostatic repulsive interactions formed on
the lever upon hybridization of the DNA, was employed to analyze nucleic acids
and single-base mismatches (Fritz et al., 2000; Wu et al., 2001). Also, the
magneto-mechanical deflection of cantilevers modified with nucleic acid-
functionalized magnetic particles as labels was reported to monitor
DNA hybridization and single-base mismatches in the double-stranded DNA
(Weizmann et al., 2004).

The electrochemical transduction of nucleic acids hybridization became
a common practice in DNA analysis. Early examples have included the appli-
cation of redox labels that bind to DNA (Jelen et al., 2002; Gooding, 2002).
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The enhanced binding of the redox labels to double-stranded DNA due to
electrostatic attraction and intercalation to major or minor groove regions was
used to probe the DNA duplex formation. Redox labels such as Co(III)-tris
phenanthroline, Co(Phen)3 ", the redox dyes, such as Hoechst dye 33258 or
methytene blue, were employed in these electrochemical studies (Hashimoto
et al., 1994; Erdem et al., 1999). Composite redox-active intercalators such as
the bisferrocene-tethered naphthalene diimide (1) were used for the electro-
chemical analysis of double-stranded DNA (Figure 2(A)) with a reported
detection limit of ca. 1072 mol (Takenaka ef al., 2000). Figure 2(B), curves (b)
and (c), show differential pulse voltammograms recorded in the presence, and in
the absence, of the double-stranded DNA reacted with the redox-active inter-
calator, respectively. A different approach for the electrochemical analysis of
DNA has included the application of redox-tethered beacons as sensing ele-
ments (Fan et al., 2003), (Figure 3(A)) Ferrocene tethered to the beacon termini
exhibited effective electrical communication with the electrode, leading to an
amperometric signal (Figure 3(B)). The hybridization of the analyte DNA with

A )
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Fig. 2. (A) Electrochemical analysis of DNA using the bisferrocene-tethered naphthalene
diimide (1) as a redox-active intercalator associated with the surface-confined ds-DNA. (B)
Differential pulse voltammograms recorded in the presence of CCGCTTATCTT-
CAGTTTTCG-functionalized Au electrode: (a) before hybridization, (b) after hybridization
with the plasmid DNA, which carried a part of the yeast choline transport gene with a
complementary oligonucleotide sequence, and (c) after the interaction with the plasmid DNA
that did not carry the complementary oligonucleotide. The data were obtained in acetate
buffer, 50 mM, pH = 5.2, scan rate, 100mVs™", pulse amplitude, 50mV. (Part B is adapted
from Takenaka et al., 2000, Figure 3(A), with permission.)
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Fig. 3. (A) Electrochemical DNA sensor based on a redox-active label-functionalized DNA
beacon self-assembled monolayer on a Au electrode. (B) Anodic linear sweep voltammo-
grams of the DNA sensor in the presence of different concentrations of the complementary
DNA: (a) 0 M, (b) 30 pM, (c) 500 pM, (d) 30nM, (e) 800 nM, and (f) 5 uM. The hybridization
time interval was 30 min. Inset: the calibration curve of the anodic peak currents recorded at
different concentrations of the DNA-analyte. (Part B is adapted from Fan et al., 2003, Figure
2, with permission.)

the hairpin loop distorted the redox label from electrical contact with the elec-
trode, and blocked its amperometric signal. This concept was recently extended
by Holmberg et al. (2003) by applying electrocatalytic reactions that employ the
redox functions of the relay to activate secondary biocatalytic reactions.

The use of charge transport properties of double-stranded DNA have been
suggested as a method to follow DNA hybridization and mismatches in the
duplexes (Kelley et al., 1999) (Figure 4(A)). The redox-active intercalator
methylene blue (2) is reduced to the leuco-form by electron transport through
the double-stranded DNA. The latter reduced intercalator mediates the reduc-
tion of ferricyanide in the electrolyte solution, giving rise to an amperometric
response, Figure 4(B). A mismatch in the double-stranded DNA was reported
to perturb the electron transfer through the DNA, and to block the electro-
chemistry of methylene blue, and consequently, the reduction of [Fe(CN)¢J*~.
A further method for the electochemical detection of DNA was developed by
Motorola Clinical Micro Sensors, and it is based on long-range electron transfer
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Fig. 4. (A) Electrochemical DNA analysis based on the electrocatalyzed reduction of ferri-
cyanide by the redox-active intercalator, methylene blue (2), associated with the ds-DNA
assembly. (B) Cyclic voltammograms recorded after reaction of the DNA-primer with: (a)
fully complementary DNA-analyte, (b) One-base mismatch-containing DNA. The data were
recorded in the presence of ferricyanide, 2mM, and methylene blue, 2 uM, potential scan
rate, 100mVs~'. (Part B is adapted from Kelley e al., 1999, Figure 7, with permission.)

using molecular wires as conductors (Umek et al., 2001) (Figure 5(A)). An
ordered mixed monolayer composite, consisting of a thiolated nucleic acid
primer (3), an aryl-acetylene molecular wire (4) (for electrical conduction) and
an oxyethylene alcohol-terminated component (5) (to prevent non-specific
adsorption), was linked to an electrode. A tri-component ‘‘sandwich-type”
hybridization process was then used for the electrochemical detection of the
target DNA (6). The single-stranded DNA target was hybridized with the nu-
cleic acid units (3) associated with the monolayer. A single-strand part of the
target was then hybridized with a signaling-probe nucleic acid bound to
ferrocene (7). The electrical contacting of the ferrocene units with the electrode
through the aryl-acetylene wires provided a means to readout the hybridization
of the interface with the sensing interfaces (Figure 5(B)).

The development of electrochemical DNA sensors of practical utility relies,
however, on the design of systems with high sensitivities. Most of the direct
electrochemical DNA detection schemes reveal limited sensitivities and require
the pre-PCR (polymerase chain reaction) amplification of the target analytes.
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Fig. 5. (A) Electrochemical DNA sensor based on long-range electron transfer across a
composite mixed monolayer. (B) Voltammmograms recorded after the DNA-primer was
reacted with: (a) the complementary DNA-analyte; (b) a foreign non-complementary DNA,
followed by the reaction with a redox-labeled DNA (7). (Part B is adapted from Umek et al.,
2001, Figure 1(C), with permission.)

The intrinsic limitations in PCR amplification, and the duration associated with
the PCR processes, suggest that the design of amplified electrochemical DNA
sensors could be an attractive analytical method for DNA analysis. The concept
of amplified electrochemical analysis is schematically depicted in Figure 6. The
analyzed DNA (8) is hybridized with the sensing nucleic acid (9) that is asso-
ciated with the electrode. A third, labeled nucleic acid (10), is hybridized with the
single-stranded segment of the analyzed DNA. The label activates then a chem-
ical or physical process that amplifies the primary hybridization process with the
analyte. Such amplification may be catalytic or biocatalytic processes that release
numerous electroactive molecules as a result of a single recognition event.
Alternatively, the label associated with the hybrid complexes generated by a few
recognition events may catalyze the formation of nanostructures that either alter
the electrical properties of the system (e.g., conductivity), or eventually, may lead
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Fig. 6. Amplified DNA sensing using catalytically active labels.

to the dissolution of numerous electroactive molecular or ionic components. A
different method to amplify the DNA recognition event may include the asso-
ciation of a label that significantly alters the interfacial properties of the elec-
trode, to an extent that the capacitance or the electron transfer features at the
electrode support are altered. The present chapter reviews different analytical
schemes for the amplified electrochemical detection of DNA. The discussion
addresses the sensitivities of the different methods and describes the complexity
of the different analytical schemes by detailing the amplification steps.

2. ENZYME-AMPLIFIED ELECTROCHEMICAL ANALYSIS OF
DNA

Figure 7 depicts the principle for the biocatalytic amplification of DNA sensing.
An enzyme label linked to a nucleic acid is hybridized with the complex formed
between the primer and the analyte DNA. The enzyme stimulates the
bioelectrocatalytic oxidation (or reduction) of a substrate, leading to a cata-
lytic current upon the formation of numerous product units (Figure 7(A)).
Alternatively, the enzyme may either generate a redox-active product that is
electrochemically analyzed, Figure 7(B), or eventually, the biocatalyst may yield
a product that controls the surface properties of the electrode (e.g., an insulating
precipitate on the electrode) (Figure 7(C)). The enzymatic amplification of
electrochemical DNA analysis has many further modifications and extensions.
For example, molecular species that interact with double-stranded DNA may be
electrocatalytically activated to yield the substrate for a biocatalytic process.



Amplified Electrochemical and Photoelectrochemical Analysis of DNA 203

DNA-primer EfEyme-
labeled DNA  Product

DNA-analyte

Electrocatalytic current

Substrate

Enzyme

Electrode E

Redox-active
product

e

VO AVAN 0,

Substrate

Enzyme

ciectrode | @

Precipitation/Adsorption  |nsoluble

C I product
‘ \e'
§ :<7< Redox-probe Substrate
g ~\
§ SOO\V/\O
wie Enzyme

Fig. 7. Amplified electrochemical DNA sensing employing biocatalytic labels that result in:
(A) a bioelectrocatalytic process, (B) generation of a redox-active product, (C) yielding in-
terfacial changes, e.g., the precipitation of an insoluble product on the conductive support.

Heller and co-workers (De Lumley-Woodyear et al., 1996) have used horse-
radish peroxidase (HRP) linked to a nucleic acid as bioelectrocatalytic label for
the amplified amperometric detection of DNA (Figure 8). The hybridization of
the DNA functionalized with a biocatalytic label (11) to a DNA probe (12), and
the integration of the biocatalytic DNA duplex conjugate with a redox-active
hydrogel (13), enabled the electrical contacting of the biocatalyst toward the
bioelectrocatalyzed reduction of H,O,. A hydrogel (13) consisting of poly-
acrylamide-hydrazide functionalized with [Os(dmebpy),CI] *** (dmebpy = 4.4'-
dimethyl-2,2-bipyridine) redox-active units was modified with a nucleic acid
that probed the hybridization process. The transport of electrons from the
electrode to the biocatalyst by means of the tethered osmium complexes ac-
tivated the bioelectrocatalyzed reduction of H,O, to H,O and the formation of
a bioelectrocatalytic current as a result of the duplex formation. A similar
system was successfully applied to detect electrochemically single-base mis-
matches in DNA by controlling the hybridization temperature (Caruana and
Heller, 1999) (Figure 9(A)). The nucleic acid probe (14) was linked to the hy-
drogel (13), and the fully complementary nucleic acid (15) bound to soybean
peroxidase (SBP) was hybridized with the DNA probe. The nucleic acids (15a)
or (15b), that include four-base mismatches or a single-base mismatch, were
similarly linked to the SPB biocatalyst. Figure 9(B) shows the chronoampero-
metric transients observed upon hybridization of the 15-modified hydrogel with
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Fig. 8. Enzyme-amplified analysis of DNA in a redox-active hydrogel.

14, curve (a), and the mutants 15a or 15b, curves (b) and (c), respectively. The
hybridization was conducted at 57°C, a temperature that is higher than the
melting temperature of 14/15a or 14/15b, but lower than the melting temper-
ature of 14/15. Only the fully complementary nucleic acid-modified SBP gave an
amperometric signal as a result of the bioelectrocatalyzed reduction of H>O,,
indicating that temperature-controlled hybridization of the analyzed DNA may
be used as an effective tool to induce selectivity in the sensing.

A different approach for the amplified bioelectrocatalytic detection of DNA
through mediated electrical contacting of a redox enzyme with the electrode was
demonstrated by the incorporation of redox mediator units into the replicated
DNA hybrid complex (Patolsky et al., 2002b). A thiolated nucleic acid (16)
complementary to a sequence of the 7249-base M13mp18 DNA was assembled
on a Au electrode and hybridized with the analyte DNA (Figure 10). The
resulting double-stranded complex was then interacted with the nucleotide
mixture (ANTPs) that included the ferrocene-tethered deoxyuridine tripho-
sphate (dUTP) (17) in the presence of polymerase (Klenow fragement), and
replication of the duplex structure between (16) and the M13mpl18 DNA was
activated. This process led to the incorporation of the redox-active
ferrocene units into the replicated DNA. The ferrocene units bound to the
double-stranded assembly associated with the electrode activated the
bioelectrocatalyzed oxidation of glucose in the presence of glucose oxidase,
giving rise to an electrocatalytic anodic current that provides an amplified
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Fig. 9. (A) Amperometric transduction of the formation of a double-stranded complemen-
tary DNA complex using an SBP-DNA conjugate as a bioelectrocatalytic amplifier. (B)
Increase of the electrocatalytic currents recorded at 57 °C after adding the SBP-labeled target
DNA: (a) perfectly matched target; (b) target with a single mismatched base; and (c) target
with four mismatched bases. The dashed lines represent the best fit of the data to the theory.
(Part B is adapted from Caruana and Heller, 1999, Figure 3, with permission.)

readout signal for the primary hybridization of the M13mp18 DNA with the
sensing interface. The surface coverage of the double-stranded complex on the
electrode is controlled by the bulk concentration of the analyte M13mpl8
DNA, and thus the surface coverage of the electrode with the ferrocene-labeled
replica, and the resulting transduced currents are controlled by the concentra-
tion of the analyte. This enabled the quantitative analysis of M13mpl18 DNA
with a detection limit that corresponded to 1 x 107"° M.

A different method to employ enzymes for the amplified detection of DNA
involves the application of the biocatalyst label that stimulates the precipitation
of an insoluble product on the electrode support. The formation of an insulating
film represents an amplification path, since numerous insoluble molecules are
generated by the enzyme label as a result of a single recognition event. The
resulting insulating film alters the interfacial properties of the electrode, a process
that can be monitored by impedance spectroscopy that follows the electron
transfer resistances and capacitances at the electrode interface (Katz and
Willner, 2003). Figure 11 depicts two configurations for the amplified analysis of
DNA using alkaline phosphatase (AlkPhos) as the biocatalyst, and the oxidative
hydrolysis of 5-bromo-4-chloro-3-indolyl phosphate (18) to the insoluble indigo
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Fig. 10. Amplified electrochemical detection of the viral M13mp18 DNA by the generation
of a redox-active replica and the bioelectrocatalyzed oxidation of glucose.

derivative (19) as the amplification route (Patolsky et al., 2003b). In one
configuration, Figure 11(A), the probe nucleic acid (20) was assembled on a
Au-electrode, and this was hybridized with the analyte DNA (21). The sandwich-
type hybridization of the biotin-modified nucleic acid (22), followed by the as-
sociation of the avidin—alkaline phosphatase conjugate (23) led to the formation
of the biocatalytic label on the electrode interface, and to the biocatalyzed pre-
cipitation of insoluble product (19) on the electrode. In the second configuration,
Figure 11(B), the enzyme was functionalized with the nucleic acid (24) that
resulted in the direct hybridization of the biocatalytic label with the probe-
analyte complex, and to the precipitation of 19 on the electrode. The analysis of
DNA by these two amplification schemes was followed electrochemically using
Faradaic impedance spectroscopy (and in parallel by microgravimetric quartz
crystal microbalance measurements). The electron transfer resistance at the
electrode interface, in the presence of a redox indicator solubilized in the elec-
trolyte solution, was significantly affected by the formation of the insoluble
product on the surface. Figure 12(A) shows the impedance spectra (in the form
of Nyquist plots) obtained upon the analysis of 21 according to the scheme
outlined in Figure 11(A). The interfacial electron transfer resistance (semicircle
diameter of the plots lying on the Z .-axis) increased upon the build-up of the
nucleic acid complexes on the electrode, and it was significantly altered upon the
precipitation of 19. As the surface coverage of the hybridized analyte DNA is
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Fig. 11. Amplified detection of a target DNA by the biocatalyzed precipitation of an in-
soluble product (19) on the electrode support using: (A) a biotin-labeled nucleic acid and an
avidin/alkaline phosphatase conjugate. (B) A nucleic acid-functionalized alkaline phospha-
tase conjugate.

controlled by its bulk concentration, the surface density of the biotin tags, and
consequently, of the alkaline phosphatase—avidin conjugate units (23), as well as
the extent of the generated precipitate, are related to the bulk concentration of
the analyzed DNA. Indeed, it was found that the increase in the interfacial
electron transfer resistances of the electrode was controlled by the concentration
of the analyzed DNA, thus enabling the quantitative determination of the DNA
concentrations. The sensitivity limit for the detection of DNA by this method
was claimed to be 1x 107'">M. Results for the quantitative electrochemical
analysis of the DNA (21) by the configuration shown in Figure 11(B) are dis-
played in Figure 12(B,C). The interfacial electron transfer resistance increased
upon the biocatalyzed precipitation of 19 by the nucleic acid (24)-functionalized
alkaline phosphatase. The increase in the interfacial electron transfer resistance
at the electrode interface, due to the precipitation of 19 was controlled by the
concentration of the DNA, and the quantitative analysis of 21 was demonstrated
(Figure 12(C)). The latter sensing configuration was successfully applied to
analyze the DNA extracted from blood samples for the existence of the mutation
that leads to the Tay-Sachs genetic disorder. The biocatalyzed precipitation of an
insoluble product for the amplified analysis of DNA was also accomplished
by other systems such as horseradish peroxidase and 4-chloro-1-naphthol as
substrate (Patolsky et al., 1999a).
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Fig. 12. (A) Faradaic impedance spectra (Nyquist plots) of: (a) the 20-functionalized Au
electrode; (b) after interaction of the sensing electrode with 21 (5 x 107° M), pre-treated with
22 (1 x 107> M) for 30 min at 37 °C; (c) upon reacting the resulting assembly with the avidin/
alkaline phosphatase conjugate (23) (10 nmolmL™"); (d) after the biocatalyzed precipitation
of 19 for 20 min in the presence of 18 (2 x 107> M) in 0.1 M Tris-buffer at pH = 7.4; and (e)
and (f) after the biocatalyzed precipitation of 19 for 30 and 40min, respectively. (B)
Faradaic impedance spectra (Nyquist plots) of (a) the 20-functionalized Au electrode, (b)
after the interaction of the sensing electrode with the target DNA 21 (5 x 107° M) pre-treated
with the 24/alkaline phosphatase conjugate (7 x 107> M) for a period of 60 min, (c) after the
biocatalyzed precipitation of 19 for 30 min in the presence of 18 (2 x 107> M) in 0.1 M Tris-
HCI buffer at pH = 7.4. (C) The changes in the electron-transfer resistance, R, upon the
sensing of different concentrations of the target DNA (21) by the amplified biocatalyzed
precipitation of 19 onto the transducer for a period of 30 min. (Adapted from Patolsky et al.,
2003b, Figures 3 and 6, with permission.)
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The biocatalyzed precipitation of an insoluble product on a conductive sup-
port, as an amplification route for electrochemical analysis (Patolsky et al.,
1999b), was further applied to analyze DNA or RNA genes of viruses (Patolsky
et al., 2001a, 2003a,b), and to develop a method for the amplified detection of
single-base mismatches in DNA (Patolsky et al., 2001b). Figure 13(A) outlines
the procedure for the detection of the 11161 base RNA of the vesicular sto-
matitis virus (VSV) (25) (Patolsky et al., 2001a). The electrode was modified
with the probe nucleic acid (26) that hybridized with the RNA extracted from
VSV cells. The replication of the double-stranded assembly in the presence of
the nucleotide mixture dNTPs, that included biotin-labeled dUTP and reverse
transcriptase as replication enzyme, resulted in the biotin-labeled replica on the
electrode surface. The subsequent coupling of the avidin—alkaline phosphatase
conjugate (23) to the labeled replica, followed by the biocatalyzed precipitation
of 19 on the electrode provides the route to analyze the viral RNA. The in-
sulation of the electrode by the insoluble film was then analyzed by means of
Faradaic impedance spectroscopy. This analysis method involves two consec-
utive biocatalytic amplification steps: in the first step numerous biotin tags are
introduced into the DNA replica as a result of a single RNA-binding event. In
the second step, a collection of alkaline phosphatase units are bound to the
biotin tags, and these catalyze the formation of the precipitate 19. Figure 13(B)
displays the impedance spectra upon analyzing 1 x 107'>M VSV RNA. The
increase in the interfacial electron transfer resistance upon replication by reverse
transcriptase, AR = 4.5kQ, was attributed to the increase of the negative
charge associated with the interface as a result of replication, that led to elec-
trostatic repulsion of the negatively charged redox label in the electrolyte,
[Fe(CN)¢]>~/#~, and to a barrier for electron transfer at the interface. The pre-
cipitation of 19 resulted in a pronounced insulation of the electrode and to a
high interfacial electron transfer barrier, AR, = 14.0kQ. The extent of elec-
trode insulation was controlled by the concentration of the viral RNA, and the
procedure enabled the analysis of the RNA with a detection limit of
1 x 1077 M. The same method was applied for the amplified analysis of
M13mpl8 DNA (Patolsky et al., 2001a).

The application of the method in the amplified detection of single-base mis-
matches in DNA (Patolsky ef al., 2001b) is schematically outlined in Figure 14.
The analysis of a 41-base oligonucleotide (27) that includes a single G-mutation,
as compared to the normal gene (28), is exemplified. A probe DNA (29) com-
plementary to the mutant or normal gene, up to one base before the mutation
site, was immobilized on the electrode. Hybridization of the interface with either
the mutant (27) or the normal gene (28) followed by the interaction of the
double-stranded assemblies with biotinylated dCTP and polymerase, resulted in
the incorporation of the biotin label only into the double strand that included
the mutant. The subsequent association of the avidin—alkaline phosphatase
conjugate to the sensing interface, followed by the biocatalyzed oxidative hy-
drolysis of 18 yielding insoluble indigo derivative (19) resulted in the isolation of
the conductive electrode support that was read out by Faradaic impedance
spectroscopy. Note that precipitation occurs only if the single-base mutant (27)
is hybridized with the sensing interface. The similar sequence of the reactions
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Fig. 13. (A) Amplified electronic transduction of the analysis of a viral RNA by the reverse
transcriptase-induced replication of 25 while incorporating biotin labels into the replica, and
the biocatalyzed precipitation of an insoluble product on the transducer. (B)
Faradaic impedance spectra (Nyquist plots) upon the amplified sensing of VSV RNA: (a)
the 26-functionalized Au electrode; (b) after hybridization with the VSV RNA (25),
1 x 10712 M; (c) after the reverse transcription for 45min in the presence of dGTP, dATP,
dTTP, dCTP, and biotinylated dCTP (1:1:2/3:1:1/3, each base 1 mM); (d) after the associ-
ation of the avidin—alkaline phosphatase conjugate (23); (¢) after the biocatalyzed precip-
itation of 19 for 20 min in the presence of 18 (2 x 107> M). (Part B is adapted from Patolsky
et al., 2001a, Figure 5(A), with permission.)
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Fig. 14. Electronic transduction of the analysis of a single-base mutation in an analyte DNA
using the biocatalytic precipitation of an insoluble product on the transducer as an ampli-
fication route.

performed on the sensing interface functionalized with the normal gene (28)
does not result in the binding of the biocatalytic conjugate and, thus, does not
result in the precipitation process. The biocatalyzed precipitation of 19 provides
a means to amplify the sensing process, and the extent of precipitate formed
on the transducer surface is controlled by the amount of the DNA-mutant
associated with the sensing interface and the time interval employed for the
biocatalyzed precipitation. This method was successfully applied for the anal-
ysis of one of the genes responsible for the Tay—Sachs genetic disorder in real
blood samples with no need for PCR pre-amplification.

3. AMPLIFIED ELECTROCHEMICAL DETECTION OF DNA USING
NUCLEIC ACID-FUNCTIONALIZED METALLIC OR
SEMICONDUCTOR NANOPARTICLES

The unique electronic, optical, and catalytic properties of metal or semicon-
ductor NPs have been elucidated in the past decade (Shipway et al., 2000;
Daniel and Astruc, 2004). By the conjugation of metal or semiconductor
NPs with biomolecules, new hybrid materials of new functionalities were gen-
erated, and these enabled the development of new electrochemical, electronic, or
optical biosensor systems (Katz and Willner, 2004; Katz et al., 2004). For ex-
ample, the reconstitution of an apo-enzyme on a Au NP allowed the electrical
contacting of the biocatalyst with the electrode (Xiao et al., 2003). The
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electrical contacting of glucose oxidase by this method generated a bioelectro-
catalytically active enzyme electrode that was applied for glucose sensing. The
optical detection of DNA was extensively studied by the application of nucleic
acid-functionalized Au NPs. The aggregation of the NPs resulted in interpar-
ticle plasmon interactions and the change of the color of the aggregates
upon hybridization (Mirkin ez al., 1996). Similarly, nucleic acid-functionalized
Au-NPs were applied as mass-labels for the microgravimetric quartz-crystal-
microbalance (QCM) analysis of DNA (Zhou et al., 2000; Patolsky et al.,
2000b). The catalytic enlargement of the NPs provided a means to amplify the
QCM analysis path (Willner et al., 2002). The optical detection of DNA was,
similarly, accomplished by the application of the fluorescence properties of
semiconductor NPs (Patolsky et al., 2003a). The replication of double-stranded
DNA complexes between a primer nucleic acid and the analyte DNA on the
CdS-ZnS NPs, with the concomitant incorporation of a dye into the
DNA replica, enabled the readout of the primary hybridization process by a
FRET process from the semiconductor NPs to the dye units.

The use of metal or semiconductor NPs for the amplified detection of
DNA involves usually two steps (Figure 15(A)). In the first step, the nucleic acid-
functionalized NPs are used as labels that hybridize with analyte DNA on a
surface. The surface may be an electrode, a glass support or eventually, magnetic
particles. The hybridization of the NP labels with the different surfaces is aimed
to facilitate the separation of the hybridized NP labels from non-hybridized
particles. In the second step, the NPs are dissolved by electrochemical or
chemical means. The released ions are then analyzed by stripping voltammetry.
Since the number of the NPs relates directly to the concentration of the
analyte on the surface, and as numerous ions are released upon the dissolution of
the NPs, the stripping voltammograms provide a quantitative signal for the
amplified detection of the analyzed DNA. In a further modification of
this protocol, Figure 15(B), the catalytic functions of the metal NPs are utilized
for the enhanced amplified detection of the analytical process. The metal NPs
associated with the double-stranded DNA linked to the separation matrix are
used as catalyst for the deposition of a metal on the NPs. The catalytic en-
largement of the NPs may include the same metal constituting the NPs or,
eventually, other metals (e.g., silver (Ag) on Au NPs). The deposition and en-
largement of the NPs increases the metal mass, and thus, the content of released
ions is increased and the amplified electrochemical analysis of the target DNA is
enhanced.

Magnetic particles were functionalized with avidin and were employed to
bind the biotin-labeled nucleic acid (30) that acted as the sensing interface
(Wang et al., 2001b). Hybridization of Au NPs functionalized with the
complementary DNA (31) enabled the magnetic separation of the magnetic
particle/double-stranded DNA/Au NP conjugates, and their purification
from any free Au NPs by washing. The subsequent dissolution of the
Au NPs in a HBr/Br; solution generated the Au(Ill)-ions that were analyzed
in a separate electrochemical cell by the accumulation of Au on a carbon
electrode and the potentiometric stripping off of the accumulated metal
(Figure 16).
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Fig. 15. (A) DNA analysis based on stripping voltammetry of metal NPs associated with the
sensing interface. (B) Sequential amplification of DNA analysis by stripping analysis using
the catalytic enlargement of the metal NPs associated with the sensing interface, and the
dissolution of the enlarged NPs.

Similarly, Ag NPs were employed for the electrochemical detection of
DNA (Cai et al., 2002). The sensing nucleic acid was immobilized on a chitosan-
modified glassy carbon electrode (GCE), and the complementary Ag-labeled
DNA was hybridized with the interface. The oxidative dissolution of the
metal NPs was followed by the electrochemical detection of the released Ag "
by anodic stripping voltammetry at a carbon fiber ultramicroelectrode.
Figure 17 shows the stripping voltammograms observed upon analyzing
the complementary nucleic acid-functionalized Ag NPs, a nucleic acid that
includes a single base mismatch, and a non-complementary nucleic acid, using
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Fig. 16. Analysis of DNA by stripping voltammetry of metal NPs associated with the sensing
interface linked to magnetic particles.

this procedure. The voltammetric responses were found to correlate with the
concentration of the complementary Ag-labeled nucleic acid, and the sensitivity
limit for analyzing the complementary DNA was estimated to be ca.
1 x 1072 M. An interesting use of the method for the analysis of the 406-base
pair human cytomegalovirus DNA (HCMV DNA) using disposable microband
electrodes was reported (Authier et al., 2001). The sensing nucleic acids were
immobilized on a polystyrene microwell support and the target HCMV DNA
was hybridized with the sensing interface. The subsequent hybridization of Au
NPs functionalized with nucleic acid complementary to the HCMV resulted in
the labeling of the analyzed DNA with the amplifying metal NPs. The sub-
sequent dissolution of the Au NPs with HBr/Br, was followed by the quan-
titative determination of the released Au(IIl) by anodic stripping voltammetry
that used screen-printed microband electrodes. The latter electrode configura-
tion enabled the enhanced mass transfer of the Au(Ill) by non-linear diffusion
during the electrodeposition time interval, thus allowing the sensitive detection
of the ions. The method enabled the amplified analysis of the HCMV DNA with
a sensitivity limit of 5x 1072 M.

