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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� 109 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,
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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 Heyrovský 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. Heyrovský and R. Brdička.
Polarography of proteins soon found application in medicine, particularly in
oncology, and for a number of years, ‘‘Brdička’s reaction’’ was intensively
studied as a tool in cancer diagnostics (Chapter 20). In 1959, J. Heyrovský 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.

Prefacexvi



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. Heyrovský 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 Mittnerová and

other colleagues in handling all Chapters, Figures, Permissions, etc. is gratefully
acknowledged.

Brno, July 2005 Emil Paleček, 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:

‘‘y. 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
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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. Heyrovský
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 electrochemists1 and little interest

Fig. 1. D.c. polarograms of a, native and b, thermally denatured calf thymus DNA at

concentration of 0.5mgmL�1. DNA was denatured by heating at 1001C in 7mM NaCl with

0.7mM sodium citrate, pH 7.0. Both curves start at 0.0V, 100mV/scale unit, dropping

mercury electrode (DME), saturated calomel electrode; background electrolyte: 0.5M am-

monium formate with 0.1M 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. Paleček and V. Vetterl, Biopolymers (1968, 6,

917) with permission.

1As late as in 1971, E. Paleček 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 0.1N 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 (Paleček, 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. Heyrovský 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.’’
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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. Heyrovský from the Nobel Prize ceremony and I identified two
scientists standing next to Professor J. Heyrovský (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. Heyrovský Nobel Prize award most probably stimulated his interest in nucleic
acid electrochemistry. In 1960 he awarded E. Paleček the J. Heyrovský 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

CI-1

C D

CI-1

AI

A                               B

CI-2

CI-1

Fig. 2. (A, B) Oscillopolarograms dE/dt against (E) (A) of native calf thymus DNA at a

concentration of 100mgmL�1 and (B) of apurinic acid (DNA was depurinated by acid

treatment). Ammonium formate (2M) was used as background electrolyte. Note the presence

of an AI 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. Paleček, 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 mgmL�1. Ammonium formate (0.3M) 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. Paleček, Biochim. Biophys. Acta (1965, 94,

293) with permission.
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Rehovot, Israel 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
Nürnberg’s group in Jülich, BRD, applied linear sweep voltammetry (in
combination with HMDE) for the study of native (ds) and denatured (ss)
DNAs. Contribution of the Nürnberg’s group will be briefly summarized below
(Section 5). Shortly after Nürnberg, 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) (Paleček, 1958b, 1960a, b, 1961).

(b) Excellent resolution of ds and ssDNA on mercury electrodes and the ability
to follow DNA denaturation and renaturation (Paleček, 1964, 1965, 1965a, b,

JH SO AK

Fig. 3. Photograph from the Nobel Prize Ceremony (1959). Jaroslav Heyrovský (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-

rovský.
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1966; Paleček and Janı́k, 1962; Paleček 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) (Paleček, 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 Schütz, 1970; Berg and Bär, 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 (Paleček, 1974; Valenta and Grahmann, 1974; Valenta and Nürnb-
erg, 1974a; Brabec and Paleček, 1976a, b; Nürnberg 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; Paleček and
Hung, 1983; Paleček and Jelen, 1984; Paleček et al., 1981; Paleček et al.,
1984); reviewed in (Paleček, 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 (Paleček, 1988; Paleček
and Postbieglová, 1986).

Other important steps not directly related to the DNA sensors were reviewed
elsewhere (Paleček, 1981, 1996, 2002). Some of the above points are discussed in
Chapter 3 of this book or elsewhere in the literature (Paleček 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 CsCl 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 dsDNA destabilizing the
DNA structure and attracting dsDNA 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 Nürnberg et al. at HMDE at weakly acid pH (Valenta and
Grahmann, 1974; Valenta and Nürnberg, 1974a) and by Paleček at DME at
neutral pH (Paleček, 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
Nürnberg et al. did not observe the strong dependence of the dsDNA 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
Nürnberg’s and Paleček’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 Heyrovský
arrived with a new polarographic method, the so-called oscillographic polaro-
graphy at controlled a.c. (Heyrovský, 1941). In this method, the dropping
mercury electrode was polarized by an alternating current of frequency 50Hz
and changes of the electrode potential were measured in dependence on time
(Heyrovský and Forejt, 1943, 1953; Kalvoda, 1963, 1965, 2002). Usually de-
rivative curves were recorded, such as dE/dt against t 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 3000Kcs, that
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is less than 100US$. 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 high2. 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 Paleček, 1970a), as well as with the synthetic ho-
mopolyribonucleotides, such as poly(C) (Brabec and Paleček, 1970b) and

2High 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 Paleček, 1973). In addition, electrolysis of DNA was also
carried out at the mercury drop electrode (Brabec and Paleček, 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. NÜRNBERG’S CYCLIC VOLTAMMETRY WITH HMDE

In the beginning of the 1970s Nürnberg’s laboratory in Jülich (BRD) entered
the field of nucleic acid electrochemistry. In that time Hans Wolfgang Nürnberg
was an experienced electrochemist with a good knowledge of modern polaro-
graphic/voltammetric methods. His collaboration with Geoffrey Cecil Barker3

gave him an insight into advanced polarographic techniques such as derivative
and normal pulse polarography (invented by G.C. Barker). Surprisingly,
Nürnberg did not start his research of nucleic acids with these methods but with
triangular sweep voltammetry [reviewed in (Nürnberg and Valenta, 1976)]
(Nürnberg and Valenta, 1977), probably because pulse polarography was al-
ready used almost for a decade in Paleček’s laboratory (Paleček, 1966) [reviewed
in (Paleček, 1971, 1980, 1983)] while results of CV with HMDE were missing. In
addition to CV, Nürnberg 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. Nürnberg was P. Valenta from the
J. Heyrovský’s Institute who immigrated to Germany after the Soviet invasion
to Czechoslovakia in 1968.
Nürnberg’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 Nürnberg, 1974a, b; Nürnberg and Valenta, 1976, 1977; Nürnberg,
1978; Sequaris et al., 1981b, 1985a, b; Czochralska et al., 1985). The results of
Nürnberg’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 Nürnberg 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 (Paleček, 2002; Paleček and Heyrovský, 2002).
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significant than in differential pulse polarographic experiments with DME.
Perhaps the most important result of the Nürnberg’s group was the discovery of
the surface denaturation (deconformation) of native dsDNA at HMDE in 1974
(Brabec and Paleček, 1976a; Valenta and Nürnberg, 1974a). In the same year
Paleček independently observed DNA surface denaturation at DME when us-
ing normal pulse polarography at neutral pH (Paleček, 1974) (Section 2.3.,
Chapter 3). To escape the necessity of using ammonium formate or other salts
to follow DNA reduction at neutral pH, Nürnberg 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 Nürnberg’s and Paleček’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 Nürnberg 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 Nürnberg 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 Paleček in 1958 (Paleček, 1958b) followed by more detailed
studies in the next 3 years (Paleček, 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 Paleček’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 (Paleček, 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 (Paleček, 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 (Paleček 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. Paleček, B. Janik and V. Vetterl in Brno, Czechoslovakia). Later West
Germany (H.W. Nürnberg in Julich), France (J.A. Reynaud in Orleans) and
England (G.C. Barker, Harwell) joined the club. In 1976 Paleček’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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Berg, H. and H. Schütz, 1970, Polarographic determination of complexes of antibiotics with
deoxyribonucleic acid, 480.

Bond, A.M., 1980, Modern Polarographic Methods in Analytical Chemistry, Marcel Dekker,
New York.

Brabec, V., 1981, Nucleic acid analysis by voltammetry at carbon electrodes, Bioelectrochem.
Bioenerg. 8, 437.

Brabec, V. and G. Dryhurst, 1978, Electrochemical behavior of natural and biosynthetic
polynucleotides at the pyrolytic graphite electrode a new probe for studies of polynuc-
leotide structure and reactions, J. Electroanal. Chem. 89, 161.
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Brabec, V. and E. Paleček, 1976b, Interaction of nucleic acids with electrically charged
surfaces III. Surface denaturation of DNA on the mercury electrode in two potential
regions, Stud. Biophys. 60, 105.

Chargaff, E. and J.N. Davidson, 1955, The Nucleic Acids – Chemistry and Biology, Eds. E.
Chargaff and J.N. Davidson, Academy Press Inc., Publishers, New York.

Czochralska, B., E. Bojarska, P. Valenta and H.W. Nürnberg, 1985, On the participation of
adenine reduction in the electrochemical reduction of the coenzyme NAD+, Bioelectroc-
hem. Bioenerg. 14, 503.

Dickerson, R.E., 1963, X-ray analysis and protein structure. The Proteins. 2nd ed., Vol. II,
Ed. H. Neurath, Academic Press Inc., New York, 603.

Ervin, K.M., E. Koglin, J.M. Sequaris, P. Valenta and H.W. Nurnberg, 1980, Surface en-
hanced Raman spectra of nucleic acid components adsorbed at a silver electrode,
J. Electroanal. Chem. 114, 179.
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Paleček, E., 1965, Polarographic behaviour of deoxyribonucleic acids. International sympo-
sium on macromolecular chemistry. Prague: Preprints of scientific communications
Prague, 1. Vol. 26.
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Paleček, E., 1976, Premelting changes in DNA conformation, Prog. Nucl. Res. Mol. Biol.
18, 151.

Paleček, E., 1980, Polarographic analysis of nucleic acids, Proc. Electroanal. Hyg. Environ.,
Clin. Pharm. Chem., Ed. W.F. Smyth, Elsevier, Amsterdam, 79.
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Paleček, E., 1992, Probing of DNA structure with osmium tetroxide complexes in vitro,
Meth. Enzymol. 212, 139.
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Paleček, E., 2002, Past, present and future of nucleic acids electrochemistry, Talanta 56, 809.
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Brno, Czech Republic

Contents

1. Introduction 18

2. Adsorption and two-dimensional condensation 18

2.1. Mercury electrodes 18

2.2. Mercury film electrodes based on the graphite substrates 23

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

graphite surfaces 23

2.2.2. Phase transitions in adsorbed nucleic acid nucleoside layers at Hg-

modified graphite electrodes: experimental aspects 26

2.2.3. Adsorption and kinetics of phase transitions of adenosine at the

mercury-modified graphite surfaces 28

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

modified graphite surfaces 31

2.3. Solid amalgam-alloy electrodes 33

2.3.1. Optical roughness and surface morphology of the solid amalgam-alloy

surfaces 34

2.3.2. Adsorption of adenosine at the different solid amalgam-alloy electrodes 34

2.4. Solid metal electrodes 36

2.4.1. Gold electrodes 36

2.4.2. Silver electrodes 41

2.4.3. Copper electrodes 44

2.4.4. Bismuth electrodes 45

2.5. Semiconductor electrodes 46

2.5.1. Single-crystal n-CdSe 46

2.5.2. Silicon 46

2.5.3. Gallium arsenide 47

2.6. Minerals, soils and resins 48

2.7. Adsorption of base and/or nucleosides mixtures 49

2.7.1. Adsorption at Hg electrode 49

2.7.2. Adsorption at Au(1 1 1) 50

2.8. Adsorption of bases at Hg from non-aqueous solvents 51

3. Electroreduction and electrooxidation of nucleic acid components 51

3.1. Electroreduction at mercury electrode 51

3.1.1. Determination of picogram quantities of DNA by stripping transfer

voltammetry 53

3.2. Electrooxidation at carbon electrodes 53

3.3. Electrooxidation at diamond electrode 56

PERSPECTIVES IN BIOANALYSIS, VOLUME 1

ISSN 1871-0069 DOI: 10.1016/S1871-0069(05)01002-5

r 2005 Elsevier B.V.

All rights reserved

17



3.4. Effect of uracil adsorption on the oxygen reduction at platinum electrode 56

3.5. Sparingly soluble compounds at the mercury electrode 57

4. Concluding remarks 57

List of abbreviations 58

Acknowledgments 60

References 60

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 I.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– E 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 nm2, in the perpendicular orientation about 0.40 nm2) (Brabec et al., 1977;
Buess-Herman, 1994; Buess-Herman et al., 1992; Dražan 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; Paleček, 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 et al., 2001). The capacitance transients (C-t curves)
have usually an S-shape with Avrami exponent m ¼ 2 (instantaneous nuclea-
tion) or m ¼ 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 (Pospı́s̆il 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 0.1M 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 51C (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 51C 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–E 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 �1.2V, (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
5-methylcytosine (pK ¼ 4:6) similarly as it was observed with cytosine (Šponer
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

8mM 5-methylcytosine in 1.0M NaCl with BR buffer at pH 5.1 on the HMDE: (—) 51C;

(y) 101C; (3) 151C; (’) 201C. (B) pH dependence of the C– E curves of 5-methylcytosine at

101C on the HMDE: (—) 4.0 pH; (3) 4.6 pH; (x) 5.1 pH; (’) 5.8 pH. Potential was scanned

from positive to negative values. (C) Nyquist plot (frequency dependence of complex im-

pedance Z ¼ Z0+iZ0 0) of 8mM 5-methylcytosine in 1M NaCl with BR buffer at 101C on the

HMDE: (—) �0.8V; (’) �1.12V; (�) �1.5V (Ignac and Vetterl, unpublished results).
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potential regions. The peak observed around �0.8V on the C– E curves of
5-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 (Hasoň
et al., 2002a, b, 2005; Kostečka et al., 2004; Kubičarova 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 (Hasoň and Vetterl, 2002a, b; Hasoň 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;
Räsänen 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,
l ¼ 632:8 nm) is guided via the sample surface under test to the DOE aperture
(4� 4mm2). The perfectly reconstructed wave front that diffracts from the
DOE used forms a 4� 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� 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 Ra of the PGEb fluctuated around 0.040mm. The
glassy carbon electrode (GCE) surface is relatively smooth in comparison with
the bare PGEb, with typical polishing lines running over the electrode surface
(Figure 3A). The average value of Ra for GCE is about 0.034mm.
During the Hg-electrodeposition on the PGEb 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 100 nm). 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 PGEb surface becomes smoother and mercury forms a true
Hg-film (Figure 2A, thickness about 500 nm). The overall magnitude of the
optical roughness Ra of the 0.1 and 1 mm Hg-modified PGEb is 0.036 and
0.032mm, 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 Ra of the 0.1 and 1 mm Hg-modified GCE surfaces were 0.052
and 0.040mm, respectively.

Fig. 2. Capacitance–potential curves of 15mM adenosine in 0.1M NaCl at pH 5 on the: (A)

0.5mm Hg-modified PGEb, (B) 0.1 mm Hg-modified PGEb and (C) 0.02mm Hg-modified

PGEb 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 101C. The

inserts show microscope images of the: (A) unmodified and 0.5 mm Hg-modified pyrolytic

graphite electrode with basal orientation (PGEb); (B) 0.1 mmHg-modified PGEb; (C) 0.02 mm
Hg-modified PGEb. Images were recorded by an optical microscope Nikon Eclipse ME600L

(magnification was 1000� ). (Part A is partially adapted from Hasoň 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-II) 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– t 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 Ei ¼ �1:8V (waiting
time t at the Ei was 5 s). 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 Ep follows. At Ep the dilute adsorption adlayer Ia was
formed. The waiting time t at the Ep was almost 2 s. Finally, the second po-
tential step from the pre-treatment potential Ep (dilute adlayer Ia) to different
final potentials Ef 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–t 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–t 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):

jðtÞ ¼ k1t
ðm�1Þ expð�k3tmÞ þ k4 expð�k5tÞ, ð1Þ

where

k1 ¼ qnucleationmk3,

k4 ¼ qadsorptionk5,

Fig. 3. Capacitance–potential curves of 15mM adenosine in 0.1M NaCl at pH 5 on the: (A)

0.5mm Hg-modified GCE, (B) 0.1 mm Hg-modified GCE and (C) 0.02 mm 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 101C. The inserts show

microscope images of the: (A) unmodified and 0.5 mm Hg-modified glassy carbon electrode

(GCE); (B) 0.1mm Hg-modified GCE; (C) 0.02 mm Hg-modified GCE. Images were recorded

by an optical microscope Nikon Eclipse ME600L (magnification was 1000� ). (Part A is

partially adapted from Hasoň 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, qnucleation corresponds to the total charge involved in the nucle-
ation, k5 reflects the rate coefficient of the adsorption on defects and qadsorption is
the corresponding charge. With m ¼ 2 or 3, the first term in equation (1) reduces
to the case of instantaneous (m ¼ 2) or progressive (m ¼ 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 PGEb surface down to 0.02 mm 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 mm thickness (Figure 3A–C).
Non-linear analysis of the phase transitions of Ia-II of adenosine in acid

solution for the time shorter than 80ms at the 2 mm Hg-modified PGEb 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 ¼ 2:44� 0:02; Figure 5A). During the Ia-II of adenosine the off-
set current at the 2 mm Hg-modified PGEb was not observed. The rate of the
phase transitions Ia-II of adenosine increases on the thinner Hg-modified
PGEb, but a well-developed current maxima of Ia-II can be observed at the
thick Hg-modified PGEb (the thickness of Hg-layer is as high as 1 mm). The
current maxima of the phase transitions of Ia-II increases at the 2 mm
Hg-modified GCE in comparison with 2 mm Hg-modified PGEb.

Fig. 4. (A–B) Experimental j–t curves of 15mM adenosine in 0.1M NaCl at pH 5 on the

0.4mm platinum amalgam-alloy substrate recorded after a double potential step: (A)

Ei ¼ �1:8V, Ep ¼ �0:959V; and (B) Ei ¼ �1:8V, Ep ¼ �1:598V. (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 (Ei)

and pre-treatment (Ep) potentials was 5 s and 2 s, respectively. The temperature of meas-

urement was 51C. (Part B is adapted from Hasoň et al., 2004, Figure 11(A), with permission

from Elsevier.)
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Fig. 5. (A–C) Experimental j– t curves of 14mM adenosine in 0.1M NaCl at pH 5 on the: (A)

2mm Hg-modified PGEb; (B) 0.04 mm copper amalgam-alloy; (C) 0.04 mm platinum amal-

gam-alloy substrate recorded after a double potential step from the initial potential Ei ¼

�1:2V to the pre-treatment potential Ep, the second potential step was from Ep (region Ia) to

various final potential (Ef) close to the potential of negative edge of the capacitance pit II. (A)

Pre-treatment potential Ep was �1.558V, final potential Ef was: (a) �1.470V; (b) �1.468V;

(c) �1.466V. (B) Pre-treatment potential Ep was �1.535V, final potential Ef was: (a)

�1.440V; (b) �1.435V; (c) �1.430V. (C) Pre-treatment potential Ep was �1.598V, final

potential Ef was: (a) �1.520V; (b) �1.515V; (c) �1.505V. 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 51C.

(Part A is adapted from Hasoň et al., 2003, Figure 1(B); parts B and C are adapted from

Hasoň et al., 2004, Figure 7(B) and 11(B), respectively, with permission from Elsevier.)
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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 2mmHg-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�0.8V; the second 2-D film is formed at more
positive potentials around �0.2V (adlayer III). The 2-D condensed adlayers of
cytidine were better developed at the 2 mm Hg-modified PGEb in comparison
with 2 mm 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 mm Hg-modified PGEb. It
can be concluded that a higher stability of the 2-D condensed films of cytidine at
the Hg-modified PGEb 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 2mm Hg-modified PGEb 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 ¼ 2:08� 0:04
(Figure 7A, acid solution) and m ¼ 2:1� 0:07 (Figure 7B, alkaline solution)).
During the Ia-II 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 1mm) were characterized by an experimental
decay of the current without the current maximum. The j– t curves of cytidine at
2mm Hg-modified GCE did not show the exponential decay typical of rate control

Fig. 6. Capacitance–potential curves of 30mM cytidine in 0.5M NaCl with BR buffer on the

2mm Hg-modified pyrolytic graphite electrode at different pHs: (�) pH 5.0, and (m) 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 101C. (Adapted from Hasoň and

Vetterl, 2002a, Figure 1(A), with permission from Elsevier.)
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Fig. 7. (A–C) Experimental j– t curves of 30mM cytidine in 0.5M NaCl + BR buffer

recorded after a potential step from initial potential Ei ¼ �1:2V (region Ia) to various final

potentials close to the potential of negative edge of the capacitance pit II on the 2 mm Hg-

modified PGEb at: (A) pH 5 and (B) pH 8.3; and (C) 2 mm Hg-modified GCE. (A) Final

potential Ef was: (a) �0.985V; (b) �0.980V; (c) �0.970V. (B) Final potential was: (a)

�1.050V; (b) �1.040V; (c) �1.020V. (C) Final potential was: (a) �0.960V; (b) �0.955V; (c)

�0.950V. In the case of the phase transition of cytidine on the Hg-modified PGEb the ‘‘offset

current’’ was subtracted. The open circles represent transitions calculated using equation (1).

The waiting time at the initial potentials was 20 s. The measurement temperature was 51C.

(Parts A and B are adapted from Hasoň and Vetterl, 2002b, Figure 6(B) and (D), respec-

tively; part 3 is adapted from Hasoň 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-II was not
observed and only the adsorption process took place.
The phase transitions of Ia-II 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 ¼ 3 can be used for fitting of
the Ia-II transients of cytidine in alkaline solution at the HMDE (Hasoň and
Vetterl, 2002c). The 2-D condensed cytidine film in alkaline solution is not stable
for a long time and gets destroyed (Hasoň and Vetterl, 2002c). Such a behaviour
was observed earlier by Pospı́šil 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
Schröder, 2003; Yosypchuk and Novotný, 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 (Hasoň et al., 2004; Hasoň 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 mm) becomes
higher for each of the used metallic substrate in comparison with the unmodi-
fied mechanically treated metal electrode surfaces. The optical roughness Ra of
the polycrystalline metal electrodes used increases in the order: silver (AgE,
Ra ¼ 0:036mm)oplatinum (PtE, Ra ¼ 0:036mm)ocopper electrode (CuE,
Ra ¼ 0:055mm). The Ra of the 0.04-mm-thick amalgam-alloy layer decreases
in the order: copper amalgam-alloy (CuA, Ra ¼ 0:056mm, Figure 8A)>plat-
inum amalgam-alloy (PtA, Ra ¼ 0:045mm, Figure 8B)>silver amalgam-alloy
(AgA, Ra ¼ 0:043mm, Figure 8C). After longer amalgamation process the Ra is
very similar for each of the 0.4 mm amalgam-alloy layers (RaðAgAÞ ¼ 0:055mm;
RaðPtAÞ ¼ 0:056mm; RaðCuAÞ ¼ 0:054mm). It was observed that the difference
between the optical roughness Ra 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 8A–B).
The adlayer II of adenosine is formed at temperatures up to 351C, the adlayer
III disappeared at 251C. 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 ¼ 2:07� 0:08; Figure 5B). The phase transitions of Ia-II of adeno-
sine at the 40 nm 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 ¼ 2:55� 0:06; Figure 5C). During

Fig. 8. Capacitance–potential curves of 15mM adenosine in 0.1M NaCl at pH 5 on the: (A)

0.04mm copper amalgam-alloy; (B) 0.04 mm platinum amalgam-alloy; (C) 0.04 mm 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

101C. 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� ). (Parts A and B are

partially adapted from Hasoň and Vetterl, 2004, Figure 1(E) and (D), with permission from

Elsevier.)
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the Ia-II 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, 1998;
Bare et al., 1998; Buess-Herman, 1985, 1986, 1992, 1994; Buess-Herman et al.,
1999; Hölzle et al., 1994, 1995a, b, c, 1996; Dretschkow et al., 1997; Dretschkow
and Wandlowski, 1998; Roelfs et al., 1997; Wandlowski, 2002; Wandlowski and
Hölzle, 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 (Garcı́a-Ramos et al., 1996; Garcı́a-Ramos and Sánchez-Cortés,
1997; Sánchez-Cortés and Garcı́a-Ramos, 2000, 2001).

2.4.1. Gold electrodes

2.4.1.1. Cytosine and cytidine. The adsorption of cytosine at Au electrode from
0.1M NaCIO4 and HClO4 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 ¼ O and NH2 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 ¼ 7:3� 0:3 (A, b ¼

8:7� 0:3 (A and g ¼ 501751. 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 (Hasoň and Vetterl, 2002a) that cytidine in the acid (pH 4.2) and
neutral solution (pH 7.0) formed at the Au (1 1 1) the physisorbed 2-D con-
densed adlayer in potential window from �0.3 to +0.07V (region II). At pos-
itive potential (around potential +0.23V) 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 ðp �

p
3Þ2ð1� 1Þ transition of

the Au(1 1 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(1 0 0).
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� 1).
Uracil changes its orientation from planar to perpendicular, and a substrate-
specific surface coordination complex was created. The physisorbed films on
Au(1 1 1)-ðp �

p
3Þ, Au(1 0 0)-(hex) and Au(1 0 0)-(1� 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 (O3�O3)R30
degrees-positions of the Au(1 1 1)-(1� 1) lattice. The chemisorbed uracil film on
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Fig. 9. Capacitance–potential curves of 50mM cytidine in 0.1M KClO4 on the Au(1 1 1) at

different pHs: (A) pH 7.0 and (B) pH 4.2. (—) Potential scan from �0.6V to more positive

values; (—) potential scan from+0.4V to more negative values. The different 2-D condensed

adlayer are labelled II and IV. The temperature of measurement was 251C (Hasoň and

Vetterl, unpublished results).
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Au(1 0 0)-(1� 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 0.1M LiClO4 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(1 0 0)-
(hex), Au(1 1 1)-(p �

p
3) and Au(1 0 0)-(1� 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[n(1 1 1)-(1 1 0)]
single-crystal and Au(1 1 1-20 nm) film electrodes was studied by attenuated
total reflection surface-enhanced infrared reflection absorption spectroscopy
(ATR-SEIRAS) (Pronkin and Wandlowski, 2003). At Eo0:15V 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
E40:80V (region IV), 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(1 1 1) 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 50mM. 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 �35.4 kJmol�1

and suggests weak chemisorption (Wandlowski and Hölzle, 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 �0.3V) and the lifting
of the surface reconstruction (at 0.4V) in the bulk solution concentration on the
Au(1 1 1). 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(1 1 1)
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(1 1 1) using attenuated total reflection-infrared spec-
troscopy (Futamata, 2003). The v(Cl-O) band from ClO4

� 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 Cl� 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(1 1 1), Au(13,13,12) and Au(5 5 4) 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(dA30).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
(dA30).poly(dT30) 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 dsDNA forms a highly ordered and compact monolayer
film on the gold substrate, whereas single-stranded DNA(poly(dT30)) 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(1 1 1) are extensively studied byWackerbarth et al (Wackerbarth et 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, dsDNA 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 4 eV range between +/�2V under the studied
conditions, while the dsDNA, bound to the gold nanoparticle, behaved like a
wide band gap semiconductor and passes significant current outside a 3 eV 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(1 1 1) and Ag(1 0 0) in aqueous solutions
was studied by CV and capacitance–potential measurements (Hölzle 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(1 1 1) 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 (Hölzle et al., 1996).
The short-time adsorption of uracil on Ag(1 1 1) 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 et al., 1995; Guidelli et al., 1996). The structure of the chemisor-
bed uracil overlayer that is formed on Ag(1 1 1) at potentials positive to �0.70V
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(1 1 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 Cl� 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 (Sánchez-Cortés and Garcı́a-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 AgoAuoCu (Sánchez-Cortés
and Garcı́a-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
1690 cm�1, a medium-intense in-plane C ¼ O bending mode at 655 cm�1 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(1 1 1) 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(1 1 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 et 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(1 1 1). 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(1 1 1) surfaces (Furukawa et al., 2001).
Using the pulse injection method, ssDNA and ds plasmid DNA were depo-

sited on Cu(1 1 1) surfaces under ultrahigh vacuum (UHV) conditions. The
STM images revealed that DNA molecules are adsorbed directly onto a clean
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Cu(1 1 1) 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(11 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(1 1 0) was

investigated by reflection absorption infrared spectroscopy in UHV as well.
Cytosine exhibited characteristic asymmetric and symmetric NH2 stretching
signal. The asymmetric stretching signal was missing in the submonolayer re-
gion, indicating that the whole molecule was standing upright, with the NH2

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 ¼ 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–NH2 bond. Ab initio
calculations confirm the molecular orientation and show an sp3 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
Na2SO4 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 (Z00, Z0) plots. The
classical Frumkin–Melik–Gaikazyan circuit in the region of higher frequencies
and lower uracil concentrations (less than or equal to 2� 10�3M), 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� 10�3M fit with a reasonable accuracy the experimental Z00, Z0-
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 Å. 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 Å. 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(1 0 0)-
2� 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(1 0 0)-2� 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(1 0 0)-2� 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(0 0 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(0 0 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(1 1 1)

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(1 1 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(1 1 1) 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(1 1 1) 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 SiO2 surface in SiO2/SiH

pattern, fabricated using photolithography, by adding MgCl2 to a DNA so-
lution (Tanaka et al., 2001, 2004). Since DNA molecules can be adsorbed onto a
Si substrate through Mg2+, the adsorption of DNA molecules in a SiO2/SiH
pattern is influenced by the concentration of MgCl2 and the difference in
chemical property between a SiO2 surface and a SiH surface (Tanaka et al.,
2001, 2004). DNA molecules attach to a hydrophilic SiO2 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 (50-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, 50-AMP, 30-AMP, 50-UMP and
50-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(II)-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(II) through
deprotonated hydroxyl groups in the 20 and 30 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(II)-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(II)-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; Paleček, 2002; Retter, 1980,
1984; Retter et al., 1989; Vetterl, 1976; Vetterl and de Levie, 1991; Vetterl and
Pokorný, 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(1 1 1)

The adsorption of adenine as well as the co-adsorption of A-T and U-T on
Au(1 1 1) 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 et 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 Paleček 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 (Paleček, 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 (E1=2 ¼ �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 Janı́k (Janik and Elving, 1968; Webb
et al., 1973). The reduction of adenine involves a primary potential controlling
reduction of the N(1) ¼ 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

(E1=2 ¼ �1:125 to 0.073; pH between 4 and 6) (Webb et 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) ¼ C(4) double
bond then occurs to form a carbanion. Protonation of the latter followed by
deamination, regenerates the N(3) ¼ C(4) bond giving 2-oxypyrimidine. Proto-
nation and further one-electron reduction of 2-oxypyrimidine gives a free radical,
which then dimerizes to 6,60-bis(3,6)-dihydropyrimidone-2. The same mechanism
of reduction is proposed for cytosine nucleosides and nucleotides.
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Guanine can be reduced at the mercury electrode at highly negative potentials
close to background discharge (Studničková et al., 1989; Trnková et al., 1980).
Reduction of adenine, cytosine and inosine was studied using elimination
polarography (Havran et al., 1998; Trnková 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 Paleček
(Paleček 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 et 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(II) 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 0.03 nM 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 et al., 2002), and
polished solid silver amalgam electrode (Fadrná et al., 2004) in the presence of
copper ions with detection limits of 4.4 and 1.75 nM (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)) (Trnková et al., 2003). In comparison

Fig. 11. Reaction scheme for polarographic reduction of cytosine.

Fig. 10. Reaction scheme for polarographic reduction of adenine.
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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 (Trnková 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 751C, 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 mL drop volume (two-electrode
connection) or in 30 mL 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 mM Cu(II). This method enables to accumulate under
the controlled potential and determine subnanomolar concentration of DNA
corresponding to the amount of 200 pg of DNA. We recently detected the
picomolar level of oligodeoxynucleotides (ODN) containing purine bases
(250 pM of acid hydrolysed (A)80 ODN, related to the monomer) via surface
accumulation of the purine base residue-Cu(I) complex at the mercury-modified
graphite electrodes (Figure 12) (Hasoň et 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 2e�-2H+ oxidations to
give first 2-oxy- and 2,8-dioxyadenine (Figure 13). Then, a further two electron
oxidation at the C(4) ¼ C(5)double bond occurs to give a dicarbonium ion.
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Guanine is oxidized by an initial 2e�-2H+ attack at the N(7) ¼ C(8) to give
8-oxyguanine, which is immediately oxidized in a further 2e�-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

Fig. 12. (A) The steady-state cyclic voltammogram of 0.05M sodium borate (pH 9.3) in

presence of 20mM Cu(II) ions on the 0.4 mm Hg-modified PGEb. (B) The parts of cyclic

voltammograms of 0.05M sodium borate in presence of: (ele) 20 mM Cu(II), and (A10)

50 nM (A)10+20 mM Cu(II). Before the potential scan the accumulation of the (A)10-Cu(I)

complex at the 0.4 mm Hg-modified PGEb surface was performed. The accumulation con-

ditions were: potential accumulation of EAC ¼ �0:38V; accumulation time of tAC ¼ 8 min;

rate of stirring o ¼ 3000min�1. The scan rate of the measured CVs was vscan ¼ 1V s�1. The

measurement was performed at room temperature. (Parts A and B are partially adapted from

Hasoň et al., 2005, Figures 4(B) and 5, respectively, with permission from Elsevier.)

Fig. 13. Reaction scheme for electrochemical oxidation of adenine.
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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; Paleček
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 ssDNA (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

Fig. 14. Reaction scheme for electrochemical oxidation of guanine.
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while adenine oxidation occurs at +0.63V (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 et 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 0.5M H2SO4 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
0.1mM. Substitution of the hydrogen on N(3) with -CH3, or exocyclic oxygens
with -OCH3 groups results in the inhibition of the reaction; 1,3-dimethyluracil
and 2,4-dimethoxypyrimidine (0.1mM) 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 -CH3 or -C2H5 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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5-ethyluracil and 5,6-dimethyluracil increase the exchange current to produce
higher reaction rates (Saffarian et 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 (Paleček 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 (Paleček 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 (Paleček, 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– t 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– t
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– t 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 density functional theory
DNA, ssDNA, dsDNA,
stDNA

deoxyribonucleic acid, single stranded DNA, double
stranded DNA, salmon testes DNA

DMSO dimethylsilfoxide
DOE diffractive optical element
DPV differential pulse polarography
E electrode potential
EIS electrochemical impedance spectroscopy
ESR electron spin resonance
EVLS elimination voltammetry with linear scan
GaAs gallium arsenide
GCE glassy carbon electrode
GEC graphite-epoxy composite
HMDE hanging mercury drop electrode
HREEL high resolution electron energy-loss spectroscopy
HOPG high oriented pyrolytic graphite
j electric current density
MeAE metal-mercury amalgam electrode
MFE mercury film electrode
MO molecular orbital
NAD nicotineamide adenine dinucleotide
m Avrami exponent
ODN oligodeoxynucleotide
PGEb pyrolytic graphite electrode with basal orientation
PL photoluminiscence
pzc potential of zero charge
QCM quartz crystal microbalance
q electric charge
Ra optical roughness
RAS reflectance anisotropy spectra
RNA ribonucleic acid
SAM self assembled monolayers
SECM scanning electrochemical microscopy
SEIRAS surface enhanced infrared reflection absorption

spectroscopy
SERS surface enhanced Raman spectroscopy
Si (001), Si (111) single crystal Si
SPR surface plasmon resonance
STM scanning tunneling microscopy
TDP tridecylphosphate
UHF ultra high vacuum
UMP uridine monophosphate
UPD underpotential deposition
Z

0

real part of the complex impedance
Z

0 0

imaginary part of the complex impedance
2-D two-dimensional
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the manuscript preparation and arrangement of references.

REFERENCES

Aqua, T., R. Naaman and S.S. Daube, 2003, Controlling the adsorption and reactivity of
DNA on gold, Langmuir 19, 10573–10580.