NPs of higher complexity such as Cu/Au core-shell NPs were similarly applied
in the amplified electrochemical analysis of DNA (Cai et al., 2003). Pyrrole was



Amplified Electrochemical and Photoelectrochemical Analysis of DNA 215

0.7

0.6

05

04

1/ nA

03|

02

0.1

0'0 A 1 " " A 1 . " i " 1 n " i " 1 i i L I I i n
100 200 300 400 500 600

E vs Aa/AaCl/ mV

Fig. 17. Analysis of DNA using anodic stripping voltammetry of silver NPs associated with
the oligonucleotide probe after its hybridization with: (a) the complementary oligonucleotide
sequence; (b) the oligonucleotide sequence that contains a single-base mismatch; (¢) a non-
complementary oligonucleotide sequence. The data were recorded on a 5-um diameter car-
bon fiber electrode. (Adapted from Cai et al., 2002, Figure 4. Reproduced with permission of
the Royal Society of Chemistry.)

electropolymerized on a glassy carbon electrode and a nucleic acid was elect-
rochemically adsorbed on the polymer interface. The hybridization of the
Cu/Aucoreshen NPs functionalized with a nucleic acid complementary to the
sensing oligonucleotide, followed by the acidic oxidative dissolution of the Cu-
shell released Cu®" that were analyzed by stripping voltammetry. Also, altering
the shape of the amplifying label further enhanced the analytical procedures.
This has been demonstrated by the use of indium (In) microrods tags instead of
NPs as amplifying labels (Wang et al., 2003c). The use of metal microrods
instead of NPs increases the amount of released ions, and thus enhances the
sensitivity capacity. The In microrods were prepared by the electrodeposition of
the metal in membrane pores, followed by the dissolution of the membrane
support, and the purification of the rods (Martin, 1995). Biotinylated magnetic
particles were modified with a biotinylated nucleic acid (32) through an avidin
linker. The target DNA (33) was hybridized with the nucleic acid associated with
the magnetic particles, and the resulting double-stranded hybrid was collected by
means of an external magnet. The resulting assembly was further hybridized with
the In-microrods functionalized with the thiolated nucleic acid (34) that is com-
plementary to another segment of the target DNA (Figure 18). The magnetic
collection of the In-labeled DNA onto an electrode surface enabled then the
chronopotentiometric stripping of the metal. The analysis of the DNA reached
an impressive detection limit that was claimed to be lower than 250zmol. A
related approach has utilized the catalytic deposition of Ag on Ag clusters as a
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Fig. 18. Analysis of DNA using anodic stripping voltammetry of In nanorods associated
with an oligonucleotide duplex assembly.

means to amplify the DNA analysis (Wang et al., 2003e). The deposition of Ag
on Ag clusters formed on a DNA template was used to generate Ag-nanowires
on DNA templates (Braun et al., 1998). Similarly, a nucleic acid primer (35) was
assembled on a Au-electrode, and the complementary nucleic acid analyte (36)
was hybridized with the interface (Figure 19). The binding of Ag™ ions to the
phosphate residues was followed by the reduction of the Ag™ ions to Ag clusters
on the DNA template. The subsequent dissolution of the Ag clusters and the
chronopotentiometric stripping of the released ions enabled the quantitative
analysis of the complementary DNA (Wang et al., 2003e).

The catalytic properties of metal NPs, and particularly the catalyzed depo-
sition of metals on metal NP seeds, provide a means to enlarge the NPs, and thus
to enhance the amplifying capacity of the labels. For example, biotinylated
magnetic particles were modified with a biotinylated nucleic acid through an
avidin linker, and a Au NP functionalized with the complementary nucleic acid
was hybridized with the functionalized magnetic particles, and the resulting hy-
brid was separated by means of an external magnet. The subsequent catalytic
enlargement of the NPs by the chemical deposition of Ag on the Au NP seeds,
followed by the dissolution of the Ag metal (with HNOs) and the potentiometric
stripping detection of the released ions (Figure 20) was used for the amplified
electrochemical detection of the hybridized DNA (Wang et al., 2001a).

NPs of other compositions may be similarly used as labels for the amplified
analysis of DNA. For example, metal sulfide NPs provide versatile surfaces for
the immobilization of thiolated DNA. Lead sulfide (PbS) NPs were used as
labels for the amplified DNA detection (Zhu et al., 2004). Polypyrrole was
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Fig. 19. Outline of the steps involved in the amplified electrochemical detection of DNA by
the catalytic deposition of silver clusters on the DNA duplex: (a) hybridization of the com-
plementary target DNA (36) with the DNA probe (35) that is covalently linked to the
electrode surface through a cystamine monolayer; (b) loading of the Ag™ ions onto the
immobilized DNA; (c) reduction of Ag™ ions by hydroquinone to form silver aggregates on
the DNA backbone; (d) dissolution of the silver aggregates in an acidic solution, and transfer
of the solution to the detection cell for stripping potentiometric measurements
(PSA = potentiometric stripping analysis.)

electropolymerized on a glassy carbon electrode, and the sensing nucleic acid
was immobilized on the polymer interface. The hybridization of the comple-
mentary nucleic acid-functionalized PbS NPs with the nucleic acid adsorbed
on the surface was followed by the acidic dissolution of the particles. The
anodic potentiometric stripping of the released Pb>" ions was then used as the
electrochemical signal for the primary hybridization process. A detection limit
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Fig. 20. Amplified analysis of DNA by anodic stripping voltammetry of NPs associated with
an oligonucleotide duplex assembly that employs the catalytic enlargement of the NPs and
the generation of Au/Ag core-shell NPs.

for analyzing the complementary DNA that corresponds to 3 x 107" M was
reported, and a DNA analyte that includes three-base mismatches as compared
to the fully complementary DNA was easily differentiated by the analytical pro-
cess. Other metal sulfides such as CdS NP were employed as labels for the
amplified detection of DNA (Wang et al., 2002). The dissolution of the NPs by
1 M HNOs followed by the analysis of the released Cd>" ions by electrochem-
ical stripping was used for the detection of the hybridization process. This
method was further developed to analyze in parallel, and simultaneously,
different DNA analytes, by the use of different metal sulfide NPs (Wang et al.,
2003a). Magnetic particles were functionalized with three different nucleic acids
(37), (38), and (39) that act as sensing oligonucleotides for three different anal-
yte DNAs (40), (41), and (42) (Figure 21(A)). The hybridization of nucleic acids
complementary to the hybridized DNAs, followed by the association of the
three different metal sulfide NP labels, (43)-PbS, (44)-CdS, and (45)-ZnS,
generated the encoded labels for the parallel analysis of different DNA targets.
The dissolution of the NPs followed by the electrochemical stripping of the
different metal ions enabled then the amplified quantitative analysis of the
different DNAs. Figure 21(B) shows the stripping voltammograms observed
upon the analysis of three different DNA targets, 43, 44, and 45, by means of
PbS, CdS, and ZnS encoded NP labels, respectively. A detection limit of
2.7 x 107'°M was reported for analyzing the different target DNAs.
Nucleotide-labeled Au NPs were used for the electrochemical detection of
single-base polymorphism (Kerman et al., 2004b). Au NPs were modified with a
single-nucleotide capping, e.g., C—Au NP or T-Au NPs. The sequential hydro-
gen bonding of the nucleotide-functionalized NPs to a base mismatch lacking
intra-DNA hydrogen bonding, e.g., to a G—A mismatched pair, followed by the
electrochemical oxidation of the associated Au NPs allowed the electrochemical
detection of single-base polymorphism. This method was further extended for
the parallel bioelectronic detection of all eight possible one-base mismatches
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Fig. 21. (A) Multitarget electrochemical detection of DNA by different nanocrystal labels:
(a) introduction of probe-modified magnetic beads; (b) hybridization with the DNA targets;
(c) second hybridization with the NP-labeled oligonucleotides; (d) dissolution of the NPs and
the electrochemical detection of the released ions. (B) Stripping voltammogram correspond-
ing to the simultaneous analysis of three different 60-mer DNA targets (40-42; 54 nM each),
which are related to the BRCAT1 breast cancer gene. The DNA molecules are labeled with
ZnS NPs, CdS NPs, and PbS NPs. (Part B is adapted from Wang et al., 2003a, Figure 2, with
permission.)

using four different metal sulfide NPs (ZnS, CdS, PbS, or CuS) functionalized
with A, C, G, or T, that acted as specific encoded labels for analyzing the
different base mismatches (Liu et al., 2005) (Figure 22(A)). The specific hydro-
gen-bonded structures between the encoded NPs and the mismatched bases
provide a fingerprint for the mismatched base configuration. The fingerprint can
then be electrochemically imaged by the dissolution of the NP structures and the
identification of the NP codes by electrochemical stripping voltammetry. Figure
22(B) depicts the stripping voltammograms upon analyzing three different base
mismatches by the nucleotide-encoded NPs. This method was also extended to
analyze several base mismatches in a single DNA duplex.

4. NANO- AND MICRO-OBJECTS AS CARRIERS FOR THE
AMPLIFIED ELECTROCHEMICAL DETECTION OF DNA

The high surface area of NPs, nanotubes, microbeads, or liposomes allows the
surface modification of these objects with electroactive and nucleic acid compo-
nents, or the incorporation of the electroactive components into the volume of
these nano/microstructures. Such functionalized nano/microstructures enable the
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Fig. 22. (A) Electrochemical coding of all eight possible one-base mismatches in duplex
DNAs using inorganic nanocrystal tracers. Use of mismatch-containing hybrids (captured on
magnetic beads) followed by sequential additions of ZnS-linked adenosine-5 monophos-
phate, CdS-linked cytidine-5" monophosphate, PbS-linked guanosine-5" monophosphate, and
CuS-linked thymidine-5" monophosphate. Also shown (right) are the corresponding assem-
blies of nanocrystal-linked DNA/magnetic beads. (B) Stripping voltammograms for the
analysis of fully complementary DNA (a), and hybrids containing C—C (b), A—C (¢), C-T (d),
and T-G (e) mismatches using adenosine-5 monophosphate/ZnS, cytidine-5’ monophos-
phate/CdS, guanosine-5’ monophosphate/PbS and thymidine-5’ monophosphate/CuS con-
jugates. The data were recorded in a 0.1 M acetate buffer (pH 4.9) containing 10 pygmL ™" of
Hg(II). (Adapted from Liu et al., 2005, Figures 1 and 2, with permission.)

increase of the contents of the electrochemically active units linked to the double-
stranded DNA complexes, thus enhancing the sensitivity of the analytical
procedures.

Electroactive polystyrene beads were employed for the amplified electro-
chemical analysis of DNA (Wang et al., 2003d). The electroactive ferrocene
carboxaldehyde label (46) was immobilized in polystyrene beads acting as carrier
units. Magnetic particles functionalized with a nucleic acid (47) were then hy-
bridized with the complementary nucleic acid (48)-functionalized polystyrene
beads, which included the electroactive label (Figure 23(A)). The separation of
the hybrid duplex structures of the polystyrene/magnetic particles, followed by
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Fig. 23. (A) The amplified detection of DNA with polystyrene beads loaded with the
ferrocene redox marker (46). (B) The amplified detection of DNA by using nucleic acid-Au
NP-functionalized beads as labels and electroless catalytic deposition of gold on the NPs as a
means of amplification: (a) hybridization of the nucleic acid—Au NP-functionalized beads
with the target DNA that is associated with a magnetic bead; (b) the enhanced catalytic
deposition of gold on the NPs; (c) dissolution of the gold clusters; (d) the detection of the
released Au®™ ions by stripping voltammetry. (C) The amplified detection of DNA with
carbon nanotubes, which are loaded with CdS nanoparticles as redox markers for the strip-
ping voltammetry.
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the dissolution of the beads, released numerous electroactive molecular units of
ferrocene carboxaldehyde as a result of a single recognition event. The ampero-
metric detection of the released redox compound allowed the analysis of DNA
with a detection limit corresponding to 0.1ngL~". Related processes have em-
ployed polystyrene beads modified with nucleic acid-functionalized Au NPs
(Kawde and Wang, 2004) (Figure 23(B)) or carbon nanotubes modified with
nucleic acid-functionalized CdS NPs (Wang et al., 2003b) (Figure 23(C)) as
multifunctional labels for the amplified detection of the target DNA. In these
systems, the polystyrene beads or the carbon nanotubes act as carriers for the Au
or CdS NPs and as a carrying element for a nucleic acid that is complementary
to the target DNA. The dissolution of the Au NPs or the CdS provided nu-
merous released ions as a result of a single recognition event. The released ions
were then analyzed by stripping voltammetry as discussed in Section 3.
Liposomes were employed as nanostructures for the electrochemical ampli-
fication of DNA analyses (Patolsky er al., 2000a, 2001c). The fabrication of
negatively charged liposomes that act as labels for tagging DNA hybridization
yields a negatively charged membrane environment at the recognition sites as-
sociated with electrodes. The changes in the interfacial properties of the elec-
trodes due to the liposome tags were then used to readout the sensing processes.
Figure 24(A) depicts one configuration for the amplified electrochemical anal-
ysis of DNA. The Au electrode was modified with a sensing nucleic acid (49)
that hybridized with the analyte DNA (50). Negatively charged liposomes that
included the nucleic acid (51), which is complementary to the analyte, were then
hybridized to the duplex-functionalized electrode to yield a negatively charged
interface. As the liposome (ca. 10 nm in diameter) yields a negatively charged
micromembrane interface, the interfacial electron transfer to a negatively
charged redox probe is anticipated to be perturbed. The interfacial electron
transfer resistance as a result of the association of the liposome tags was mon-
itored by Faradaic impedance spectroscopy. Figure 25(A) shows the Faradaic
impedance spectra observed upon the analysis of the target DNA (50). Each of
the hybridization processes is accompanied by an increase in the interfacial
electron transfer resistance due to the enhanced electrostatic repulsion of the
redox label [Fe(CN)g]>/*~ from the electrode interface. The most pronounced
increase in the interfacial electron transfer resistance was observed upon the
hybridization of the liposome tags, AR = 7.5kQ. This increase in the inter-
racial electron transfer resistance was attributed to the formation of a negatively
charged membrane interface that introduces a barrier for electron transfer to
the redox label solubilized in the electrolyte solution as a result of its electro-
static repulsion from the electrode surface. Since the surface coverage of the
liposome tags associated with the electrode is controlled by the number of
hybridization events, the changes in the interfacial electron transfer resistances
are controlled by the concentration of the analyte DNA. Figure 25(A), inset,
depicts the derived calibration curve corresponding to the changes in the in-
terfacial electron transfer resistances, which results upon the analysis of differ-
ent concentrations of 50. The sensitivity limit for the analysis of 50 was
1 x 107> M. A different configuration for the analysis of DNA by tagged lipo-
somes is shown in Figure 24(B). Biotin-labeled, negatively charged, liposomes



Fig. 24. Amplified analysis of a target DNA by: (A) oligonucleotide-functionalized liposomes. (B) Biotin-functionalized liposomes using avidin as a
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Fig. 25. (A) Faradaic impedance spectra of (a) the 49-functionalized Au electrode, (b) after
interaction of the sensing interface with 50, 5 x 107°M, 15 min, and (c) after interaction with
the 51-functionalized liposomes. Inset: changes in the electron transfer resistance of the 49-
functionalized electrode upon treatment with variable concentrations of the analyte DNA
(50), and upon the secondary amplification with the 51-functionalized liposomes. (B)
Faradaic impedance spectra of: (a) the 49-functionalized Au electrode, (b) after interaction of
the sensing electrode with 50, 5 x 107°M, which was pre-treated with avidin, (c) after in-
teraction with the biotinylated liposomes (53), (d) after treatment of the interface for a second
time with avidin, (e) after interaction of the interface for a second time with the biotinylated
liposomes. Inset: calibration plot corresponding to the changes in the electron-transfer re-
sistance of the sensing interface upon analyzing different concentrations of DNA (50), and
enhancement of the sensing process by a double-step avidin/biotinylated liposome ampli-
fication path. (Adapted from Patolsky et al., 2001c, Figure 6, with permission.)

are used as the tags for the amplified detection of the DNA (50). A biotin-
labeled nucleic acid (52) is hybridized with the duplex structure formed between
the sensing nucleotide (49) and the analyte DNA (50). The biotin-labeled lipo-
somes are then linked to the tri-component, biotin-labeled, double-stranded
complex bound to the electrode by an avidin bridge. The resulting biotin-
liposome tags enable further amplification of the micromembrane interface by
the dendritic binding of generation of liposome tags by avidin-bridging units.
Thus, the formation of a single duplex structure between the sensing interface
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and 50, may yield a negatively charged membrane microenvironment by the
dendritic build-up of a controlled number of the liposome tags. Figure 25(B)
shows the Faradaic impedance spectra observed upon the analysis of 50 ac-
cording to the scheme outlined in Figure 24(B). The binding of the first gen-
eration of the avidin/biotin-labeled liposomes to the interface resulted in
the increase of the electron transfer resistances to 7.2 and 15.5kQ, respectively.
The association of the second generation of the liposome tags using the
avidin linker increased the interfacial electron transfer resistance to 21kQ. The
increase in the values of the interfacial electron transfer resistances
was attributed to the electrostatic repulsion of the redox label [Fe(CN)¢]> /4~
from the electrode support. The analyte 50 was analyzed with a detection
limit of 1 x 107'>M using a two-step amplification path that included the as-
sembly of two generations of the biotin-functionalized liposome tags
(Figure 25(B) inset).

The biotin-functionalized liposomes were also employed for the amplified
identification of a single-base mutation in a gene (Patolsky ez al., 2001c)
(Figure 26(A)). This is exemplified with the analysis of a gene where an A-base
in the normal gene (54) is exchanged by a G-base to yield a mutant gene (55).
The primer nucleotide (56) complementary to the normal or mutant gene up to
the base prior to the mutation site was immobilized on the electrode. The
hybridization of the sensing interface with the normal gene (54) or the mutant
(55) was followed by the treatment of the resulting duplex with the
biotinylated dCTP and polymerase. The biotin-labeled C-base was introduced
via polymerization only in the mutant double-stranded assembly. The biotiny-
lated C-base incorporated into the double strand was then identified by the
association of the biotin-functionalized liposomes using avidin as linker. The
binding of the liposomes to the analyzed DNA was followed by impedance
spectroscopy. Figure 26(B) shows the impedance spectra observed upon the
association of the avidin linker and tagged liposomes to the biotin-labeled
DNA. The change in the interfacial electron transfer resistance as a result of
binding of the liposomes corresponded to AR, = 7.2kQ. As the surface cov-
erage of the mutant on the electrode is controlled by its bulk concentration, the
surface density of the linked liposomes correlated with the concentration of the
mutant, and thus, the changes in the interfacial electron transfer resistances,
AR, were dominated by the concentration of the mutant (Figure 26(B) inset).
Using this method, the mutant was analyzed with a sensitivity limit of
1x 107" M.

Other nanoobjects such as carbon nanotubes (Kerman et al., 2004a) or
nanoparticles (Xu et al., 2004) were similarly used as carriers for nucleic acid
tags that alter the interfacial properties of electrodes and thus were
employed for the amplified electrochemical detection of DNA. For example,
the hybridization of CdS NPs functionalized with nucleic acid complementary
to an oligonucleotide interface associated with an electrode yield a highly neg-
atively charged interface that repels the negatively charged redox
label [Fe(CN)¢]>*~ and perturbs the electron transfer at the electrode inter-
face. The barrier for electron transfer was followed by Faradaic impedance
spectroscopy.
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Fig. 26. (A) Electronic transduction of a single-base mutation in the target-DNA (55) using
the polymerase-induced coupling of a biotinylated-base to the probe (56), and the use of
biotin-labeled liposomes as an amplification route. (B) Faradaic impedance spectra (Z;, vs.
Z..) upon the analysis of the single-base mismatch in 55: (a) the 56-functionalized electrodes,
(b) the 56-functionalized electrode after hybridization with 55, 1 x 107° M, (c) after reaction
of the double-stranded interface with biotinylated-dCTP, 20 uM, and polymerase Klenow
fragment, 20 UmL™", (d) after the interaction of the electrode with avidin, 2.5 pugmL™!, and
(e) after the interaction of the interface with the biotinylated liposomes (lipid concentration
0.25mM). Inset: calibration curve corresponding to the R, values observed upon the sensing
of different concentrations of the mutant 55 according to the process outlined in part A. (Part
B was adapted from Patolsky ez al., 2001c, Figure 9, with permission.)
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5. ANALYSIS OF DNA BY DIRECT CONDUCTIVITY
MEASUREMENTS

The catalytic properties of metal NPs that stimulate the deposition of metals on
the NPs by reduction processes became a general practice in developing biosensor
systems (Fritzsche and Taton, 2003). The catalytic enlargement of Au NPs by the
NADH cofactor generated by the NAD'-dependent enzyme lactate de-
hydrogenase/lactate/NAD ™ system (Xiao et al., 2004a), or the catalytic reduc-
tion of AuCly and the enlargement of Au NP seeds by H,O, generated by the
glucose oxidase/glucose/O, biocatalytic system (Zayats et al., 2005), were em-
ployed to develop colorimetric assays for these biocatalytic processes. The cat-
alytic deposition of Ag on Au NP/nucleic acid conjugates hybridized to a target
DNA associated with surfaces, using a Ag”" /hydroquinone as metal enhance-
ment solution, was used for the optical detection of DNA using the NP absorb-
ance as optical imaging technique (Taton et al., 2000). The large scattering
coefficients of metal particles were used for the optical imaging of biosensing
events (Schultz, 2003). For example, the enlargement of Au NPs, nucleic acid
conjugates, hybridized with a target DNA associated with an interface, using a
Ag-enhancement solution was used to generate Au/Ag core-shell NP tags for the
sensitive optical detection of DNA using light scattering as optical imaging
method (Storhoff et al., 2004). Similarly, the catalytic, chemically induced,
deposition of gold on Au NP/nucleic acid conjugates hybridized with nucleic
acid/DNA duplexes associated with piezoelectric crystals was used for the am-
plified microgravimetric quartz-crystal-microbalance analysis of DNA (Patolsky
et al., 2000a).

The catalytic deposition of metals on metal NPs organized in an appropriate
geometrical configuration on surfaces allows the growth of the NPs to the
extent that intimate contact between the NPs is achieved. The intimate physical
contact between enlarged NPs between two electrodes allows then the electrical
short-circuit bridging of the electrodes. The amplified electrical detection of
DNA by the catalytic enlargement of metal NPs and the monitoring of the
conductivity in between two microelectrodes was accomplished (Moller et al.,
2001; Park et al., 2002). Figure 27(A) outlines the principal for analyzing the
target DNA (Park et al., 2002). Two Au-microelectrodes, separated by a 20-pm
gap, were organized on a Si support by photolithographic means (Figure 27(C)).
A sensing nucleic acid (57) was immobilized in the gap consisting of the Si
support. The hybridization of the target DNA (58) with the sensing interface
was then followed by the secondary hybridization of the nucleic acid (59)-Au
NP conjugate that acts as probe to follow the hybridization of 58 (Figure
27(B)). The subsequent catalytic enlargement of the Au NPs by the deposition
of Ag using the Ag" /hydroquinone developing system yielded electrically con-
tacted particles that enhanced the conductivity (or reduced the resistance) of the
gap domain separating the two electrodes. Figure 27(D), curve (a), shows the
resistivity changes of the gap, upon analyzing the target (58), as a function of
the Ag-deposition time. While the gap reveals a high resistance prior to the
enlargement by the Ag, R>2 x 10°Q, the deposition of Ag for 25 min yielded a
conductive domain, R ~ 100 Q. The method enabled also the discrimination of



228 E. Katz et al.

Al e

Target DNA (58)
5'GGA THA TTG TTA---AAT ATT GAT AAG GAT 3’
X

A,CCT A[X|T AAC AAT TTATAA CTATTC CTA A,;\« Au
Capture strands (57) Probe strands (59)

X = A (complementary),
T, G, C (mismatched)

c
@ EEE B E B E B |E|E35'
= b = ~
Q
o g2
~ el
£ £ 151
A a o
4 8 a 4 & %
£ 5.
[
I i - = -
0 5 10 15 20 25 Y 3 7
Time / min [58] / M

Fig. 27. (A) Analysis of DNA by the enhancement of the conductivity between electrodes by
the catalytic enlargement of Au NPs associated with the DNA assembly. (B) The DNA/NPs
assembly for the electrical analysis. (C) The microelectrode array used for the resistance/
conductance measurements. (D) Resistance of the electrode array measured as a function of
the time interval of Ag enhancing in the presence of: (a) the complementary and (b) non-
complementary DNA. (E) A graph of the Ag-enhancing time required to reach a resistance
value of 100 kQ as a function of target-DNA concentration. (Adapted from Park ez al., 2002,
Figures 1 and 2, with permission.)

single-nucleotide polymorphism. The elimination of the hybridization of the
single-base mismatched nucleotide was accomplished by controlling the temp-
erature at which hybridization was performed (the mismatched duplex exhibited
a lower melting temperature) or by controlling the composition of the hybrid-
ization and rinsing buffers. For example, when the G-base replaced the com-
plementary A-base in the analyzed DNA, no hybridization of single-base
mutant to the sensing interface occurred, and consequently no Au NP labels or
catalytic enhancement of the NPs occurred. As a result, analyzing the single-
base mutant, resulted in an insulating domain between the electrodes (Figure
27(D) curve (b)). As the content of hybridized analyte DNA (58) is controlled
by its bulk concentration, the surface coverage of the Au NP labels is controlled
by the concentration of the analyte DNA (58). As a result, the time interval to
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Fig. 28. SEM images of the NP probes on an ITO-coated glass surface upon the analysis of
DNA based on the conductivity measurements: (A) before silver deposition, (B) after a 3-min
treatment with the enhancement solution, (C) after a 6-min treatment with the enhancement
solution, and (D) after a 9-min treatment with silver enhancement solution. (Adapted from
Park et al., 2002, Figure 3, with permission.)

generate a conductive array between the microelectrodes was found to correlate
with the concentration of the analyzed DNA (Figure 27(E)). The formation of
the conductive domain between the electrodes by the catalytic deposition of Ag
on the Au NP labels was found to be a time-dependent process (cf. Figure 27(D)
curve (a)). Scanning electron microscopy (SEM) images, Figure 28, indicated
that in the resulting conductive array, the Au NP were enlarged with Ag to the
extent that intimate contact between the particles was achieved and paths for
transporting electrons between the electrodes were generated (Figure 28(D)).
This technology was already practically implemented. DNA chips consisting
with pre-designed microelectrode arrays, and handy conductivity detectors that
follow the metal enhancement are available on the market (Urban ez al., 2003).
A related approach has employed interdigitated Al electrodes on an Al,O3
support (Moreno-Hagelsieb et al., 2004). An amino-functionalized nucleic acid
acting as sensing probe was covalently linked to an aldehyde-modified siloxane
interface. After hybridization of the analyte, a biotin-labeled nucleic acid com-
plementary to a single-stranded segment of the analyte was further hybridized
to the duplex linked to the support. The binding of a Au NP-labeled antibiotin
antibody to the surface, followed by the catalytic deposition of Ag on the Au
NPs led to the electrical contacting of the originally separated electrodes.
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6. AMPLIFIED SENSING OF DNA IN THE PRESENCE OF
MAGNETIC PARTICLES

Magnetic particles are extensively used as labels for biomolecules such as an-
tibodies or DNA and used to aid the separation of biomolecular complexes
from complex analysis mixtures (Héfeli er al., 1997; Uhlén et al., 1994). Re-
cently, magnetic particles were used to switch “ON” and “OFF” bioelectro-
catalytic processes in the presence of an external magnet (Willner and Katz,
2003). For example, magnetite particles were functionalized with electron relay
units that electrically contact redox enzymes with electrodes (Katz et al., 2002b).
The attraction of the functionalized magnetic particles to the electrode support
by means of the external magnet, activated the bioelectrocatalytic functions of
the respective enzymes, upon the application of the appropriate potential. The
retraction of the functionalized magnetic particles from the electrode, by means
of the external magnet, blocked the bioelectrocatalytic functions of the enzymes
(Hirsch et al., 2000; Katz et al., 2002a,b). A major advance in the application of
functionalized magnetic particles for amplified electrochemical biosensing was
accomplished by the rotation of the magnetic particles by an external rotating
magnet (Katz and Willner, 2002). It was found that the rotation of redox-relay
functionalized magnetic particles enhance the bioelectrocatalytic reactions in
the presence of enzymes, and the rate of the biocatalytic processes was found to
linearly relate to w'/? (w = rotation speed). The enhancement of the bioelectro-
catalytic processes was attributed to a hydrodynamic effect, whereby the trans-
port of the enzyme and substrate to the electrode support is controlled by
hydrodynamic forces rather than by diffusion. In a detailed study that com-
pared the bioelectrocatalytic transformations at the rotating magnetic particles,
and at a rotating disc electrode, it was concluded that each of the magnetic
particles behaves as a microrotating electrode that drives at its interface hy-
drodynamically controlled bioelectrocatalysis (Katz and Willner, 2005). The
functionalized rotating magnetic particles were also applied for the enhanced
electrochemically induced generation of chemiluminescence (Willner and Katz,
2003). Magnetic particles (Fe;O4 magnetite) functionalized with a naphthoqui-
none-capping interface were attracted to an electrode surface by an external
magnet. Electrochemical reduction of the naphthoquinone units, under oxygen,
resulted in the hydroquinone-catalyzed reduction of O, to H,O,. The electro-
generated H,O, was then utilized, to stimulate the generation of chemilumi-
nescence in the presence of HRP (Sheeney-Haj-Ichia et al., 2000). The rotation
of the redox-functionalized magnetic particles by means of an external rotating
magnet enhanced the chemiluminescence through the hydrodynamic transport
of HRP/luminol to the electrode.