Arias, Z.G., J.L.M. Alvarez and J.M.L. Fonseca, 2004, Electrochemical characterization of a
mixed self-assembled monolayer of 6-thioguanine and guanine on a mercury electrode,
J. Colloid Interf. Sci. 276, 132–137.

Aroca, R. and R. Bujalski, 1999, Surface enhanced vibrational spectra of thymine, Vib.
Spectrosc. 19, 11–21.

Artzi, R., S.S. Daube, H. Cohen and R. Naaman, 2003, Adsorption of organic phosphate as
a means to bind biological molecules to GaAs surfaces, Langmuir 19, 7392–7398.

Ataka, K. and M. Osawa, 1999, In situ infrared study of cytosine adsorption on gold elec-
trodes, J. Electroanal. Chem. 460, 188–196.

Ayar, A. and A.A. Gurten, 2003, Determination of the rate control step of purin and
pyrimidine bases adsorption on cobalt(II)-CDAE-sporopollenin, Colloid. Surf. A 229,
149–155.

Bare, S. and C. Buess-Herman, 1998, On the formation and dissolution kinetics of two-
dimensional uracil ordered phases at the gold single crystal electrode aqueous solution
interface, Colloid. Surf. A 134, 181–191.

Bare, S., M. Van Krieken, C. Buess-Herman and A. Hamelin, 1998, Effect of the crystallo-
graphic orientation of gold single-crystal electrodes on the occurrence of 2D phase tran-
sitions in adsorbed organic monolayers, J. Electroanal. Chem. 445, 7–11.

Batrakov, V.V., B.B. Damaskin and Y.P. Ipatov, 1974, Determination of charge and eval-
uation of zero charge potential of faces of zinc single crystals according to the effect of
sodium fluoride concentration on the desorption potential of camphor, Elektrokhimiya
10, 144.

Benedetti, L., G. Camurri, C. Fontanesi, P. Ferrarini and R. Giovanardi, 2004, On the 2D
phase transition of adenine adsorbed at the mercury/ethylene glycol solution interface,
Electrochim. Acta 49, 1655–1662.

Berezney, R. and D.S. Coffey, 1974, Identification of a nuclear protein matrix, Biochem.
Biophys. Res. Commun. 60, 1410–1417.

Brabec, V., S.D. Christian and G. Dryhurst, 1977, Interfacial behavior of uracil at the
mercury-solution interface. Evidence for surface reorientation processes, J. Electroanal.
Chem. 85, 389–405.

Brabec, V., S.D. Christian and G. Dryhurst, 1978, Adsorption of mixtures of complementary
and non-complementary nucleic acid bases at the mercury-solution interface, Bioelectroc-
hem. Bioenerg. 5, 635–649.

Brabec, V., M.H. Kim, S.D. Christian and G. Dryhurst, 1979, Interfacial behavior of adenine
and its nucleosides and nucleosides, J. Electroanal. Chem. 100, 111–133.

Brabec, V., V. Vetterl, V. Kleinwachter and J. Reedijk, 1989, Interfacial behaviour of
trideoxyribonucleotide d(CpGpG) and its complex with the antitumour drug cisplatin at
the mercury-electrolyte solution interface, Bioelectrochem. Bioenerg. 21, 199–204.

Brabec, V., V. Vetterl and O. Vrana, 1996, Experimental techniques in bioelectrochemistry,
Electroanalysis of Biomacromolecules, Vol. 3, Eds. V. Brabec, D. Walz and G. Milazzo,
pp. 287–359. Birkhauser-Verlag, Basel.

V. Vetterl and S. Hasoň60
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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 et 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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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

dE/dt

E

ssDNA dsDNA

CA

G
anodic

cathodic

sparingly soluble

compounds with
Hg

CI- 1CI-1

(CI- 2)

+-

Fig. 1. Schematic representation of curves dE=dt ¼ f ðEÞ 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 I) is due to oxidation of the reduction product of

guanine residues. Background electrolyte: 0.5M ammonium formate, 50mM 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.
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conventional unmodified ODNs, 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 ODNs. 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

Table 1. Custom DNA-oligonucleotides synthesisa

(Calculated for scale 200 nmol, HPLC purity)

Oligodeoxynucleotide Price/base – EURO from
0.74 to 1.35

Mean value – EURO

�1
�20b

End modifications
Price/modification

Biotin 30/50 from 32 to 45 �38.5
Aminolink C6 50 from 24 to 30 �27
SH mod. 50 from 41 to 60 �50.5
SH mod. 30 from 41 to 150 �95.5
Phosphorylation 30/50 from 21 to 30 �25.5
Succinate 30/50 from 24 to 41 �32.5
Ferrocene 50 �270

Base modifications
20-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.
aLength: Without mod.-up to 100 bases, dyes-up to 70 bases SH-up to 45 bases, PNA -up to
50 bases.
bPolyacrylamide gel electrophoresis (PAGE) purification.
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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 et 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, 1998b, 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).
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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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Fig. 2. LSV and EVLS reduction signals of ODN – 1.5 mM d(A)9 in 0.2M acetate buffer (pH

5.3), ......... reference curve (v ¼ 200mV=s), potential step 2mV, time of accumulation 120 s,

accumulation and starting potential �0.1V, ���� elimination curve. The elimination func-

tion f(I) eliminates simultaneously kinetic and charging currents (Ic, Ik) and conserves the

diffusion current Id 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.
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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.1 In contrast, the potential windows of most of
the solid electrodes are shifted by approximately 1V to more positive values.2

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–c) 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

1Potentials 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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solid amalgam electrode (M-CuSAE) were particularly useful in determination
of subnanomolar concentrations of A and G released from DNA by acid
treatment (Jelen et al., 2002b), while m-AgSAE were applied in catalytic re-
actions of osmium-modified DNAs (Yosypchuk et 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).

Table 2. Range of working potentials of different electrodes

Electrode (disc’s

diameter)

Potential range, V

0.1M HClO4 0.2M acetate pH

4.8

0.05M NA2B4O7

pH 9.2

0.1M NaOH

HMDE �1.19 0.44 �1.7 0.31 �1.98 0.15 �1.97 �0.07

AgE (0.40mm) �0.64 0.39 �0.99 0.36 �1.2 0.38 �1.41 0.19

p-AgSAE (0.70mm) �1.12 0.45 �1.51 0.31 �1.88 0.16 �1.96 �0.06

m-AgSAE (0.70mm) �1.08 0.43 �1.44 0.21 �1.92 0.16 �1.95 �0.07

(0.54mm) �1.11 0.44 �1.39 0.3 �1.92 0.15 �1.99 �0.06

m-CuSAE (0.48mm) �1.17 0.06 �1.44 �0.03 �1.75 0.95 �1.85 �0.24

AuE (0.40mm) �0.54 1.69 �0.91 1.49 �1.39 1.15 �1.62 0.81

m-AuSAE (0.40mm) �1.12 0.45 �1.47 0.31 �1.9 0.16 �1.91 �0.05

m-lrSAE (0.67mm) �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 1mA current level; air oxygen was
removed by nitrogen. Adapted from Yosypchuk and Novotny (2002b). Copyright 2002, with
permission from CRC Press LLC.
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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 Å2 for denatured DNA. Later about
85 Å2 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 Å2

(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� 106). 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 et 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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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 0.3M 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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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 (0.5M KCl) 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 dsDNA 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 ¼ 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 40mg/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 5mV. If not stated

otherwise, in further figures potentials are given against SCE. Adapted from Palecek (1995)

and Jelen et al. (2000b). Copyright 1995 and 2000, with permission from Elsevier and Wiley-

VCH, respectively.
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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 (o0.1M) the dsDNA 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 vice 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 DC 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 DC, 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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In recent years a number of papers were published on electrochemistry of
ODNs 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
ODNs 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. Ihara 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 ODNs (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.

E. Paleček and F. Jelen86



(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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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)3] 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)3] film
was also used (Ontko et al., 1999).
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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 �2.0V) 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 �1.8V 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, 0.1M MgCl2 or
Mg(ClO4)2 (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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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 et 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 mM 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 �1.4V. 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 elec-
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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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 8). 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 0.3–0.6M 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 0.01mm. 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� 105) 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
(dA9 and dC9) 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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inactive. At high sensitivity of the instrument (and high DNA concentration)
additional peaks were observed; both ds and ssDNAs yielded peak I. dsDNA
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-l (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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at a concentration of 470 mg/mL and ssDNA at a concentration of 50 mg/mL. (B) ssRNA at a

concentration of 250mg/mL and dsRNA at a concentration of 500 mg/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.
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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� 104–3� 106 (i.e. chain lengths
from about 90 to 9000 nucleotides) a correlation was found between the current
magnitudes, intrinsic viscosity and sedimentation coefficients S20 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 10mV) linear depend-
ence was observed, but the peaks obtained at the amplitude of 50 and 100mV
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(rI),
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 II
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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4.2.1.3. Changes of DNA structure in solution can be detected electrochemically. It
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 dsDNA 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 IIR 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
II 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

Table 3. Heights, summit potential Es, and half-width W1/2 of derivative pulse-
polarographic peaks of RNA and DNAa

Sample Concentration
(mg/mL)

Peak Height
(mA)

Es (V) W1/2
(mV)

dsRNA 400 II R 0.62 �1.3 55
Thermally
denatured RNA

80 III R 0.64 �1.48 75

Native DNA 400 II 0.05 �1.48 —
Thermally
denatured DNA

80 III 1.42 1.55 85

aThe measurements were performed in 0.3M ammonium formate with 0.1M sodium phos-
phate pH 7 with the polarographic analyzer PAR 174 at pulse amplitude of 50mV 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.
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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 III (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 ssRNA, 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 401C (Vojtiskova et al., 1981). Above 401C an inflexion
appeared on DP polarogram and grew with temperature in the premelting
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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. 10. Time-course of renaturation of phage f2 dsRNA. (A) Thermally denatured ssRNA

was incubated (�—�) at 851C in 2.5� sodium saline citrate (SSC) or (o—o) at 851C in SSC,

and (x—x) at 551C. 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

3.2mg/mL in 0.3M ammonium formate with 0.2M sodium acetate, pH 5.6; PAR 174. (B)

(o—o) peak IIR. (�—�) peak IIIR. ssRNA (108 mg/mL) in 0.01� SSC was heated for 6min

at 1001C. Then it was placed into a thermostated polarographic vessel with the same volume

of 0.6M ammonium formate with 0.2M sodium phosphate, pH 7, preheated to 581C. The

pulse polarograms were measured at 581C 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.
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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 (SWV) cathodic response of 97-mer duplex ODN
[(TTC)24(T)25] � [(GAA)24(A)25] as compared to high peak C (due to reduction
of cytosine residues) of ss(TTC)24(T)25. 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)24(A)25 was only about twice as high than the
peak of ds[(TTC)24(T)25] � [(GAA)24(A)25] (Figure 11B). This was attributed to
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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)24(T)25, 2 - duplex

[(TTC)24(T)25] � [(GAA)24(A)25]. 3 - ODN (GAA)24(A)25 , 0.25 mM ODN in 0.1M NaCl,

pH 7 was adsorbed from a 10 mL sample drop at 01C for 60 s at open current circuit. Then the

ODN-modified HMDE was washed, and transferred into background electrolyte (0.3M

ammonium formate, 50mM sodium phosphate, pH 6.9) and measured at room temperature.

SWV: frequency 380Hz, step potential 5mV, amplitude 25mV, initial potential (A) �0.6V

or (B) �1.85V. Potentials are given against Ag/AgCl/3M KCl reference electrode. Hybrid-

ization: A mixture of complementary ODN aliquots in 0.1M NaCl, pH 7 was incubated at

901C for 30min, and then slowly cooled to room temperature (F. Jelen and E. Palecek,

unpublished).
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the location of the electroactive site of guanine out of the DNA duplex interior
(Figure 6). Ss(TTC)24(T)25 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 et 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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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 DC 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 (�s). Studies of topoisomer distributions showed two superhelix density-
dependent structural transitions at midpoints of �s about 0.04 and 0.07. The first
transition (explained by changes in global structure of circular DNAs) was
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Fig. 12. Alkaline denaturation of ’, supercoiled and n, linearized plasmid DNA. pAT32

DNA at a concentration of 10.3mg/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 0.3M ammonium formate and 50 mM

sodium phosphate, pH 6.9. CV: initial potential �0.1V; switching potential �1.85V, scan

rate 0.2V/s. Adapted from Teijeiro et al. (1993). Copyright 1993, with permission from

Adenine Press.
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indicated by changes in peak 1. The other one, occurring at more negative�s, 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 (�s about 0.05) highly supercoiled
DNA (�s ¼ 0:11) gave rise to peak 3* (Figure 13C), which was about 50mV
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 s.

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. 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 (�sX0.11); D, open circular DNA. DNA concentration was 100mg/mL, adsorption

time tA ¼ 120 s; in B, (- � -), 250 mg/mL, tA ¼ 180 s; (- - -), background electrolyte. The re-

sponse of open circular DNA prepared from covalently closed circular DNA by g-irradiation
(arrows marked ‘‘g’’) was not influenced by the superhelix density of the original covalently

closed circular DNA. In panel (A) the meaning of the capacitance decrease (DC) is displayed.

DNA was adsorbed at the electrode from a drop (4 mL) of solution containing 0.2M NaCl

and 0.01M Tris-HCl 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.
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performed (Figure 14). Polarograms of scDNA at native �s, 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 ssDNA) 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

Fig. 14. A.c. polarograms (C–E curves with DME) of various forms of plasmid pUC19 DNA

(indicated in the figure) measured in 0.3M NaCl, 0.03M NaHCO3, pH 9.5. DNA concen-

tration 200 mg/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 mL 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 1mV/s, drop lifetime 10 s. SCE. Adapted from Fojta et al. (1998).

Copyright 1998, with permission from American Chemical Society.
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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 1 s). 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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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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mercury dropping from the DME in 1 s intervals. The voltage ramp is scanned 1mV/s. (A2):

in LSV, HMDE is kept for a certain time interval t at the initial potential Ei. During this

waiting time t, 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 t, the electrode potential is changed (usually 0.5–5V/s) to more negative values

(passing necessarily the region U); ssDNA is reduced at about �1.4V (Ered). B, The height of

the voltammetric peak 3 is proportional to the amount of ssDNA 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) dsDNA (in the bulk of solution); (b) dsDNA at

higher concentrations (300–400 mg/mL) and a high sensitivity of the instrument; (c) dsDNA

at a concentration as usual for measurements of ssDNA (20–30 mg/mL); (d, f) Ei in the region

T (e.g. �0.6V); (e) Ei in the region U (e.g. �1.2V), for region U and T see Figures 16c and 17.

SCE. Reproduced from Jelen and Palecek (1985). Copyright 1985, with permission from the

Slovak Academy of Sciences.
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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 dsDNA 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
o5 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 pKas 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 pKas are per-
turbed toward neutrality for RNA and DNA, with values ranging from 3.8 to
6.6 (Huppler et al., 2002). pKas 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 (Ei) that is the potential to which the DME was charged for
a certain time (about 1–2 s) 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 Ei.
With native dsDNA the highest signals were observed in a narrow potential
range around �1.2V (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 dsDNA with the electrode charged to
more positive Ei (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 dsDNA 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. It 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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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 DNAmolecule was anchored on the surface by an ss segment Sads

(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 Sads 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 100 s
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

x

Potential region U (around -1.2 V)

(first seconds)  (tens of seconds)
B C

Potential region T

A

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 �1.2V (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 90–120 s.
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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 dsDNA 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 KClO

4
, where probably

only electrostatic interactions were involved, no differences in the differential
capacity of ss and sonicated dsDNA 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 (o100mV) region U and the rate of open-
ing of the double helix strongly depended on the electrode potential within the

Electrochemistry of Nucleic Acids 109



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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Fig. 16. Dependence of the voltammetric behavior of biosynthetic polynucleotides with dif-

ferent nucleotide sequences on the initial potential (Ei). (A): voltammetric peaks of poly

(dA–dU) � poly (dA–dU). Ei ¼ �0:6V (left), Ei ¼ �1:35V (right); (B): �—� , peak 2; 3—3,

peak 3; (C): poly (rA) � poly (rU), �—�, peak 2; 3—3, 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 100mg/mL, concentration of

other polynucleotides was 5� 10�5M (related to phosphorus content). Background electro-

lyte: 0.3M ammonium formate with 0.05M sodium phosphate (pH 6.9). HMDE, scan rate

0.5V/s, waiting time 60 s. 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.
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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 g-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�C pairs was smaller than
peak III of the A�T and A�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�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 Sads) 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 Sads 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 dsDNA changed in dependence on Ei (Figure
17B) in a similar way as at neutral pH (Figure 16C). Up to pH 10.8 the peak
heights were practically independent on Ei in the region around the potential of
the zero charge but at Ei more negative than �0.6V 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 Ei

around p.z.c. increased about 10-fold (compared to pH 9.8) and between Ei

�0.2 and �0.9V this peak was practically independent of Ei. The height of peak
3 at Ei of denatured ssDNA was independent of Ei in a wide range of potentials
and pHs. The behavior of dsDNA in dependence on Ei 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 Ei, 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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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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pHo5 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 dsDNA (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 �0.8V) 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 Ea �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 Ebx

(varying from �0.1 to �1.55V) for 100 s 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 dsDNA was
placed in a denaturing medium (e.g. 0.2M 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 g-irradiation
or enzymatically, using DNAse I) 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

Electrochemistry of Nucleic Acids 117



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 300V/m) to cause the above observations.
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Fig. 18. Dependence of the height of the AdTS CV peaks (A), CA (ICA) and (B), G (IG) of’,

supercoiled, n, linearized double-stranded and x, denatured (linearized) DNA on the initial

potential (EiB). DNA at a concentration of 28mg/mL in 0.3M ammonium formate, 50mM

sodium phosphate, pH 6.9 was adsorbed at HMDE for tA 4min from a 4 mL drop of a DNA

solution (at an open current circuit). The electrode was then washed and transferred into a

voltammetric cell with 5mL of the background electrolyte where it was charged to the

potential EiB (indicated in the graph) for the time tB ¼ 100 s followed by CV measurements.