This principle was used for the amplified ultrasensitive detection of DNA
(Weizmann et al., 2003) and for the detection of telomerase activity in cancer
cells (Patolsky et al., 2004). Figure 29(A) depicts the application of the method
for the analysis of the 7249-base M13mpl8 DNA (Patolsky et al., 2003c). The
27-base DNA primer (60), which is complementary to a segment of the analyte
DNA (61) was linked to the magnetic particles. The hybridization of the 60-
functionalized magnetite particles with the M13mp18 DNA was followed by a
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Fig. 29. (A) Labeling of the nucleic acid replica on the magnetic particles with biotin units by
using thermal cycles. (B) Generation of chemiluminescence by the rotation of the mixture of
magnetic particles that consists of the HRP-labeled DNA-functionalized magnetic particles
and the naphthoquinone-functionalized magnetic particles on the electrode surface. (C)
Chemiluminescence intensities upon the analysis of M13mp18 DNA (8 x 107° M) at different
rotation speeds, (a) 0 rpm, (b) 60 rpm, (c) 400 rpm, (d) 2000 rpm, and curve (e¢) chemilumi-
nescence signal recorded in the absence of M13mp18 DNA at 2000 rpm. Inset: calibration
curve corresponding to the chemiluminescence intensities upon analyzing different concen-
trations of M13mpl18 DNA at 2000 rpm. (Part B is adapted from Patolsky ez al., 2003c,
Figures 3 and 4, with permission.)
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polymerization process in the presence of the dNTPs nucleotide mixture that
included biotin-labeled dUTP. The replication introduced biotin labels into the
replicated nucleic acid that is associated with the magnetic particles. This rep-
lication process was followed by a sequence of thermal cycles, by which the
analyzed M13mp18 DNA was dissociated from the particles, and rehybridized
with another primer (60) linked to the particles, and further replicated to in-
troduce the biotin labels into the replica. The resulting biotin-labeled nucleic
acid-functionalized magnetic particles were reacted with the avidin—-HRP, and
subsequently mixed with the naphthoquinone-functionalized magnetic particle.
The particle mixture was collected on the electrode support, and a potential was
applied on the electrode to reduce the naphthoquinone to the hydroquinone
units that catalyze the reduction of O, to H,O,, while rotating the mixture of
the magnetic particles. In the presence of luminol and the HRP coupled to the
DNA replica, the system led to the generation of chemiluminescence. Figure
29(B) shows the electrogenerated chemiluminescence as a function of the speed
of rotation of the particles, upon analyzing the M13mp18 DNA, 8 x 10~° M.
The effect of the speed of rotation of the particles on the intensity of the emitted
light, and thus on the sensitivity of the analytical procedure is self-evident.
Figure 29(B), inset, shows the light intensities generated upon analyzing dif-
ferent concentrations of M13mp18 DNA, and the resulting calibration curve.
The analyte DNA could be sensed by this method with a sensitivity limit that
corresponded to 8 x 107" M.

A related method was applied to analyze single-base mismatches in DNA
(Patolsky et al., 2003c). According to this method, the nucleic acid comple-
mentary to the analyzed mutant up to one base prior to the mutation site was
linked to the magnetic particles. After the hybridization of the mutant with the
magnetic particles, the hybrid was subjected to replication in the presence of
polymerase and the biotin-labeled base complementary to the mutation site.
The biotin label was introduced only if the mutant existed in the double-
stranded assembly. (Cf. Section 4 for the similar analysis of single-base mis-
matches by functionalized liposomes.) The subsequent coupling of the avi-
din—HRP conjugate to the biotin-labeled magnetic particles was followed by
mixing the biomolecular-functionalized magnetic particles with the naphthoqui-
none-modified magnetic particles. The magnetic attraction of the magnetic
particle mixture was then subjected to the electrocatalyzed reduction of O, to
H,0,, and the HRP-/luminol-driven generation of chemiluminescence. As be-
fore, the rotation of the magnetic particles amplified the sensing process.

This methodology was further applied for the detection of telomerase activity
in cancer cells (Patolsky et al., 2004). Telomers are G-reach nucleic acid seg-
ments that include constant repeat units at the ends of the chromosomes, and
their function is believed to protect the chromosomal DNA from erosion
(Preston, 1997). During the cell life cycle, the telomers are constantly shortened,
and at a certain length the cell is triggered to end proliferation (Blasco, 2003). In
certain cells, the enzyme telomerase is generated. This is a ribonucleoprotein-
type biocatalyst that stimulates the elongation of the telomers by the charac-
teristic repeat units. The telomerase-induced elongation of the telomers prevents
the cellular trigger to terminate the proliferation, and the cells are transformed
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into immortal malignant or cancerous cells (Preston, 1997). Indeed, in over 95%
of different cancer cells elevated amounts of telomerase were detected, and the
biocatalyst is considered as a versatile marker for cancer cells (Testorelli, 2003).
The amplified analysis of telomerase activity by means of the rotating magnetic
particles is shown in Figure 30(A) (Patolsky et al., 2004). Magnetic particles
were functionalized with a nucleic acid sequence (62) that is recognized by
telomerase. Interaction of the magnetic particles with a HeLLa cancer cell extract
that included telomerase, in the presence of the nucleotide mixture dNTPs and
biotin-labeled dUTP, resulted in the telomerase-induced elongation of the telo-
mers, with the concomitant incorporation of the biotin labels into the telomers.
Binding of the avidin—-HRP conjugate to the resulting telomer units, followed by
mixing of the functionalized magnetic particles with the naphthoquinone-
functionalized magnetic particle, yielded the particle mixture for the chemilu-
minescence detection of telomerase activity. The attraction of the particle
mixture to the electrode support, followed by their rotation on electrode sur-
face, by means of the external magnet, enabled the amplified chemiluminescent
detection of the activity of telomerase (Figure 30(B)). The electrochemical re-
duction of the naphthoquinone units led to the electrocatalytic reduction of O,
to H,O, and the latter product activated the generation of chemiluminescence in
the presence of luminol and HPR conjugated to the telomer units. Figure 31(A)
shows the intensities of the emitted chemiluminescent upon analyzing the ex-
tract of 100,000 HeLa cells at variable rotation speeds of the particles. Figure
31(B) shows the calibration curve corresponding to the light intensities
generated by extracts originating from variable numbers of HelLa cells, and
using a constant rotation speed of 2000 rpm. The results indicate that the
method enables the detection of telomerase activity originating from 10 HeLa
cancer cells (Figure 31(B), inset). This method was successfully applied to
analyze cancer-containing tissues; Figure 32(A) shows the analysis of the telo-
merase activity originating from HeLa cells and 293-kidney cancer cells, and the
results are compared to the control analysis of normal human fibrinogen (NHF)
cells, or heat-treated, telomerase-deactivated, HeLa cells. Similarly, Figure
32(B) shows the light intensities observed upon analyzing telomerase activity
originating from lung adenocarcinoma and lung squamous epithelial carcino-
mas, in comparison to the light emitted upon the analysis of healthy tissues or
normal NHF cell extracts.

7. PHOTOELECTROCHEMICAL DETECTION OF DNA

Semiconductor quantum dots reveal unique electronic and optical properties
(Shipway et al., 2000). The intense fluorescence properties of semiconductor
quantum dots are lately used to develop stable fluorescence labels for biorec-
ognition reactions (Gerion et al., 2002; Katz and Willner, 2004). Also, the flu-
orescence properties of quantum dots are used to stimulate FRET, and to follow
biorecognition reactions, such as DNA hybridization and replication (Patolsky
et al., 2003a). One possible use of the photophysical properties of semiconductor
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Fig. 30. Amplified detection of telomerase activity by multilabeled rotating magnetic par-
ticles: (A) labeling of telomers generated on magnetic particles with biotin by the telomerase-
induced elongation of the primer units (62) and further binding of avidin—-HRP conjugates.
(B) Generation of chemiluminescence by the rotation of the mixture of magnetic particles
that consists of the HRP-labeled telomer-functionalized magnetic particles and the
naphthoquinone-functionalized magnetic particles on the electrode surface.

NPs is, however, the generation of photocurrents as a result of the photoexci-
tation of the semiconductor nanostructures. Semiconductor NPs such as TiO, or
CdS are widely used as photoactive materials for the generation of photocurrents
(Kamat, 2002). The photoinduced generation of an electron—hole pair in the
conduction- and valence-band levels of the semiconductor can be followed by
transferring the conduction band electrons to the electrode, or the filling of the
valence band holes with electrons supplied by the electrode, two processes that



Amplified Electrochemical and Photoelectrochemical Analysis of DNA 235

[A] f =
15
2
~
160 200 £ 5
o a
140 ¢ L 00 20 40 60 80 100
120 [ 150 i Number of cells —»
> 100
S sof 100 |
~ [
5 e0f :
o 40 E 50 :
20 [
0‘— . T PR . 0 e T T W T T N N N N S W T N S W B |
0 0.2 0.4 0.6 0.8 1 0 1 2 3 4 5
Time / sec —» Log (Number of cells) —»

Fig. 31. Amplified detection of telomerase activity by multilabeled rotating magnetic par-
ticles according to Figure 30: (A) chemiluminescence intensities obtained with HeLa cell
extracts (100,000 cells), at different rotation speeds: (a) O rpm, (b) 20 rpm, (c) 60 rpm, (d)
400 rpm, and (e) 2000 rpm. (B) Calibration curve corresponding to chemiluminescence in-
tensities of extracts containing: (a) different numbers of HeLa cells at a constant rotation
speed of 2000 rpm; (b) cell-free control sample. Inset: enlargement of calibration curve
showing chemiluminescence signal intensities obtained from extracts containing 100 and 10
cells. (Adapted from Patolsky ez al., 2004, Figure 3, with permission.)

lead to the formation of photocurrents. Thus, semiconductor NPs conjugated to
biomolecules may act as labels for the detection of biorecognition or biocatalytic
processes by the photoelectrochemical effect. Although numerous studies em-
ploying semiconductor NPs for photoelectrochemical applications were reported
(Kamat, 2002; Frank et al., 2004), the use of biomolecule—semiconductor NPs
hybrid systems for bioanalytical applications through photoelectrochemistry is
scarce, and only recently some advances in this area were reported. For example,
the biocatalyzed hydrolysis of thioacetylcholine to thiocholine in the presence of
acetylcholine esterase was coupled to the photochemical excitation of CdS NPs
associated with an electrode to yield photocurrents (Pardo-Yissar et al., 2003).
The inhibition of the enzyme retarded the photocurrent generation, and the
process was used to follow the inhibition of the enzyme.

Nucleic acid-functionalized CdS NPs were used as labels for the photo-
electrochemical amplified detection of DNA (Willner et al., 2001). A Au surface
was functionalized with the thiolated nucleic acid (63) that is complementary to
5’-end of the analyzed DNA (64). The CdS NPs (2.6+0.4nm diameter) were
derivatized with the nucleic acid (65) that is complementary to the 3’-end of the
analyte DNA (64) to yield the three-component double-stranded DNA on the
electrode. The resulting interface was then reacted with CdS NPs functionalized
with 63, which were pre-hybridized with the analyte DNA (64), to yield a second
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Fig. 32. (A) Electrogenerated chemiluminescence intensities generated by extracts containing
different types of cells at variable rotation speeds: (a) 1000 HeLa cells; (b) 1000 293-kidney
cells; (¢) 100,000 NHF cells; (d) 100,000 HeLa cells heat-treated at 95°C for 20 min. (B)
Electrogenerated chemiluminescence intensities obtained by analyzing extracts from: (a) lung
adenocarcinomas, (b) lung squamous epithelial carcinomas, (c) healthy tissues, and (d) nor-
mal NHF-cell extract. (Adapted from Patolsky ez al., 2004, Figures 4 and 5, with permission.)

generation of CdS NPs on the electrode support (Figure 33(A)). By the alternate
reaction of the surface with 63-functionalized CdS NPs pre-hybridized with 64-
and 65-derivatized CdS NPs pre-hybridized with 64, controlled numbers of CdS
NPs generations were assembled on the electrode. Upon the photoexcitation of
the semiconductor/DNA assemblies in the presence of the sacrificial electron
donor triethanolamine, TEOA, a photocurrent was developed in the system
(Figure 33(B)). The photocurrent formation was attributed to the photoexci-
tation of the CdS NPs that yield an electron—hole pair. The transfer of the
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Fig. 33. (A) The assembly of an oligonucleotide/DNA-cross-linked array of CdS NPs on a
Au electrode, and the photoelectrochemical response of the nanoarchitecture. (B) Photo-
current action spectra of Au electrodes that include controlled numbers of oligonucleotide/
DNA-cross-linked CdS NP layers: (a) prior to the deposition of CdS NPs. (b)—(e) One—four
oligonucleotide/DNA-cross-linked CdS NP layers. (Part B is adapted from Willner et al.,
2001, Figure 3(A), with permission.)

conduction-band electrons to the electrode, and the concomitant supply of
electrons to the valence band by the sacrificial electron donor yield the steady-
state generation of the photocurrent. The photocurrent action spectra in
this system followed the absorbance features of the CdS NPs, indicating that
the photocurrent originates from the photoexcitation of the NPs. The photo-
current intensities were found to depend on the number of NP generations
assembled on the electrode support. Furthermore, a non-linear increase in the
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photocurrent intensities as a function of the number of CdS NPs generation was
observed. The increase of the photocurrents upon the build-up of the gener-
ations of the CdS NPs on the surface was attributed to the higher content of
CdS NPs for the generation of the photocurrents. The non-linear increase was
attributed to a dendritic-type effect, where the hybridization of 64 is favored as
the number of generations of CdS particles is higher, due to the availability of
more binding sites for hybridization.

Beyond the analytical impact of the later system, which provides the amplified
photoelectrochemical analysis of the DNA (64), the understanding of the
mechanism of photocurrent generation in the system has important fundamen-
tal interest. The charge transport through DNA is a subject of extensive
scientific debate (Kelley and Barton, 1999; Ratner, 1999; Asai, 2003). While
several studies claimed that DNA exhibits conductivity (Fink and Schéuen-
berger, 1999) and even superconductivity (Endres ef al., 2004) other studies
supported the contradicting results, claiming that DNA acts as an insulating,
protein-like, matrix (Storm et al., 2001). To date increasing evidence exist that,
indeed, double-stranded DNA behaves as a non-conductive medium, yet in the
presence of special base-sequences electron or holes may migrate through the
duplex DNA (Giese, 2002; O’Neill and Barton, 2004). The generation of the
photocurrent in the CdS- DNA-layered aggregate (Figure 33) raised the im-
mediate questions regarding the mechanism of transporting of the conduction-
band electrons to the electrode, and the possible participation of the DNA in
the photocurrent generation. It was claimed that due to the low coverage of the
CdS NPs/DNA aggregates on the surface, because of the low concentration of
64, the NP aggregates lic on the surface yielding an intimate contact with the
electrode that leads to the photocurrent. This explanation implies, however, that
due to the three-dimensional structure of the NP aggregates, part of the CdS
NPs are not electrically contacted with the electrode, and thus do not contribute
to the resulting photocurrent. This explanation was supported by the fact that
Ru(I1I)-hexamine, Ru(NH3)? ©, which binds to DNA was able to electrically
contact the latter part of insulated CdS NPs, and enhance the photocurrent of
the systems (Willner ez al., 2001). It was suggested that Ru(NH3): © acts as a
trap for the conduction-band electrons, and it mediates the transfer of the
conduction-band electrons to the electrode support.

Further insight into the charge transport properties in DNA/CdS NP duplex
assemblies was recently reported by the incorporation of intercalators into the
DNA duplex (Gill et al., 2005). It was found that methylene blue (66), a typical
intercalator into double-stranded DNA, facilitated the generation of the pho-
tocurrent. Application of the potential corresponding to 0V vs. SCE maintains
methylene blue (66) in its oxidized form, and thus the intercalator acts as an
electron acceptor (Figure 34(A)). Photoexcitation of the CdS NPs in the pres-
ence of TEOA resulted in an anodic current that originated from the methylene
blue-mediated transport of the conduction-band electrons, and the concomitant
neutralization of valence-band holes by transferring electrons from the sacri-
ficial electron donor in solution. Application of a potential of 0.4V vs. SCE on
the electrode that keeps the intercalator units in their reduced leuco-methylene
blue state (67) resulted in a photocurrent in the opposite (cathodic) direction, in
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the presence of O, (Figure 34(B)). Namely, upon the photoexcitation of the CdS
NPs the conduction-band electrons were transferred to O, acting as an accep-
tor, while filling the valence-band holes with electrons from the intercalator
electron donor units. This process led to the formation of a cathodic photo-
current in the system. By switching the potential on the electrode from 0 to
—0.4V and back, the photocurrents in the systems could be reversibly cycled
between anodic and cathodic values, respectively, depending on the redox state
of the intercalator units (Figure 34(C)). Besides the significance of these results
in demonstrating that redox active intercalators mediate electron transport
through DNA, that lead to the formation of photocurrents, the results may
provide new directions in developing photoelectrochemically based DNA sen-
sors. The perturbation of the intercalation, due to mismatches in the duplex
DNA, is anticipated to inhibit the mediated photocurrent generation, and thus
a method for the sensitive detection of single-base mismatch may be envisaged.

8. CONCLUSIONS AND PERSPECTIVES

Substantial advances were accomplished in the past decades in developing
electrochemical DNA (or nucleic acids) sensors. A major challenge is, however,
the sensitivity of the bioelectronic sensing devices. The polymerase chain re-
action (PCR) is a versatile tool to amplify the DNA content in analytical sam-
ples, and electrochemical DNA sensors provided, for many years, just a tool to
analyze the PCR products. The real challenges of DNA bioelectronics are,
however, to develop ultrasensitive methods for the detection of DNA without
the need to amplify the analyte by PCR, and with the target goal of detecting a
single DNA molecule. Such procedures might circumvent the intrinsic
disadvantages of PCR amplification and could introduce new dimensions into
the area of DNA analysis. Significant advances in the amplified electrochemical
analysis of DNA were accomplished in the past decade. The use of enzymes,
NPs, liposomes, nanorods, or carbon nanotubes represent a few labels that
altered the sensitivity regions for analyzing DNA. While a decade ago the
electrochemical analysis of DNA concentrations corresponding to 107 5-10~" M
was a record, 10 years later the detection of DNA concentrations in the range of
1077107 M is feasible, through the use of amplification methods. Is it,
however, possible to further develop the amplification methods and stretch
them toward the detection of individual DNA molecules? The answer to this
question is probably “NO”. This is not due to the lack of imagination to
develop novel amplification routes, but because of the extremely slow
hybridization rate of the analyte with the sensing interface at these low con-
centrations of the analyte, and because of the complexity of the resulting sensing
systems. Thus, it seems that scientists will need to evolve new concepts to
resolve these goals. In fact, recent advances in DNA chemistry indicate the
existence of “‘seeds” for the new era of electrochemical DNA sensors. The
synthesis of catalytic DNAs (DNAzymes) is now a common practice in DNA
chemistry (Achenbach et al., 2004). Specifically, DNAzymes that cleave other
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system. (A) enhanced cathodic photocurrent generation in the presence of the reduced
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equilibrium with air). Photocurrents were generated upon irradiation of A = 420 nm.
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sequence-specific DNA segments are available. The design of DNA sequences
that replicate their DNAzyme activities, as a result of an individual hybridi-
zation event with a target DNA has, thus, great promises in future DNA sens-
ing. The integration of such DNA “replicating machines” with amplified
electrochemical detection routes are then anticipated to provide the optimal
sensitivities.

Another issue relating to the future applications of amplified electrochemical
DNA sensing relates to the high throughput and parallel analysis of DNAs.
While optical imaging of DNA hybridization on DNA arrays is already a viable
technology, the parallel sensing of DNAs on electrode arrays is an emerging
technology. The adaptation of the various amplification methods to these elec-
trode arrays would definitely contribute to the successful application of bio-
electronics in DNA analysis.
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1. INTRODUCTION

To further establish biochip technology in biochemistry and medical diagnosis, it
will be necessary to provide accurate, practical, cost-effective systems and nev-
ertheless portable devices for use in field applications and point of care diagnosis.
The key principle of biochips is the detection and quantification of molecular
complexes by affinity binding on transducers, arranged as arrays, which mainly
use the evaluation of colorimetric or fluorescence signals (Sapsford et al., 2004) or
electrochemical methods (Palecek and Fojta, 2005). At present the acceptance of
biochip technology for on-site use, e.g. diagnosis or environmental control is
limited by rather expensive and complex instrumental systems. There is a need to
provide reliable and cost-effective systems that can be operated with minimal
training.

These criteria can be fulfilled by electrical biochip microarray systems, where
semiconductor technology enables the construction of compact instruments
with high integration at acceptable production costs. The advantage of fully
electrical microarrays is the intrinsic high spatial resolution and direct
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transduction of biochemical reactions into electrical responses without the
common intermediate optical components. Here, the power of complementary
metal oxide semiconductor (CMOS) technology can be used and enable the
integration of electrochemical readout, data aquisition and data handling using
the same common and cost-effective industrial technology. We have developed
the so-called fully electronic biochip, where the CMOS electronics is in the
silicon bulk of the same chip carrying a medium-density microarray with about
100-1000 positions at its surface. On the other hand a two chip solution has
been realised, where the electrical microarray is designed as a disposable and the
CMOS celectronics is arranged in a second nondisposable application-specific
integrated circuit (ASIC). This “two chip solution™ is used for low-density
electrical microarrays offering up to 32 positions.

The function of those fully electrical biochips is based on the readout of
position-specific currents as a result of local electrochemical reactions of ar-
rayed microelectrodes. On top of these electrodes different biomolecules are
immobilised on those array positions and employed to recognise and capture
their natural counterparts following the highly specific key/lock principle. At
array positions with the resulting formation of so called affinity complexes an
enzyme labelling, that creates electroactive species, are made and enable the
electric transduction and quantification. All types of affinity complexes, such as
nucleic acids, proteins and haptens, may be detected by the same type of elec-
trical readout. Only common biochemical reactions, reagents and assay formats
are used to perform this analyses.

In one case, the formation of double-stranded DNA (dsDNA) hybrids, the
affinity complexing can be measured also label free using the same microarrays
and applying electrical impedance spectroscopy.

In this chapter, we discuss the principles and several exemplary applications
of silicon-based electrical microarrays, showing the power of this emerging
technology.

2. PRINCIPLE AND INSTRUMENTATION OF ELECTRICAL
DETECTION

The key feature of the fully electrical biochip technology is microarrays made in
silicon technology. They carry several array positions with interdigitated elec-
trodes (Aoki et al., 1988; Niwa et al., 1990) on its surface. The chips are fab-
ricated using standard silicon manufacturing methods in industrial lines
allowing a high-volume production and to minimise the cost per chip. The
principles of this technical platform have been presented earlier (Wollenberger
et al., 1994; Paeschke et al., 1996a; Hintsche et al., 2000; Albers et al., 2003).
An example of design and layout of such a transducer interface is presented in
the scheme of a low-density chip shown in Figure 1. It depicts a microarray with
16 positions and magnified views onto a single position and onto the interdigi-
tated electrode fingers. Each position of 0.5mm diameter includes a large
number of 800-nm-wide gold electrodes separated by 400-nm-wide gaps.
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Fig. 1. Overview of the chip design and layout. Depicted diagonally are the silicon chip with
magnified views of an assay position. Top right is a figure showing the dimensions and
arrangement of the interdigitated gold electrodes. Bottom left shows a cross-section of the
chip.

The so-called ultramicroelectrodes show an optimal hemispheric diffusion of
the species to be detected towards the sensing electrode surface and thus in-
crease the signal to noise ratio. Only electrode gaps below 1 um enable more
than ten-fold amplification rates of the potentiometric readout as discussed
below.

Using intrinsic properties of standard semiconductor materials and varied
deposition and etching processes, the microarray surface is separated into hy-
drophilic array positions and hydrophobic interdistant areas. Such a hydro-
philic array position, which is well situated to separate droplets with different
reagents from the next one, is indicated as a 0.5 mm circle in the scheme below.

For loading the different affinity-binding molecules onto the microarray each
of the array positions on the chip is separately topped with a droplet of capture
solution using an automated piezodispensing device. Here minute amounts of
liquid are shot out of a capillary by a piezo-electric crystal to form the droplets
on the different positions. Image recognition is used for positioning and quality
control.

The printed microarrays are mounted in disposable plastic cartridges with
an internal flow cell (6 ul volume). This cartridge allows easy handling and
integration into the portable device, which also carries reagents and waste
containers.

The microarrays offer contact pads (Figure 1) for the proprietary easy elec-
trical connection via mechanical contacts. This avoids the conventional wire
bonding and hence the packaging of the microarrays is simplified.
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The electrical readout is based on electrochemical detection of reversible redox
molecules produced only at those microarray positions, where affinity binding
was accomplished. The same transducing principles and identical biointerfaces
have been applied to the medium-density fully electronic CMOS-microarrays and
the low-density microarrays. The quantitative electrical detection is achieved by
the sensitivity enhancing redox recycling of electrode active products of used label
enzymes (e.g. B-galactosidase, alkaline phosphatase). The enzyme converts the
electrochemical inactive substrate p-aminophenyl phosphate (p-APP) (Razumas
et al., 1980, Tang et al., 1988) by hydrolysis into the electrochemical active form
p-aminophenol (p-AP). The measurement is conducted at a potential of —50 and
350 mV against the reference electrode. The electric signal is enhanced by a factor
of more than 10 through the recycling of the released p-AP between the anodic
and cathodic interdigitated fingers, a process called redox recycling (Niwa et al.,
1990, 1993). The principle is shown in Figure 2.

The position-specific electric responses are measured as the initial slope of
current generated at the respective electrode pairs of the microarray. The
quantification of the targeted molecules is achieved by measuring a period of a
few seconds and monitoring of the generated electrons in ““stopped flow’ mode.

For processing the assay formats and the multichannel electrical detection of
nucleic acids, proteins and haptens, a modular fully automated measurement
system has been developed. It is manufactured in industrial lines and available
on the market. The main part is a microprocessor-controlled device, which in-
cludes the measurement electronics and a fluidic system. A special controller
software and a user interface for noneducated operators has been developed.
This configuration allows a comfortable and flexible control of processing the
assay formats. The multichannel electrochemical readout as well as a powerful

OH
p-aminophenol @

enzyme label:
alkaline
phosphatase

NH,
: + 2e-
p-aminophenyl-phosphate +2H
OPO,
NH
@ quinoneimine
NH, 400nm
+ 350mV - 50mV

Fig. 2. Scheme of based redox recycling. The electrochemical inactive substrate p-APP is
enzymatically hydrolysed by alkaline phosphatase into the electrochemical active p-AP,
which is oxidised at the anode to quinoneimine. Subsequently, after diffusion to the cathode,
quinoneimine can be reduced to p-AP again and start another cycle of the redoxreaction.
Electrode dimensions and distances in the sub-pum range led to enhanced signal intensity.
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Fig. 3. Photograph of the measurement system setup. On the left, the reagent reservoir with a
cooling system can be seen. The instrument in the centre includes the multipotentiostat, the
fluidic system and the electrical biochip, on the right the data evaluation is visualised.

and easy to handle acquisition and evaluation of the measurement data has been
combined with a comfortable data presentation at different levels of abstraction.

The portable instrument of 2.8 kg weight shown in Figure 3 is able to handle
up to seven different reagents. It offers free programmable steps of dosing,
washing, reactions and wasting. The user may also select optimised programmes
for hybridisation of nucleic acids, processing protein sandwich enzyme-linked
immunosorbent assay (ELISA) or performing competitive ELISAs for haptens.
In the whole run, the microarray and a separated flow chamber can be temp-
erature controlled to realise optimal conditions and temperature profiling. The
small box at the left of the figure is an optional refrigerator for sensitive reagents
or sample storing.

The readout of all position-specific current responses requires approximately
10s. The measurement data is transmitted to the graphing and data analysis
software ““ORIGIN”, which runs on a PC. Different types of graphs or dia-
grams can be chosen for visualisation and evaluation of the results.