Potentials were measured against SCE. Adapted from Teijeiro et al. (1993). Copyright 1993,

with permission from Adenine Press.
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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
ODNs 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 300mV vs. Ag/

AgCl was applied and the percent hybridization monitored as loss of ssDNA from the

interface by in situ SPR. The same discrimination is also observed for hybrids formed by

electrostatically assisted hybridization. Experimental conditions were 1M NaCl solution

containing 1mM 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 109V/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 l-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)n � (CA)n or (GA)n � (CT)n 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 et 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
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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 0.01M 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 ssDNA 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 complementary3 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, (c) 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.

3The 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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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/mm2

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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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.
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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; Schülein 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 4–16 h, 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 et 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 1012–1013 DNA probes/cm2 while packing density of the
n-alkanethiol SAMs on gold was about 5� 1014/cm2, 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 751C (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� 1012

probes/cm2) 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. Tm of immobilized DNA was obtained via the square-wave volt-
ammetric response of methylene blue as a function of temperature. Tm increased
linearly with the ionic strength similarly as in solution but with values by 121C
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
(Li et al., 1997). Binding of dsDNA 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[1 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)7 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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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

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-ODNs, 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).
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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)25 (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 et 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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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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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 et al. (2002a). Copyright 2002, with permission from Elsevier.
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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 (CTG), 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 2,20-bipyridine (Os,bipy) (Section 6.3.1) known
to react with pyrimidine but not with purine bases (Palecek, 1992b). To capture
the (GAA)n triplet repeat-containing DNA strand at the magnetic beads with
covalently attached oligo(dT)25 (serving as surface H in the DS electrochemical
technique) we utilized (dA)18 stretch naturally occurring next to this repeat
(Figure 22). Then the biotin-labeled reporter probe (CTT)12 (RP–biot) was
hybridized to the captured target DNA to obtain an electrochemical signal
characterizing the length of the (GAA)n triplet repeat expansion. The number of
pyrimidines in tDNA was independent of the length of the (GAA)n 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)n 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)n 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)n repeat expansion in PCR products by means

of the DST using magnetic beads (BT) for hybridization and biotinylated (TTC)12 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)n sequence was captured at the BT 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)n 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)n 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 (OsVIII, L). OsVIII, L
binds to pyrimidine residues in ssDNA 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 �0.6V 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 (OsVIII,py),
but osmium tetroxide, 2,2’-bipyridine (OsVIII,bipy) soon replaced less convenient
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(OsVIII,py) (Palecek, 1992b). Later OsVIII,bipy and other OsVIII,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 et al., 1992). OsVIII,bipy-
modified tDNA and end-labeled reporter probes have been conveniently used in
DNA hybridization sensors (Section 6.2). End-labeling of oligonucleotides with
OsVIII,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 (OsVI, L). In difference to osmium tetroxide
complexes, six-valent potassium osmate, K2Os2(OH)4, in the presence of pyridine
did not react with the nucleic acid bases. Almost 30 years ago it was shown
that K2Os2(OH)4, 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 30-ends of the RNAmolecules. 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

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 mg/mL. Background electrolyte: 0.3M ammonium formate and 0.05M so-

dium phosphate (pH 7.0), ta 1min, scan rate 0.1V/s, initial potential 0V, switching potential

�1.85V. (B) Section of the DNA and DNA-Os,bipy cyclic voltammograms measured at scan

rate 1V/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, ta 1min, pulse amplitude 0.05V, scan rate 0.01V/s, Ea �0.6V. Potentials are

given against Ag/AgCl/3M 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.
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attempted to modify the 30-end ribose in a 21-mer oligonucleotide and we found
conditions under which the modification proceeded well. We showed that sim-
ilarly to the DNAbases-OsVIII, L adducts, the RNAribose-OsVI, 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; Ihara 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 liq-
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. 25. Adsorptive transfer stripping (AdTS) cyclic voltammogram at a PGE of: (1)
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escent time 1 s, switching potential +1.0V, scan rate 1V/s; background electrolyte 0.2M

sodium acetate, pH 5.0; DNA (50 mg/mL) or Os,bipy (0.1M) was accumulated at the elec-

trode from a 7 mL drop of 0.25M NaCl for tA ¼ 60 s, 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 KCl 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.

E. Paleček and F. Jelen136



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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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 et 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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Fig. 27. Cyclic voltammogram of 40mM adenine riboside (adenosine) (thick line) modified

with Os(VI),bipy (thin line) in 0.2M sodium acetate, pH 5.0. AUTOLAB, PGE, Ag/AgCl/

3M KCl reference electrode, scan rate 1V/s, accumulation time 60 s (M. Trefulka and E.

Palecek, unpublished).
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complexes for mediating oxidation of guanine and found that ruthenium
trisbipyridyl [Ru(bipy)3]

2+ was an effective oxidation catalyst of guanine. Ad-
dition of DNA to a solution of [Ru(bipy)3]

2+ resulted in a catalytic enhance-
ment of the [Ru(bipy)3]

2+ oxidation peak at cyclic voltammograms (Figure 28).
These voltammograms were indicative of a scheme where the electrogenerated
Ru(III) was reduced to Ru(II) by DNA guanine residues, setting up an elect-
rocatalytic cycle (Johnston et al., 1995):

½RuðbipyÞ3�
2þ ! ½RuðbipyÞ3�

3þ þ e- ð1Þ

½RuðbipyÞ3�
3þ þ guanine ! ½RuðbipyÞ3�

2þ þ guanineox ð2Þ

In this reaction guanine was oxidized by a single electron to guanineox and the
electrogenerated [Ru(bipy)3]

3+ underwent a thermal reaction with guanine to
regenerate [Ru(bipy)3]

2+ which was then oxidized on the electrode. The addi-
tional current in the electrocatalytic signal arosed thus from the reoxidation of
the [Ru(bipy)3]

2+ as shown in equation (2). Such observations were originally
made with [Re(O)2(py)4]

2+/+ (Johnston et al., 1994) but later [Ru(bipy)3]
3+ 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)3]

3+ 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)3]
2+ to DNA was negligible (Johnston and

Thorp, 1996). At low ionic strengths a number of effects of DNA binding on
electrochemical signals [Os(bipy)3]

2+ 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(III/II) couple were different for the DNA-bound and free forms (Welch
and Thorp, 1996). Similar effects were originally found with [Co(phen)3]

2+ 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)3]

2+. 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)3]

3+ that
was bound between 2.5 and 5 base pairs from the guanine donor (Sistare et al.,
1999). Sensitivity of 44 attomol/mm2 (or 3� 109 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 50-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 30-side (Sugiyama and Saito, 1996). The CV of [Ru(bipy)3]

2+ was measured
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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 50-G compared to isolated guanine, kGG/kG, of 1272 (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

Fig. 28. Cyclic voltammograms of RuðbipyÞ2þ3 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 ¼ 1), G�G18

(n ¼ 2), and G�G�G21 (n ¼ 3) (containing isolated guanine residues). Potentials are given

against Ag/AgCl/3M KCl reference electrode. Adapted from Sistare et al. (2000). Copyright

2002, with permission from the American Chemical Society.
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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(III) reaction was, however, difficult because properly paired
guanines in the DNA duplex obscured the effect of the mismatch. 8-Oxo-7,
8-dihydroxyguanine (8-oxoG) 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-oxoG 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)3]

2+

and [Os(bipy)3]
2+ was used in the presence of a single guanine-containing ODN

only the [Ru(bipy)3]
2+ signal was enhanced but when guanine was replaced by

8-oxoG, enhancement of [Os(bipy)3]
2+ was observed (Ropp and Thorp, 1999).

Using 8-oxoG-Os(III) 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 et 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 dsDNA (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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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 Mg2+ concentrations in duplexes containing methylated cytosine in
d(CG)n 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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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 et al. (2003). Copyright 2003, with permission from the author.
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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 4.5 nm. It was found that the electro-
chemical response of the intercalated DM was not dependent on its location in
the DNA helix (Kelley et 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 Mg2+ to obtain dense monolayers
(surface coverages ranged from 30 to 75pmol/cm2). Irrespective of linker lengths
a chemically reversible reduction of DM was observed at about �0.6V (vs. Ag/
AgCl 1M KCl). 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 s-bonded linker followed semiclassical
superexchange theory. Thus, when the linker lengths and the DM positions var-
ied the charge transfer through the s-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.

E. Paleček and F. Jelen144



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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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 30-ferrocenylated –(dT)20-5

0-cystaminyldisulfide deriv-
ative which was chemically reduced to its 50-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)20 in 0.1M NaClO4 for 2 h the redox response disappeared. No

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 50-Fc-

DNA-PEG-DNA-SH-30 modified gold ball electrodes in the absence (off) and presence (on)

of target DNA (200 nM, Fc-ferrocene, PEG-polyethyleneglycol). (Conditions: 100mV/s,

25mM phosphate buffer, 100mM NaCl, pH 7.0). Adapted from Immoos et al. (2004a).

Copyright 2004, with permission from the American Chemical Society.
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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 30-SH group,
the 50-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 50-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 at Au(111). Their measurements gave thickness 2970.4 Å for the hairpin
ODN and 41.670.5 Å for duplex DNA after the target hybridization. These
results agree well with those obtained by Kelley et al. (1998) showing about 28 Å
for hairpin and 42 Å 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)6]

3�/4� (Steichen and Buess-
Herman, 2005). Addition of the complementary ODN to the hairpin probe de-
creased the electron transfer rate, Rct 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 p-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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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 et 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 p-stacked bases in DNA duplexes. Considering that the
charge transfer through the s-bonded linker decrease with the linker length
(Drummond et 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

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 (xDNA ¼ 0:2), (b) Au-

hairpin ssDNA/MCB (xDNA ¼ 0:2) before addition (�); after addition of the complementary

strand 1 mM (o) and a non-complementary strand 1mM (n), which is a negative control.

Measurements performed in a 0.01M phosphate buffer (pH 7.4) in the presence of [Fe(CN)6
]3�/4� (5� 10�3M, 1:1) at +0.21V. Adapted from Steichen and Buess-Herman (2005).

Copyright 2003, with permission from Elsevier.
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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� 109 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 108 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
CV 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

E. Paleček and F. Jelen152



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
s density

ACKNOWLEDGMENTS

The authors are indebted to Drs. M. Fojta, L. Havran and V. Dorcak for
critical reading of the manuscript and stimulating discussion. This work was
supported by a grant IBS 5004355 of the Academy of Sciences of the Czech
Republic.

REFERENCES

Adams, R.N., 1969, Electrochemistry at Solid Electrodes, Marcel Dekker, New York.
Adrian, M., B. ten Heggeler-Bordier, W. Wahli, A.Z. Stasiak, A. Stasiak and D. Dubochet,

1990, Direct visualization of supercoiled DNA molecules in solution, EMBO J. 9, 4551.
Analytica Chimica Acta, 2003, Anal. Chim. Acta, Special issue (No. 1) on emerging tech-

nologies for nucleic acid analysis 469, 1.
Anne, A., A. Bouchardon and J. Moiroux, 2003, 30-ferrocene-labeled oligonucleotide chains

end-tethered to gold electrode surfaces: Novel model systems for exploring flexibility of
short DNA using cyclic voltammetry, J. Am. Chem. Soc. 125, 1112.

Anson, F.C., J.B. Flanagan, K. Takahashi and A. Yamada, 1976, Some virtues of differential
pulse polarography in examining adsorbed reactants, J. Electroanal. Chem. 67, 253.

Electrochemistry of Nucleic Acids 153



Arias, Z.G., J.L.M. Alvarez and J.M.L. Fonseca, 2004, Electrochemical characterization of
the self-assembled monolayer of 6-thioguanine on the mercury electrode, Electroanalysis
16, 1044.

Armistead, P.M. and H.H. Thorp, 2000, Modification of indium tin oxide electrodes with
nucleic acids: Detection of attomole quantities of immobilized DNA by electrocatalysis,
Anal. Chem. 72, 3764.

Armistead, P.M. and H.H. Thorp, 2001, Oxidation kinetics of guanine in DNA molecules
adsorbed onto indium tin oxide electrodes, Anal. Chem. 73, 558.

Armstrong, F. A., R. Camba, H. A. Heering, J. Hirst, L. J. C. Jeuken, A. K. Jones, C. Leger
and J. P. McEvoy, 2000, Fast voltammetric studies of the kinetics and energetics of
coupled electron-transfer reactions in proteins, Faraday Discuss. 191.

Armstrong, N.R., A.W.C. Lin, M. Fujihira and T. Kuwana, 1976, Electrochemical and
surface characteristics of tin oxide and indium oxide electrodes, Anal. Chem. 48, 741.

Azek, F., C. Grossiord, M. Joannes, B. Limoges and P. Brossier, 2000, Hybridization assay
at a disposable electrochemical biosensor for the attomole detection of amplified human
cytomegalovirus DNA, Anal. Biochem. 284, 107.

Babkina, S.S., E.P. Medyantseva, H.C. Budnikov and M.P. Tyshiek, 1996, New variants of
enzyme immunoassay of antibodies to DNA, Anal. Chem. 68, 3827.

Babkina, S.S. and N.A. Ulakhovich, 2004, Amperometric biosensor based on denatured
DNA for the study of heavy metals complexing with DNA and their determination in
biological, water and food samples, Bioelectrochemistry 63, 261.

Babkina, S.S., N.A. Ulakhovich and Y.I. Zyavkina, 2000, Determination of platinum in
pharmaceuticals and biological objects using an amperometric biosensor based on de-
oxyribonucleic acid, Ind. Lab. 66, 779.

Babkina, S.S., N.A. Ulakhovich and Y.I. Zyavkina, 2004, Amperometric DNA biosensor for
the determination of auto-antibodies using DNA interaction with Pt(II) complex, Anal.
Chim. Acta 502, 23.

Babkina, S.S., N.A. Ulakhovich, Y.I. Zyavkina and E.N. Moiseeva, 2003, Adsorption of
lead(II) and cadmium(II) ions on the surface of a cellulose membrane modified with
denaturated deoxyribonucleic acid, Russian J. Phys. Chem. 77, 797.

Baca, A.J., F.M. Zhou, J. Wang, J.B. Hu, J.H. Li, J.X. Wang and Z.S. Chikneyan, 2004,
Attachment of ferrocene-capped gold nanoparticle-streptavidin conjugates onto electrode
surfaces covered with biotinylated biomolecules for enhanced voltammetric analysis,
Electroanalysis 16, 73.

Bagel, O., C. Degrand, B. Limoges, M. Joannes, F. Azek and P. Brossier, 2000, Enzyme
affinity assays involving a single-use electrochemical sensor. Applications to the enzyme
immunoassay of human chorionic gonadotropin hormone and nucleic acid hybridization
of human cytomegalovirus DNA, Electroanalysis 12, 1447.

Banica, F.G. and A. Ion, 2000, Electrocatalysis-based kinetic determinations, Encyclopedia
of Analytical Chemistry, Ed. R.A. Meyers, Wiley, Chichester, 11115.

Barbara, P. F. and E. J. C. Olson, 1999, Experimental electron transfer kinetics in a DNA
environment. Electron transfer-from isolated molecules to biomolecules, Pt 2. Vol. 107,
Ad. Chem. Phys. 647.

Bard, A.J. and L.R. Faulkner, 2000, Electrochemical Methods: Fundamentals and Appli-
cations, Wiley, New York.

Barker, G.C. and D. McKeown, 1976, Modulation polarography of DNA and some types of
RNA, Bioelectrochem. Bioenerg. 3, 373.

Bates, A.D. and A. Maxwell, 1993, DNA Topology, Ed. D. Male, Oxford University Press,
Oxford.

Baughman, R.H., A.A. Zakhidov and W.A. de Heer, 2002, Carbon nanotubes – the route
toward applications, Science 297, 787.

Bednar, J., P. Furrer, A. Stasiak, J. Dubochet, E.H. Egelman and A.D. Bates, 1994, The
twist, writhe and overall shape of supercoiled DNA change during counterion-induced
transition from a loosely to a tightly interwound superhelix: Possible implications for
DNA structure in vivo, J. Mol. Biol. 235, 825.
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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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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 et 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.

Fig. 1. Steps involved in the detection of a specific DNA sequence using an electrochemical

DNA hybridization biosensor. (Reproduced from Gooding, 2002 with permission.)
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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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(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

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.)
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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., 2002c) 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,

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.)
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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 60min 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 tm by 151C vs. 111C, 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., 1996c) 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 DF508 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)3

3+ marker. High selectivity toward the disease sequence – but not to the
normal DNA – was achieved by performing the hybridization at an elevated
temperature of 431C. 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

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 eSensorTM 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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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

Fig. 4. Differential pulse voltammograms for the ferrocenyl naphthalene diimide indicator at

the dT20-modified electrode before (a) and after (b) hybridization with dA20. 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

transducer

Electrode Ep,a/vs. Ag/AgCl, V References

Co(bpy)3
3+ Cyclic voltammetry Carbon

paste

0.15 Millan and Mikkelsen,

1993

Co(phen)3
3+ Chronopotentiometry Carbon

paste

0.15 Wang et al., 1996

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

Daunomycin Chronopotentiometry Screen-

printed

0.45 Marrazza et al., 1999

Ferrocenyl

naphthalene diimide

Pulse voltammetry Gold 0.50 Takenaka et al., 2000
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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 10pM 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)25 target with oligo(dT)25 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-mm-diameter carbon fiber electrode. Such enzymatic
amplification facilitated measurements down to the zmol (3000 copies; 0.5 fM)
level using 10 ml 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 et al., 2002b). Such protocol relied on mod-
ifying the DNA target with osmium tetroxide,2,20-bipyridine (Os,bipy). The

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.)
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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. 105).
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 1.3 zmol level in 25 ml 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;

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.)
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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

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.)
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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

2+ redox mediator (Johnston et al., 1995).
This involves the following catalytic cycle:

RuðbpyÞ2þ3 ! RuðbpyÞ3þ3 þ e� (1)

RuðbpyÞ3þ3 þG ! RuðbpyÞ2þ3 þGþ (2)

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

ZnS PbSCdS

P1 P2 P3

T1 T2 T3

P’1 P’2 P’3

T1 T2 T3

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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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

2+-mediated guanine-oxidation
hybridization detection protocol (Napier et al., 2000; Popovich et al., 2002). The
coupling of the Ru(bpy)3

2+-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 et 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

Ru (bpy)3
2+

Ru (bpy)2
3+e-

GOx

G

Fig. 9. Schematic representation of guanine oxidation mediated by a ruthenium complex.