3. LOW-DENSITY ELECTRICAL DNA ARRAYS

The idea of developing DNA microarrays originated in the late 1980s when
techniques for decoding genes and later even whole genomes became more and
more feasible. Sequencing by hybridisation on oligonucleotide microarrays was
favoured as an alternative to establish sequencing methods. In common, DNA
arrays are based on the fixation of oligonucleotides on a solid support and can
be made by different techniques (Southern et al., 1992; O’Donnell et al., 1997,
Beier and Hoheisel, 1999; Zammatteo et al., 2000). By hybridisation, the target
DNA binds specifically to the corresponding capture sequence site (Maskos and
Southern, 1992). Density is a key element for function and use of DNA arrays
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and depending on the number of different capture sites, microarrays are therefore
classified as low-density (Call et al., 2001; Wang et al., 2002; Lacroix et al., 2002)
or high-density arrays (up to 10° sites-cm?) (Fodor et al., 1991; Pease et al., 1994;
Lipshutz et al., 1999). The main applications are genetic analysis by sequencing
(Chee et al., 1996; Wallraff et al., 1997) and gene expression (Lockhart et al.,
1996; Wodicka et al., 1997) or single nucleotide polymorphism (SNP) analysis
(Gilles et al., 1999; Hirschhorn et al., 2000). The gained information leads to
comprehensive and detailed understanding of gene functions and is for immense
value in diagnostics, pharmacogenomics (Jain, 2000; Nees and Woodworth,
2002) and related fields. High-density microarrays are well commercialised
(Rubenstein, 2003) today and a broadly applied tool for research in microbiology
(Schena et al., 1998; Graves, 1999; Blohm and Guiseppi-Elie, 2001; Ochs and
Godwin, 2003). Caused by the extremely small feature size on such arrays, most
methods are based on high resolution, optical detection with sophisticated, but
cost-intensive instrumentation. Manufacturing of high-density arrays is linked
with high technical and financial requirements, justified in the above mentioned
applications with high information density or high sample throughput.

Low-density arrays are established, where lower costs and flexibility are
needed and where the number of samples and their complexity is limited. Re-
search on biosensors, combined with DNA array technology, is developing
tools for Point of Care diagnostic, for health care and for agricultural and
environmental monitoring (Wang, 2000). Integrated in fully automated bio-
sensing systems (Yang et al., 2002; Liu et al., 2004) a fast, accurate and sensible
analysis of harmful microorganisms also in the “field” gets possible with port-
able devices. The rapid detection and identification of biological agents in the
environment is still a challenging task, but for the driving force for the devel-
opment of use in the military sector and homeland security.

The first electrochemical DNA biosensor, based on hybridisation, had been
developed in 1993 by Millan and Mikkelsen (Millan and Mikkelsen, 1993), and
today many applications for similar gene sensors exist (Gooding, 2002; Kerman
et al., 2004). Some of them use electrochemical impedance spectroscopy (EIS,
for details see Chapter 5), others the doublestrand-specific recognition and de-
tection with intercalators (Takenaka et al., 2000; Maruyama et al., 2002; Riiba
et al., 2004). Electrochemical biosensor that approaches have the advantage of
being cost-effective, robust and particle tolerant, compared to optical systems.
They allow less purification and sample preparation efforts and require simpler
assay protocols. There are already a few examples where the combination of
electrochemical detection and low-density microarrays for DNA analysis has
been commercialised (Feng and Nerenberg, 1999).

The technical platform, described here, offers optimal features for fully elec-
trical DNA-microarrays with up to 16 positions, freely designed for the par-
ticular application. The ultramicroelectrode gold surface, allows a coupling
method with alkanethiol modified capture oligonucleotide sequences and leads
to a highly specific biointerface for target recognition. Spontaneously, the thiol
groups of the captures are forming polarised covalent bonds between sulfur and
gold. The generated self-assembled monolayer (SAM) (Herne and Tarlov, 1997;
Steel et al., 2000; Gooding et al., 2003a) is additionally stabilised by van der



Fully Electrical Microarrays 253

Waals interaction of the neighbouring methylene functions. The length of cap-
ture sequences is typically in the range between 20 and 40 nucleotides. After the
position-specific immobilisation from aqueous oligonucleotide solutions, single-
stranded target DNAs are hybridised to the complementary array position. A
biotin label on the target structure enables the later coupling of enzyme con-
jugates, such as ExtrAvidin® alkaline phosphatase. The electrical readout is
performed as described in Chapter 2.

The diagnosis of pathogens (Olive and Bean, 1999; Anthony et al., 2000;
Westin et al., 2001) is an application for low-density electrical microarrays,
where low detection limits are decreeded by federal regulations. To achieve
these limits additional DNA amplification by polymerase chain reaction (PCR)
(Mullis and Faloona, 1987; Anderson et al., 2000; Liu et al., 2004) is usually
required. An array for the parallel identification of multiple target DNAs from
Epstein—Barr virus (EBV), cytomegalovirus (CMV) and herpes simplex virus
(HSV) was recently developed (Nebling et al., 2004). The experiments were
designed for viral DNA detection after PCR amplification with a universal
primer pair, targeting gene variants, encoding for DNA polymerase in all three
viruses. Although the sequence of the variants is highly conserved in the region
where the PCR primer pair binds, there are still sections, that are characteristic
for a certain virus type. These sections are used to design the individual capture
sequence for the corresponding herpes virus.

In order to have internal standards on the microarray, a biotinylated
oligonucleotide was immobilised as a positive control in one position, whereas
another array position was used as a negative control with a capture DNA
sequence, not binding to the targets. The activity of the surface attached enzyme
conjugate was first determined to estimate the density of immobilised capture
oligonucleotides and the hybridisation efficiency. For the calculation it was
assumed that the “current signal slope” is proportional to the surface density of
capture oligonucleotides. The accessibility of the electrode surface was tested in
measurements with redox-recycling with p-AP. The number of capture
oligonucleotides was 235,000 um ™~ molecules. The value is in a range well ac-
cording to the maximum oligonucleotide density of 300,000 molecules pm >
(Steel et al., 2000). After hybridisation the target density was determined to
132,000 molecules um ™2, which is equivalent to a hybridisation efficiency of
56% (Nebling et al., 2004). In a practical example for the application, viral
DNA was amplified via PCR from a clinical blood sample. The 588 bp PCR
product was specifically detected on the microarray only at the CMV capture
positions and clearly identified as the CMV-amplicon. The scheme, how the
PCR product hybridises to the capture sequence, forming a 30 bp duplex with a
short and a long overhang, is shown in Figure 4.

After denaturation the hybridisation of PCR products is hindered by re-
annealing with the second strand. The capture oligonucleotide is in competion
for the target sequence. In addition, the sterical demand on the surface is high
and the diffusion rate is low. Still, the right hybridisation conditions enable the
generation of a strong current signal, corresponding to a relative hybridisation
rate of 50% (60,000 molecules um > for 588 nt) compared to that for short
synthetic targets (30 nt). This example for the PCR-based identification of
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Fig. 4. Scheme of PCR product based detection. The biotin label is introduced through the
PCR primer of the target strand. Usually the primer sequences in the hybridisation scheme
are designed in a way that the biotin label and therefore also the enzyme conjugate is
positioned in close proximity to the surface.

different virus types, thus demonstrates the required sensitivity and selectivity
for broader use in DNA analysis.

Using 16S Ribosomal RNA (rRNA) as the target instead of genomic DNA
is an alternative way to identify bacteria on electrical microarrays. Urinary tract
infections (Warren, 1996) are a good example and of commercial interest, because
bacteria tests from infected patient are the most frequent microbiological
test. The infections are characterised by a high bacteria concentration
of 10°-10°cellsmL ™" in the patient’s urine. As a model for the identification of
the involved pathogens we designed a low-density microarray with electrochem-
ical detection, targeting the 16S rRNA of typical members of the involved bac-
teria classes. The array enables the detection of Escherichia coli from the class of
Enterobacteriaceae, of Enterococcus faecalis, representing the only Enterococcus
species and of Staphylococcus aureus and epidermidis. The two Staphylococcus
species must be differentiated, because Staphylococcus epidermidis is also found in
healthy patients. rRNA is present in high copy numbers in cells (500-70,000
copies/cell), depending on the growth period and the respective microorganism.
Together with the above-mentioned strong occurrence of bacteria in urinal tract
infections, assays can be designed, avoiding time and labour-intensive amplifi-
cation steps, like PCR.

The sequence information in rRNA is highly conserved throughout evolution.
Still, microorganisms can be identified by the 16S rRNA on nucleic acid mic-
roarrays (Chandler et al., 2003; Peplies et al., 2004), if several factors are
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adjusted to each other. The regions targeted by the capture sequences must
show enough diversification, in order to distinguish between different species.
The flanking regions should be highly conserved to allow universal helper
oligonucleotides to be used. They are needed to break up secondary structures
to improve duplex formation in the later hybridisation with the capture se-
quence (Fuchs et al., 2000; Barken et al., 2004). Biotinylated detector oligonuc-
leotides as a third type, enable the conjugation with the ExtrAvidin® enzyme
complex. The intact RNA molecule consists of roughly 1500 nt, with the above
mentioned drawbacks for effective hybridisation. To increase the hybridisation
efficiency it is advantageous to cleave the 16S rRNA (Small et al., 2001), with
our method, statistically into average fragments of approximately 150 nt. In this
case, the detection oligonucleotide has to be selected to bind close to the capture
region. In general the fragmentated target RNA is coupled to the electrode
surface by the capture sequence, followed by ‘“‘sandwich hybridisation” (Wicks
et al., 1998; Rautio et al., 2003) with the biotinylated detection oligonucleotide
(Figure 5).

The observed detection limit of the method was shown to be approx.
10% cellsmL ™" with a total assay time of 1.5 h. This covers the required bacteria
concentration for urinal tract infections. In a series of experiments, the iden-
tification of all four different bacteria species was accomplished. In summary,
we developed a 16S rRNA microarray-based technique with electrochemical

5

16S rRNA
Helper

Detector
p-AP {J

Capture

@ Biotin L ATT I'sio,
M Enzyme

Fig. 5. Scheme of the 16S rRNA-based detection. Flanking the capture and detector region,
helper oligonucleotides are used to increase the accessibility by breaking up secondary struc-
tures. The detector region is also chosen to be near the surface.
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Fig. 6. 16S rRNA-based bacterial array. The sample contained Enterococcus faecalis RNA.

detection, that requires no amplification step and still gives enough sensitivity
and selectivity for identification of different pathogen bacteria (Figure 6).

4. INTEGRATED CMOS DNA ARRAYS

The chips considered so far consist of a passivated silicon substrate material and
of the sensor elements at their surface as described above in this chapter. This
approach is reasonable and cost-effective as long as only a relatively low
number of sites per chip is required so that the amount of interconnects to an
external read-out apparatus is not too high. With increasing number of test sites
per chip, however, an interconnect problem occurs. The increasing number of
interconnects needed to contact all sensor sites translates into a decreasing area
per contact pad on-chip and into a decreasing available area for each sensor so
that the signal currents also decrease. Lowered interconnect reliability at de-
creasing signal strengths eventually result in a severe loss of signal integrity,
reliability and yield.

Active chips, i.e., chips with active on-chip circuitry, allow to amplify and
process the weak sensor signals on-chip (i.e., in a close neighbourhood to the
sensor) and to operate such chips with a low number of contact pads independent
of the numbers of test sites per chip. Such active chips manufactured on the basis
of a specifically extended Complementary-Metal-Oxide-Semiconductor (CMOS)
process are presented in the following section.

Note that application of such chips is not only driven by the fact, that in the
case of a higher number of test sites per chip a technical show-stopper occurs.
Although the costs per chip are increasing for CMOS-based chips, the costs per
data point decrease at increasing numbers of test sites per chip. Consequently,
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active CMOS-based sensor array chips represent a technically and economically
attractive solution for medium- and high-density chips.

4.1. Extended CMOS processing

In Figure 7 (left), a simplified schematic cross-section of a standard CMOS
process is depicted showing the most important layers and materials. Processing
of extra materials, such as gold as in our case, directly within a CMOS pro-
duction line is usually impossible, since such materials may cause contamination
problems, which significantly lower the performance and yield of the fabricated
integrated circuits.

For that reason, the concept of CMOS post-processing is preferred (Figure 7,
right). This concept has been used to fabricate the CMOS chips shown in
Figure 8, starting with an 8 x 4 array with fully analog sensor site circuitry and a
30 pad broad electrical interface (2001), to a customer-oriented 16 x 8 array
with in-sensor site analog-to-digital conversion and 6 pad pure digital electronic
interface (2004) (Sze, 1981; Hofmann etz al., 2002; Thewes et al., 2002, 2004a, b;
Schienle et al., 2004).

Therefore, the basic CMOS technology used is a 5V, 6" n-well process spe-
cifically optimised for analog applications (high-ohmic poly-silicon resistors,
poly-poly-capacitors) with a minimum gate length of 0.5pum and an oxide
thickness of 15nm. After standard CMOS processing, a Ti/Pt/Au stack with
layer thicknesses of 50 nm, 50 nm and 300-500 nm, respectively, is evaporated
(Hofmann et al., 2002). The gold electrodes are structured in a lift-off process.
For the contact pads we also use the gold metallisation. Figure 9 shows a tilted
scanning electron microscope (SEM) cross-section of a fully processed chip with
metal oxide semiconductor (MOS) transistors, two aluminium metal layers
from the CMOS process and sensor finger electrodes. Note that the nitride layer
on top of the sensor electrodes is only used for preparation purposes.

c A additional  noble metal
7 .g passivation (Pt, Au)
g 2 {optionally)
52
x
- passivation_ _ _ _ _ o
metal 2 n
via g
-metal 1 o
contact -
.5
= poly-Si 5
c
n-well .g
p-substrate

n-MOS transistor p-MOS transistor

Fig. 7. Simplified schematic cross-section of a standard CMOS process (left) and required
process extension to provide Au sensor electrodes (right).
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Fig. 9. Cross-section (tilted SEM photo) with Au sensor electrodes and CMOS elements after
the complete process run. Note that the nitride layer on top of the sensor electrodes is only
used for preparation purposes.

However, also in the post-processing case, care must be taken that the related
processing steps do not degrade the quality of the CMOS devices, in particular
when sensitive analog circuitry is realised. As an example, we consider the
electrical properties of a test circuit (Figure 10, left), which is designed to be
operated with sensor currents from 1pA to 100nA. The circuit consists of a
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Fig. 10. Left: simplified schematic diagram of a sensor site test circuit designed to control the
bias voltage of the sensor electrode and to amplify the sensor current by a factor of
10 x 10 = 100 (generator branch), specified range = 1 pA—100 nA. Right: current gain error
of the circuit as a function of the input test current normalised to the gain at test cur-
rent = 1 nA for different annealing options after gold processing.

regulation loop to control the bias voltage of the (generator) electrode. The
electrode current is recorded and amplified by a factor of approximately 100
using two cascode current mirrors in series. A complementary circuit is used for
the collector branch, too, but for simplicity here we consider the generator
branch only. The circuit can be electrically characterised using a test/calibration
input (Hofmann et al., 2002; Thewes et al., 2004a).

Figure 10 (right) shows the measured gain as a function of the input current
(average value of all test sites from a 16 x 8 array test chip). Data are shown
with and without additional annealing steps after the gold process module is
performed. If no annealing step is applied, a severe deviation of the gain is
obtained for input currents below 10 pA. This effect coincides with an increase
of the transistor interface state density (Sze, 1981). Whereas reasonable densities
are of the order 10'®cm ™2, here values above 2 x 10'! cm ™2 are obtained, which
lead to leakage currents at the circuit nodes labelled by asterisks in Figure 10
(Hofmann et al., 2002; Thewes et al., 2004a). Thus, a degradation of the transfer
characteristics for low current occurs.

Application of forming gas annealing steps (N5, H, at 400°C/350°C, 30 min.)
after gold processing significantly reduces the interface state density again and
leads to reasonable transfer characteristics. However, in addition to the CMOS
process front-end parameters considered so far in this context, the character-
istics of the gold electrodes with and without annealing must be investigated.
Measured resistance data of gold and aluminium lines, and of the related via
connections are given in Table 1. The data without annealing step and with
annealing at 350°C are similar for all parameters. At 400°C, however, a 1.2-fold
increase of the gold resistance occurs. SEM photos reveal that this increase
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Table 1. Square resistances of gold and aluminium 2 lines, resistance of the related
via connections and transistor interface state densities without and with annealing
steps at different temperatures after Au processing. Crucial values are emphasised
by a light grey background

Square Resistance Square Interface
resistance Au  via holes (Al resistance Al  state density
lines to Au) (mQ) 2 lines (cm™?)
mQO™h mQO ™)

CMOS only (i.e. — — — ~10"°
without Au
process)
CMOS + Au 48 370 79 ~2 x 10"
process, no anneal
CMOS + Au 51 360 76 <10"

process, N»/H,

anneal with

350°C, 30 min

CMOS + Au 61 340 74 <2x10°
process, No/H»

anneal with

400°C, 30 min

coincides with a rearrangement of grains and deformations within the gold
layer, moreover, a change of the electrochemical behaviour is found. Conse-
quently, annealing at 350°C provides us with a process window where both
device and electrode properties are optimised (Hofmann ez al., 2002).

4.2. Circuit design issues and system integration

Besides reliable and cost-effective packaging and a user-friendly read-out ap-
paratus including software, full system integration also requires to develop a
chip with comprehensive electronic functionality on-chip and a pure digital
electronic interface with a low number of interconnect pads independent of the
number of test sites on the chip, to allow robust and user-friendly application. A
chip with a design, which fulfils these criteria is shown in Figure 8 (left) (Thewes
et al., 2004a). In the periphery, the chip e.g. provides bandgap references, D/A-
converters to provide the required voltages for electrochemical operation on-
chip, and a serial digital, six pad electronic interface; circuitry of the array in the
centre of the chip utilises analog-to-digital signal conversion realised within
each sensor site (Schienle et al., 2004). The related concept is briefly discussed in
the following. It provides an (electronic) dynamic range > five decades (circuit
operation is specified for a sensor current range from 10~'>A to 1077 A) and
allows to sample the data from all sites simultaneously.

As shown in Figure 11, the voltage of the sensor electrode is controlled by a
regulation loop via an operational amplifier and a source follower transistor.
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Fig. 11. Schematic circuit principle used for in-sensor site A/D-conversion based on current-
to-frequency conversion.

Analog-to-digital conversion is achieved by first translating the sensor current
into frequency. An integrating capacitor (Cint) is charged by the sensor current
until a predefined switching level is reached, which is monitored by a comparator
stage. When the value of that level is exceeded, the circuit generates a reset pulse
and the capacitor is discharged (transistor Mres) again, so that a sawtooth-like
voltage at the integrating capacitor generator is obtained. The delay stage at the
output of the comparator is operated as a pulse shaping unit to ensure a suf-
ficient length of the reset pulse and thus a complete discharge of the integrating
capacitor in the reset phase. Finally, the number of reset pulses within a given
time frame is counted with a 24-stage, in-sensor-site digital counter. During
sensor site read-out operation, the counter is converted into a shift register by a
control signal and the digital data are provided to the output serially. An in-
depth discussion of that circuit is given elsewhere (Schienle et al., 2004).

5. ELECTRICAL LABEL-FREE DETECTION OF DNA ARRAYS

The electrical DNA microarray (Nebling et al., 2004) described above require
enzymatic labelling. Eliminating the need for labels has the advantage of sim-
plifying the electrical readout, of reducing the cost per analysis, of increasing the
speed of the method and of allowing the design of compact, portable detection
systems. In the field of DNA array sensors, label-free detection was achieved by
monitoring the change in conductance or resistance and capacitance of the



262 R. Hintsche et al.

transducer. Capacitive- or impedimetric-based DNA sensors have been con-
structed by immobilising capture DNA onto the electrode surface. Through
target hybridisation a change in the capacitance or the resistance could be
induced. The applications of capacitive (Berggren et al., 2001) and impedance
methods (Katz and Willner, 2003; Guan et al., 2004) in monitoring various
biomolecular interactions including DNA are reviewed.

Interdigitated electrode arrays (IDAs) have received greater attention in the
field of impedimetric biosensing (Ehret ef al., 1997; Saum et al., 1998; Van
Gerwen et al., 1998; Laureyn et al., 2000). The first label-free impedance sensor
for studying avidin—ferritin molecular interaction was described (Paeschke
et al., 1996b). Studies describing DNA molecular interactions (Jacobs, 1998)
followed. These studies suggest that the electrical field between the IDA elec-
trodes increases proportionally with an applied potential, when the interelec-
trode distance is reduced (Montelius ez al., 1995) and enhance the analytical
sensitivity (Jacobs et al., 1995; Paeschke et al., 1996a). Nanoscale Pd-IDA (Van
Gerwen et al., 1998) and Ti-IDA (Laureyn et al., 2000) electrodes in different
dimensions (500 nm electrode width/500 nm spacing down to 250 nm electrode
width/200 nm spacing) are fabricated on silicon and the binding of glucose
oxidase (GOX) with proteins and DNA have been investigated. The complexing
was generally confirmed by decreased capacitance. On Pt-IDAs fabricated on
borosilicate glass substrates (Gheorghe and Elie, 2003; Hang and Elie, 2004) an
11% increase in impedance has been found due to DNA hybridisation. A con-
ducting polypyrrole integrated IDA surface has been reported for the label-free
detection of avidin or antibodies with the luteinising hormone (Lillie et al.,
2001) and for discriminating double-stranded DNA (dsDNA) from single-
stranded DNA (ssDNA) layers (Frace et al., 2002). The binding of the target
was identified again by a decrease in impedance.

In our group, the direct detection of DNA hybridisation on miniaturised Au-
IDA electrodes embedded in SiO, has been investigated since 1993 employing
the two-electrode impedance technique. The same type of IDA microarrays as
described in Chapter 2 have been used with the electrode dimensions of 1 um
width, 800 nm gap and a length of 1 mm.

The last series of experiments to be published (Dharuman et al., 2004) used a
capture DNA layer on Au electrode surfaces, which was made with a self-
assembling thiol-modified 27 mer oligonucleotide. The presence of the ssDNA
layer was sensitively indicated by an increase of the impedance in the low-
frequency region compared to the impedance of the bare electrode, shown in the
Niquist plot in Figure 12A. The increase at lower frequencies should be related to
the effective overlapping of diffusion layers arising from layer defects of thiol
self-assemblies (Sabatani and Rubinstein, 1987; Finklea ef al., 1993; Diao et al.,
2001) as well as microelectrode edge effects of IDA structures (Stulik ez al., 2000).

We have concluded from these findings, that these two effects may create
higher negative fields and repulsion to charge transfer reaction. Therefore, the
redox couple Fe(CN)Z >~ has been used in order to expand the impedance
changes due to nucleic acid hybridisation in the IDAs covering layer
(Figure 12A, curves a and b). This clearly demonstrates that the presence of
the redox couple enhances the measuring effect.
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Fig. 12. (A) Niquist impedance behaviour of a bare Au-IDA (curve a) and ssDNA capture
layer (curve b) measured in presence of 10 uM K3Fe(CN)g in phosphate buffer of pH 7.4. (B)
Equivalent circuit for IDA. CPE, constant phase element; R, polarisation resistance; R,
solution resistance. (C) Comparative Bode impedance behaviour of ssDNA covered Au-IDA
before (curve b) and after (curve c¢) hybridisation. Curve d represents the impedance behav-
iour of control after hybridisation.

The equivalent circuit that fits this experimental data is shown in Figure 12B.
The double layer capacitance is represented by the constant phase element. The
impedance measurements before and after hybridisation revealed a decrease of
approximately 50% for the formed double strand (Figure 12C, curves b and c),
while no difference for non-complementary target was observed (Figure 12C,
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curve d). The decreased impedance after hybridisation is attributed to the in-
crease in negative charge density in the DNA layer and its consequent effect on
the electrical field lines at IDA structures (Van Gerwen et al., 1998) and ion-
gating effect (Gooding et al., 2003b).

The frequency-dependent impedance method shown above is time consuming
and difficult to perform in the low-frequency region due to intervening diffusion
effects. These could be overcome with transient impedance techniques such as
the charge injection (Mikkelsen and Purdy, 1985). This avoids any frequency
scanning and allows measuring times of microseconds. Additionally, simple and
fast multiplexing may be adapted to the electrical microarrays. The method
involves a rapid perturbation of the interfacial equilibrium with a quantum of
charge pulse causing a potential change, equivalent to the double layer capa-
citance of the working electrode. The relaxation of the open circuit potential is
observed as a function of time. The perturbation period is very short, typically
several milliseconds, which eliminates the ohmic contribution and perturbation
effects on diffusional layers.

A successful application of this technique to detect DNA hybridisation on 8
positions of the electrical mircroarrays described in the chapters above was re-
cently shown. A modified microarray with eight different positions has been used.
Each position with a diameter of 900 pm includes a large number of 800-nm wide
gold electrodes separated by 400 nm wide gaps. Two different synthetic oligonuc-
leotide sequences (27 mer) as a model system were immobilised on the array
positions on the chip.

The potential relaxation process at the respective positions are depicted in
Figures 13A and B. Again the redox mediator K;Fe(CN)4 in phosphate buffer
solution was used. It caused significant differences due to hybridisation of layers
on IDAs as shown in Figures 13A and B. In these figures, curves a and b are
representing the relaxation behaviour of DNA before and after hybridisation in
presence of Ks;Fe(CN)g.

The results of both label-free impedance methods applied to the DNA mic-
roarrays are promising and further research is now focusing on new applica-
tions. These applications require still some efforts to create well-defined
homogeneous biointerfaces, for highly reproducible target binding. The tech-
nique is well suitable for integration with microfluidics and electronics in one
complete, compact system.

6. ELECTRICAL PROTEIN MICROARRAYS

The transfer of classical ELISA formats on biochips offers a great potential for
automation, sensitivity increase, portability, time saving and flexibility of pro-
tein detection for various applications.

Especially in the field of food analysis, medical research and diagnosis, and
biological warfare detection, several approaches and development levels of
protein biosensors have been realised (Askari et al., 2001; Rowe Taitt et al.,
2002; Delehanty and Ligler, 2002; Liu et al., 2003; Dupont et al., 2004). In-
dependent of the way of signal readout (optically or electrochemically), the
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Fig. 13. (A) Relaxation curves of double-layer potential (curve a: single-stranded capture
layer) (curve b: double-layer after hybridisation) in the presence of 5uM K;3Fe(CN)g in
phosphate buffer (pH 7.4). (B) Relaxation of double-layer potential with time observed in
non-hybridising (non-complementary) control experiments.

platform for biosensor detection is a glass or silicon substrate on which the
biochemical, ELISA analogous reactions take place. In the case of proteins,
these are commonly sandwich ELISA formats.

In our group an automated electrochemical protein detection device has been
developed. It is based on low-density microarrays with 16 positions of 500 um
diameter (Figure 1).

The assay principle of the protein microarray is schematically depicted in
Figure 14. The assay steps include:

e Immobilisation of capture antibodies on gold electrode surface;
¢ binding of target protein;
¢ binding of detection antibody;
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Fig. 14. Scheme of an electrical protein microarray using sandwich ELISA formats.

* enzyme labelling;
e substrate cleavage and electrical readout.

The construction and signal readout of the protein detection using the elec-
trical microarray in regarding to the general principle is shown in Chapter 2.

Each array position is covered with the respective capture antibody or an
internal standard substance via piezoelectric spotting of nanoliter drops. During
an incubation phase, the capture molecules are allowed to immobilise on the
electrode surfaces via self-assembling of cystein residues of amino acid side
groups.

After blocking of free binding sides, the disposable carrying the protein mi-
croarray is inserted into the chip adapter with the flow cell. The sample solution
is pumped over the chip surface and the position-specific affinity binding with
the antibodies of the respective array positions take place. In the next step,
enzyme labelled detection antibodies are incubated and bind to the affinity
complexes only. Then the label enzyme substrate p-aminophenyl phosphate is
flushed over and the electric readout of the redox recycling response is per-
formed. This current is proportional to the bound enzyme, which means pro-
portional to the amount of analyte in the solution.

In addition, an unspecifically coated control position for deriving the back-
ground current is measured on every chip as well as a 100% positive internal
standard.

Those procedures provide, on the one hand, functional control and quality
control and on the other a statistic tool for quantification and chip-to-chip
equilibration. A useful application of these electrical protein microarrays is the
bioweapon toxin analyser, which enters the market now. Toxins of relevance are
the bacterial products Botulinus toxin of the bacterium Clostridium botulinum
and the Staphylococcal enterotoxin B (SEB) of the bacterium Staphylococcus
aureus as well as the plant toxin ricin from the plant Ricinus communis.
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An assay for biological warfare toxins was established with polyclonal capture
antibodies, biotinylated polyclonal detection antibodies and an ExtrAvidin®™ al-
kaline phosphatase conjugate. The measurements were carried out in collabo-
ration with the German Armed Forces Scientific Institute for Protection
Technologies in Munster, Germany.

For antibody immobilisation, array positions were spotted with ~30nL of
antibody solution, negative control and positive internal standard, respectively.
For the measurements, the chip and the assay solutions were inserted into the
automated detector. The programme, running with a total assay time of 29 min,
included all incubation, washing and reconstitution steps.

During the on-site tests the following results have been obtained. In Figure 15,
the concentration-dependent curve for the measurement of SEB is displayed.

It is obvious, that SEB can be detected in the lower ppb range. The detection
limit for SEB was determined by measurement and calculation (Figure 16). The
standard deviation for 0ngmL™"' SEB was multiplied by 3. The lowest meas-
ured value above is the real detection limit.

Following this procedure, the detection limit for SEB was determined to be
0.3ngmL™". An array of SEB and ricin on the same chip using varying con-
centrations of each analyte in the sample resulted in independent and repro-
ducible results. For SEB a concentration range between 0 and 15ngmL ™" was
selected and for ricin between 0 and 25ngmL ™', The differences in the gradient
are caused by different binding constants of the antibodies (Figure 17).

From this and other applications, it can be concluded that any protein sandwich
ELISA, which is running in common microtitre plates can be transferred to this
platform of electrical microarrays resulting in reduced running times and reagents.

7. ELECTRICAL HAPTEN MICROARRAYS

During the last years much effort has been spent on the development of bi-
ological detection systems for small molecules. Detection of haptens like
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Fig. 16. Determination of the detection limit for SEB. Calculated were the threefold standard
deviation of the mean value (N = 3) of the blank values. The signal above was defined as
detection limit. It is 0.3ngmL™" for SEB.
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Fig. 17. Parallel detection of SEB and ricin with varying concentrations between 0 and
15ngmL~" for SEB and between 0 and 25ngmL ™" for ricin.

explosives, biological toxins and antibiotics is the main goal (Pestka, 1991; Beier
and Stanker, 2000; Loomans et al., 2003; Wilson et al., 2003; Estevez—Alberola
and Marco, 2004; Lee ef al., 2004). To achieve high sensitivities, physical test
methods like high-pressure liquid chromatography (HPLC) or gas chromato-
graphy with mass detection (GC—MYS) are enabled (Sorensen et al., 2003). These
methods are expensive and require well-equipped analytical laboratories. The



Fully Electrical Microarrays 269

need of small, inexpensive and fast test devices forced the development of bi-
ological tests with antibody — antigen interaction, so called immunoassays.
Available methods based on enzyme immunoassays (EIAs) equipped mostly
with optical detection (Suhren, 2002). Narang et al. (1998) detect explosives like
trinitrotoluol (TNT) and cyclotrimethylenetrinitramine (RDX) with high sen-
sitivity in a capillary immunoassay. For the detection of antibiotics in food,
some tests are in the market — conventional competitive ELISAs (R-Biopharm
AG, 2003) as well as automated assays like the Parallux-B-lactam system (Huth
et al., 2002) and the Parallel Affinity Sensor Array system (PASA) (Knecht
et al., 2004), for example. The Parallux-B-Lactam system is able to detect
six different B-lactam-antibiotics with detection limits between 2.9 and
33.7ngmL™" based on a capillary fluorescent immunoassay. The detection
limits of the PASA system are between 0.12 and 32ngmL ™" and 10 antibiotics
were detected in parallel directly in milk samples. Surface plasmon resonance
(SPR) was also used for high-sensitive chloramphenicol detection in milk
(Biacore, 2003). The detection limit of 0.025 ng/mL is below the given maximum
residue limit (MRL) of 0.05ngmL ™" (Commission Regulation, 1990). However,
this method cannot be used as a small mobile detector.

The rapid, inexpensive, on-site detection and quantification of antibiotics in
food is of high commercial interest. Fast and easy to use small test systems for
parallel identification of the commonly used antibiotics like penicillin G (PenG)
and chloramphenicol (CAP) with high sensitivity and reproducibility are not in
the market today.

Extravidin-
alkaline-
phosphatase

p-APP

O

p-AP

O biotinylated
anti-PenG-
antibody

) KN O soluble
e wmg( i ? PenG
AT T50, PenG-
conjugate
(capture)

Fig. 18. Scheme of the biological interface at a PenG position. In absence of PenG a high
signal results from redox recycling of the enzymatically converted substrate p-aminophenyl
phosphate (p-APP) into p-aminophenol (p-AP) (left part of position). In contrast to this a
PenG containing probe shows no signal (right part of position).
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We have developed a competitive assay on microarrays for detection of PenG
and CAP. As an example, the PenG assay will be described as follows.

The PenG assay is performed at the same microarrays with 16 positions as
described above. The same detection procedure and a multiplexed 16 channel
potentiostat (model “CIPO”, eBiochip Systems GmbH) (Hintsche ez al., 2000)
were used. The biological interface of this assay is illustrated in Figure 18.

For preparing the hapten microarrays a PenG protein conjugate was spotted
by an automated piezodispensing device onto 7 chip positions. These captured
molecules were immobilised via thiol links to the gold electrodes (Bain and
Whitesides, 1989). Another 6 positions were covered with a biotinylated protein
for simulating an internal standard of 100%. Three positions were left uncov-
ered to derive the background current as a negative control.

Raw milk from cow and packed milk from the supermarket were used as
matrices and spiked with PenG.

Performing the analytic process, spiked sample together with biotinylated
anti-PenG antibody was pumped automatically over the chip surface. The
competition between PenG in the solution and immobilised PenG on the seven
microarray positions for binding of the anti-PenG antibody results in an
amount of biotinylated complexes on the electrodes, negative proportional to
the PenG concentration. Because of this competition effect the PenG positions
do not reach the values of the positive control positions. After common label-
ling of these positions with alkaline phosphatase, the substrate p-APP was
added and redox recycling was measured in a stopped flow modus.

The resulting current responses for each position are shown in Figure 19. The
curves represent the slope of current during the first seconds after the flow
stopped. The measured samples were containing 6 ngmL~' PenG.

An internal calibration was made by using the positive and negative control
positions. For this assay the linear fit is between 2 and 10ngmL ™' PenG. The
maximum residue limit (MRL) of PenG in food is 4ngmL~" (Commission
Regulation, 1990). Our detection limit is 2ngmL~" at present.

This microarray platform was tested to be useful for simultaneous detection
of more antibiotics in parallel.

LIST OF ABBREVIATIONS

ASIC application-specific integrated circuit

Bp base pairs

CAP chloramphenicol

CMOS complementary metal oxide semiconductor
CMV cytomegalovirus

D/A- digital/analog-

DsDNA double-stranded desoxyribonucleic acid
EBV Epstein—Barr virus

EIA Enzyme immunosorbent assay

EIS electrochemical impedance spectroscopy
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ELISA enzyme-linked immunosorbent assay
GC-MS gas chromatography—mass spectrometry
GOX glucose oxidase

HPLC high-pressure liquid chromatography
HSV herpes simplex virus

IDA interdigitated electrode array

MOS metal oxide semiconductor

MRL maximum residue limit

Nt nucleotides

p-AP p-aminophenol

p-APP p-aminophenyl phosphate

PASA parallel affinity sensor arraysystem
PC personal computer

PCR polymerase chain reaction

PenG penicillin-G

RDX cyclotrimethylenetrinitramine

rRNA ribosomal ribonucleic acid

SAM self assembled monolayer

SEB staphylococcal enterotoxin B

SEM scanning electron microscope

SNP single nucleotide polymorphism

SPR surface plasmon resonance

ssDNA single-stranded desoxyribonucleic acid
TNT trinitrotoluene
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DNA biosensors based on carbon electrodes are under intense investigation by
many research groups. Carbon electrodes are particularly attractive for sensing
applications because of their low cost, wide working potential window, good
electrical conductivity and relatively low background currents.

Several carbon-based surfaces have been investigated as electrochemical
transducers for DNA hybridisation biosensors. Carbon paste (Wang et al.,
1996a), highly orientated pyrolytic graphite electrodes (Hashimoto et al., 1994)
can be used for the highly sensitive hybridisation detection. Other carbon elec-
trodes such as, pencil lead (Wang et al., 2000) and carbon fibre electrodes
(Caruana and Heller, 1999) have been also successfully employed. Although,
glassy carbon electrodes are not suitable for direct detection of DNA oxidation
peaks (Cai et al., 1996) their utility for direct covalent attachment of DNA
probes (Millan ez al., 1992) or electro-polymerisation of probe-supporting redox
hydrogels (de Lumley-Woodyear et al., 1996) has been demonstrated.

Screen-printed carbon electrodes have also been used to detect trace levels of
nucleic acids (Cai et al., 1996; Marrazza et al., 1999). Thick-film electrochemical
transducers can be easily mass produced at low cost and thus treated as dispos-
able. Disposable sensors overcome the problem of electrode surface fouling, which
usually results in loss of sensitivity and reproducibility. The use of screen-printed
electrodes appears to be one of the most promising approaches, since it meets
the needs of decentralised genetic testing. For example, genosensors based on
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screen-printed carbon electrodes were successfully used for the detection of specific
DNA sequences in real samples (Marrazza et al., 2000; Lucarelli et al., 2002).

The following sections will give relevant examples of electrochemical geno-
sensors developed using carbon transducers. Each step in the assays procedure
(probe immobilisation, hybridisation reaction, labelling and electrochemical
detection) will be discussed in detail.

1. DNA PROBE IMMOBILISATION

The probe immobilisation step plays the major role in determining the overall
performance of an electrochemical DNA biosensor. The achievement of high
sensitivity and selectivity requires maximisation of the hybridisation efficiency
and minimisation of non-specific adsorption, respectively. Control of the sur-
face chemistry and coverage is essential for assuring high reactivity, orientation,
accessibility and stability of the surface-confined probe as well as for minimising
non-specific adsorption events. Different strategies to immobilise the DNA
probe are described in the following sections.

1.1. Adsorption at fixed potential

The ability of DNA to adsorb firmly and irreversibly at carbon electrodes was
demonstrated by Palecek and co-workers more than 10 years ago (Palecek et al.,
1993).

Adsorption at controlled potential is actually the simplest method to immo-
bilise DNA (or peptide nucleic acid (PNA)) probes onto pre-treated carbon-based
surfaces (Palecek et al., 1993; Wang et al., 1996a; Marrazza et al., 1999; Erdem
et al., 1999). This method does not require special reagents or nucleic acid mod-
ifications. An oxidative pre-treatment of carbon surfaces is necessary to enhance
the adsorptive accumulation of DNA (Wang et al., 1995). On the other hand, the
potential applied during immobilisation (generally +0.5V vs. Ag/AgCl) enhances
the stability of the probe through the electrostatic attraction between the pos-
itively charged surface and the negatively charged sugar-phosphate backbone of
DNA (Figure 1A). The inherent oxidation signals of DNA bases onto carbon
surfaces can be used to monitor the immobilisation process (Figure 1B).

However, using this immobilisation procedure, the non-covalently bound
probes have multiple sites of contact with the transducer surface. Most of them
could be inaccessible for hybridisation, resulting in poor hybridisation efficiency.

1.2. Avidin-biotin system

The avidin—biotin interaction is one of the strongest non-covalent binding
events, characterised by an affinity constant of 10'> L x mol~! (Diamandis and
Christopoulos, 1991). This interaction has some unique characteristics that
make it ideal as a bridge system in many applications, such as enzyme-linked
immuno- and DNA hybridisation assays.
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Fig. 1. (A) DNA probe immobilisation by applying a positive potential (a 3-mer is shown for
clarity of presentation). (B) Oxidation signals of DNA sequences immobilised on a screen-
printed carbon electrode using square wave voltammetry. Peak G: guanine (E, = +0.99V vs.
Ag-SPE); peak A: adenine (E, = +1.26 V vs. Ag-SPE).

Marrazza et al. (1999) reported the immobilisation of synthetic oligonucleo-
tides onto disposable carbon strips using an avidin—biotin based procedure. This
procedure involved the controlled formation of avidin layers (by adsorption)
onto the electrode surface and the subsequent binding of a DNA probe bio-
tinylated at its 5’ end. However, the avidin layer inhibited the electrochemical
oxidation of daunomycin, the indicator used to detect the hybridisation; a
shorter and simpler immobilisation by adsorption at controlled potential al-
lowed higher reproducibility and sensitivity.

Campbell et al. (2002) described the modification of carbon electrodes with a
film of codeposited avidin and redox polymer. Incorporation of avidin into the
electron-conducting hydrogel provided a platform to which biotinylated
oligonucleotides could be promptly and simply attached. This immobilisation
procedure resulted in higher probe hybridisation efficiency.

1.3. Covalent immobilisation by carbodiimide

Carbodiimide condensation chemistry is widely used for covalent immobilisa-
tion of, for example, amino-linked oligonucleotides onto activated surfaces
(Figure 2).



282 G. Marrazza et al.

R'
| R-
0 H)N - (CH?)g - Oligonucleotide
C/ + |(|: |::> C/O 1||\|I
—
No- I No— ¢
| |
! "
R
I
O
:> C/ + R— IIjII —C 7§7R'

N - (CH2)g - Oligonucleotide
H

Fig. 2. Carbodiimide chemistry. The carbodiimide derivate (R'—N —C —N-—R) reacts
with oxidized groups present onto the electrode surface to form an active ester intermediate.
In the presence of an amino-linked oligonucleotide an amide bond is formed with release of
an isourea product.

Millan et al. (1992) reported the covalent immobilisation of synthetic
oligonucleotides onto electrochemically oxidised glassy carbon surfaces by us-
ing a water-soluble carbodiimide. The immobilisation process was monitored by
using Co(bpy)3 ", a minor groove binder that was preconcentrated at the elec-
trode surface because of its interaction with DNA. The immobilisation chem-
istry was later improved by employing N-hydroxysulfosuccinimide (NHS) with
a water-soluble carbodiimide reagent (EDC) to activate carboxylate groups on
the glassy carbon electrode surface (Millan and Mikkelsen, 1993). Single-
stranded DNA was covalently bound to these groups through deoxyguanosine
residues.

Carbon paste electrodes, modified by inclusion of 5% stearic acid, were also
explored for covalent immobilisation of DNA (Millan et al., 1994). The selected
DNA probe, enzymatically elongated at the 3’-end with dG residues, was im-
mobilised at stearic acid-modified electrodes by using the water-soluble carbodii-
mide and NHS to activate the carboxylate groups on the surface. Such a covalent
immobilisation procedure resulted in a high hybridisation efficiency of the im-
mobilised DNA probes; moreover, the regeneration of the probe-modified surface
was achieved by simple rinsing in hot water.

The covalent immobilisation of synthetic oligonucleotides having a C6 spacer
and a terminal amino group onto conductive polycarbonate/carbon fibre elec-
trodes was explored by Schiilein ef al. (2002). The immobilisation proceeded
through the formation of amide bonds between the carboxylic functionality at
the electrode surface and the amino-terminal end of the oligonucleotides. The
electrode coverage was estimated using fluorescein-labelled oligonucleotides.
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de Lumley-Woodyear et al. (1996) reported the immobilisation of short
oligonucleotides onto a film of a polyacrylamide-based, electron-conducting
redox hydrogel, formed onto a vitreous carbon electrode. The DNA was co-
valently bound by carbodiimide coupling to the hydrazine functionality of the
hydrogel surface. Improved results were obtained by using a 7-um-diameter
carbon fibre electrode (Caruana and Heller, 1999). In this case, the redox pol-
ymer was first electrophoretically deposited onto the microelectrode and then a
carbodiimide-activated single-stranded probe was covalently attached to the
redox-polymer film. The immobilisation process was monitored via the in-
creased separation of ferrocene methanol peak potentials.

2. HYBRIDISATION REACTION

The kinetics and mechanism of the hybridisation reaction in solution has been
widely studied. Hybridisation involves a two steps process: nucleation and zip-
pering. Nucleation is the rate-limiting step. It is assumed that the nature of the
hybridisation reaction at solid surfaces closely approximates that of the solu-
tion-phase reaction, but its rate is about 10-100 times slower. Efficient hybrid-
isation of a target to surface-bound probes can be impeded by several
phenomena. For example, the immobilised probe may not be accessible for
hybridisation because of some steric interferences arising from neighbouring
probe strands and the sensor surface itself.

The rate of hybridisation and the stability of the duplex depend on several
factors, such as salt concentration, temperature, use of accelerating agents, base
composition (G + C content) and length of the probe sequence.

The salt concentration markedly affects the rate of hybridisation reaction.
Below 0.1 M NacCl, a two-fold increase of salt concentration increases the hy-
bridisation rate by 5-10 fold or even more. The rate levels off when the con-
centration exceeds 1.2M NaCl. However, since that high salt concentrations
stabilise mismatched duplexes, the use of high ionic strength solutions is not
recommended for single-base mutation analysis (Hames and Higgins, 1985).

The rate of hybridisation strongly depends on the temperature. The maxi-
mum rate is observed 20-25°C below melting temperature (7,,) of the duplex
(Hames and Higgins, 1985). However, depending on salt concentration anneal-
ing may effectively occur at temperatures well below the optimum value.

The overall sensitivity of a hybridisation assay is strongly influenced by the
hybridisation time. Moreover, the hybridisation process can be facilitated using
appropriate reagents. The presence of guanidine-HCIl in the target solution was
shown to highly increase the rate of hybridisation (Wang et al., 1997a,b). The
stringency of hybridisation can be additionally altered using formamide. Form-
amide decreases the Ty, of nucleic acid hybrids. Use of 30-50% formamide in
the hybridisation solutions allows the incubation temperature to be reduced to
30-42°C.

The effect of sequence length on hybridisation rate is well known. The lower
hybridisation yield of assays in which long probes and/or targets are used is
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attributed to the higher steric hindrance and also the slower mass transport rate
of the target towards the surface immobilised probe (Hames and Higgins, 1985).

3. LABELLING AND ELECTROCHEMICAL DETECTION

Several electroanalytical strategies have been investigated for transducing the
hybridisation event at carbon surfaces. Hybridisation has been detected via an
increase in the current signal of an electroactive indicator, in conjunction with
the use of enzyme or redox labels, or from other hybridisation-induced changes
in electrochemical parameters. Recent applications rely on the use of the most
sophisticated, sensitive and fast techniques, including differential pulse
voltammetry (DPV), square wave voltammetry (SWV) and potentiometric
stripping analysis (PSA).

3.1. Electroactive intercalative compounds/groove binders

The single-stranded probe can be distinguished from the double-stranded hy-
brid obtained at the electrode surface using small DNA-intercalating or groove-
binding compounds as electroactive indicators. The hybridisation indicator
should possess a well defined voltammetric response at low potentials, in order
to maximise the sensitivity of detection.

The electrochemical detection of hybridisation based on the use of an elect-
roactive intercalator is illustrated in Figure 3. The modified electrodes are im-
mersed in the indicator solution before and after the hybridisation reaction.
After a certain period of incubation, an electrochemical method is applied to

o
222 BE e

signal

Probe-modified Indicator interaction with the
carbon electrode probe-modified electrode

Target sequence
(hybridisation)

< fed o0
v
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Surface-confined Indicator association with signal
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Fig. 3. Hybridisation detection based on the use of redox indicators.
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quantify the indicator associated with the nucleic acids. When the redox marker
has a higher affinity for the double-stranded hybrid compared to the single-
stranded probe, enhanced electrochemical responses are observed at hybridised
sensors. However, a few variants of this procedure have been developed.

Millan er al. (1994) demonstrated the utility of the Co(bpy)s " minor groove
binder for the detection of the cystic fibrosis AF508 deletion sequence.
Co(bpy)i" was also used by Wang’s group to detect sequences related to a
bacterial pathogen (Wang et al., 1997a). Co(phe)3 * is another indicator that has
been widely used to detect sequences related to bacterial (Wang et al., 1997b,
1998b) and viral pathogens (Erdem et al., 1999; Wang et al., 1996a).
Chronopotentiometric detection of the Co(phe)3* or Co(bpy)3 " markers re-
sulted in detection limits of 0.05pg/mL of oligonucleotide target sequence
(Wang et al., 1997a).

Ozsoz’s group reported the use of methylene blue (MB) as hybridisation
indicator. MB strongly associated with the guanine bases of single-stranded
probes and the decrease of the indicator peak which followed hybridisation,
thus reflected the extent of duplex formation. The capability of MB to detect
single-base mutations in short synthetic oligonucleotides (Erdem et al., 2000)
and sequences related to TT and Hepatitis B virus in amplified PCR samples
(Meric et al., 2002) was demonstrated with the use of DPV and SWYV, respec-
tively.

Another useful electroactive indicator is the intercalating anthracycline an-
tibiotic daunomycin. A detection limit of 0.01 pg/mL of target sequence was
reported for the linear sweep voltammetric measurement of this label interca-
lated between the base-pairs of a surface-formed hybrid (Hashimoto et al.,
1994). Figure 4 shows the oxidation reaction of this intercalator.

The DPV measurement of the daunomycin peak potential shift (hybrid vs.
probe) was used by Marrazza et al. (1999) to detect the presence and the amount
of complementary sequence. Nevertheless the shift was not reproducible and
more than 4 ug/mL of complementary sequence were necessary to confirm the
hybridisation.

In contrast, a daunomycin-based chronopotentiometric genosensor, de-
scribed by the same authors, successfully detected apolipoprotein E (apoE)
genotypes in DNA samples extracted from human blood and amplified by PCR
(Marrazza et al., 2000). The oligonucleotide probes were immobilised on the

+2Ht + 2 e-

CHy O CHs

NH2 NH2
OH OH

Fig. 4. Electrochemical oxidation of daunomycin.
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Fig. 5. Chronopotentiograms for daunomycin at probe-modified electrodes exposed to buff-
er a) and 1, 2 and 3mgL~" of target sequence (signals b, ¢ and d respectively). Probe
immobilisation (4 pg/mL in a stirred 2 x SSC buffer solution): 2min at +0.5V. Hybridisa-
tion: 10 pL of diluted and thermally denatured apoE samples or PCR blank onto the working
electrode surface for 10 min. Interaction with daunomycin (50 tM): 2 min, in dark conditions.
PSA transduction: stripping current +1 pA; initial potential of +0.1 V. Each measurement
was repeated at least three times.

screen-printed carbon electrodes by adsorption at controlled potential. Using
two different probes, it was possible to investigate both positions in which the
apoE polymorphisms take place, thus recognising different genotypes. The
samples hybridised at the electrode surface were classified through the
chronopotentiometric quantification of the daunomycin indicator. Figure 5
displays typical chronopotentiograms for daunomycin at probe-modified sensor
exposed to buffer and increasing concentrations of the oligonucleotide target.
Table 1 summarises the results for seven real samples from different genotypes
analysed with both probes. Probe 1 is characteristic of allele ¢3 and €2, and the
100% complementary sequence is represented by genotypes £3/e3, €2/¢2 and &2/
3. The genotypes 3/e4 and €2/e4 had 50% of each of the two sequences. Probe
2 is characteristic of allele ¢3/¢4 and the 100% complementary sequence is
represented by genotypes €3/e3 and ¢3/e4. The genotypes €2/¢2 represented the
mismatch sequence and genotypes ¢2/¢3 had 50% of each of the two sequences.
The results in Table 1 demonstrated that each sample could be assigned to a
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Table 1. Electrochemical genotyping of PCR amplified samples using daunomycin
as the redox indicator. Probe immobilisation (4 ug/mL in a stirred 2 x SSC buffer
solution): 2min at +0.5 V. Hybridisation: 10 pL of diluted and thermally denatured
apoE samples or PCR blank onto the working electrode surface for 10 min. In-
teraction with daunomycin (50 uM): 2 min, in dark conditions. PSA transduction:
stripping current + 1pA; initial potential of +0.1 V. Each measurement was re-
peated at least three times.

Sample Probe 1 A area (ms) Probe 2 A area (ms)
PCR blank —343+179 —274+84
e3/e3 +875+138 +719+218
£3/e4 +270+99 +710+237
£3/e4 +1104+127 +707+197
e2/e3 +658+111 +225+182
§2/e2 +629 4260 —171+69
&2/e2 + 774475 —289+185

certain genotype. Samples containing the complementary sequences gave a sig-
nificant increase of daunomycin peak areca compared with the signal observed
with a blank solution. Samples containing 50% complementary sequences gave
a much lower increase and samples containing only mismatch sequences gave a
decrease in the daunomycin peak area.

More recently, new electroactive indicators have been developed for attaining
higher sensitivity. Two classes of intercalators, bis- and threading intercalators,
seem to be particularly interesting (Palecek and Fojta, 2001).

3.2. Indicator-free approach

Label-free electrochemical detection schemes greatly simplify the sensing proto-
cols, as they eliminate the use of indicators. Moreover, the assay safety is im-
proved, since the indicators are usually toxic or carcinogenic compounds.

One of the most elegant approaches relies on the intrinsic electroactivity of
the nitrogenous bases of nucleic acids. The voltammetric behaviour of guanine
and adenine was characterised more than 30 years ago (Dryhurst and Face,
1970; Dryhurst and Elving, 1968) and it is shown in Figures 6 and 7, respec-
tively.

The first indicator-free scheme was introduced by Wang et al. (1996b). The
hybridisation was detected by monitoring the decrease of the guanine peak of
the immobilised probe (i.e. oligo d(G),), following the addition of the com-
plementary oligo d(C), target. However, this procedure was not applicable in
most cases (e.g., for guanine containing targets).

Such a limitation has been overcome by developing a new approach, based on
the use of inosine-modified (guanine-free) probes (Wang et al., 1998a; Wang
and Kawde, 2001; Lucarelli ez al., 2002). The inosine moiety still forms a spe-
cific base-pair with the cytosine residue (Casegreen and Southern, 1994), but its
oxidation signal is well separated from that of guanine. This results in a flat
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Fig. 6. Proposed mechanism of electro-oxidation of guanine in acidic solution (Dryhurst and
Face, 1970).

baseline (around +1.0 V) for the probe-modified electrode. The duplex forma-
tion was thus detected through the appearance of the guanine oxidation peak of
the target sequence, following hybridisation (Figure 8).

Detection limits of 0.12 pg/mL of oligonucleotide target sequence were re-
ported for an indicator-free hybridisation biosensor based on the
chronopotentiometric measurement of the target guanine signal (Wang et al.,
1998a). The utility of such a label-free biosensor for the detection of single-base
mismatches in synthetic oligonucleotide was also demonstrated by Wang and
co-workers (2001).

A similar genosensor was used by Lucarelli ez al. (2002) to detect the se-
quences encoding apoE in DNA samples extracted from whole human blood
and amplified by PCR. Immobilisation of densely packed DNA probe layers
was required during the analysis of synthetic oligonucleotides for efficiently
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Fig. 7. Proposed mechanism of electro-oxidation of adenine in acidic solution (Dryhurst and
Elving, 1968).

suppressing the non-specific adsorption of such short sequences. Interestingly,
the same probe immobilisation conditions were found to be inadequate for the
analysis of PCR amplified products (244 bp). In the case of such samples, the
high steric hindrance of the amplified sequences probably determined a lowering
of their hybridisation efficiency. Specific amplicon signals were obtained after
decreasing the probe surface density. In these conditions, the approach of
the large PCR product towards the electrode surface became easier, because
of the diminished electrostatic repulsion between the target sequence itself and
the negatively charged interface. Moreover, the higher conformational freedom
of the probe within the loosely packed immobilised layer certainly improved its
hybridisation capabilities with its large binding partner. As indicated in Table 2,
the label-free genosensor clearly differentiated the specific apoE samples (all €3/
&4 genotype) from the unrelated amplicons.

3.3. Enzyme labels for hybridisation detection

The basic scheme of an enzyme-based DNA biosensor is illustrated in Figure 9.
Hybridisation is usually performed using biotin-labelled sequences and the re-
sulting hybrid is then coupled with avidin- (or streptavidin) conjugated en-
zymes. The enzyme activates a biocatalytic process that amplifies a single
recognition event between the probe and the target by transforming numerous
substrate molecules into a detectable (e.g., electroactive) product. Voltammetric
or amperometric methods are usually applied as the transduction means.
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Fig. 8. Sequence-specific analysis based on the measurement of the intrinsic electrochemical
signal of the guanine moiety. When using an inosine-substituted probe, duplex formation is
indicated by the appearance of the oxidation signal of the guanine bases of the target se-
quence.

Table 2. Analysis of PCR amplified samples based on the measurement of the
intrinsic electrochemical signal of the guanine moiety. Inosine-substituted probe
immobilisation (4 ug/mL in a stirred 2 x SSC buffer solution): 2min at +0.5V.
Hybridisation: 10 uL of diluted and thermally denatured apoE or non-specific
samples onto the working electrode surface for 10 min. Square-wave voltammetric
detection: scan between +0.2 and +1.35V in acetate buffer (frequency = 200 Hz;
amplitude = 40 mV; step potential = 15mV). Each measurement was repeated at
least three times.

Samples Guanine peak area (A x V)
Non-complementary amplicon 1 (2.840.6) x 107
Non-complementary amplicon 2 (3.1+1.6)x107°
Non-complementary amplicon 3 (3.6+2.0)x 1077
apoE amplicon 1 (1.70+0.44) x 1078
apoE amplicon 2 (1.93+0.08) x 107*
apoE amplicon 3 (1.98+0.19) x 107*
apoE amplicon 4 (2.1240.52) x 1078
apoE amplicon 5 (1.85+0.20) x 107*
apoE amplicon 6 (1.7740.27) x 1078

apoE amplicon 7 (1.2440.39) x 1078
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Fig. 9. Schematic presentation of an enzyme-linked DNA biosensor.

A horseradish peroxidase (HRP)-labelled DNA probe was used by Heller and
co-workers in combination with the covalent immobilisation of the target se-
quence (de Lumley-Woodyear et al., 1996). Upon hybridisation, the enzyme was
electrically “wired” to the electrode surface and H,O, was detected by ampe-
rometry.

The thermostable soybean peroxidase (SBP), covalently bound to target
oligonucleotides, was also used by Heller’s group for the enzyme-amplified
amperometric detection of DNA hybridisation (Caruana et al., 1999). The ac-
curate control of assay temperature allowed an easy discrimination between
full-matching, single-base and four-base mismatching sequences. The hybrid-
isation reaction was monitored in real time. About 34,000 copies of SBP-
labelled hybrid could be detected in a 10 min assay.