(Reproduced from Li et al., 2003 with permission.)
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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

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.)
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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 dsDNA. 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 (>109) 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

Fig. 11. Steps involved in the protocol: (A) Introduction of probe-coated magnetic beads and

target-labeled ‘electroactive beads’. (B) Hybridization and magnetic separation. (C) Disso-

lution of the spheres in acetonitrile, release of the marker and its chronopotentiometric

detection at a glassy carbon electrode. Fc represents the ferrocene marker.
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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 et al., 1996), the size-
controlled emission properties of semiconductor NPs (Bruchez et al., 1998), or
the semiconductor NP-stimulated fluorescence resonance energy transfer
(FRET) (Ihara 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
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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).

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

and piezoelectric crystals.
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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

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. 10�20mol (Takenaka et 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

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, 50mM, pH ¼ 5:2, scan rate, 100mV s�1, pulse amplitude, 50mV. (Part B is adapted

from Takenaka et al., 2000, Figure 3(A), with permission.)
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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)6]

3�.
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

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) 0M, (b) 30 pM, (c) 500 pM, (d) 30 nM, (e) 800 nM, and (f) 5mM. The hybridization

time interval was 30min. 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.)
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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.

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 mM, potential scan

rate, 100mV s�1. (Part B is adapted from Kelley et al., 1999, Figure 7, with permission.)
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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

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.)
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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 DNAmay be
electrocatalytically activated to yield the substrate for a biocatalytic process.

Fig. 6. Amplified DNA sensing using catalytically active labels.

E. Katz et al.202



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 H2O2. A hydrogel (13) consisting of poly-
acrylamide-hydrazide functionalized with [Os(dmebpy)2Cl]

+/2+ (dmebpy ¼ 4,40-
dimethyl-2,20-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 H2O2 to H2O 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

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.
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14, curve (a), and the mutants 15a or 15b, curves (b) and (c), respectively. The
hybridization was conducted at 571C, 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 H2O2,
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 (dNTPs) 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 M13mp18 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

Fig. 8. Enzyme-amplified analysis of DNA in a redox-active hydrogel.
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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 M13mp18
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 M13mp18 DNA
with a detection limit that corresponded to 1� 10�13M.
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

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 1C 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.)
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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 Zre-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

Fig. 10. Amplified electrochemical detection of the viral M13mp18 DNA by the generation

of a redox-active replica and the bioelectrocatalyzed oxidation of glucose.
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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 1� 10�13M. 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).

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.
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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� 10�6M), pre-treated with

22 (1� 10�5M) for 30min at 37 1C; (c) upon reacting the resulting assembly with the avidin/

alkaline phosphatase conjugate (23) (10 nmolmL�1); (d) after the biocatalyzed precipitation

of 19 for 20min in the presence of 18 (2� 10�3M) in 0.1M Tris-buffer at pH ¼ 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� 10�6M) pre-treated

with the 24/alkaline phosphatase conjugate (7� 10�5M) for a period of 60min, (c) after the

biocatalyzed precipitation of 19 for 30min in the presence of 18 (2� 10�3M) in 0.1M Tris-

HCl buffer at pH ¼ 7:4. (C) The changes in the electron-transfer resistance, Ret, 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 30min. (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� 10�12M VSV RNA. The
increase in the interfacial electron transfer resistance upon replication by reverse
transcriptase, DRet ¼ 4:5kO, 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)6]

3�/4�, 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, DRet ¼ 14:0 kO. 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� 10�17M. The same method was applied for the amplified analysis of
M13mp18 DNA (Patolsky et al., 2001a).
The application of the method in the amplified detection of single-base mis-

matches in DNA (Patolsky et 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� 10�12M; (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 1mM); (d) after the associ-

ation of the avidin–alkaline phosphatase conjugate (23); (e) after the biocatalyzed precip-

itation of 19 for 20min in the presence of 18 (2� 10�3M). (Part B is adapted from Patolsky

et al., 2001a, Figure 5(A), with permission.)
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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

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.
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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 et 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/Br2 solution generated the Au(III)-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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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

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.
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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� 10�12M. 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/Br2 was followed by the quan-
titative determination of the released Au(III) by anodic stripping voltammetry
that used screen-printed microband electrodes. The latter electrode configura-
tion enabled the enhanced mass transfer of the Au(III) 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 HCMVDNA with
a sensitivity limit of 5� 10�12M.
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

Fig. 16. Analysis of DNA by stripping voltammetry of metal NPs associated with the sensing

interface linked to magnetic particles.
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electropolymerized on a glassy carbon electrode and a nucleic acid was elect-
rochemically adsorbed on the polymer interface. The hybridization of the
Cu/Aucore-shell NPs functionalized with a nucleic acid complementary to the
sensing oligonucleotide, followed by the acidic oxidative dissolution of the Cu-
shell released Cu2+ 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 250 zmol. A
related approach has utilized the catalytic deposition of Ag on Ag clusters as a

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; (c) a non-

complementary oligonucleotide sequence. The data were recorded on a 5-mm diameter car-

bon fiber electrode. (Adapted from Cai et al., 2002, Figure 4. Reproduced with permission of

the Royal Society of Chemistry.)
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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 HNO3) 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

Fig. 18. Analysis of DNA using anodic stripping voltammetry of In nanorods associated

with an oligonucleotide duplex assembly.
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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 Pb2+ ions was then used as the
electrochemical signal for the primary hybridization process. A detection limit

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 ¼ potentiometric stripping analysis.)
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for analyzing the complementary DNA that corresponds to 3� 10�13M 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
1M HNO3 followed by the analysis of the released Cd2+ 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� 10�10M 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

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.
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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

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 BRCA1 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.)
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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

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-50 monophos-

phate, CdS-linked cytidine-50 monophosphate, PbS-linked guanosine-50 monophosphate, and

CuS-linked thymidine-50 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), C–T (d),

and T–G (e) mismatches using adenosine-50 monophosphate/ZnS, cytidine-50 monophos-

phate/CdS, guanosine-50 monophosphate/PbS and thymidine-50 monophosphate/CuS con-

jugates. The data were recorded in a 0.1M acetate buffer (pH 4.9) containing 10 mgmL�1 of

Hg(II). (Adapted from Liu et al., 2005, Figures 1 and 2, with permission.)
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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 Au3+ 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 0.1 ngL�1. 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 et 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)6]

3�/4� from the electrode interface. The most pronounced
increase in the interfacial electron transfer resistance was observed upon the
hybridization of the liposome tags, DRet ¼ 7:5kO. 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� 10�12M. A different configuration for the analysis of DNA by tagged lipo-
somes is shown in Figure 24(B). Biotin-labeled, negatively charged, liposomes
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Fig. 24. Amplified analysis of a target DNA by: (A) oligonucleotide-functionalized liposomes. (B) Biotin-functionalized liposomes using avidin as a

linker.
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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

Fig. 25. (A) Faradaic impedance spectra of (a) the 49-functionalized Au electrode, (b) after

interaction of the sensing interface with 50, 5� 10�6M, 15min, 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� 10�6M, 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.)
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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 15.5 kO, respectively.
The association of the second generation of the liposome tags using the
avidin linker increased the interfacial electron transfer resistance to 21 kO. The
increase in the values of the interfacial electron transfer resistances
was attributed to the electrostatic repulsion of the redox label [Fe(CN)6]

3�/4�

from the electrode support. The analyte 50 was analyzed with a detection
limit of 1� 10�15M 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 et 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 DRet ¼ 7:2kO. 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,
DRet, were dominated by the concentration of the mutant (Figure 26(B) inset).
Using this method, the mutant was analyzed with a sensitivity limit of
1� 10�13M.
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)6]

3�/4� 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 (Zim vs.

Zre) 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� 10�9M, (c) after reaction

of the double-stranded interface with biotinylated-dCTP, 20 mM, and polymerase Klenow

fragment, 20UmL�1, (d) after the interaction of the electrode with avidin, 2.5 mgmL�1, and

(e) after the interaction of the interface with the biotinylated liposomes (lipid concentration

0.25mM). Inset: calibration curve corresponding to the Ret 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 et 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 AuCl4

� and the enlargement of Au NP seeds by H2O2 generated by the
glucose oxidase/glucose/O2 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 (Möller 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-mm
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, R42� 108O, the deposition of Ag for 25min yielded a
conductive domain, R � 100O. The method enabled also the discrimination of
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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

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 kO as a function of target-DNA concentration. (Adapted from Park et al., 2002,

Figures 1 and 2, with permission.)
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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 et al., 2003).
A related approach has employed interdigitated Al electrodes on an Al2O3

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.

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.)
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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 (Häfeli et 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 o1/2 (o ¼ 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 (Fe3O4 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 O2 to H2O2. The electro-
generated H2O2 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 M13mp18 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� 10�9M) 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 M13mp18 DNA at 2000 rpm. (Part B is adapted from Patolsky et 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 O2 to H2O2, 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� 10�9M.
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� 10�17M.
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 O2 to
H2O2, 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 HeLa 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 O2

to H2O2 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 HeLa 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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NPs is, however, the generation of photocurrents as a result of the photoexci-
tation of the semiconductor nanostructures. Semiconductor NPs such as TiO2 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

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.
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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
50-end of the analyzed DNA (64). The CdS NPs (2.670.4 nm diameter) were
derivatized with the nucleic acid (65) that is complementary to the 30-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

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) 0 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 et al., 2004, Figure 3, with permission.)
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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

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; (c) 100,000 NHF cells; (d) 100,000 HeLa cells heat-treated at 95 1C for 20min. (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 et al., 2004, Figures 4 and 5, with permission.)
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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

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.)

Amplified Electrochemical and Photoelectrochemical Analysis of DNA 237



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 Schöuen-
berger, 1999) and even superconductivity (Endres et 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 lie 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(III)-hexamine, Ru(NH3)6

3+, which binds to DNA was able to electrically
contact the latter part of insulated CdS NPs, and enhance the photocurrent of
the systems (Willner et al., 2001). It was suggested that Ru(NH3)6

3+ 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 O2 (Figure 34(B)). Namely, upon the photoexcitation of the CdS
NPs the conduction-band electrons were transferred to O2 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 10�8–10�9M
was a record, 10 years later the detection of DNA concentrations in the range of
10�17–10�19M 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

Amplified Electrochemical and Photoelectrochemical Analysis of DNA 239



Fig. 34. Directionally electroswitchable photocurrents in the CdS NPs/ds-DNA/intercalator

system. (A) enhanced cathodic photocurrent generation in the presence of the reduced

methylene blue intercalator (66) (applied potential E ¼ �0:4V). (B) Enhanced anodic pho-

tocurrent generation in the presence of the oxidized methylene blue intercalator (67) (applied

potential E ¼ 0V). The redox levels of the components participating in the different pho-

tocurrent-generating systems are presented on the right side of the scheme. (C) Electro-

chemically switched anodic and cathodic photocurrents generated in the CdS NPs/ds-DNA/

66/67 systems at 0 and �0.4V, respectively, in the presence of TEOA, 20mM and O2 (under

equilibrium with air). Photocurrents were generated upon irradiation of l ¼ 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.

ACKNOWLEDGMENTS

Our research on amplified DNA biosensing was supported by the Israel
Ministry of Science and The Horowitz Foundation, The Hebrew University of
Jerusalem.

REFERENCES

Achenbach, J.C., W. Chiuman, R.P.G. Cruz and Y. Li, 2004, DNAzymes: From creation in
vitro to application in vivo, Curr. Pharm. Biotechnol. 5, 321–336.

Albrecht, C., K. Blank, M. Lalic-Multhaler, S. Hirler, T. Mai, I. Gilbert, S. Schiffmann, T.
Bayer, H. Clausen-Schaumann and H.E. Gaub, 2003, DNA: A programmable force sen-
sor, Science 301, 367–370.

Alfonta, L., A. Bardea, O. Khersonsky, E. Katz and I. Willner, 2001, Chronopotentiometry
and Faradaic impedance spectroscopy as signal transduction methods for the biocatalytic
precipitation of an insoluble product on electrode supports: Routes for enzyme sensors,
immunosensors and DNA-sensors, Biosens. Bioelectron. 16, 675–687.

Asai, Y., 2003, Theory of electric conductance of DNA molecule, J. Phys. Chem. B 107,
4647–4652.

Auroux, P.A., Y. Koc, A. DeMello, A. Manz and P.J.R. Day, 2004, Miniaturised nucleic
acid analysis, Lab. Chip 4, 534–546.

Authier, L., C. Grossiord and P. Brossier, 2001, Gold nanoparticle-based quantitative elect-
rochemical detection of amplified human cytomegalovirus DNA using disposable micro-
band electrodes, Anal. Chem. 73, 4450–4456.

Blasco, M.A., 2003, Mammalian telomeres and telomerase: Why they matter for cancer and
aging, Eur. J. Cell Biol. 82, 441–446.

Braun, E., Y. Eichen, S. Sivan and G. Ben-Yoseph, 1998, DNA-templated assembly and
electrode attachment of a conducting silver wire, Nature 391, 775–778.

Bruchez, M., Jr., M. Moronne, P. Gin, S. Weiss and A.P. Alivisatos, 1998, Semiconductor
nanocrystals as fluorescent biological labels, Science 281, 2013–2015.

Cai, H., N. Zhu, Y. Jiang, P. He and Y. Fang, 2003, Cu@Au alloy nanoparticle as
oligonucleotides labels for electrochemical stripping detection of DNA hybridization,
Biosens. Bioelectron. 18, 1311–1319.

Cai, H., Y. Xu, N. Zhu, P. He and Y. Fang, 2002, An electrochemical DNA hybridization
detection assay based on a silver nanoparticle label, Analyst 127, 803–809.

Amplified Electrochemical and Photoelectrochemical Analysis of DNA 241



Caruana, D.J. and A. Heller, 1999, Enzyme-amplified amperometric detection of hybridi-
zation and of a single base pair mutation in an 18-base oligonucleotide on a 7-mm-
diameter microelectrode, J. Am. Chem. Soc. 121, 769–774.

Daniel, M.-C. and D. Astruc, 2004, Gold nanoparticles: Assembly, supramolecular chem-
istry, quantum-size-related properties, and applications toward biology, catalysis, and
nanotechnology, Chem. Rev. 104, 293–346.

De Lumley-Woodyear, T., C.N. Campbell and A. Heller, 1996, Direct enzyme-amplified
electrical recognition of a 30-base model oligonucleotide, J. Am. Chem. Soc. 118,
5504–5505.

Endres, R.G., D.L. Cox and R.R.P. Singh, 2004, Colloquium: The quest for high-
conductance DNA, Rev, Mod. Phys. 76, 195–214.

Epstein, J.R., I. Biran and D.R. Walt, 2002, Fluorescence-based nucleic acid detection and
microarrays, Anal. Chim. Acta 469, 3–36.

Erdem, A., K. Kerman, B. Meric, U.S. Akarca and M. Ozsoz, 1999, DNA electrochemical
biosensor for the detection of short DNA sequences related to the hepatitis B virus,
Electroanalysis 11, 586–588.

Fan, C., K.W. Plaxco and A.J. Heeger, 2003, Electrochemical interrogation of conformat-
ional changes as a reagentless method for the sequence-specific detection of DNA, Proc.
Natl. Acad. Sci. USA 100, 9134–9137.

Fink, H.-W. and C. Schönenberger, 1999, Electrical conduction through DNA molecules,
Nature 398, 407–410.

Fojta, M., 2002, Electrochemical sensors for DNA interactions and damage, Electroanalysis
14, 1449–1463.

Frank, A.J., N. Kopidakis and J. van de Lagemaat, 2004, Electrons in nanostructured TiO2

solar cells: Transport, recombination and photovoltaic properties, Coord. Chem. Rev.
248, 1165–1179.

Fritz, J., M.K. Baller, H.P. Lang, H. Rothuizen, P. Vettiger, E. Meyer, H.-J. Güntherodt, C.
Gerber and J.K. Gimzewski, 2000, Translating biomolecular recognition into nano-
mechanics, Science 288, 316–318.

Fritzsche, W. and T.A. Taton, 2003, Metal nanoparticles as labels for heterogeneous, chip-
based DNA detection, Nanotechnology 14, R63–R73.

Gerion, D., W.J. Parak, S.C. Williams, D. Zanchet, C.M. Micheel and A.P. Alivisatos, 2002,
Sorting fluorescent nanocrystals with DNA, J. Am. Chem. Soc. 124, 7070–7074.

Gibbs, J.M., S.J. Park, D.R. Anderson, K.J. Watson, C.A. Mirkin and S.T. Nguyen, 2005,
Polymer–DNA hybrids as electrochemical probes for the detection of DNA, J. Am.
Chem. Soc. 127, 1170–1178.

Giese, B., 2002, Long-distance electron transfer through DNA, Annu. Rev. Biochem. 71, 51–70.
Gill, R., F. Patolsky, E. Katz and I. Willner, 2005, Electrochemical control of the photo-

current direction in intercalated DNA/CdS nanoparticle systems, Angew. Chem. Int. Ed.
44, 4554–4557.

Gooding, J.J., 2002, Electrochemical DNA hybridization biosensors, Electroanalysis 14,
1149–1156.
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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 electronics 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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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 mm 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 0.5mm 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 ml 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.

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.
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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. X-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
350mV 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

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-mm range led to enhanced signal intensity.
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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

10 s. 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

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.
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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 106 sites-cm2) (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; Rüba
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
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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 ExtrAvidins 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 mm�2 molecules. The value is in a range well ac-
cording to the maximum oligonucleotide density of 300,000 moleculesmm�2

(Steel et al., 2000). After hybridisation the target density was determined to
132,000 molecules mm�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 moleculesmm�2 for 588 nt) compared to that for short
synthetic targets (30 nt). This example for the PCR-based identification of
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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 104–106 cellsmL�1 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

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.
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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 ExtrAvidins 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.

104 cellsmL�1 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

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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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,

Fig. 6. 16S rRNA-based bacterial array. The sample contained Enterococcus faecalis RNA.
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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� 4 array with fully analog sensor site circuitry and a
30 pad broad electrical interface (2001), to a customer-oriented 16� 8 array
with in-sensor site analog-to-digital conversion and 6 pad pure digital electronic
interface (2004) (Sze, 1981; Hofmann et al., 2002; Thewes et al., 2002, 2004a, b;
Schienle et al., 2004).
Therefore, the basic CMOS technology used is a 5V, 600 n-well process spe-

cifically optimised for analog applications (high-ohmic poly-silicon resistors,
poly-poly-capacitors) with a minimum gate length of 0.5 mm and an oxide
thickness of 15 nm. 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.

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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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 100 nA. The circuit consists of a

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.

Fig. 8. Chip photos of a test array with 8� 4 positions (left) and of a prototype array chip

with 16� 8 positions, 6 pad pure digital electronic interface, and comprehensive electronic

functionality on-chip.
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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� 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 1010 cm�2, here values above 2� 1011 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 (N2, H2 at 4001C/3501C, 30min.)

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 3501C are similar for all parameters. At 4001C, however, a 1.2-fold
increase of the gold resistance occurs. SEM photos reveal that this increase

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� 10 ¼ 100 (generator branch), specified range ¼ 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 ¼ 1 nA for different annealing options after gold processing.
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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 3501C provides us with a process window where both
device and electrode properties are optimised (Hofmann et 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�12A to 10�7A) 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.

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 Au

lines
(mO&�1)

Resistance
via holes (Al
to Au) (mO)

Square
resistance Al

2 lines
(mO&�1)

Interface
state density

(cm�2)

CMOS only (i.e.
without Au
process)

— — — �1010

CMOS+Au
process, no anneal

48 370 79 �2� 1011

CMOS+Au
process, N2/H2

anneal with
3501C, 30min

51 360 76 o1010

CMOS+Au
process, N2/H2

anneal with
4001C, 30min

61 340 74 o2� 109
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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

Fig. 11. Schematic circuit principle used for in-sensor site A/D-conversion based on current-

to-frequency conversion.

Fully Electrical Microarrays 261



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 et 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 et 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 SiO2 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 mm
width, 800 nm gap and a length of 1mm.
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 et al., 1993; Diao et al.,
2001) as well as microelectrode edge effects of IDA structures (Stulik et 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)6

2�/3� 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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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,

Fig. 12. (A) Niquist impedance behaviour of a bare Au-IDA (curve a) and ssDNA capture

layer (curve b) measured in presence of 10mM K3Fe(CN)6 in phosphate buffer of pH 7.4. (B)

Equivalent circuit for IDA. CPE, constant phase element; Rp, polarisation resistance; Rs,

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.
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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 900mm includes a large number of 800-nm wide
gold electrodes separated by 400nm wide gaps. Two different synthetic oligonuc-
leotide sequences (27mer) 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 K3Fe(CN)6 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 K3Fe(CN)6.
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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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 mm
diameter (Figure 1).
The assay principle of the protein microarray is schematically depicted in

Figure 14. The assay steps include:

� Immobilisation of capture antibodies on gold electrode surface;
� binding of target protein;
� binding of detection antibody;

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 5 mM K3Fe(CN)6 in

phosphate buffer (pH 7.4). (B) Relaxation of double-layer potential with time observed in

non-hybridising (non-complementary) control experiments.
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� enzyme labelling;
� 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.

Fig. 14. Scheme of an electrical protein microarray using sandwich ELISA formats.
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An assay for biological warfare toxins was established with polyclonal capture
antibodies, biotinylated polyclonal detection antibodies and an ExtrAvidins 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 �30 nL 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 29min,
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 0 ngmL�1 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

0.3 ngmL�1. 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 15 ngmL�1 was
selected and for ricin between 0 and 25 ngmL�1. 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

Fig. 15. Calibration curve for SEB between 0 and 5 ngmL�1.

Fully Electrical Microarrays 267



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 et al., 2004). To achieve high sensitivities, physical test
methods like high-pressure liquid chromatography (HPLC) or gas chromato-
graphy with mass detection (GC–MS) are enabled (Sorensen et al., 2003). These
methods are expensive and require well-equipped analytical laboratories. The

Fig. 17. Parallel detection of SEB and ricin with varying concentrations between 0 and

15 ngmL�1 for SEB and between 0 and 25 ngmL�1 for ricin.

Fig. 16. Determination of the detection limit for SEB. Calculated were the threefold standard

deviation of the mean value ðN ¼ 3Þ of the blank values. The signal above was defined as

detection limit. It is 0.3 ngmL�1 for SEB.
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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-X-lactam system (Huth
et al., 2002) and the Parallel Affinity Sensor Array system (PASA) (Knecht
et al., 2004), for example. The Parallux-X-Lactam system is able to detect
six different X-lactam-antibiotics with detection limits between 2.9 and
33.7 ngmL�1 based on a capillary fluorescent immunoassay. The detection
limits of the PASA system are between 0.12 and 32 ngmL�1 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 0.05 ngmL�1 (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.

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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Fig. 19. Current response curves of all 16 positions. Positions 1–6 were used for positive control, positions 7–12 and 14 were used for PenG

detection and positions 13, 15, 16 for negative control.
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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 et 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�1 PenG.
An internal calibration was made by using the positive and negative control

positions. For this assay the linear fit is between 2 and 10 ngmL�1 PenG. The
maximum residue limit (MRL) of PenG in food is 4 ngmL�1 (Commission
Regulation, 1990). Our detection limit is 2 ngmL�1 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 et 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

PERSPECTIVES IN BIOANALYSIS, VOLUME 1

ISSN 1871-0069 DOI: 10.1016/S1871-0069(05)01007-4

r 2005 Elsevier B.V.

All rights reserved

279



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 þ0:5V 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 1015 L�mol�1 (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.

G. Marrazza et al.280



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 50 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).
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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 (Ep ¼ þ0:99V vs.

Ag-SPE); peak A: adenine (Ep ¼ þ1:26V vs. Ag-SPE).
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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

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 30-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 Schülein et 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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with oxidized groups present onto the electrode surface to form an active ester intermediate.
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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-mm-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 (Gþ C content) and length of the probe sequence.
The salt concentration markedly affects the rate of hybridisation reaction.

Below 0.1M NaCl, 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 20–251C below melting temperature (Tm) 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-HCl 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 Tm of nucleic acid hybrids. Use of 30–50% formamide in
the hybridisation solutions allows the incubation temperature to be reduced to
30–421C.
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

Electrochemical
 signal

Probe-modified
carbon electrode 

Indicator interaction with the
probe-modified electrode

Target sequence
(hybridisation)

Surface-confined
hybrid

Indicator association with
the surface-confined hybrid

Enhanced
electrochemical

signal

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 et al. (1994) demonstrated the utility of the Co(bpy)3

3+ minor groove
binder for the detection of the cystic fibrosis DF508 deletion sequence.
Co(bpy)3

3+ was also used by Wang’s group to detect sequences related to a
bacterial pathogen (Wang et al., 1997a). Co(phe)3

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

3+ or Co(bpy)3
3+ markers re-

sulted in detection limits of 0.05 mg/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 SWV, respec-
tively.
Another useful electroactive indicator is the intercalating anthracycline an-

tibiotic daunomycin. A detection limit of 0.01mg/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 mg/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
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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 e3 and e2, and the
100% complementary sequence is represented by genotypes e3/e3, e2/e2 and e2/
e3. The genotypes e3/e4 and e2/e4 had 50% of each of the two sequences. Probe
2 is characteristic of allele e3/e4 and the 100% complementary sequence is
represented by genotypes e3/e3 and e3/e4. The genotypes e2/e2 represented the
mismatch sequence and genotypes e2/e3 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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Fig. 5. Chronopotentiograms for daunomycin at probe-modified electrodes exposed to buff-

er a) and 1, 2 and 3mgL�1 of target sequence (signals b, c and d respectively). Probe

immobilisation (4 mg/mL in a stirred 2� SSC buffer solution): 2min at þ0:5V. Hybridisa-

tion: 10 mL of diluted and thermally denatured apoE samples or PCR blank onto the working

electrode surface for 10min. Interaction with daunomycin (50 mM): 2min, in dark conditions.

PSA transduction: stripping current þ1mA; initial potential of þ0:1V. Each measurement

was repeated at least three times.
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certain genotype. Samples containing the complementary sequences gave a sig-
nificant increase of daunomycin peak area 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)20), following the addition of the com-
plementary oligo d(C)20 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 et 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

Table 1. Electrochemical genotyping of PCR amplified samples using daunomycin
as the redox indicator. Probe immobilisation (4 mg/mL in a stirred 2� SSC buffer
solution): 2min at +0.5V. Hybridisation: 10 mL of diluted and thermally denatured
apoE samples or PCR blank onto the working electrode surface for 10min. In-
teraction with daunomycin (50 mM): 2min, in dark conditions. PSA transduction:
stripping current +1 mA; initial potential of +0.1V. Each measurement was re-
peated at least three times.

Sample Probe 1 D area (ms) Probe 2 D area (ms)

PCR blank �3437179 �274784
e3/e3 +8757138 +7197218
e3/e4 +270799 +7107237
e3/e4 +1107127 +7077197
e2/e3 +6587111 +2257182
e2/e2 +6297260 �171769
e2/e2 +774775 �2897185
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baseline (around þ1:0V) 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 0.12mg/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 et 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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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 e3/
e4 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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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 mg/mL in a stirred 2� SSC buffer solution): 2min at +0.5V.
Hybridisation: 10 mL of diluted and thermally denatured apoE or non-specific
samples onto the working electrode surface for 10min. Square-wave voltammetric
detection: scan between +0.2 and +1.35V in acetate buffer (frequency ¼ 200Hz;
amplitude ¼ 40mV; step potential ¼ 15mV). Each measurement was repeated at
least three times.

Samples Guanine peak area (A�V)

Non-complementary amplicon 1 (2.870.6)� 10�9

Non-complementary amplicon 2 (3.171.6)� 10�9

Non-complementary amplicon 3 (3.672.0)� 10�9

apoE amplicon 1 (1.7070.44)� 10�8

apoE amplicon 2 (1.9370.08)� 10�8

apoE amplicon 3 (1.9870.19)� 10�8

apoE amplicon 4 (2.1270.52)� 10�8

apoE amplicon 5 (1.8570.20)� 10�8

apoE amplicon 6 (1.7770.27)� 10�8

apoE amplicon 7 (1.2470.39)� 10�8
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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 H2O2 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 10min 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 H2O2 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� 105 copies=mL of am-
plified human cytomegalovirus DNA (406bp) 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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enzymatic substrate

S    P

Hybridisation with
a 5’-biotinylated
target sequence

DNA probe
modified sensor

S

S    P S    P

Fig. 9. Schematic presentation of an enzyme-linked DNA biosensor.
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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 H2O2. 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 41C) 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 a-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 BRCA1; a detection limit of 10mg/L was achieved.
Palecek’s group described a magnetic beads-based, enzyme-linked immunoas-

say for the detection of the DNA hybridisation event (Palecek et al., 2002).
Paramagnetic beads, with a covalently bound (dT)25 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,2,20-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 (label-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: 5 ng/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 et 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 100pg/mL; a detection limit
of 1 fg/mL (i.e., 820 copies) was achieved with 20min 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

Carbon Electrodes in DNA Hybridisation Research 293



AgCl silver chloride
Co(bpy)3

3+ cobalt 2,20-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)3

3+ cobalt 1,10-phenanthroline
MB methylene blue
apoE apolipoprotein E
PCR polymerase chain reaction
d(G)20 deoxyguanosine 20-mer
HRP horseradish peroxidase
H2O2 hydrogen peroxide
SBP soybean peroxidase
(dT)25 (deoxy)thymidine 25-mer
Os(bipy) osmium tetroxide,2,20-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 (FeCl3 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 et 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 luminescent zwitterionic polythiophene derivative
(POWT) as described by Nilsson et al. (2003) and Nilsson and Inganäs (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 et 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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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
0.9V/Saturated calomel electrode (SCE). Further reaction with a 50 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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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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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 et 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 cm2 passive chip bearing an array of 48 gold microelectrodes
having a format of 50� 50mm2 arranged in a 4� 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� 4mm2 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 40 wafer,
following the ODN grafting step, the chips are sawed and placed in a well of a
microtiter plate (Caillat et 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 et 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 6c). 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 (1–100mM) and
LiClO4 (0.1M). 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 600mm 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 250mm 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 500ms 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/10mm 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 60mm 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 32P 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 10 pM 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-Muñoz et al.
(2005). It involved the use of a copolymerised ODN pyrrole support; target

P. Mailley et al.310



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 et 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
DPV 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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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 CuII released in solution after oxidative treatment of the labels
in 0.1M 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,

Conducting Polymers for DNA Sensors and DNA Chips 313



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 10 nM 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
25DNA–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 11b).

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

Fig. 10. Electrodes and detection procedure used by Purvis et al. (Sensor Tech Ltd., http://

www.sensortech-uts.com/) for potentiometric ECP-based genosensors.

Conducting Polymers for DNA Sensors and DNA Chips 315



process of guanine, due to its low oxidation potential (e.g. 0.66V 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
Bäuerle (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 (Faı̈d 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 P1 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 (397nm) 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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methodology, but through the recording of polythiophene fluorescence, this de-
tection limit could be decreased to a value of 2.10�14M 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 a-
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 et 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.
595 nm), 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 (285 nm) 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,

Polymer P1 B

C

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 551C.
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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 Bäuerle

(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 c, 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

Fig. 13. Structure of water-soluble zwitterionic polythiophene used by Nilsson et al. (2003)

(A). On-chip fluorescence detection of DNA hybridisation (B).
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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

Fig. 14. (A) 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 5 nmol of non-complementary target (a), and of

complementary target (b).
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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 �0.5V/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 (30-carboxyl-5, 20,
50, 200-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 100Hz) 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 15c) via dsDNA metallisation through Zn2+ doping
into the dsDNA (Figure 15c) 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)20 or poly(dA)20 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)20 or poly(dA)20 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 et 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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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

Fig. 15. AC impedance response of polypyrrole-DNA functionalised carbon-nanotube mod-

ified electrode for (a), ssDNA polypyrrole film, (b), dsDNA polypyrrole film and (c), metalled

dsDNA polypyrrole film (Xu et al., 2004).

Fig. 16. Amperometric response (a) and calibration (b) of polypyrrole-DNA biosensor after

addition of poly(dG)20, poly(dA)20, poly(dC)20 and poly(dT)20 ODN targets in the case of

PPy-poly(dG)20 (I), PPy-poly(dA)20 (II) and PPy films (III) (Wang et al., 1999).
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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 Gärtner’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 ÿrganiza 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 ÿrganization 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 et 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
Ca2+, Mg2+, Zn2+, Cu2, Ba2+, Co2+, 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 Mg2+ 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). Ions
such as cobalt (II), 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, TPTC3PO3H2, 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 et al., 2003) and drug release
systems (Mak et al., 2003; Brahim et al., 2002).
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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 pTPTC3PO3H2 allows the Mg2+ cation to

form a bidentate complex between the phosponate group of TPTC3PO3H2 and
the phosphate group of the probe DNA (Figure 3).
Since the spacing of the phosphonate groups on the grafted pTPTC3PO3H2

does not match the spacing between the phosphate groups on the target DNA,
the ‘‘attachment points’’ are randomly distributed. The propyl chain of the
TPTC3PO3H2 molecule affords certain mobility to the phosphonate group,
which is important for the immobilization of the bulky oligonucleotides. Thus,
the pTPTC3PO3H2 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
pTPTC3PO3H2 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

Fig. 2. Doping of polypyrrole layer.

Fig. 1. Diagram of the attachment of magnesium (2+) to pTPTC3PO3H2.
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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 Mg2+–bidentate complex formation with the probe
DNA, only a few, if any, free Mg2+-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: 50 CGA AAA TGA ATA AAC TAG TAA GGA AGT 30, its fully
complementary ‘‘target DNA,’’ 30 GCT TTT ACT TAT TTG ATC ATT CCT
TCA 50 and a fully non-complementary DNA, 30 ACT TCC TTA CTA GTT
TAT TCA TTT TCG 50. 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 0.1M
pyrrole and 0.1M tetraethylammonium perchlorate (TEAP) solution at a con-
stant potential of 0.7V versus the Ag/0.1M AgNO3 in ACN // 0.1M TEAP in
ACN. The deposition is carried out on a platinum disc electrode (diameter of
1.5mm, A ¼ 0.018 cm2), until the charge density reaches approximately
280mC/cm2. 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 pTPTC3PO3H2, polymer is de-
posited over the PPy also from ACN solution containing only the monomer
TPTC3PO3H2, in 0.1M concentration (Hartung et al., 2005). The i-t curves
recorded during the polymerization of the PPy layer and the pTPTC3PO3H2

layer differ significantly. The current density is decreasing during the
TPTC3PO3H2 polymerization indicating that the process is self-terminating,
at the charge density of approximately 100mC/cm2. 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 5mMMgCl2 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 Mg2+ is washed away with 0.1M
Tris-HCl buffer (Hartung et al., 2005). After this step the electrode is allowed to
relax in 5mM MgCl2 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 pTPTC3PO3H2 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 pTPTC3PO3H2 film. The identity of the P2p peak in the XPS
spectrum correlates with the presence of phosphonate group on the
pTPTC3PO3H2.