Campbell et al. (2002) reported an enzyme-amplified amperometric sandwich
test for RNA and DNA. DNA or RNA sequences were simultaneously allowed
to hybridise with a HRP-labelled detection sequence and the surface-confined
probe. A decrease in the H,O, electroreduction current indicated the presence of
the analyte DNA or RNA in solution.

An electrochemical enzyme-amplified hybridisation assay for the detection of
human cytomegalovirus DNA in PCR samples was described by Azek et al. (2000).
The biosensor format involved: (a) adsorption of denaturated PCR products
(target) onto the sensing area of a screen-printed carbon electrode; (b) hybridisation
with a short, biotinylated, DNA probe; (c) hybrid labelling with a streptavidin-
conjugated HRP and (d) differential pulse voltammetric detection of the enzyme-
generated product. The electrochemical method showed a higher sensitivity
compared with the agarose gel electrophoresis quantification and a microtiter
plate-based spectrophotometric hybridisation assay; 3.6 x 10° copies/mL of am-
plified human cytomegalovirus DNA (406 bp) could be detected.

Pividori et al. (2001) designed an enzyme-labelled amperometric genosen-
sor based on a concept adapted from classical dot-blot DNA analysis. The
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analytical procedure consisted of five steps: (a) DNA target immobilisation by
adsorption onto a nylon membrane; (b) hybridisation between the target DNA
and the biotinylated probe; (c) hybrid labelling with a streptavidin-conjugated
HRP; (d) integration of the modified membrane onto a graphite-polymer com-
posite electrode transducer and (e) amperometric detection of H,O,. Sensor
selectivity against a three-base mismatched oligonucleotide probe was demon-
strated. The ssDNA-modified membrane could be conserved for at least 3
months (at 4°C) without a significant decrease of performances.

3.4. Biomagnetic assays

The major problem encountered by several biosensing formats is the non-
specific adsorption of non-hybridised oligonucleotides onto the probe-modified
electrode surface. This has been overcome by conducting the hybridisation and
the transduction steps at different surfaces (magnetic beads and unmodified
electrodes, respectively). This novel strategy was independently announced by
Wang’s and Palecek’s groups (Wang et al., 2001; Palecek et al., 2002). The
efficient magnetic isolation of the duplex allowed the discrimination against
non-hybridised DNA, including non-complementary sequences and an excess of
mismatched oligonucleotides.

An enzyme-linked genomagnetic hybridisation assay was proposed by Wang
et al. (2002). The protocol employed probe-modified magnetic beads able to hy-
bridise in solution with a biotinylated DNA target. After hybrid labelling with
streptavidin-conjugated alkaline phosphatase, the enzyme-generated o-naphthol
was detected at bare screen-printed electrodes by using differential pulse volt-
ammetry. The bio-analytical assay was applied for the detection of short sequences
related to breast-cancer BRCAT1; a detection limit of 10 pg/L was achieved.

Palecek’s group described a magnetic beads-based, enzyme-linked immunoas-
say for the detection of the DNA hybridisation event (Palecek ez al., 2002).
Paramagnetic beads, with a covalently bound (dT),s probe, were used for the
hybridisation with target DNA (synthetic 67-, 97-mer and PCR products) con-
taining adenine stretches. Target DNA was previously modified with osmium
tetroxide,2,2'-bipyridine and the immunogenic Os(bipy)-DNA adducts were de-
termined by an enzyme-linked immunoassay. The enzyme-generated a-naphthol
was detected at bare carbon electrodes by using linear sweep voltammetry. Al-
ternatively, Os(bipy)-modified targets were directly detected by measuring the
osmium square wave voltammetric signal at pyrolytic graphite electrodes. A
comparison between determination of the 67-mer target at carbon electrodes
using: (a) the guanine oxidation signal (Iabel-free detection of unmodified target);
(b) direct determination of the Os(bipy)-DNA adduct and (c) its electrochemical
immunoassay, showed immunoassay to be the most sensitive method (detection
limit: Sng/mL). 226-bp amplicons were also successfully detected by immuno-
assay with high sensitivity and specificity.

Wang’s group also described the approach for the electrical sensing of DNA
with the lowest detection limit reported thus far (Wang er al., 2004). This
approach relied on the use of carbon nanotubes (CNT) which played a dual
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amplification role: namely as carriers for numerous alkaline phosphatase tags and
for accumulating the product of the enzymatic reaction. The CNT were first
modified with both the enzyme labels and a DNA reporter probe by using the
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC); the probe-modified en-
zyme-loaded CNT were then used to detect target DNAs through a genomagnetic
sandwich hybridisation assay. PSA was employed to measure the a-naphthol
signal onto a glassy carbon electrode. The CNT-dual amplification route allowed
dramatic improvement of the sensitivity. Moreover, further signal enhancement
was demonstrated in connection with the use of a CNT-modified glassy carbon
transducer. The electrochemical response was linear as a function of the loga-
rithm of the target concentration between 0.01 and 100 pg/mL; a detection limit
of 1fg/mL (i.e., 820 copies) was achieved with 20 min hybridisation time.

4. CONCLUSIONS

This chapter has described the use of inexpensive carbon electrodes as trans-
ducers for electrochemical sensing of nucleic acids.

Over the past decade, enormous progresses have been made towards the
development of electrochemical genosensors. Such devices are of considerable
interest due to their promise for obtaining sequence-specific information in a
faster, simpler and cheaper manner compared to traditional nucleic acid assays.

Indicator-based and label-free genosensors have some drawbacks, since they
require the use of toxic/carcinogenic compounds or possess a relatively low
sensitivity. In contrast, enzyme-amplified assays offered the best performance
compared to the traditional electrophoresis-based analysis of PCR products.

In most cases, the electrochemical DNA biosensors described in this section are
not reusable. Thermal or chemical regeneration of the surface-bound DNA probe
often results in the desorption of the probe itself or in a severe decrease in the
probe hybridisation efficiency (Wang et al., 1998b). Sometimes, the electrochem-
ical measurement damages the DNA probe; moreover, electrode surface fouling
due to the use of electroactive indicators is often irreversible (Wang et al., 1996a).
To overcome the problems associated with this ineffective and time-consuming
procedure, many groups have focused on the development of genosensors based
on disposable transducers such as renewable pencil lead electrodes (Wang et al.,
2001) or “‘one-shot™ screen-printed electrodes (Marrazza et al., 2000).

Integration of multiple carbon sensors on a single microfabricated chip plat-
form should lead to significant advantages in terms of reliability, cost, speed
and simplicity of detection of specific DNA sequences.

LIST OF ABBREVIATIONS

PNA peptide nucleic acid
Ag silver
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AgCl silver chloride

Co(bpy)3 " cobalt 2,2’-bipyridine

NHS N-hydroxysulfosuccinimide
EDC 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide
dG deoxyguanosine

G guanine

C cytosine

NaCl sodium chloride

HCl hydrogen chloride

Tm melting temperature

DPV differential pulse voltammetry
SWV square wave voltammetry

PSA potentiometric stripping analysis
Co(phe)i " cobalt 1,10-phenanthroline

MB methylene blue

apoE apolipoprotein E

PCR polymerase chain reaction
d(G)y deoxyguanosine 20-mer

HRP horseradish peroxidase

H,0, hydrogen peroxide

SBP soybean peroxidase

(dT)s (deoxy)thymidine 25-mer
Os(bipy) osmium tetroxide,2,2’-bipyridine
CNT carbon nanotubes
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1. INTRODUCTION

Electronically conducting polymers (ECPs) are an attractive class of materials
that was extensively studied during the last decades for applications in the fields
of molecular electronic and molecular actuators, energy storage, special coatings
and sensing. This interest comes from their intrinsic properties related to their
molecular structure that allows electronic conduction, their spectroscopic and
electrochemical activities and finally their straightforward processing and mod-
ification. Since their first application to biosensing by Foulds and Lowe (1986)
and Umana and Waller (1986), these properties have been widely used in the field
of biosensing in terms of biomolecule immobilisation and transduction of the
biomolecular recognition (Bartlett and Cooper, 1993; Gerard, 2001; Cosnier,
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1999, 2003; Emr and Yacynych, 1995). These works were essentially devoted to
enzyme immobilisation and wiring. However, Shimidzu (1987) first exposed the
possibility to immobilise DNA on ECP interfaces and underlined the possible
implication of ECP’s electroactivity to DNA sensing. Following this preliminary
work, studies in conjunction between ECPs and DNA were published more re-
cently (Minehan et al., 1994; Livache et al., 1994). Since these first applications
which were more dedicated to DNA immobilisation, there was a tremendous
interest in these biomaterials including transduction strategies based on ECP’s
physico-chemical activity, development of new routes of DNA immobilisation
and transposition to microelectronic devices. These numerous approaches finally
gave rise to real biological applications in the fields of genetic or infectious dis-
eases (Lopez-Crapez et al., 2001; Cuzin, 2001; Maillart, 2004).

This contribution reviews the application of ECPs to the design of DNA sensors
in terms of DNA immobilisation and hybridisation transduction. In the first part,
we describe the different chemical and electrochemical immobilisation strategies,
and the processing approaches to design surfaces bearing ECP-supported DNA
probes especially in the field of parallel applications (DNA chips). In the second
part, the different ways of detection are reviewed including labelling and label-free
strategies. A particular highlight is given to ECP-based transduction approaches.

2. ECP-BASED GENOSENSORS: DESIGN AND FABRICATION

Two topics are developed in this chapter. In the first part, DNA immobilisation
strategies are described including physisorption, entrapment and chemical
grafting. The second part highlights how to process ECP-DNA biomaterials for
the generation of DNA arrays.

2.1. How to interface ECPs and DNA

The tremendous interest for electronically conducting polymers comes from
their numerous intrinsic properties, including electronic conductivity or elect-
rochemical addressability, for example, that make them materials of choice for
DNA immobilisation. More precisely, whatever is the ECP’s nature, different
ways of immobilisation could be envisaged including polyelectrolyte interac-
tions owing to ECP’s polycationic charge in their oxidised state, physical
entrapment, complexation with ligand-functionalised polymers or chemical
grafting either at a monomer unit or by post-functionalisation of the polymer
backbone. Thus, the following parts will describe the different strategies in-
volved in DNA immobilisation at ECP interfaces.

2.1.1. The polyelectrolyte approach

Electroconducting polymers are generally obtained through oxidative chemical
or electrochemical polymerisation of a monomer unit in an electrolytic solution.
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This polymerisation gives a polymer bearing positive charges in its oxidised
form. Thereby, these positive charges may be used to capture polyanions such
as DNA and oligonucleotides. This can be effected either by adsorption on the
synthesised polymer or by entrapment during the polymer growth. On the other
hand, one can functionalise the native backbone with pendant cationic groups
to activate such interactions.

2.1.1.1. DNA adsorption at ECP interfaces. The adsorption is typically carried
out on previously synthesised polymer films, eventually after treatment to
ensure the presence of positive charges at least at the polymer surface. The elect-
ropolymerisation of pyrrole provides an electroconducting polymer PPy (poly-
pyrrole) bearing delocalised positive charges along the chain axis. As DNA is a
polyanion bearing fixed strong negative charges on its phosphate diester, some
authors (Minehan et al., 1994) assumed that the positive charges on the poly-
pyrrole, due to their mobility, could be redistributed to maximise their interaction
with DNA. This interaction could also be increased by hydrogen bonding with
the NH group of pyrrole units. The possibility to exchange small anions for DNA
must also be noticed. The authors studied the impact of the ionic strength, the
buffer nature and the pH on adsorption kinetics of single- and double-stranded
DNA. They also performed stability studies of this interaction: desorption, com-
petition and reversibility of binding. Marx et al. (1994) extended this work to
poly(3-hexyl thiophene) and poly(3-undecyl thiophene). Pande et al. (1998) and
Minehan et al. (2001) have assessed the impact of the polymer film morphology
(rough or smooth surface) on the interaction as well as general characteristics of
the polymer film such as storage conditions, age or redox state. The study of
DNA adsorption on a chemically synthesised polypyrrole (FeCls oxidation) was
achieved by Saoudi et al. (2000) in phosphate buffer solution by dielectric ex-
periments and XPS (X-ray photoelectron microscopy). Some immobilisations
were realised at more acidic pH (acetate buffer, pH 5.2) on electrosynthesised
polypyrrole by Cai et al. (2003) and Saoudi et al. (1997). Calf thymus DNA was
also adsorbed (Gambhir et al., 2001) on PPy films doped with polyvinyl sulfone
(PVS). The authors showed that even a polyanion like PVS can be exchanged
easily with DNA. Following the works dedicated to DNA adsorption on po-
tentiostatically grown polyaniline films reported by Lei ez al. (2000), Wu et al.
(2005) recently described a new nanocomposite biomaterial based on polyaniline
intercalated graphite oxide enveloped in carbon paste electrode in which DNA
was immobilised in presence of Tris buffer medium.

Finally, DNA immobilisation based on electrostatic physisorption at ECP in-
terfaces exhibits three main advantages: simplicity of the immobilisation process,
mild conditions of immobilisation and accessibility of the immobilised DNA.
However, the obtained biofilms show poor stability that may lead to DNA des-
orption. Moreover, the adsorption of short ODN remains difficult and unstable.
A method reported by Farace et al. (2002) could overcome this drawback but
may limit DNA accessibility. Thus, adsorption of small oligonucleotides was
realised on pre-synthesised polymer films and was followed by potentiodynamic
deposition of a thin PPy sub-layer that includes ODN within the polymer host.
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2.1.1.2. ECP-DNA aggregation complexes. Some studies described the interac-
tion between soluble polythiophene derivatives and DNA leading to the
formation of soluble spectroscopically active aggregates. Complexation of
DNA was realised with Iuminescent zwitterionic polythiophene derivative
(POWT) as described by Nilsson ez al. (2003) and Nilsson and Inganés (2003) or
with cationic polythiophene prepared by chemical oxidation (Ho et al., 2002
and Ho and Leclerc, 2004). In these cases, the authors used ammonium-
substituted polymers that favour strong DNA-polymer interactions. Other
studies were realised with autodoped polythiophene or PEDOT doped with
polystyrene sulfonate and even with this p-doped polymer Yamamoto et al.
(2000) showed that interaction with DNA occurred. Apart from biosensing
researches, different works were initiated by Nagarajan et al. (2000). The
authors took the advantage of DNA duplex to serve the biomolecules as a
template for the biochemical synthesis of well-ordered highly conductive po-
lyaniline nanowires (Nagarajan et al., 2000). Moreover, the authors showed
that, owing to polyanaline doping behaviour, it becomes possible to reversibly
manipulate DNA duplex conformation (Nagarajan et al., 2001). In this way,
Ma and co-workers designed a pH-sensitive transistor based on the polyaniline
nanowires bridging two gold nanoelectrodes (Ma et al., 2004). Finally, such
strategy was extended for the fabrication of various super-structured polypyr-
role morphologies in solution (Bae et al., 2004) and for the patterning of silicon
surfaces with polypyrrole-ordered chains (Pike et al., 2003).

2.1.1.3. DNA entrapment within ECPs. The interaction of oligonucleotides with
electrochemically synthesised PEDOT/PEG or PEDOT/PVP films of different
thicknesses was studied by Piro ez al. (1999). In these conditions, incorporation
of ODN increased with film thickness suggesting that small anionic molecules
like ODN are incorporated into the bulk of the polymer in the conditions used
for DNA adsorption at ECP interfaces. More usually, ODN entrapment is
made by the same author during polymer electrosynthesis owing to the ability of
ODN to dope the growing polymer due to the phosphodiester group.

The entrapment of biomolecules within ECP host matrices was first devel-
oped for proteins (Foulds and Lowe, 1986; Umana, 1986) or even whole cells
(Deshpande and Hall, 1990) immobilisation during electrosynthesis in the pres-
ence of electrolytes that ensure the polymer electroneutrality (counterion). The
entrapment of oligonucleotides was described by Wang et al. (1999) and Wang
and Jiang (2000) without added electrolyte on a glassy carbon electrode. The
authors assumed that the roles of counterion and electrolyte are accomplished
by the oligonucleotide’s charge as characterised by Electrochemical Quartz
Crystal Microbalance (EQCM) experiments (Wang and Jiang, 2000). In these
conditions, they obtained highly adherent conductive purple films. DNA en-
trapment in polypyrrole on platinum, Indium Tin Oxide (ITO)-coated glass and
even stainless steel was done by Misoska et al. (2001) using mainly galvanostatic
methods. This approach was extended by Cai (2003) and Xu et al. (2004) to the
functionalisation of multi-walled carbon nanotubes using cyclic voltammetry.
DNA was also entrapped in PEDOT microtubules by Krishnamoorty et al.
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(2004): oligonucleotide probes with lengths varying between 5 and 20 bases were
immobilised during the electrosynthesis in a buffer medium. DNA entrapment
in polypyrrole in the presence of a buffer was also described by Ramanaviciene
and Ramanavicuis (2004).

2.1.2. DNA immobilisation through chemical or biochemical complexation

In order to anchor DNA probes more firmly at ECP interfaces using mild
conditions, a classical route deals with the use of ligand-functionalised polymer
films. These ligands could initiate classical organo—inorganic complexation links
but could be also based on biological interactions. In such a way, a polythiop-
hene bearing biotin residue was first described by Marx et al. (1994). This work
is based on the chemical synthesis, using ferric chloride as oxidative agent, of a
polythiophene film bearing hydroxyl groups. The obtained polymer film was
further biotinylated using hydroxyl pendant groups as precursors in order to
design a DNA biosensor.

In order to functionalise electrode surfaces with biotin groups, Torres-
Rodriguez et al. (1998), Cosnier (1999) and Cosnier and Le Pellec (1999) have
described the synthesis and the electropolymerisation of biotinylated pyrrole
monomers. In further development, Dupont-Fillard et al. (2001) proposed the
preparation of a DNA biosensor based on the copolymerisation of pyrrole and
a bifunctional compound, “‘pyrrole-biotin”. The obtained film was then satu-
rated with avidin and finally biotinylated ODNs were immobilised owing to the
recognition properties of avidin and biotin (Figure 1). This indirect method of
immobilisation represents a generic approach that may be involved for the
capture and detection of Polymerase chain reaction (PCR) products.

On the other hand, ODN immobilisation may be accomplished using inorganic
complexes. Thereby, the electrochemical synthesis of poly(2,5-dithienylpyrrole)
film, functionalised by a phosphonic acid group anchored in position 1 of the
pyrrole unit (Figure 2), was described by Thompson (2003). Oligonucleotide im-
mobilisation was effected through binding of the ODN probe via a cationic
magnesium bridge between the polymer phosphonic group and DNA phosphate
as described in Figure 3.

2.1.3. Covalent coupling of DNA and ECPs

Different methods were developed in order to increase the stability of the link
between DNA and ECP. The main part of these methods is declined in the
indirect mode for which ODN probes were chemically grafted following the
electrochemical or chemical synthesis of polymer conductive films bearing re-
active linkers. On the other hand, the ODN probes may be directly grafted
through copolymerisation of ODN-functionalised monomers and unsubstituted
units.

2.1.3.1. ECP’s post-functionalisation with synthetic oligonucleotides. Different
groups have prepared functionalised polypyrrole bearing an activated ester
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Fig. 1. Example of the use of a biotinylated ECP monomer (biotin-pyrrole) to construct a
DNA sensor (Dupont-Filliard et al., 2001).
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Fig. 2. DNA post-functionalisation of an ECP-modified electrode bearing complexation
ligand (Thompson et al., 2003).
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Fig. 3. DNA post-functionalisation of an ECP-modified electrode bearing NHS-activated
ester allowing covalent grafting of 5’-aminated ODN (Korri-Youssoufi et al., 1997).
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that reacts with amine-modified ODN probes. Such works were initiated by
Godillot et al. (1996) who studied the electrochemical polymerisation of
3-substituted pyrrole monomers. These works were first dedicated to the elect-
rochemical surface modification with activated ester groups through electrode-
position of poly(3-NHS pyrrole) films. The authors demonstrated that the
activated esters maintained their activity through chemical post-functionalisat-
ion with ferrocene bearing an amino group, the reliability of the anchoring
process being revealed electrochemically. The NHS group suffering the lack of
stability in aqueous medium was further replaced by N-hydroxyphtalimide.
A copolymer of this activated ester and 3-acetic acid pyrrole was realised at
0.9 V/Saturated calomel electrode (SCE). Further reaction with a 5 amino-
modified oligonucleotide led to ODN-substituted polypyrrole modified elec-
trodes (Figure 3) (Korri-Youssoufi et al., 1997). An extension of this work
(Korri-Youssoufi and Makrouf, 2002) deals with the integration of a ferrocene
group within the spacer arm between pyrrole and the activated ester group to
design an electroactive DNA biosensor.

In the same way, poly(5-hydroxy-1,4-naphtoquinone-co-5-hydroxy-3-thioacetic
acid-1,4-naphtoquinone) film was reacted with amino-modified oligonucleotides
(Pham et al., 2003). The use of polythiophene was also investigated via the elect-
ropolymerisation of 3-acetate N-hydroxyphtalimido thiophene and reaction of the
resulting activated conducting film with an extra amino group of ODN (Cha
et al., 2003). Finally, some studies were carried out on polyaniline/polyacrylic acid
composite polymer film (Gu et al., 2004), amino-modified DNA being covalently
linked to the carboxylic groups of polyacrylic acid.

2.1.3.2. ECP’s post-functionalisation by (in situ) ODN synthesis. This is a par-
ticular method which was developed as a potential alternative to prepare biochips
bearing a very high number of different oligonucleotide probes. In this case,
contrary to the previously described post-functionalisation, oligonucleotides were
built up on a polypyrrole film using an original chemistry derived from classical
ODN synthesis (Figure 4). The latter was based on the principle described by
Affymetrix (Fodor et al., 1991) through an electrochemical deprotection step
instead of a photochemical one to allow the elongation of the growing oligonuc-
leotides. Thereby, this strategy involves the synthesis of phosphoramidite mon-
omers bearing an electrolabile group in place of the acid (trityl) or photo (nitro
veratryl) labile groups. As shown in Figure 4, these groups were cleaved on the
support allowing the covalent coupling of the following monomer. In this way,
this strategy could be implemented to polypyrrole-modified microelectrode arrays
in the context of the design of high-density probe arrays.

2.1.3.3. ODN grafting by direct copolymerisation. Another method which
allows the translation of electrode arrays into ODN arrays is based on the
electrocopolymerisation of pyrrole with ODN covalently linked to pyrrole
(Figure 5); in this case, the pyrrolylation of the ODN chain is carried out
directly on the DNA synthesiser by adding a pyrrole-phosphoramidite building
block (Livache et al., 1994).
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Fig. 4. In situ ODN synthesis at ECP interface directed by an electrochemical-based
5’-deprotection (Roget and Livache, 1999).

Successive copolymerisations of different oligonucleotides tethered to a
pyrrole group carried out on a chip bearing an array of individually addressable
microelectrodes, allow the construction of a DNA probe array (Livache et al.,
1998b). Due to the full control of the polymerisation conditions it becomes
possible, by this way, to design highly reproducible biochips. In preliminary
studies, the copolymerisation process was realised by cyclic voltamperometry
(Livache et al., 1994). However, further optimisation of the electrodeposition
process showed that potential pulse method allows preparing reproducible
coatings in terms of film thickness, ODN probes density and hybridisation
detection (Guedon et al., 2000). Copolymerisation of pyrrole and ODN-
functionalised pyrrole appears particularly well suited for the design of low and
medium complexity DNA biochips. Some interesting features, in comparison
with post-functionalisation, deal with the direct and specific anchoring process
of the ODN probes at electrified interfaces that brings electrode addressing or
localised electrodeposition (as described in the following part), and with the
perfect control of the amount of grafted oligonucleotides.

2.2. How to process ECPs for DNA array fabrication

In the field of classical biosensors, ECPs have been widely used in a “one
analyte (one target), one experiment’” approach. In this case, the support used is
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Fig. 5. Construction of ODN-grafted polypyrrole by copolymerisation of pyrrole and ODN
tethered with a pyrrole moiety (Livache et al., 1994).

an electrode; this electrode is dipped in an electrochemical cell and is then
covered by the ECP layer using an electrochemical process (Figure 6a). The
DNA can be “grafted and adsorbed” during this reaction or in a post-synthetic
step. Many applications using this straightforward process have been described
(Korri-Youssoufi et al., 1997, Wang and Jiang, 2000). However, recent ad-
vances in microtechnologies applied to biology have prompted the development
of highly parallel devices allowing a high biological analysis throughput.
Among them the DNA microarrays which are a collection of systematically
arranged probes grafted on a solid surface, can be used to interrogate a sample
applied on the biochip leading to a “multiple analytes, one experiment” ap-
proach. In order to array DNA probes on a solid substrate to construct DNA
chips, different approaches have been described (see Pirrung, 2002 for a review).
Due to their specific properties, the ECPs have a special interest because (i) they
can be a link between microelectronics and biology and (ii) they can be used as a
transducing layer. In this way, low-complexity chips can be useful to integrate
different control spots (negative, positive controls or calibration curve) into a
classical biosensor analyses. The substrate for such electrochemical chips must
be conductive; it involves the design of conducting surfaces that will be used as
working electrodes. These surfaces can be homogeneous bearing only one elec-
trode, or heterogeneous bearing a high number of individualised electrodes. In
all cases, the major point to be solved deals with the addressing process that is
to say the deposition of each probe in the specified location. This process will
drive the spatial resolution and thus the complexity of the chip (number of
different probes per surface unit).
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With this aim, different approaches have been developed; the first one is
based on the use of chips bearing a microelectrode array where each micro-
electrode can be individually connected (Figure 6b). The second one used sim-
pler substrate like homogeneous gold layer that implies to confine the electrical
field in a precise location of the electrode.

2.2.1. ECP modification of microelectrode arrays

One of the major advantages of direct electrochemical-based DNA grafting
approaches is that the growth of the polymer is limited to the electrode surface;
the preparation of DNA arrays can then be done by successive polymerisation
on a microelectrode array. Such an approach has been developed through the
use of the copolymerisation process involving pyrrole and ODN bearing a pyr-
role group. The first addressing bases were demonstrated on a four-electrode
system made with four platinum wires included in a glass matrix (Livache ez al.,
1994); the detection of DNA hybridisation was then carried out with radioactive
labels.
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Miniaturisation of the copolymerisation process was achieved by performing the
polypyrrole syntheses on devices bearing microelectrodes. The copolymerisations
were successively carried out on one addressed (connected) microelectrode; the chip
was then rinsed out and another ODN grafting step was carried out on the
next microelectrode. Potential step electropolymerisation rather than the classical
scanning method was found to be more reproducible and faster. Two kinds of
silicon chips were developed in collaboration with CEA/Leti, Grenoble-France.
The first one was a 4 cm? passive chip bearing an array of 48 gold microelectrodes
having a format of 50 x 50 um? arranged in a 4 x 12 matrix and including 48 gold
contact pads ensuring external interconnection with the power supply (Figure 6b).
The device is termed passive, that is to say one connection pad (and one track) is
needed for each electrode. This silicon chip was used for the Hepatitis C virus
genotyping involving a fluorescence-based detection process (Livache et al., 1998b).

In order to reduce the number of external connections and the area of the
chip, a multiplexed approach was chosen (Fiaccabrino et al., 1994). Thereby,
the second generation chip (Figure 6b) was a 3 x 4mm? active multiplexed
device bearing 128 electrodes with only nine gold Inputs/Outputs to minimise
the global cost and simplify the packaging. The design of the chip has been
optimised to be compatible with the electrochemical steps and the biological
detection process. It means that the voltage applied during this step has to be
fully withstood by the CMOS structure. Packaging of the chip (Figure 6b) is one
of the key issues for this kind of CMOS chip which has to operate in a wet
environment (Livache et al., 1998a). These multiplexed chips have been used by
Lopez-Crapez (2001) to check point mutations in the Kras gene of patients and
are currently developed by Apibio-Biomerieux (France) (Cuzin, 2001). In order
to decrease the cost of production, extension of this approach was proposed: it
involves a parallel electrochemical DNA chip preparation directly on a 4’ wafer,
following the ODN grafting step, the chips are sawed and placed in a well of a
microtiter plate (Caillat ef al., 2003). A simplified chip has also been recently
designed by Apibio, it consists in a plastic card bearing eight working micro-
electrodes and integrated counter and reference electrodes (www/apibio.fr). It
can be used in conjunction with direct electrochemical detection of hybridisa-
tion events. A similar approach has been recently reported by Li ez al. (2005),
although the chemical grafting step of the DNA on the microelectrode is not
well described, the authors can detect DNA hybridisation using AC-impedance
spectroscopy.

2.2.2. ECP modification of homogeneous conducting substrates

The use of silicon microelectrode array as a multi-parametric device has proven
to be a good interface with fluorescence or an electrochemical-based detection.
However, if the device has to be used with other detection process such as
optical-based technology, i.e. surface plasmon resonance (SPR) or optical wave
guides, the array must be constructed on a specific substrate. In order to avoid
the use of silicon chip, lithographic steps and complex connection system to
deposit ECP’s spots on a support, different approaches of ECP patterning have
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been described. The first one deals with the nanodeposition of solubilised con-
ducting polymer such as polypyrrole or self-doped sulfonated polyaniline via
the use of “dip pen nanolithography” (Lim and Mirkin, 2002); however, no
application dealing with the grafting of biomolecules was shown. The second
approach deals with locally modified electrical fields allowing the addressing of
electrochemical reactions. In this way, two main processes have been described
involving the use of a moving microelectrochemical cell or based on the use of a
scanning electrochemical microscope (SECM) to make electrochemical depo-
sition on specified locations.

2.2.2.1. Structuration using mobile electrochemical cells. In a classical electro-
chemical process, the support bearing the working electrode, the counter elec-
trode and the reference electrode are dipped in the solution contained by the
electrochemical cell; that is to say that if an electrochemical polymerisation is
carried out, the entire surface of the working electrode will be covered by the
polymer (Figure 6a). The use of mobile miniaturised electrochemical cells that
can move over the surface of the working electrode allows the limitation of the
reactive area to the size of the electrochemical cell (Figure 6¢). In this way,
different electrochemical reactions can be carried out on a same working elec-
trode (or working conducting surface). This process was described by Gheorghe
et al. (2000) and Guedon et al. (2000). In the former paper, stainless-steel quills
were used to deposit droplets of pyrrole; the polymerisation was carried out by
applying a voltage between the quill and the substrate. The DNA can be in-
tegrated into the polymer by doping, however, the data about hybridisation
results are not given. The latter paper (Guedon, 2000; Livache et al., 2001)
described the use of a micropipette tip as a moving electrochemical cell. The
micropipette, including a platinum wire serving as counter electrode, was filled
with the pyrrole solution (20mM) bearing pyrrole-ODN (1-100 uM) and
LiClO4 (0.1 M). This electrochemical system was connected to a potentiostat
and the micropipette tip was approached towards the working electrode using a
micromanipulator. Once the solution was in contact with the interface, a sta-
bilised potential was detected indicating the functioning of the electrochemical
cell. Polymer films were formed by applying a potential pulse difference (be-
tween the substrate and the platinum wire in the microcell) of 2V for
250-500ms to the gold interface. Following the electrosynthesis the tip was
emptied, rinsed with water and refilled. The diameter of the deposited pyrrole-
ODN spot is about 600 um and is limited by the size of the micropipette opening
(verified through fluorescence imaging). When using smaller electrochemical
pins, spots having a diameter in the range of 250 pum can be synthesised
(Szunerits et al., 2005). The in situ copolymerisation of each ODN probe allows
further a good precision in localisation and thus a control of the probe density
at the surface based on the ratio between pyrrole monomers and ODNS, plus a
good precision on thickness owing to copolymerisation time control. The
synthesis is also very fast since it takes only 500 ms to spot a 11-nm-thick
polymer film. Thus this technology offers the possibility to design very thin films
which are of the same size order than the immobilised probes; this giving rise to
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a 2D-like surface structuration. The required quantities of biomolecules are
furthermore very low. This together with the mild electrosynthesis conditions
and the mechanical stability of the obtained films makes this immobilisation
process a versatile tool for substrate modification with a range of biological
probes including DNA or other biomolecules such as proteins or oligosaccha-
rides. The “‘electrospot” DNA grafting process was used for the study by SPR
imaging of DNA/DNA hybridisation (Guedon, 2000) or for DNA/protein in-
teractions in the case of the study of p53 (Maillart et al., 2004).

2.2.2.2. Structuration using scanning electrochemical microscopy. Another way to
structure surfaces is to use the advantages of scanning electrochemical micros-
copy (SECM) (Szunerits et al., 2004). The essence of this method is based on the
generation of high concentrations of pyrrole radical cations in the gap between
the gold substrate and the microelectrode (working in this case as a counter
electrode) in order to deposit locally the conducting polymer. It followed the
approach reported by Kranz et al. (1996) where local polymerisation was per-
formed in a standard three-electrode configuration using a gold substrate as the
working electrode (WE) and the microelectrode as the counter electrode (CE) in
a macroelectrochemical cell (Figure 6d). In this case, it was used to construct
polypyrrole towers on a conducting substrate. This approach necessitates fur-
thermore that the microelectrode is close to the substrate (some micrometres) to
concentrate the electrical field into a small area. The distance between the gold
surface and the microelectrode was determined by recording the tip current at
various distances from the substrate and constructing an approach curve to the
surface. In order to be used for the construction of DNA arrays, once the
electrode has been positioned, the cell must be filled with a mixture of pyr-
role-ODN and pyrrole (Fortin et al., 2005). The concentration of the pyrrole/
pyrrole-ODN used had to be as high as 200mM/10 um to avoid the rapid
consumption of the starting material in the gap which led to the demolishing of
the formed polypyrrole-ODN film. The electropolymerisation was performed at
0.7V vs. Ag"/Ag using deposition times between 100-250ms. To obtain ho-
mogeneous polypyrrole-ODN spots the microelectrode had to be placed at
about 60 um from the surface. Indeed, the spot size depends on the size of the
microelectrode, the pyrrole concentration, the pulse time as well as on the
distance z between surface and microelectrode. A compromise between the di-
mension of the formed spots size and the homogeneity of its surface has to be
managed. A demonstration of 2D-polypyrrole structuration was carried out by
monitoring the polymer synthesis in real time by SPR imaging (Szuneritz et al.,
2004). Another application of this SECM-based polypyrrole deposition is re-
lated to the synthesis of polypyrrole strips bearing gradient of grafted ODN
(Fortin et al., 2005).

All these conducting polymer processing methodologies can be chosen to be
compatible with the detection process selected: a microelectrode array will be
more convenient to use with an electrochemically based detection process,
whereas a biological array constructed on a homogeneous conducting layer
could be easier to integrate to an optical-based process.
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3. DNA HYBRIDISATION DETECTION AT ECP-DNA INTERFACES

As discussed in the previous part of this contribution, ECP materials were
applied to the design of genosensors owing to their ability to be chemically
modified and to be electrochemically addressed at electrified interfaces. In such
a way, ECPs represent a material class of choice for DNA or ODN immobi-
lisation. However, the second topic associated with DNA biosensors and bio-
chips deals with the end-point detection or real-time transduction of the
hybridisation event. Thereby, detection or transduction methodologies could be
based on DNA target labelling, including fluorophores, radioactive labels, re-
dox markers or on label-free detection of the recognised target through DNA
electrochemistry or piezoelectric and optical weighting. In the aforementioned
cases, ECPs play a passive role in which it serves mainly as smart glue or
eventually as electron relay. However, ECPs present their own physico-chemical
activity (in terms of spectroscopic, visco-elastic or electrochemical properties,
for example) that could impede the transduction process. On the other hand,
one can take advantages of these physico-chemical properties. Thereby, ECPs
may serve as photophysical labels in the case of DNA-ECP complexes forma-
tion in solution but also, when used as immobilisation matrices, they could be
involved directly as reporting elements of the biosensitive interfaces. Figure 7
summarises the involvement of ECPs in DNA hybridisation detection. The
different routes of detection/transduction will be developed more completely in
the following paragraphs.

3.1. DNA hybridisation transduction at passive ECP interfaces

3.1.1. Label-based detection

3.1.1.1. Non-electrochemical-based detection methods. Previously developed for
molecular biology applications, radioactive or fluorescent approaches have been
used in conjunction with DNA detection on conducting polymers since 1994
(Minehan et al., 1994 and Livache et al., 1994) and since 1998 (Livache et al.,
1998b) for the radioactive and fluorescence approaches, respectively. The ra-
dioactive measurement was based on a **P labelling of the DNA, it allowed not
only to detect the quantity of DNA hybridised but also to estimate the amount
of DNA chains grafted on the support. Concerning the fluorescent detection, it
has been carried out with a streptavidin—phycoerythrin conjugate to detect
biotinylated PCR amplified DNA samples. This approach is fully compatible
with a parallel detection and is currently applied on polypyrrole DNA chips
(Livache et al., 1998a, b; Lopez-Crapez et al., 2001; Cuzin, 2001), a typical
senstivity is in the range of 10pM of synthetic complementary target. When
using these detection processes, the polypyrrole layer is used as a glue to stick
locally the DNA chains on the electrodes and not as a polymer having electrical
properties. In order to use the conducting properties of ECPs, an electroc-
hemiluminescence-based DNA assay was designed by Calvoz-Mufioz et al.
(2005). It involved the use of a copolymerised ODN pyrrole support; target
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Fig. 7. Schematic of DNA-based biosensors and of the involvement of ECPs in transduction/
detection methodology.

hybridisation was carried out with a biotinylated DNA and the Electro chemi
luminescence (ECL) detection was performed by a biotinylated luminol deriv-
ative via a streptavidin link.

3.1.1.2. Electro-chemical based detection approaches. Electrochemistry is a sim-
ple and promising method suitable for the rapid detection of specific DNA
sequence, combining high sensitivity, low cost and compatibility with micro-
fabrication technology of transducers. One goal deals with obtaining an elec-
trical signal that allows DNA detection at a reliable level competitive to
fluorescence microscopy. Thereby, different electrochemical methods allowing,
to a certain extent, signal amplifications have been developed in the literature.
In all cases, these methods involve the association of the duplex with multiple
redox markers through the use of redox intercalators, metal nanoparticles or
redox enzymes. Thus, a local enhanced concentration of redox probes, at vi-
cinity of the hybridisation event, is obtained that amplifies the electrical signal
associated with biomolecular recognition. Actually, these methods were devel-
oped for DNA detection at immobilised-DNA monolayers and were extended
to ECP-based DNA sensors. One has to take care of the compatibility of the
electrochemical detection and the electrical/electrochemical characteristics of
ECPs matrices that may be destroyed/modified by the detection process thus
biasing the recognition signal.

Electrochemical labelling of the hybridisation event could be realised through
the covalent grafting of a redox probe to the target DNA (Ihara et al., 1997).
Guisseppi-Elie et al. have demonstrated the feasibility of this detection method at
polypyrrole-modified interfaces and for different strategies of DNA immobilisa-
tion, e.g. entrapment, ODN-modified monomers and post-functionalisation
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(Lei, 2000a). During the detection step, the polypyrrole host matrix is maintained
in its oxidised conductive state and then serves as an electron relay between the
hybridised probes and the electrode surface. Moreover, the authors show that the
hybridisation signal did not overlap with the redox process of the polymer host,
thus giving rise to an acceptable signal-to-noise ratio.

Several groups have developed electrochemical genosensors using double-
stranded DNA-specific binders such as redox intercalators or minor-groove
binders (Takenaka, 2003). In such a way, Demeunynck ez al. (Wang et al., 2004)
described a new pyridoacridone derivative bearing an amine group (Figure 8).
This redox-active intercalator presents a half wave potential of —250mV vs. Ag/
AgCl (pH 7) that makes its utilisation as a redox indicator compatible with
ODN-based biosensors.

Following polypyrrole technology developed by Livache et al. (1994), a DNA
biosensor was fabricated and Figure 8 displays its voltamperometric response in
DPYV using this redox indicator following interaction with the polypyrrole-ODN
copolymer, and after recognition with a non-complementary ODN target or with
complementary strands of increasing length (10-, 20- and 40-mers). The DNA
sensor response was markedly higher following hybridisation thus indicating a
specific binding to the double strand. Moreover, the DPV response is amplified
according to the increased number of intercalating places with the length of the
duplex. This electrochemical detection was finally verified by fluorescence mi-
croscopy (Figure 8). However, signal amplification associated to intercalation is
rather low since it is limited by the duplex length and so by the available in-
tercalation positions (less than three intercalators by rotation of the duplex).
Thereby, metal nanoparticles offer excellent prospects for DNA sensing owing to
their optical, electrical and more particularly electrochemical properties when
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Fig. 8. Differential pulse voltammetry of pyridoacridone derivative. Electrochemical detec-
tion of DNA hybridisation using pyridoacridone derivative as redox probe on a Pt electrode
modified by poly(Py-co-Py-ODNyg) film in the case of the pure poly(Py-co-Py-ODNy) film
(1), after interaction with 20nc non-complementary target (2) and after hybridisation with
10c (3), 20c (4), 40c (5) complementary ODN. Insets: Fluorescence images of the 20nc and the
40c responses following coupling with streptavidin-R-phycoerythrin.
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used as redox indicator reservoir (Katz et al., 2004). Cai et al. (2003) and Li et al.
(2004) have demonstrated the reliability of metal nanoparticle labels, respectively,
Cu/Au alloy nanoparticles and silver enhanced gold nanoparticles, for the elect-
rochemical stripping detection of DNA hybridisation at ECP-DNA-modified
interfaces.

In their work, Li et al. used poly(aminobenzoic acid) films in which pendant
carboxylic groups were used as anchoring moieties for the ODN probes. The
hybridisation detection is then based on a multi-step process that involves hy-
bridisation of the ODN target with gold-labelled DNA targets following by
silver enhancement. The detection signal is then obtained through the direct
anodic stripping of the deposited silver at a potential compatible with po-
ly(aminobenzoic acid) matrix conductivity leading to the detection of synthetic
ODN targets in the range 10 pM—10nM. The authors applied this methodology
to the detection of biotin-modified PCR amplicons using streptavidine—gold
nanoparticle labels. Since the obtained signal to background ratio was low, the
authors improved successfully this signal by introducing multiple biotin groups
to the DNA during PCR. Contrary to Li et al., Cai and co-workers proceeded
to the indirect determination of Cu/Au alloy nanoparticles by measuring the
amount of ionic Cu'' released in solution after oxidative treatment of the labels
in 0.1 M HBr solution. The detection procedure (Figure 9) is then based on the
hybridisation of adsorbed ODN probes at a polypyrrole interface by Cu/Au
alloy nanoparticle-labelled DNA target followed by copper and gold dissolution
in a microwell. The electrochemical detection is finally performed, after remov-
ing the probing electrode, on a bare glassy carbon electrode by anodic stripping
voltammetry of copper. This indirect procedure allows enhancement, by a fac-
tor of 9, of the direct electrochemical stripping of the Cu/Au alloy nanoparticle
leading to a limit of detection of 5 pM.

Alternatively, indirect electrochemical hybridisation detection can be accom-
plished using enzyme labels that generate an amplified signal via the production
of electro-active compounds (Azek et al., 2000), via electrode fouling (Alfonta
et al., 2001) or via enzyme-wiring (Caruana and Heller, 1999). Recently, Purvis
et al. (2003) have designed ultrasensitive potentiometric immunosensors and
genosensors (for more information see the commercial website of Sensor Tech
Ltd., http://www.sensortech-uts.com/) based on coupling enzymatic activity of
horseradish peroxidase labels with polypyrrole sensitivity towards local changes
in ionic strength and pH. Figure 10 exemplifies the working function of such
sensing methodology.

This sensor is based on potentiometric measurements and uses polypyrrole as
signal relay to the recognition event (Figure 10). Thus, the biosensor detects
enzyme-labelled immuno-complexes or enzyme-labelled DNA duplex formed at
the surface of a polypyrrole coated screen-printed gold electrode. Detection is
mediated by a secondary reaction that produces charged species. A shift in
potential is measured at the sensor surface, caused by local changes in redox
state, pH and/or ionic strength. The magnitude of the difference in potential is
then related to the concentration of the formed receptor—target complex. In
such a context, polypyrrole-supported-film morphology, thickness and quality
are of primary importance. Thereby, a new electropolymerisation procedure,
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Fig. 9. Schematic representation of electrochemical procedures used by Cai et al. (2003) for
nanoparticles-based hybridisation detection.

which warrantees the sensitiveness of the ECP layer and involving Sodium
dodecyl sulfate (SDS) as counterion, has been developed.

Finally, labelled detection procedures offer signal amplification compatible
with trace detection. However, such methodologies involve multi-step detection
that may introduce quantification errors and compromise real-time transduct-
ion of the recognition event.

In such a context, some works were focused on the direct label-free detection
of DNA hybridisation using, for example, electrochemical oxidation of nucleic
acids (Jelen et al., 2002 and Wang et al., 1997), microgravimetry (Okahata et al.,
1998; Furtado and Thompson, 1998) or optical detection such as SPR (Lofas
et al., 1991).

3.1.2. Label-free hybridisation detection

3.1.2.1. Mass or optical sensing on ECPs. Although the detection approaches
described previously are quite sensitive, all of them need to label the DNA and/
or are not very compatible with real-time monitoring of DNA interactions. For
this purpose, three approaches have been developed and are based on mass
sensing (Quartz crystal microbalance, QCM), on optical sensing (SPR) or on
electrochemical sensing. Concerning the use of QCM, Galasso et al. (1998) and
Lassalle et al. (2001a) described DNA hybridisation monitoring on a support
bearing ODN covalently linked to polypyrrole by a copolymerisation process
(Figure 11a). The sensitivity was in the range of 250 nM of the complementary
ODN. A similar approach to detect DNA hybridisation was described by
Dupont-Filliard et al. (Dupont-Filliard, 2001) using a regenerable surface based
on a biotin—streptavidin recognition. However, if the DNA hybridisation
monitoring by QCM is easy to carry out, the sensitivity remains lower than that
found with other label-free methods; miniaturisation of the sensors is difficult
and parallel detection possibilities are limited (Livache et al., 2003). DNA
polypyrrole matrices made by pyrrole copolymerisation have also been used
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with surface plasmon resonance imaging; using this process, real-time, label-
free, parallel detection can be carried out on DNA polypyrrole arrays (Guedon
et al., 2000). In an SPR imaging experiment, local changes in the reflectivity
from a thin metal layer are recorded with a CCD camera and are exploited to
monitor many different biological reactions occurring onto the molecules linked
to the polypyrrole matrix. The use of conducting polymers to graft biomolecules
on a gold layer for SPR imaging analysis is of special interest due to the
possibility to control the thickness of the polymer during its synthesis (Livache
et al., 2001). The analytical sensitivity is in the range of 10nM for a short
synthetic complementary sequence. This approach can also be used to monitor
the construction of double-stranded DNA chips that can be used to detect
25 DNA-protein (p53) interactions in parallel (Maillart et al., 2004). Although
this approach is very powerful, it cannot be fully integrated and, in this case,
the polypyrrole grafting technology is just used as glue and as a convenient
way to array biomolecules. Total integration of the detection process can
be reached through the use of the conducting properties of the ECPs
(Figure 11Db).

3.1.2.2. Electrochemical sensing on ECPs. Electrochemical oxidation of electro-
chemically active nucleic bases, namely adenine and guanine, are studied since a
long time (Dryhurst and Pace, 1970; Dryhurst, 1972; Brabec, 1981). The oxidation
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plasmon resonance imaging for the detection of DNA/pS3 interactions (b from Maillart
et al., 2004).

process of guanine, due to its low oxidation potential (e.g. 0.66 V vs. SCE at pH
7.0) (Dryhurst and Pace, 1970) was used in DNA sensing through either direct
oxidation at carbon (Wang et al., 1997) electrodes or electrocatalytic oxidation
using diffusing ruthenium complexes (Armistead and Thorp, 2000). Recently, Gu
et al., (2004) have described ssDNA probe’s immobilisation at diamond electrodes
coated with polyaniline/polyacrylic acid polymer films, the carboxylic acid resi-
dues of the polymer acting as binding sites for DNA attachment. Using cyclic
voltammetry, the authors showed direct oxidation of both adenine and guanine in
double-helix DNA at the modified diamond electrode. The recorded oxidation
potentials were markedly lower than those typically reported for carbon and
diamond electrodes and the authors ascribed this oxidation potential lowering to
ECP matrix properties. In the same way, using adsorbed DNA probes at poly-
aniline intercalated graphite oxide nanocomposite, Wu et al. (2005) showed strong
interaction between the nanocomposite electrode material and ssDNA or dsDNA
that enables electrochemical DNA detection at low anodic and cathodic
potentials.

3.2. ECP-based transduction

Away from the utilisation of ECPs as smart materials for biomolecule immo-
bilisation, these molecular architectures present their own physico-chemical
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behaviour which could be involved as integrated transducer. Then, ECPs have
been involved in the design of biosensors and bioassays based on the modu-
lation of the electrochemical or spectroscopic signals associated to the ECPs
electroactivity or photoactivity by the recognition event. This sensing strategy
was first reported in the pioneering works of Shimidzu (1987) and Emge and
Béuerle (1997) who have reported electrochemical signal modification respec-
tively for the recognition of an ODN target by an immobilised probe or the
detection of a nucleobase by its covalently anchored complementary base. The
following paragraph reviews the different strategies involved in DNA hybrid-
isation detection using ECPs as molecular transducer.

3.2.1. ECP-based homogeneous phase bioassays

Hybridisation detection has been performed on the basis of bioassays using
ECP-DNA aggregates in solution. Indeed, the delocalised electronic structure of
conjugated polymers is responsible for a strong absorption (and often emission) in
the UV-visible range. Moreover, conjugated polymers may be sensitive to minor
perturbations in their microenvironment, due to amplification by a collective sys-
tem response thus opening a new field of transduction methods. Leclerc and
collaborators have first proposed the use of polythiophene spectroscopic activity
to detect biological interactions using avidin—biotin interactions as biological
model (Faid and Leclerc, 1996). Thus, the coupling of avidin to the biotinylated
regioregular poythiophene backbone alters the geometry of the conjugated back-
bone inducing a red shift in the polymeric structure absorption spectra. This
strategy has been extended to hybridisation detection by Leclerc and co-workers
(Ho et al., 2002) using water-soluble cationic polythiophenes as polymeric stains.
Figure 12 displays biochromic detection of DNA hybridisation using DNA ag-
gregation with these conjugated polyelectrolytes. The polymer P/ shown in Figure
12 is soluble in aqueous media providing yellow colour mixtures. Such colour
corresponds to a maximum of absorption at a shorter wavelength (397 nm) which
is related to a random coiled conformation of the polymer backbone (Figure 12Ba
and Ca). Upon the addition of oligonucleotide, the cationic polythiophene po-
lyelectrolyte interacts strongly with the negatively charged biomolecules thus giv-
ing rise to P1-ODN complexes, the so-called duplex (Figure 12A), which absorbs
light at higher wavelength (527nm, Figure 12Bb and Cb). This red shift was
attributed to an extended conjugation length of the polymer backbone that is
spatially ordered upon interaction with ssDNA. This absorption spectra remain
stable in presence of a non-complementary target (Figure 12Bd and Cd) thus
highlighting that ODN probes conserve their specificity in DNA-ECP aggregates.
Upon interaction with a perfectly matched ODN target, this spatial ordering is
partially destroyed leading to a blue shift in the absorbance (Figure 12Bc¢ and Cc).
Moreover, this method enables discrimination between perfectly matched targets
and single-mismatched targets, as exemplified in Figures 12Be and Ce, for which
the absorption spectra displayed a mix of the two aforementioned spectra cor-
responding to ordered (non-hybridised) and disordered (hybridised) structures.
The authors showed a detection limit at the micromolar level. Following the same
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Fig. 12. Chemical structure of water-soluble cationic polythiophene P1 used by Leclerc et al.
(Ho and Leclerc, 2002) A. Synoptic of P1 aggregation with ss- and dsDNA. B. Photography
and C. UV-visible spectra of P1 in solutions free of DNA (a), in presence of the 20-mer-long
single-strand ODN probe (b), and after hybridisation with perfect (c), two-mismatch (d) and
one-mismatch (e) complementary ODN targets at a temperature of 55°C.

methodology, but through the recording of polythiophene fluorescence, this de-
tection limit could be decreased to a value of 2.10~"*M of ODN target. In further
developments, Leclerc et al. have shown the extension of this transduction tool to
the use of aptamers for the selective detection of potassium ions and human o-
thrombin at the femtomolar level (Ho and Leclerc, 2004).

On the same basis, a luminescent zwitterionic-polythiophene derivative
(Figure 13A) has been synthesised by Nilsson ez al. (2003) for chip and solution
detection of DNA hybridisation. In the absence of ssDNA, polythiophene
macromolecules form helical structures that emit light at a wavelength of
550 nm. Upon addition of ssDNA, the polyelectrolyte behaviour of the poly-
thiophene derivative promotes backbone planarisation under interaction with
ODN polyanions thus leading to a red shift in the fluorescence wavelength (i.e.
595nm), the ratio in fluorescence intensities (540/595 nm) being directly related
to the ssDNA concentration in solution. Then, the addition of complementary
ODN targets to the ssDNA/polymer complex causes a blue shift of the max-
imum wavelength (285nm) coupled to a huge increase in the fluorescence
intensity. The authors have applied such a fluorescence enhancement to on-chip
detection of DNA hybridisation using microfluidic as shown in Figure 13B.

3.2.2. DNA sensors based on ECP supports

DNA-ECP-based biosensors involve the immobilisation of DNA probes within
or at the surface of ECP coatings deposited onto electrode surfaces. Thereby,
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Fig. 13. Structure of water-soluble zwitterionic polythiophene used by Nilsson et al. (2003)
(A). On-chip fluorescence detection of DNA hybridisation (B).

these ECP coatings may be electrically addressed and their electrochemical re-
sponse may serve as hybridisation reporter. Three major routes can be exploited
for ECP-based DNA hybridisation electrochemical detection. The first involves
assessing changes in ionic exchange and/or redox properties of the ECP host
using amperometry, voltamperometry or impedance microscopy. The second
involves the intrinsic electrical conductivity of the polymer backbone and the
latest relies on the photoelectrochemical properties of ECP semi-conductive
polymers.

Following the pioneering works of Shimidzu (1987) and Emge and Biuerle
(1997), Garnier et al. (Korri-Youssoufi et al., 1997) have first proposed the use
of polypyrrole electroactivity as a transduction vector. The main problem con-
cerns the design of polypyrrole films being, in the same time, functionalised with
ODN probes and, also, exhibiting high and reproducible electrochemical ac-
tivity in aqueous media. To answer this dual comportment, Garnier et al. syn-
thesised 3-substituted polypyrrole films that allows ODN post-functionalisation
of both bulk and surface of the host matrix. As shown in Figure 14A, the
obtained ODN-functionalised film presents a remarkable electrochemical ac-
tivity (curve a) at a potential of —200mV/SCE. Upon addition of non-
complementary target ODN in solution, the polymer signal is not affected
(curve b) whereas after addition of increasing amounts of complementary tar-
get, the authors observed a depletion of the current response accompanied by a
marked anodic shift of redox potential (curves ¢, d and e). More recently, Peng
et al. (2005) described the same approach to detect DNA hybridisation using
cyclic voltammetry and AC-impedance spectroscopy on a modified polypyrrole
support. In an effort to obtain a more reliable signal and to decrease limits
of detection, Korri-Youssoufi and Makrouf (2002) have further modified
macromolecular materials used previously, and thus optimised signal sensitivity,
through the integration of a ferrocene moiety within the linker arm between the
polypyrrole backbone and the oligonucleotide target. Hybridisation response
was then recorded through the voltamperometric signal of the ferrocene moiety
at a potential of 300mV/SCE. As previously observed by Garnier et al., the
voltamperometric signal of the host matrix was modulated by the hybridisation
event thus giving rise to decay in the measured current and to an anodic shift of
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Fig. 14. (4) Voltamperometric response of DNA post-functionalised polypyrrole film in
absence of DNA (a) in presence of a non-complementary target (b), and after incubation with
increasing quantities (from 66 to 500 nmol) of complementary ODN targets (c, d and e). (B)
Voltamperometric response of the same biomaterial functionalised with a ferrocene group
after incubation in a solution containing 5nmol of non-complementary target (a), and of
complementary target (b).

the ferrocene redox potential (Figure 14B). Indeed, these changes in the elect-
rochemical response of the polymer host may be attributed to two main con-
tributions. First of all, these molecular materials are modified in their volume by
large quantities of oligonucleotides (this quantity was estimated to 200 nmol for
a thickness of 200 nm by of Garnier et al.). Thereby, hybridisation could cause a
large decrease in the permeability of the host matrix to doping anions. On the
other hand, such modulation of the polypyrrole host signal may be attributed to
conformational modification along the polymer backbone during its oxidation
process. Indeed, such a conformational change is associated with the doping
process of substituted polypyrroles which leads to a quinoid structure requiring
the conjugated chains to become planar. Thus, any increase in the polymer host
bulkiness and stiffness of ODN pendant groups following hybridisation may
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induce a higher energetic constraint for the planarisation of the polyheterocycle
backbone and hence, concomitantly, a lower electron transfer in the polypyrrole
matrix after hybridisation and an increase of the oxidation potential value
(McQuade et al., 2000). The latter hypothesis is supported by the impact of the
recognition length of the ODN target since it was accompanied by a larger shift
in potential (Garnier et al., 1999).