3.3. Hybridization detection

Probing of the hybridization event is a two-step process. First, the probe DNA
molecule is attached to the Mg2+-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 10min. We used the probe DNA in a wide
concentration range, from 0.5 to 100mM, and gave it 10min 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 1 nM and 100 mM. The hybridization
process is concentration and time dependent. For example, at 5 mM dipping for
30min 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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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 6c) 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 DNAmolecules 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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immobilization time for the probe DNA was 10min and for the hybridization 30min.
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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 mM and of the non-complementary DNA was 3.4 mM. The soaking in target DNA

was 10min.
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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 Cl� 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 (0.5 mM) 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 mM) 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,

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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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-PO3H2-MgCl2 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 Cl� 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 Cl� 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.

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 mM.
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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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1. INTRODUCTION

With the completion of the human genome sequencing project, the focus is shifting
to how genetic information is applied to medicine and human welfare at large. The
DNA chip technology is attracting attention as a valuable means of high-
throughput analysis of genes in sample DNA and it may be one of the most useful
tools in the post-genome project. The DNA chip is a material which integrates
thousands of different DNA fragments in a small space on its surface. Several
years have passed since research related to DNA chips first became popular all
over the world. As more and more genetic information related to many diseases
accumulates rapidly, future methods of gene diagnosis should be required to deal
with several hundred genes across many samples, all in a single day. DNA chips of
the next generation are expected to meet this requirement and the research con-
cerning electrochemical DNA chips is important in this context. Such chips will
enable quick and simple gene diagnosis electrochemically. An electrochemical
DNA chip can be realized by the integration of electrochemical DNA sensors and
therefore it is important to develop a high performance electrochemical DNA
sensor (Palecek and Fojta, 2001; Takenaka, 2001a; Willner, 2002; Drummond
et al., 2003). Electrochemical DNA sensing has been achieved by three types of
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approaches, including the use of a DNA probe having an electrochemical signal
part, use of an electrochemical DNA ligand, and the monitoring of the change in
electrochemical characteristics of the surface associated with hybridization. The
sensing method using an electrochemical ligand is especially interesting in the
simplicity of a whole system, where DNA detection is achieved by only a single
ligand coupled with a DNA probe-immobilized electrode. This approach was first
reported for a DNA-binding metal complex (Millan and Mikkelsen, 1993). Many
DNA ligands showing an electrochemical activity have been applied in this sensing
system to obtain higher preference for dsDNA formed from target and probe
DNAs. DNA-binding metal complexes and intercalating ligands have been re-
ported by many researchers. Hashimoto et al. (1994) applied Hoechst 33,258
known as a DNA groove binder in this system. Although these DNA ligands
showed some preference for DNA sequence, they could not show so large dis-
criminating ability for dsDNA. Desired ligands are those showing high preference
for dsDNA with high affinity and without any sequence selectivity. Under these
circumstances, the author has been studying an electrochemical gene-detecting
method based on ferrocenylnaphthalene diimide as the electrochemical hybridi-
zation indicator coupled with a DNA probe-immobilized electrode (Takenaka,
2001a, 2004). The performance of ferrocenylnaphthalene diimide is based on its
binding mode for double-stranded DNA (dsDNA) in the threading intercalation.
In this chapter, the author describes first what the threading intercalator is and the
electrochemical DNA sensor based on ferrocenylnaphthalene diimide is discussed
with the electrochemical DNA chip approach.

2. WHAT IS A THREADING INTERCALATOR

A threading intercalator is one of the intercalators carrying its substituents located
in the major and minor grooves of dsDNA when its intercalating plane inserts
between adjacent nucleic base pairs. To form such a complex, one of the subs-
tituents has to pass through the space created between adjacent base pairs
of dsDNA. ‘‘Threading’’ of the threading intercalator derives from this mode of
interaction. Anthracycline antibiotic nogalamycin is a well-known threading inter-
calator. Firstly we overview the binding chemistry of nagalamycin with dsDNA to
understand what the threading intercalator is. Arora (1983) reported X-ray
crystallographic analysis of nogalamycin, featuring a dumbbell-like structure where
nogalose and amino sugar parts are attached to the opposite sides of the rectan-
gular anthraquinone chromophore plane along its long axis and the molecular sizes
are represented by their effective diameters, 12 and 6 Å (Figure 1A). Adjacent base
pairs of dsDNA can create a cavity of 3.4 Å in thickness for the classical inter-
calation, while a minimum cavity size of 10 Å is required for threading intercalation
(Comer et al., 1984). Such information suggested that the hydrogen bonding of
dsDNA base pairs has to cleave before dsDNA can form an intercalated complex
with nogalamycin. The fact that a threaded complex is readily formed with nog-
alamycin suggests that the structure of DNA duplex is dynamic in nature, where
the hydrogen bonds in base pairs are rapidly broken and reformed at ambient
temperature, providing temporary cavities great enough for the bulky substituents
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of nogalamycin to penetrate (Niedle et al., 1987; Wilson, 1996; Takenaka and
Takagi, 1999). A regeneration of the base pairs then completes the threading in-
tercalation. The expected process of threading intercalation is depicted in
Figure 1B. The complex thus obtained can be kinetically stabilized due to the
two projecting bulky substituents, which can act as anchors. The complexation of
nogalamycin with dsDNA is characterized by a very small dissociation rate con-
stant (kd ¼ 0:001 s�1, 0.5M NaCl) (Fox et al., 1985), which was in sharp contrast
to classic intercalators such as ethidium bromide assuming a rate constant kd ¼
13 s�1 under the same conditions (Wilson et al., 1985). Such a small dissociation
rate constant of nogalamycin from dsDNA is considered to be associated with its
biological activity. Many X-ray crystallographic analyses of nogalamycin–DNA
complexes have been reported for self-complementary hexanucleotides carrying
different DNA sequences. For example, in the complexes with d(CGT(pS)ACG)2
(Liaw et al., 1989), where pS is an internucleotidic phosphorothioate linkage in the
R configuration, nogalamycin molecules intercalate at the CG steps and its amino
sugar is located in the major groove and its nogalose moiety in the minor groove of
the hexamer duplex. 2D NMR study of the d(GCATGC)2 complex also gave a
similar conclusion (Zhang and Patel, 1990). These results demonstrate that DNA
can accommodate such bulky substituents for intercalation by the threading mode.

3. FERROCENYLNAPHTHALENE DIIMIDE DERIVATIVES AS A

THREADING INTERCALATOR

Naphthalene bis(dicarboximide) (thereafter referred to as naphthalene diimide)
derivative 1 (Figure 2) was studied as a threading intercalator by Gabbay et al.
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(1973) and Yen et al. (1982) extensively. Threading intercalation of naphthalene
diimide has not yet been proven by direct evidence such as X-ray crystallography,
but plenty of indirect evidence is available which supports threading intercalation
(Tanious et al., 1991). The absorption spectra of the naphthalene diimide part in 1

show a strong hypochromic effect upon binding to dsDNA and a negative Cotton
effect is observed in this wavelength region in circular dichroism (CD) spectra.
The DNA duplex becomes unwound when 1 binds to dsDNA and this is a typical
behavior of intercalation. The salt effect on the association rate constant (ka) for
naphthalene diimide with dsDNA is somewhat different from that of the classic
intercalators, where the slope of a plot of log ka against �log [Na+] is one for
dicationic 1 in the neutral pH range, whereas classical dicationic intercalators
such as quinacrine give a slope of two. This suggests that only one of the two
cationic substituents in the threading intercalator is important in the association
process (Jones and Wilson, 1981). The two positive charges of the conventional
intercalator are placed exclusively in one of the grooves (minor groove), while
that of 1 is placed evenly in the two grooves. Association kinetics of 1 with
dsDNA is strongly dependent on its substituent size, implying that the association
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rate constant of 1 with dsDNA is dependent on the base pair opening process in
dsDNA. Threading intercalators are expected to dissociate only very slowly from
the dsDNA because of this peculiar binding mode. On the other hand, they will
exert little, if any, stabilizing effect on the complex with single-stranded DNA
(ssDNA). Therefore, threading intercalators should be able to discriminate
dsDNA from ssDNA maximally.
With this consideration in mind, we designed and synthesized several fe-

rrocenylnaphthalene diimide derivatives, as electrochemically active threading
intercalator (2–4 in Figure 2) (Takenaka et al., 1998a, 2000; Sato et al., 2000,
2001a, b). A computational modeling of a complex of 2 with dsDNA is shown in
Figure 3. The two ferrocenyl moieties can be located over the major and minor
grooves of dsDNA, when the naphthalene diimide part is intercalated into
adjacent base pairs of dsDNA. Ferrocenylnaphthalene diimide derivatives (2–4)
have various linker chains connecting the naphthalene diimide skeleton with
ferrocene. There are different connecting patterns toward the end of the fe-
rrocene with different redox potentials and different binding affinity for dsDNA
depending upon the linker chain. As expected, ferrocenylnaphthalene diimide
derivatives could form a stable complex with dsDNA, and owing to the redox
activities of the ferrocene moieties, its interaction with dsDNA could be mon-
itored electrochemically. This observation prompted us to study the electro-
chemical quantification of complementary DNA by using an ssDNA probe
immobilized on an electrode. Before applying these derivatives to electrochem-
ical DNA sensing, however, we studied the binding behavior of 2 with dsDNA
(Takenaka et al., 2000).

Fig. 3. An insight II molecular modeling of a complex of 3 with d(AAATTT)2 as dsDNA.
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Ferrocenylnaphthalene diimide derivative 2 has an absorption maximum at
383 nm in buffered solution and this absorption band underwent hypochromic
and bathochromic shifts, a characteristic behavior of naphthalene diimide-type
threading intercalators. Spectrophotometric titration was carried out for 2 with
calf thymus DNA as dsDNA in 10mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer and 1mM ethylene diamine tetraacetic acid (EDTA) at pH 6.24
and 251C. The data obtained were analyzed by Scatchard plots and fitting with
the theoretical curves generated by the binding equation with a binding constant
of 1:3� 105M�1, the maximum number of 2 bound per base pair, site size of 2,
and cooperative parameter of 0.4. Scatchard analysis was not successful in the
case of heat-denaturated calf thymus DNA as a model of ssDNA because of the
difficulty to prepare complete ssDNA: in our case, heat-denatured calf thymus
DNA contained ca. 70% of dsDNA in the adopted buffered condition as es-
timated from its absorption spectra. Nevertheless, we were able to estimate
roughly the binding constant of 104M�1 which was four times smaller than that
with intact dsDNA. The binding constants for 2 with [poly(dA-dT)]2 and [po-
ly(dG-dC)]2 were similar, suggesting that 2 has no DNA sequence preference in
the dsDNA binding. The dissociation rate constant of 2 from intact or heat-
denatured calf thymus DNA was studied under conditions similar to that of
Scatchard analysis. Stopped-flow kinetic analysis yielded a dissociation rate
constant, kd ¼ 0:056 and 4.2 s�1 for 2 from intact and heat-denatured calf thy-
mus DNA, respectively, in 10mM MES buffer and 1mM EDTA (pH 6.24) at
251C. Although there is some ambiguity concerning heterogeneity of heat-
denatured calf thymus DNA, the stability of the complex of 2 with dsDNA was
over 100-times larger than that with ssDNA.
The electrochemical behavior of 3 was studied with ssDNA- or dsDNA-

immobilized electrodes (Takenaka et al., unpublished data). Thiolated oligonuc-
leotide dT20 was immobilized on a gold electrode through a thiol–gold linkage to
form an ssDNA-immobilized electrode and the resulting electrode was allowed to
hybridize with complementary dA20 to form a dsDNA-immobilized electrode. Af-
ter dipping in a solution containing 3, the electrode was transferred to an electrolyte
without 3 and cyclic voltammogram (CV) was measured (Figure 4). A one-step
redox reaction of 3 (E1=2 ¼ 440mV, DEp ¼ 70mV) was observed only for dsDNA
of the dA20dT20-immobilized electrode, whereas the signal intensity was barely
above background for the ssDNA-immobilized electrode. This discrimination of
dsDNA from ssDNA could be attributed to the formation of a stable complex of 3
with dsDNA through threading intercalation. The anodic peak of the CV curve in
the case of dsDNA was greater than the cathodic one as shown in Figure 4 and this
may suggest that the oxidized form of 3 has larger binding affinity for dsDNA than
the reduced form and the former is hard to reduce in the polyanionic dsDNA.

4. IMMOBILIZATION OF A THIOLATED OLIGONUCLEOTIDE ON

THE GOLD ELECTRODE

Until now, several methods have been reported concerning the DNA immobi-
lization on the electrode (Lucarelli et al., 2004). Since the method based on a
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sulfur–gold linkage is convenient and is easy to control the amount of DNA
immobilized on the electrode, we adopted this method in our DNA sensing
system. Three papers discussed this immobilization method in detail (Miyahara
et al., 2002; Yamashita et al., 2002a; Takenaka, 2001b). The immobilization of an
oligonucleotide on the electrode through a sulfur–gold linkage was achieved by
the chemisorption of its thiol moiety on the gold surface of the electrode by the
following procedure. A gold electrode having 2.0mm2 in area was polished with
6mm, 1mm of diamond slurry, and 0.5mm of an alumina slurry in this order and
washed with MilliQ water. This electrode was soaked in boiling 2M NaOH for
1 h and then washed with MilliQ water. This electrode was then soaked in con-
centrated nitric acid, washed with MilliQ water, and dried. One mL of a 0.25M
NaCl solution containing 1pmol of thiolated oligonucleotide was placed at the
gold electrode held upside down and kept in a closed container under high hu-
midity for 2 h at room temperature. After the electrode was washed with MilliQ
water, 1mL of 1mM 6-mercaptohexanol was placed on the electrode for 1 h at
451C. The electrode was kept in MilliQ water for 30min at room temperature.
The dsDNA-immobilized electrode was prepared by the hybridization of the
ssDNA-immobilized electrode with a complementary oligonucleotide as follows.
One microliter of 2� SSC (0.03M sodium citrate buffer containing 0.3M NaCl
at pH 7.0) containing 5pmol of the complementary DNA of the same length was
placed on the electrode for 1 h at 371C to allow hybridization to proceed.
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Fig. 4. Cyclic voltammograms of dT20- (b) or dT20dA20-(a) immobilized gold electrodes in an

electrolyte. The latter electrode was prepared by the hybridization of the former electrode

with complementary dA20. Before CV measurement, these electrodes were immersed in a

solution containing 3. It was estimated from the oxidation peak area of the CV that about

2.2 pmolmm�2 of 3 was concentrated on the dsDNA-immobilized electrode. Assuming that

0.2 pmolmm�2 of dsDNA were immobilized on the electrode, about 10molecules of 3 were

bound to single dsDNA molecule, a value in agreement with the quartz crystal microbalance

(QCM) result.
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The extent of surface coverage of an electrode with dA20dT20 as dsDNA was
evaluated by the cyclic voltammogram of a dsDNA-immobilized electrode as
shown in Figure 4. The amount of 3 concentrated on the dsDNA was estimated
to be 6 pmol from the area of the oxidation current in the cyclic voltammogram
(Figure 4). Since about 8 molecules of 3 bind to one dsDNA (to be discussed
under the quartz crystal microbalance, QCM, measurements), 0.7–0.8 pmol of
dsDNA were found to have been immobilized on this electrode with 2mm2 in
area (the effective surface area was assumed to be 1.2–1.5 times larger) or
0.2–0.3 pmolmm�2 in terms of coverage density. The theoretical value is re-
ported to be 0.4 pmolmm�2 for similar dsDNA immobilization (Kelley et al.,
1997) and hence nearly 50% of the surface is covered by dsDNA, to which 3 is
supposed to be accessible freely. When thiolated dT20 was immobilized on the
gold electrode, its amount fixed on the electrode was greater than the theoretical
value (Takenaka et al., 2000). The exact reason for this phenomenon is not clear
now, but the fact that oligothymine tends to be adsorbed on the gold surface
specifically may be responsible (Levicky et al., 1998).