Using polythiophene backbone and same post-functionalisation strategy
(Cha et al., 2003) or phosphonic acid modified poly(2,5-dithienylpyrrole) post-
functionalised with ODN probes through calcium dication complexation
(Thompson et al., 2003), similar behaviour in terms of current depletion was
observed. Kumar and co-workers (Krishnamoorty et al., 2004) designed ECP-
based DNA sensors through the direct entrapment of ODN probes as counter
anions within the polymer matrix during the electropolymerisation process.
Thus, DNA sensors were fabricated on micro-porous gold-coated polycarbon-
ate membranes through the electropolymerisation of PEDOT containing DNA
microtubes. These microtubes were grown within the membrane porosity until
bridging of both gold-coated sides of the membrane. As already described by
Garnier et al., the authors observed a large decrease in the voltamperometric
response of the polymer host after hybridisation. Moreover, owing to the ge-
ometry of the designed sensors, the conductivity of PEDOT microtubes can be
assessed in respect of the hybridisation state. Thus, the polymer backbone
conductivity decreased markedly with the complementary target concentration
and remained stable upon the addition of a non-complementary ODN strand as
proposed by Garnier et al. However, the aforementioned works involve bulk
modification of the host matrix with ODN probes and, after surface function-
alisation only, the ECP materials may respond differently to hybridisation.
Thereby, Pham et al. have described post-functionalisation of poly(-hydroxy-
1,4-napthoquinone-co-5-hydroxy-3-thioacteic acid-1,4-naphtoquinone) (2003).
The aforementioned polymer was obtained by electrocopolymerisation and
exhibits a strong, but rather complex, redox signal at a potential of —0.5 V/SCE
related to entrapped quinonic groups. Following functionalisation of the pol-
ymer coating with ODN probes, the authors recorded a marked decrease of the
polymer voltamperometric response. The biosensor response remains stable
following interaction with non-complementary targets but increased markedly
upon interaction with complementary targets to tend to the native signal as-
sociated to the unmodified matrix. Such comportment was mechanistically de-
scribed by the authors (Piro et al., 2005) and was attributed to the transition
from probes Flory coils, which occupied nearly 60% of the polymer surface and
thus hindered counterion exchange along polymer redox process, to organised
duplex structures that leads to a decrease in surface coverage, from a factor of
4.5, more favourable for counterion diffusion. A similar behaviour was ob-
served by Lee and Shim (2003) for a post-functionalised poly (3’-carboxyl-5, 2/,
5, 2”-terthiophene) through recording of the hybridisation event using AC-
impedance microscopy. The authors have then recorded a decrease in the
polymer—electrolyte interface impedance (that was maximum at an excitation
frequency of 100 Hz) after hybridisation and have also shown the possible dis-
crimination of single-point mutations. More recently, Xu and co-workers (2004)
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have implemented AC-impedance spectroscopy to DNA hybridisation detection
using ODN probes entrapped within a polypyrrole host matrix electrochem-
ically grown onto carboxylic group-functionalised multi-walled carbon nano-
tubes modified electrode. The authors showed a sensitive decrease in the
bio-interface complex impedance as already mentioned. This impedance decay,
that is essentially due to a decrease in its real component, is easily readable over
a large range of frequencies (Figure 15a and b) but can be markedly optimised
by a factor of 3 (Figure 15¢) via dsDNA metallisation through Zn** doping
into the dsDNA (Figure 15¢) thus allowing the discrimination of one mis-
matched base. The authors attributed the aforementioned larger decrease in real
impedance to the higher conductivity of metalled dsDNA that allows an in-
crease in DNA’s electronic transfer rate.

Another strategy to detect DNA hybridisation deals with recording the tran-
sient amperometric response of DNA-ECP assemblies to ODN targets in so-
lution. Wang et al. (1999) have first proposed this detection route for DNA
biosensors based on direct entrapment of poly(dG),y or poly(dA),y ODN
probes (used here as counterion) during polypyrrole growth. The authors have
shown that, in its oxidised state, the ECP biocomposite material is highly sen-
sitive to the adjunct of ODN targets in the solution and, moreover, that the
obtained transient response is clearly dependent upon the target sequence
(Figure 16a). So, both sensors display upward peaks upon spiking the non-
complementary target and opposite peaks upon addition of the complementary
strands whereas no reliable signal was obtained for DNA free polypyrrole film.
The obtained sensor presents then a unique yes or no response which is more-
over amplitude dependent on target ODN concentration (Figure 16b). How-
ever, the signal quantification remains difficult since it depends clearly on the
nature of the immobilised sequence as exemplified by the difference in transient
amperometric response between poly(dG),y or poly(dA),y ODN probes
(Figure 16b). Finally, the authors have further developed this biosensor con-
cept to the detection of short ODN targets in presence of chromosomal DNA
(Wang and Mukherjee, 2001).

More recently, Ramanavicius et al. (Ramanaviciene and Ramanavicius, 2004)
proposed the use of pulse amperometric detection to detect DNA hybridisation
at entrapped-DNA polypyrrole-modified platinum electrodes. The applied sig-
nal consists here in a series of 10 potential step cycles including a first step at
600mV vs. Ag/AgCl followed by a second pulse at 0V vs. Ag/AgCl. The
authors recorded a significant decrease in the pulse amperometric signal fol-
lowing hybridisation. These results were correlated to interface impedance
changes passing from single-stranded probe to duplex as already described by
Farace et al. (2002) and patented by Motorola Inc. (Gaskin ez al., 2001).

Electrochemical DNA biosensors based on ECP reporting generally involved
the electrochemical or impedance behaviour of ECP-DNA films. However, in
its reduced state, polypyrrole is a p-type semi-conductor that generates
photocurrent upon light excitation. This polypyrrole photoelectrochemical re-
sponse is strongly dependent on its redox state and, more interestingly, on its
physico-chemical environment. This property was therefore investigated for the
detection of DNA hybridisation events of ODN probes covalently linked to
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Fig. 15. AC impedance response of polypyrrole-DNA functionalised carbon-nanotube mod-
ified electrode for (a), ssDNA polypyrrole film, (b), dSSDNA polypyrrole film and (c¢), metalled

dsDNA polypyrrole film (Xu ez al., 2004).
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Fig. 16. Amperometric response (a) and calibration (b) of polypyrrole-DNA biosensor after
addition of poly(dG),g, poly(dA),g, poly(dC),o and poly(dT),o ODN targets in the case of

PPy-poly(dG),o (1), PPy-poly(dA),o (I) and PPy films (III) (Wang et al.,

1999).

polypyrrole copolymer films by Lassalle and co-workers (Lassalle et al., 2001c¢).
The spectral photocurrent response of a polypyrrole-ODN film before (Figure
17A, curve 1) and after interaction with complementary (Figure 17A, curve 2)
and non-complementary (Figure 17A, curve 3) ODN targets is presented in
Figure 17A. Whereas, polypyrrole-ODN film shows rather similar behaviour in
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Fig. 17. (A) Normalised photocurrent spectra of polypyrrole-ODN films in a PBS solution
free of ODN target (1), and after interaction with non-complementary ODN target (2) and
complementary sequence (3) (Lassalle er al., 2001a). (B) Real-time monitoring of DNA
hybridisation followed by photocurrent spectroscopy (4 = 340 nm, a) and by quartz crystal
microbalance (b) (Lassalle et al., 2001c). Time 0 data correspond to the injection of the
complementary target within the solution of analysis, target concentration = 100nM, no
imposed voltage, PBS buffer.

a solution free of ODN and after interaction with non-complementary strand,
the recorded photocurrent, especially at a wavelength of 340 nm, is much lower
following hybridisation. The spectral responses of the three configurations were
analysed using Gértner’s model. Since the three configurations give similar band
gap energy, the authors assume that the physico-chemical phenomenon re-
sponsible of photocurrent lowering after hybridisation is related to the mod-
ulation of minority carrier mobility. Moreover, by applying a fixed wavelength
of 340 nm, it becomes possible to perform the real-time transduction of the
hybridisation event (Figure 17B). Thus, following injection in the solution of the
complementary target, a decrease of the photocurrent was recorded (black
curve), that fits perfectly QCM microgravimmetric real-time recording of DNA
hybridisation (Lassalle et al., 2001a, d).

4. CONCLUSIONS

Interfacing ECPs and DNA offer several advantages in the field of sensor design;
the first one is the possibility to modify the polymer during or after its synthesis
process in order to construct specific electrodes or support bearing many different
DNA sequences. The processing step allows also tuning the ECP properties to fit
in them with the needs of the detection approach chosen: very thin 2D film can be
obtained for a SPR-based detection process or highly conducting film can be
constructed if redox yrganiza is used. Moreover, the limitation of the electro-
chemical reaction to the surface of an electrode allows the possibility to locally
address an electro-grafting reaction on microelectrode arrays resulting in the
translation of a microelectrode array into a biological array. In terms of detection
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of biorecognition, these polymers are compatible either with ‘‘classical” ap-
proaches including radioactivity, fluorescence and enzymatic detection process or
with more specific approaches involving electrical parameters (redox, changes of
electrical properties). In this way, the electrochemical approach can be used both
to write and to read the information. This latter property allows these sensors to
be easily integrated in a device bearing microfluidic channels to lead to integrated
analysis tool such as lab-on-a-chip. In a more general point of view, due to the
possibility of addressing biomolecules or DNA on very small electrodes, new
applications of DNA/ECP systems will probably occur in the near future in the
field of nanoscience where the ability to address nanomaterial such as nanotubes
or nanoparticles on precise locations remains one of the key points to be solved.
In this way, the conjunction of DNA biological interfaces and ECP chemistry can
be helpful towards the yrganization of such nanocompounds.

LIST OF ABBREVIATIONS

ASV Anodic stripping voltammetry
DPV Differential pulse voltammetry
dsDNA double-stranded DNA

ECL Electro chemi luminescence
ECP Electroconducting polymer

ITO Indium tin oxide

NHS N-hydroxy succinimide

ODN Oligodeoxinucleotides

PCR Polymerase chain reaction
PEDOT Poly(ethylendioxythiophen)
QCM Quartz crystal microbalance
SCE Saturated calomel electrode
SDS Sodium dodecyl sulfate

SECM Scanning electrochemical microscopy
SPR Surface plasmon resonance
ssDNA single-stranded DNA

XPS X-ray photoelectron microscopy
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1. INTRODUCTION

The conventional electrochemical DNA hybridization detection methods rely on
the immobilization of sSDNA (probe) at the proper electrode followed by the
recognition of the hybridization event through base pairing of the complementary
ssDNA (target) present in the sample solution (Palecek et al., 2002b; Palecek and
Jelen, 2002c; Kerman et al., 2004). The attachment of the oligonucleotide (probe)
and its distribution, packing density and orientation affect not only the recognition
of the target but also influence the sensing performance of the probe (Ye and Ju,
2003). Electrochemical approaches are based on the following options: (a) covalent
attachment of the probe to a functionalized surface (Jung et al, 2004; Masarik
et al., 2003; Fojta, 2002; Pividori et al., 2000; Palecek et al, 1998; Krider and
Meade, 1998), (b) adsorption of the probe to the surface (Del Pozo et al., 2005;
Petrovykh et al., 2003; Palecek et al., 2002a; Steel et al., 2000; Wang et al., 1997),
(c) embedding of the probe in a sol-gel (Phinney et al., 2004) or polymeric matrix
(Livache et al, 1998; Emge and Baenerte, 1998), (d) affinity immobilization
(Gajovic-Eichelmann et al., 2003), or self-assembly (Sakao ez al., 2005; Di Giusto
et al., 2004; Kagan et al., 2002; Sun et al., 1998). In order to minimize the damage
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of the DNA probe during the immobilization process, exposure to harsh chemicals
such as acids, strong oxidants, radiation, ultrasonication, etc., should be avoided.

Our detection scheme for recognition of DNA hybridization event is based on
modulation of the electrostatic barrier that requires only a minimal manipulation
on the DNA as it is attached to the electrode surface. This approach relies on the
fact that DNA is a negatively charged polyelectrolyte owing to ionization of the
phosphate group at physiological pH (Cowan, 1996). In solution, the charge
neutralization of nucleic acid is achieved through the interactions of the phos-
phate groups, sugar hydroxyls, and endocyclic nitrogen atoms of the nucleobases
with positively charged metal ions (Cowan, 2004). Many metal ions such as
Ca’t, Mg2+, Zn>", Cu?, Ba?™, Co*", etc., form complexes that play different
and important role in the structure and function of nucleic acids (Gao et al., 1993;
Cowan, 1995). These complexes may be held together by electrostatic or weaker
van der Waals forces, including hydrophobic bonding (Barton, 1994). The metal
ion/DNA interaction can be significantly influenced by the ligands bound to the
metal ion, by the proportion of adenine and thymine bases in the ssDNA and/or
by the chirality at the metal center itself. For example, it has been found that
magnesium ions interact with various sites of ODN, including the phosphate
oxygen and N7 of guanine (Robinson et al., 2000; Tereshko et al., 1999). The
factors that control metal ion/DNA interactions are currently the area of great
interest in cancer research.

Electrostatic binding of Mg”>" to the phosphate groups provides significant
stabilization of the double helical structure (Cowan, 2004). The interactions
may be either through direct metal ion coordination or mediated through water
molecules of the hydration shell around the metal ion (Gao et al., 1999). lons
such as cobalt (IT), copper (II) bind exclusively by coordinating to the N7
position of guanine or purine (Cowan, 2004; Masoud et al., 2004). Zinc binds to
proteins which contain repeating sequences of cysteine and hystidine residues
that enable specific recognition of DNA sequences that are essential to the
DNA transcription factors known as ‘“‘zinc finger” (Pabo et al., 2001; Isalan
et al., 1998).

In order to employ electrostatic attraction between the phosphate anions
and the magnesium cations, phosphate groups must be first introduced to the
surface. The easiest way to do this is by electropolymerization of a phospho-
nate-bearing monomer. For this purpose we have selected 2,5-bis(2-thienyl)-N-
(3-phosphorylpropyl)pyrrole, TPTC3POsH,, as the precursor monomer. Its
polymerization does not require any other reagents besides the solvent since the
phosphonate group serves as a counter anion. The phosphonate group is linked
to the nitrogen of the pyrrole through alkyl chain (Figure 1).

This polymer is grafted at the top of another intrinsically conducting pol-
ymer, such as polypyrrole, that acts as the electrochemically active element of
the probe. It has a well-defined electrochemistry and combines good thermal
and mechanical stability. It maintains its conductivity for several months
(Kathirgamanathan, 1991; Bornier et al., 1999). Polypyrrole has been widely
used in different types of biosensors and in biotechnological applications
(Cosnier, 2000) such as bioreactors (Amounas ef al., 2003) and drug release
systems (Mak et al., 2003; Brahim ez al., 2002).
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pTPTC3PO;H,

Fig. 1. Diagram of the attachment of magnesium (2") to pTPTC3PO;H.,.
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Fig. 2. Doping of polypyrrole layer.

2. PRINCIPLE OF OPERATION

Our approach is based on the reversible transport of counter ions into or out of
the polypyrrole, PPy, layer when it is electrochemically oxidized or reduced
(Burgmayer and Murray, 1984; Iyoda et al., 1987; Shimidzu et al., 1987). The
movement of ions is governed by doping and undoping of the polymer, sat-
isfying the rule of charge neutrality at all redox states of the polymer (Figure 2).
The doping and undoping process can also be seen as an electrically controlled
anion-exchange process (Vorotyntsev et al., 1996).

The oxidation reaction introduces positive charges into the polymer chain
and therefore is called “doping.” The removal of charges from the polymer
during reduction is called undoping.

The PPy layer with the grafted pTPTC3PO;H, allows the Mg> " cation to
form a bidentate complex between the phosponate group of TPTC3POsH, and
the phosphate group of the probe DNA (Figure 3).

Since the spacing of the phosphonate groups on the grafted pTPTC3POsH,
does not match the spacing between the phosphate groups on the target DNA,
the ‘“‘attachment points” are randomly distributed. The propyl chain of the
TPTC3PO3;H, molecule affords certain mobility to the phosphonate group,
which is important for the immobilization of the bulky oligonucleotides. Thus,
the pTPTC3PO;H; layer only introduces the phosphonate groups to the surface
of the modified electrode. On the other hand, the PPy layer, which is always
much thicker, controls the exchange of chloride ion, which results in the change
of voltammetric response. The direct electrical contact between the
pTPTC3POs;H, and PPy layer does not significantly alter the anion exchange.
The key step in the operation of our probe is the formation of a duplex with
target DNA, as shown in Figure 4.

First of all it is necessary to clarify some terminologies. Since no reporter
molecules or labels are used in our procedure it is truly “label free” hybridization
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PPy  pTPTC3PO3;H, ssDNA probe ""label-free DNA probe'

Fig. 3. Schematic illustration of the formation of bidentate Mg?" complex with the ssDNA
probe.
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Fig. 4. Principle of the electrochemical detection of DNA hybridization with the “label-free
DNA probe.”

probe (Thompson et al., 2003). Also, after the hybridization event took place,
the hybridization probe can be regenerated by washing in acidic solution. How-
ever, since the amplitude of the electrochemical response does not follow
“up-and-down” changes of the target DNA it is not a “‘reversible DNA hybrid-
ization sensor.”

Once the hybridization of the probe DNA with the complementary target
DNA has taken place, the phosphate groups remain on the outside of the duplex
forming a cloud of negative charge at the solution/polymer interface. The sub-
sequent hybridization then effectively doubles the amount of this negative charge
and affects the chloride anion exchange. It is this increase of the negative charge
barrier that is the core of our detection scheme. The exposure to a non-
complementary DNA produces almost no change in the negatively charged
“cloud” for two reasons. First, the hybridization does not occur, meaning that
the non-complementary sequence is not attached to the probe DNA. Second,
after the formation of the Mg> " —bidentate complex formation with the probe
DNA, only a few, if any, free Mg> " =sites are available for the non-complemen-
tary DNA to bind.
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3. PROCEDURES

In the following paragraphs we describe preparation, characterization, and
testing of our probe. Most of the proof-of-principle, development and optimi-
zation work was done with a 27-mer oligonucleotide called “probe DNA of the
sequence: 5 CGA AAA TGA ATA AAC TAG TAA GGA AGT 3, its fully
complementary “target DNA,” 3’ GCT TTT ACT TAT TTG ATC ATT CCT
TCA 5 and a fully non-complementary DNA, 3 ACT TCC TTA CTA GTT
TAT TCA TTT TCG 5. A few test experiments were done also with a 39-mer
DNA, which are in full agreement with the 27-mer results.

3.1. Preparation of the generic probe

The polypyrrole is deposited from acetonitrile (ACN) solution containing 0.1 M
pyrrole and 0.1 M tetraethylammonium perchlorate (TEAP) solution at a con-
stant potential of 0.7V versus the Ag/0.1 M AgNO; in ACN // 0.1 M TEAP in
ACN. The deposition is carried out on a platinum disc electrode (diameter of
1.5mm, 4 = 0.018cm?), until the charge density reaches approximately
280 mC/cm?. That charge density represents an optimum thickness of the pol-
ymer with sufficient ion-exchange capacity. After the polymerization, the elec-
trode is thoroughly washed with ACN, in order to remove the monomer and
soluble oligomers from the polymer film. The pTPTC3POzH,, polymer is de-
posited over the PPy also from ACN solution containing only the monomer
TPTC3PO;H,, in 0.1 M concentration (Hartung et al., 2005). The i-¢ curves
recorded during the polymerization of the PPy layer and the pTPTC3POz;H,
layer differ significantly. The current density is decreasing during the
TPTC3POsH,; polymerization indicating that the process is self-terminating,
at the charge density of approximately 100 mC/cm?. The primary purpose of
this layer is to functionalize the PPy surface with the phosphonate groups. It
does not participate in the ion-exchange process. The magnesium ion is then
complexed with the surface phosphonates by dipping the modified electrode
into 5mM MgCl, solution. It has been found beneficial to apply a potential step
of +1.2V for 2min while stirring, in order to achieve a long-term electro-
chemical stability of the modified electrode. This step apparently removes any
unreacted pyrrole oligomers. The excess of Mg?" is washed away with 0.1 M
Tris-HCI buffer (Hartung ez al., 2005). After this step the electrode is allowed to
relax in 5mM MgCl, solution for at least 1 h before use. The electrode is now
ready for the attachment of the probe DNA. In this state it can be stored for a
long time, if necessary.

3.2. Probe characterization

The grafting of thin pTPTC3POsH, layer on the PPy has been confirmed by
FTIR and by X-ray photoelectron spectroscopy, XPS (Thompson et al., 2003;
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Hartung et al., 2005). From the XPS results before and after the attachment of
the magnesium (II) the S2p to P2p ratio was found to be close to 2:1 (5.85 to
2.30) for the pTPTC3POsH, film. The identity of the P2p peak in the XPS
spectrum correlates with the presence of phosphonate group on the
pTPTC3POsH,.

3.3. Hybridization detection

Probing of the hybridization event is a two-step process. First, the probe DNA
molecule is attached to the Mg” " -modified bilayer as shown in Figure 3. This is
done by immersion of the electrode in solution of probe DNA of chosen base
sequence and concentration for 10 min. We used the probe DNA in a wide
concentration range, from 0.5 to 100 uM, and gave it 10 min for immobilization
to the electrode surface. After rinsing of the excess, unattached probe DNA
molecules cyclic voltammograms are recorded. Typically, it takes less than three
cycles to reach the steady-state voltammogram.

In the second step, dipping the electrode with the already attached probe
DNA to the complementary target DNA solution achieves the hybridization.
The concentration is chosen between 1nM and 100 uM. The hybridization
process is concentration and time dependent. For example, at 5 uM dipping for
30 min is sufficient. After the exposure to the target DNA the electrode is again
rinsed with the buffer solution and steady-state cyclic voltammograms are re-
corded in pH 7.3 Tris buffer.

The hybridization event is evaluated by determining changes in the CV (shape
and magnitude) recorded before and after the hybridization. The raw cyclic
voltammograms are shown in Figure 5a. The changes in the CV due to the
initial complexation of the target DNA with the magnesium ion terminated
surface are very small and overlap indicating that the transport of chloride ions
across the polymer/electrolyte interface is not hindered. However, when the
electrode with immobilized probe DNA is exposed to the solution of the com-
plementary target DNA a significant decrease of current is observed, which
indicates the change of the height of the electrostatic barrier for the transfer of
chloride ions across the polymer/solution interface. In order to amplify the
hybridization effect it is best to subtract the CV signal of the target DNA from
that of the probe DNA (Figure 5b).

The difference voltammogram obtained from the subtraction of the probe
DNA from that of the Mg(2 ") modified surface does not show any significant
change in the barrier height and can be clearly distinguished.

4. OVERVIEW OF SELECTIVITY STUDIES

The selectivity of the response of the probe DNA modified electrode was tested
against non-complementary DNA target. The results are summarized in Figure
6. In the first set, the probe is first exposed to the fully complementary target
followed by the addition of the fully non-complementary target. The results are
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Fig. 5. Cyclic voltammograms (a) recorded before and after the hybridization step and differ
CV (b). All CVs were recorded in 0.1 M Tris/HCI buffer, pH = 7.3 with 50mV/s. The con-
centration of the probe DNA and of the complementary target DNA was 0.5uM. The
immobilization time for the probe DNA was 10 min and for the hybridization 30 min.

presented as difference CV in Figure 6a. In the next set (Figure 6b), the sequence
in which the electrode was exposed has been reversed. That is, the probe is first
exposed to the non-complementary target followed by the exposure to the
complementary target.

The result clearly indicates that there is virtually no interference by the non-
complementary DNA. This is confirmed in the third set (see Figure 6¢) in which the
probe has been exposed to the equimolar mixture of complementary and non-
complementary target. That situation more closely resembles a realistic assay in
which the target and one or more non-complementary DNA molecules are present.

5. TIME VERSUS DETECTION LIMIT

The detection limit is a figure of merit and is of primary importance in any
analytical technique. In the mechanism where strong binding results in the
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Fig. 6. Comparison between difference of the CV responses following sequential exposures
(a)—(c) as indicated. Concentrations of the ssDNA probe, and of the complementary target
was 2.3 uM and of the non-complementary DNA was 3.4 uM. The soaking in target DNA
was 10 min.
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surface saturation, such as in this study, the detection limit trades off against the
analysis time. In order to prove this point we have performed the following
experiment, in which the probe has been exposed to a low concentration (1 nM)
of the target DNA and the changes in the CVs were monitored continuously
over 22 h. In that case the charge due to the exchange of CI~ was obtained as the
area below the cathodic branch of the CV and plotted as the function of time
(Figure 7). During this experiment the solution was gently stirred even during
the recording of the CV. It is quite obvious that the binding of the target DNA
to the probe and the modification of the barrier are kinetically controlled.

A different modification of this experiment has been performed, in which the
probe DNA was exposed briefly to a higher (0.5uM) concentration of the
complementary target DNA, washed and then measured in pH 7.3 Tris buffer
over a period of several hours (Figure 8). The result is again presented as the
charge passed during the cathodic half-cycle of the CV. A gradual increase of
the barrier is again observed, however, the kinetics of this change is clearly
different than that described in Figure 7.

These results indicate that the time evolution of the response involves multiple
kinetic steps. At low concentration, a fraction of the target DNA may interact
with the electrode surface reversibly and non-specifically, while some target
DNA molecules may undergo specific multiple point attachment resulting in the
hybridization and slow, but irreversible growth of the barrier height (Figure 7).

On the other hand, in the experiment in which the (0.5 uM) concentration is
used for a relatively brief exposure, the surface may become non-specifically
saturated with a randomly attached probe and target molecules that then un-
dergo a slow, specific reorganization driven by the hybridization. In both cases,

0.7

Charge (mC)

0.1
0

200 400 600 800 1000 1200
Time (min)

Fig. 7. Observed changes in blockage of ion-exchange current as a function of the hybrid-
ization time. The changes in the CV have been evaluated as the charge under the cathodic
region of the CVs. The concentration of the complementary target DNA was 1 nM.
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Fig. 8. Decrease of chloride ion-exchange current (charge) due to progressive blockage of the
polymer/solution interface, presumably by rearrangement of the surface-bound DNA mol-
ecules. The concentration of the probe DNA and target DNA was 0.5 uM.

the result is an increase of the barrier height but the time dependence of these
two processes is different, as shown in Figures 7 and 8, respectively.

6. SUMMARY

The electrochemical signal of the Pt/PPy/pTPTC3-POs;H,-MgCl, modified
electrode is due to the reversible exchange of chloride ions between the bulk of
the PPy and the buffer, as the electrode is cycled between the positive and
negative potential limits. The role of the chloride ion is to maintain charge
neutrality in the bulk of the PPy layer during cycling. Therefore, as PPy
undergoes oxidation/reduction it acts as an “‘electrochemically controlled ion-
exchanger” for the chloride ion. The CV of the electrostatically controlled
sorption to only one type of binding site, in the absence of lateral interactions
between the anions, i.e. the Langmuir adsorption, is well defined. At a smooth
electrode it shows as a pair of adsorption/desorption peaks (Bard and Faulkner,
2001). It is known that every preparation of PPy layer is different in terms of its
morphology, pore distribution, and polymer density, resulting in a variety of
available binding sites for the anion interaction. Not surprisingly, the CV has a
common shape corresponding to the CI~ exchange, but is broad, exhibiting
poorly defined features. The electrostatic barrier, which is present at the so-
lution/polymer interface affects the rate of Cl~ exchange differently for each
preparation. The height of this barrier has a probabilistic meaning. It affects the
average rate of the CI™ exchange, i.e. the magnitude of the current at any
potential within the CV window, but it does not result in complete “‘shutting
down” of the ion-exchange process. The resulting variability of the shape of the
CV is not a problem in the present detection scheme because the information is
obtained from the difference of the CV before and after the hybridization event.
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Thus, the hybridization is best discernible in the difference CVs. The height of
the electrostatic barrier is directly proportional to the charge density at the
interface. That, in turn, depends on the length of the oligomer and on the ionic
strength. The latter can be kept constant within the experiment. Since the elec-
trode area is constant between experiments, the only possible variability is the
surface charge density due to the hybridization.

Detection limit (sometimes incorrectly referred to as “‘sensitivity’’) is an im-
portant figure of merit in any analytical method. The detection limit is given by
the number of the probe molecules immobilized at the surface, as long as there
is an excess of the target molecules in the solution. We assume that every
collision of the DNA target (solution) molecule with the immobilized DNA
probe at the electrode surface results in irreversible binding. Thus, for the m
immobilized probe molecules of DNA the detection limit in units of concen-
tration is m/(sample volume). The size and shape of the electrode affects the
shape of the CV (Bard and Faulkner, 2001), but not the actual recognition
event. This means that the present scheme can be translated into a microelec-
trode format with possible lowering of the overall detection limit. Such evo-
lution would be particularly desirable in construction of label free DNA
hybridization recognition arrays. However, the experiments at low concentra-
tion of the target DNA have shown that the response and the detection limit
may be affected by the slow surface reorganization of the initially randomly
adsorbed DNA molecules.

It is important to note that this hybridization assay can be accomplished in a
“batch” mode and that the activated electrodes can be stored for a long time. A
simple dipping in a solution of the probe DNA then accomplishes the activation
of the electrode. Likewise, the testing of the complementarity is done by dipping.
The simplicity of these two final steps should make this approach potentially
attractive for fabrication of multiprobe electrochemical hybridization arrays.

Work reported in this chapter has started as an attempt to design a simple,
“label-free” DNA hybridization assay. The experiments have confirmed that the
concept of modification of the barrier height by the selective DNA hybridization
step is sound. However, the feasibility of a practical DNA assay based on this
concept is less certain. It is possible that the hybridization detection approach
presented here may not have a significant commercial application. However, it
proved to be an excellent tool for teaching undergraduate chemistry. It introduces
students to electrochemistry, biosensing, and to data evaluation (Aiyejorun et al.,
2005). In the course of the student laboratory exercises similar results have been
obtained in experiments with hybridization of 39 mer of ssDNA probe and other
sequences. Obviously, the number and location of mismatches will play an im-
portant role. These effects have not yet been sufficiently explored.
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