5. DNA SENSOR BASED ON FERROCENYLNAPHTHALENE

DIIMIDE AS AN ELECTROCHEMICAL HYBRIDIZATION

INDICATOR

The event of the dsDNA formation on the ssDNA-immobilized electrode can be
electrochemically monitored with electrochemically active ligands carrying high
preference for dsDNA. Such ligands are called ‘‘electrochemical hybridization
indicators’’ (Takenaka, 2001a). The electrochemical DNA sensing based on
these ligands is summarized in Figure 5. In brief, ssDNA as a DNA probe
(oligonucleotide fragment with a sequence complementary to that of the target
gene) is immobilized first on the electrode as described above. This electrode is
dipped in a sample DNA solution to allow hybridization to proceed. When a
target DNA fragment is present in it, dsDNA is formed with the DNA probe on
the electrode. The electrochemical measurement of the electrode is made in an
electrolyte containing the electrochemical hybridization indicator. The amount

target DNA

DNA probe

hybridization

Indicator

Fig. 5. Principle of the electrochemical gene detection based on an electrochemical hybrid-

ization indicator such as ferrocenylnaphthalene diimide.
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of the indicator concentrated on the electrode increases with an increase in the
amount of dsDNA formed on the electrode and therefore the amount of target
DNA can be quantitated from this electrochemical response. As shown in
Figure 5, the indicator should have the characteristics of high affinity for
dsDNA without any sequence specificity. The ferrocenylnaphthalene diimide
derivatives we developed meet such requirements.
Figure 6 shows a typical example of differential pulse voltammograms

(DPVs) of a 20-meric oligonucleotide-immobilized electrode in an electrolyte
containing 0.05mM 2 before and after hybridization with its complementary
DNA, where 50-TTCACCAGAGGGTCCCCTGG-30 and its complementary
DNA were used as the DNA probe and target DNA, respectively (Miyahara
et al., 2001). The DPV of 6-mercaptohexanol-immobilized electrode in the same
electrolyte is also shown in Figure 6. A peak was observed at 0.4mV in all of the
DPV measurements and a peak current was ca. 0.9 mA in the case of ssDNA.
Since the peak current of the electrode masked with 6-mercaptohexanol, arising
from diffusion of 2 from the bulk solution, was 0.6mA, the intrinsic current of 2
concentrated on ssDNA may be 0.3 mA. The current based on the diffusion of 2
in the bulk solution to the electrode can be estimated from a method similar to
that described previously (Miyahara et al., 2002; Yamashita et al., 2002a).
Oligonucleotides (10 pmol each) of various lengths (15–50mer) were immobi-
lized on the electrode and the DPV current measured on the electrode in the
presence of 0.05mM 2. The current obtained increased linearly with the length
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Fig. 6. Differential pulse voltammograms for 50-TTCACCAGAGGGTCCCCTGG-30-im-

mobilized electrodes before (b) and after (a) hybridization with complementary oligonuc-

leotide in 0.1M AcOH-AcOK buffer containing 0.1M KCl at pH 5.6 in the presence of

0.05mM 2 at 251C. DPV for a 6-mercaptohexanol-immobilized electrode is also shown in

curve (c).
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of oligonucleotide. The extrapolation of this line gave ca. 0.6 mA and this value
was regarded as the current due to diffusion. This value was independent of the
DNA sequence and the base composition, as long as the DNA length is kept
constant.
The dsDNA was prepared by the hybridization of 1 mL of complementary

ssDNA (1 pmol) with the ssDNA-immobilized electrode in 2� SSC for 1 h at
371C. The peak current of this electrode carrying 20-meric dsDNA was 1.5 mA
in the DPV measurement. Although the covered area on the gold electrode
increased somewhat upon duplex formation, the current based on the diffusion
of 2 was assumed to be constant and therefore, the current increased 3 times by
the dsDNA formation (The current due to the ssDNA and dsDNA was 0.3 and
0.9 mA, respectively). The discrimination ability between ssDNA and dsDNA is
not as high as that expected in the experiment in homogeneous solution (com-
pared with Figure 4), presumably because of a difference of the homogeneous
solution and heterogeneous surface on the electrode. Assuming that the current
due to the diffusion is constant in each electrode, the current shift Di ¼
ði � ioÞ=io was introduced to correct for the amount of the ssDNA immobilized
on the individual electrodes, where io and i refer to the current before and after
hybridization, respectively. Although io and i values contain the background
current based on the diffusion of 3, this value is proportional to the amount of
the hybridized dsDNA per DNA probe and the amount of the DNA probe
immobilized on the individual electrodes can be standardized. In fact, when this
index is used, the amount of dsDNA formed per DNA probe immobilized on
individual electrodes could be evaluated.

6. SNP DETECTION WITH A FERROCENYLNAPHTHALENE

DIIMIDE-BASED DNA SENSOR

SNP stands for single nucleotide polymorphism which exists every 500–1000
base pairs (bp) in three billion bp of human chromosomal DNA. SNP are
common DNA sequence variations and strongly correlated with the individuals
and hence can be used as a high-density marker of the gene. Many SNP data are
already collected and some of the SNPs are correlated with some diseases or a
side effect of a given drug (Brookes, 1999). Therefore, the development of rapid
and highly accurate SNP detection becomes a foothold of tailor-made medi-
cations. Commonly, SNP detection is achieved by the DNA hybridization
method whose principle is shown in Figure 7.
Let us consider two SNP types of allele 1 and allele 2, for example, that differ

in one base as shown in Figure 7. A DNA probe fragment representing a
sequence complementary to that of allele 1 is immobilized on the electrode as a
DNA probe. A DNA sample containing allele 1 or allele 2 is allowed to hy-
bridize with the DNA probe immobilized on the electrode. A fully matched or
one base mismatched DNA duplex is formed from allele 1 or allele 2, respec-
tively. In the case of Figure 7, A/C mismatched DNA duplexes are formed from
allele 2 that differ from the A/T fully matched DNA duplexes in their thermal
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stability. In other words, the DNA duplex containing mismatched bases is
thermally less stable because of the presence of the mismatch and tends to
dissociate from the DNA probe more easily. Experimentally, the discrimination
of these two duplexes can be achieved by adjusting the hybridization temper-
ature or the washing conditions such as different buffers and salt conditions at
different temperature after hybridization. This method is called allele specific
hybridization (ASH) and has been used for the detection of various types of
gene mutation (Beaudet et al., 2001). As the size of a matched DNA region of
probe DNA carrying a mismatch increases, the discrimination becomes more
difficult. Therefore, 20-meric synthetic oligonucleotides are generally used as a
DNA probe. However, the types of mismatched base pairs and neighboring
base sequences also affect the magnitude of the difference and the ease of
discrimination between the fully matched and mismatched DNA duplexes.
From this viewpoint, SNP analysis coupled with enzymatic reaction such as
Invader assay has been developed (Lyamichev et al., 1999).
Another difficulty of SNP analysis in heterozygotes lies in the fact that there

are two different alleles at a 1:1 ratio on the autosome of the human chromo-
some. As a gene type, there are a homozygote which has the same SNP type on
both the chromosomes and a heterozygote which has two SNP types on each of
the two chromosomes. Thus, detection of a 1:1 mixture of matched and mis-
matched DNA duplexes is necessary to analyze a heterozygous SNP sample.
Firstly, we tried electrochemical SNP detection of a homozygote by using 2

(Yamashita et al., 2000, 2002a). A 20-meric oligonucleotide was immobilized on
the gold electrode as a DNA probe and 20-meric complementary oligonucleo-
tides carrying partially different base(s) were allowed to hybridize separately at
201C where a DNA duplex can be formed with either of the combinations. This
procedure gave mismatched DNA duplexes carrying mismatched base(s) at
different sites on the duplex. The DPV of the resulting electrodes for the fully
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Mismatched DNA duplex
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Fig. 7. Principle of SNP analysis based on the DNA hybridization method.

Threading Intercalators as Redox Indicators 355



matched and mismatched DNA duplexes was measured in an electrolyte con-
taining 2 to show that the Di value for this mismatched DNA duplex was
smaller than that for the fully matched one due to the difference in the amount
of bound 2 per DNA duplex.
The amount of 2 bound to the DNA duplex was evaluated by QCM exper-

iments (Yamashita et al., 2000, 2002a). A 20-meric oligonucleotide (50-AT-
TGACCGTAATGGGATAGG-30) was immobilized on the gold-covered QCM
plate and dipped in buffer solution. A matched (50-CCTATCCCATTACGGT-
CAAT-30) or mismatched 20-meric oligonucleotide (50-CCTATCCCGT-
TACGGTCAAT-30, underlined is the mismatch) was added to this solution
and a change in the frequency of the QCM plate was observed for both of them.
A frequency decrease was observed for the fully matched and mismatched
oligonucleotides under the conditions adopted (Figure 8), suggesting formation
of a DNA duplex. When 2 was added to this system, the frequency of QCM
decreased in proportion to the amount of 2 bound to the DNA duplex and this
amount on the QCM plate was estimated from the frequency decrease in each
case. It was found that 8molecules of 2 could bind to the fully matched 20-meric
oligonucleotide duplex on average, whereas 6 molecules of 2 could bind to the
mismatched one. Since 8 or 6 molecules of 2 were bound to one of the fully
matched or one base mismatched 20-meric oligonucleotide duplex, respectively,
the current obtained here was due to bound 2 per one DNA duplex. This is
reasonable in light of the nearest exclusion model and the terminal effect of the
intercalation into a short DNA fragment. On the other hand, the existence of
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Fig. 8. Frequency change for a thiolated oligonucleotide-immobilized QCM chip upon ad-

dition of the complementary oligonucleotide (addition point a) to form dsDNA and 2 (ad-

dition point b). The final frequency changes were 7:98� 0:1Hz (1:81� 0:02 pmol) and

11:4� 0:85 (15:1� 1:13 pmol) after addition of complementary oligonucleotide and 2,

respectively.
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one base mismatch on the 20-meric oligonucleotide duplex gave 6molecules of
bound 2 on average, demonstrating that 2 could not bind to mismatched base
pairs nor the base pairs neighboring the mismatched one. This should give rise
to a decrease in the Di values. In fact, (as expected) the Di values obtained for
the fully matched and mismatched DNA duplexes were 102� 16:7% and
78� 8:1%, respectively. Therefore, the occurrence of an SNP in sample DNA
may be detected from a decrease in Di value from that of the fully matched
DNA duplex. This discrimination is not dependent on the thermal stability of
matched and mismatched DNA duplexes, and, therefore, this discrimination
method is especially effective when used as a DNA chip where many DNA
probes carrying different sequences with different duplex stability are integrated
in a small area of the substrate surface. However, this method is limited to a
DNA sample of the same size as that of the DNA probe. Furthermore, the
discrimination ability would decrease with an increase in their length as de-
scribed above.
To circumvent these disadvantages, a difference in the thermal stability of the

fully matched or mismatched DNA duplexes was also taken into account in the
mismatch discrimination. When 2 is bound to a DNA duplex region, this region
is stabilized as a result of the threading intercalation. Therefore, the fully
matched and mismatched DNA duplexes should be discriminated by taking
advantage of a difference in their thermal stabilities after binding of 2 even
where they have similar thermal stabilities in the absence of 2.
The effective one base mismatch discrimination was realized for SNP in the

cancer suppressor gene p53 by optimizing the measurement temperature. It is
known that there are sites called hot spots on this gene that are prone to
undergo mutation and the mutation results in impairment of the malignancy-
suppressing ability of the p53 gene product. Electrochemical SNP analysis with
a 20-meric oligonucleotide carrying an SNP site coupled with 2 was performed
for the transition to A from G in the codon for the amino acid at position 175,
248, or 273 and the transversion to C from G in the codon for the amino acid at
position 72 (Miyahara et al., 2002; Takenaka et al., 2001b). The optimal meas-
uring temperature was surveyed where fully matched and mismatched 20-meric
target oligonucleotides can be discriminated maximally. This turned out to be
351C as shown in Figure 9. The magnitudes of the peak current with these DNA
probe-immobilized electrodes were about 2 mA. After hybridization at 351C, the
Di for the fully matched and mismatched DNA duplexes were 50% and 20%,
showing that mismatched DNA detection can be achieved in this system.
Moreover, SNP analysis for the PCR product (275 bp of dsDNA) of exon 4 of
the p53 gene was attempted by this method. In this case, the detection of a
heterozygote was achieved with two DNA probes corresponding to two alleles
(G or C type) in the codon for the amino acid at position 72. Since the
heterozygote has two types of alleles, a significant increase in the Di values could
be observed with the two DNA probes. Individual PCR products from 22
unknown samples were tested and 68% were judged correctly or consistent with
the sequencing result. This rate of hit is obviously lower than that for the model
oligonucleotides due presumably to the fact that the Di value is not enough to
correct for the variability of individual electrodes with respect to the extent of
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probe immobilization. In addition, the size of the sample DNA is much larger
than that in the oligonucleotide system (278 bp vs. 20-mer) and the hybridiza-
tion efficiency of the PCR product was lower than that of the probe DNA.
A detection system with higher reproducibility was also developed by im-

proving the immobilization method of DNA probe on the electrode. The PCR
products (350 bp) containing a mutated G818 - A transition and G916 de-
letion of the human lipoprotein lipase (LPL) gene were tested by this improved
electrochemical DNA detection based on 2 (Yamashita et al., 2002b). After
optimization of the detection condition, this system was assessed with 10 un-
known samples (0.2 pmol each of a PCR product) of the two types of LPL
mutation, and the genotype was correctly identified in every case. Figure 10
shows an example of the detection of a heterozygote of the LPL gene. In the
method described here, two different DNA probe-immobilized electrodes were
necessary to detect the heterozygote.
We next devised a method of detecting heterozygous SNP with one electrode

(Nojima et al., 2003). Since the rate of DNA duplex formation is the same with
the fully matched and mismatched DNA duplexes, a heterozygote sample con-
taining two different alleles gives matched and mismatched duplexes at a 1:1
ratio even with a DNA probe representing one of the alleles. Since only the
mismatched DNA duplex on the electrode tends to dissociate from the electrode
in the measurement step, half of the hybrid DNA of a heterozygote dissociate,
whereas no hybrid DNA dissociates in a homozygote carrying the same SNP
type as that of the DNA probe. In the case of the homozygote carrying an SNP
type different from that of the DNA probe, all hybrids dissociate from the
electrode. Here, C- or G-type SNP is called W (wild) or M (mutant), respec-
tively. The electrochemical measurement after this treatment should give a ratio
of 2:1:0 for WT/WT, WT/MT and MT/MT for a homozygote carrying the same

1 µA
1 µA

GC
GG

P72/P72(-)
R72/P72(-)

2000 400 600 2000 400 600
Potential/V vs. Ag/AgCl Potential/ V vs. Ag/AgCl

Fig. 9. DPV for P72 or R72 immobilized on the electrode before (broken line) and after

hybridization (solid line) with P72(-) in the presence of 0.05mM 2 at 351C.
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SNP type as that of the DNA probe and a heterozygote carrying an SNP type
different from that of the DNA probe.
A mutated C to G transition in the codon for Ser-447 of the human LPL gene

was tested by the above method. Only a DNA sample of M-type could dis-
sociate from the electrode with a 13-meric DNA probe in 0.1M potassium
acetate buffer (pH 5.6) and 0.1M KCl, and 0.05mM 2 at 451C. Under these
conditions, the PCR products (231 bp) of W/W, W/M, and M/M gave Di values
122:7� 16:5, 42:7� 14:1, and 17:8� 2:8 with a W-type DNA probe-immobilized
electrode. The ratio of these values was regarded as reasonably close to the
theoretical ratio of 2:1:0. Whereas, the Di values 116:9� 20:0, 53:7� 18:0, and
8:0� 12:5 were obtained in the case of an M-type DNA probe-immobilized
electrode, the ratio again reasonably close to the theoretical 0:1:2. This SNP
detection for homozygotes and heterozygotes was achieved directly with chro-
mosomal DNA treated with RNase A. Thus, ferrocenylnaphthalene diimide-
based electrochemical DNA detection was successfully achieved not only with
PCR products, but also with genomic samples.

7. MEDIATED CURRENT IN DNA DETECTION

Ferrocenylnaphthalene diimide bound to dsDNA is expected to act as a DNA wire
because of its multiple binding on dsDNA. In the meantime, it is known that
ferrocene can mediate electron transfer to the electrode from reduced glucose ox-
idase (Voet et al., 1981). Therefore, ferrocenylnaphthalene diimide bound to
dsDNA on the electrode may mediate electron transfer reaction. The reduced
glucose oxidase was generated by its treatment with glucose. Figure 11 shows a
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Fig. 10. Electrochemical detection of the heterozygous LPL gene. The heterozygote gave rise

to a significant electrochemical signal from both electrodes for the wild and mutant-type

DNA probes.
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drawing of the expected electron transfer mechanism between reduced glucose
oxidase and the electrode through the DNA duplex covered with many 2molecules.
To prove the occurrence of electron transfer, 2 bound to dsDNA on the

electrode was dipped in a solution containing reduced glucose oxidase and its
CV curve was measured (Takenaka et al., 1998b). Control experiments were
performed with ferrocenecarboxylic acid and trimethylaminomethylferrocene in
place of 2. In the case of ferrocenecarboxylic acid, no mediated current was
observed due presumably to the electrostatic repulsion between fe-
rrocenecarboxylic acid and DNA polyanions on the electrode. On the other
hand, a mediated current was observed in the case of 2 and trim-
ethylaminomethylferrocene and the mediated current of 2 was nearly twice as
large as that of the latter. Since cyclic voltammographic peak areas for 2 and
trimethylaminomethylferrocene were identical, their amounts concentrated on
the electrode were the same. It is conceivable that the larger mediated current
observed for 2 derived from the ferrocene-coated DNA, as the amount of fe-
rrocene concentrated on both electrodes is identical. However, the effect of
polyferrocene was much smaller than expected, presumably because 2 and re-
duced glucose oxidase was segregated: the former as a mediator was concen-
trated on the dsDNA-immobilized electrode and the latter existed in the bulk
solution. Therefore, the mediate reaction could occur only when the reduced
glucose oxidase diffused to the electrode. By contrast, since some fraction of
trimethylaminomethylferrocene was concentrated on the dsDNA-immobilized
electrode by the electrostatic interaction and also could participate in the me-
diate reaction occurring in the solution, the effective mediation reaction could
occur with this ferrocene.
Naphthalene diimide derivative 7 having an osmium complex as an electrocat-

alytic site was reported by Gao and co-workers (Tansil et al., 2005). The catalytic
current was obtained for the complex of 7 bound to the dsDNA region on the
electrode in the presence of ascorbic acid. They succeeded in detecting 50-meric
target DNA in the range of 1.0–300pM with a detection limit of 1.5 amol.

8. ELECTROCHEMICAL GENE DETECTION BASED ON

SUPRAMOLECULAR COMPLEX FORMATION

To extend the electrochemical detection based on the naphthalene
diimide derivative as a threading intercalator, we designed and synthesized

GOx

e- e-

Gluconic
acid

Glucose

Fig. 11. Drawing of the expected electron transfer mechanism between reduced glucose ox-

idase and the electrode through dsDNA covered with ferrocenylnaphthalene diimide bound

to the DNA duplex.
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adamantylnaphthalene diimide 5 coupled with ferrocenyl-X-cyclodextrin 7. The
chemical structures of 5 and 7 are shown in Figure 2. Compound 5 is expected
to bind to dsDNA by threading intercalation where the two adamantyl moieties
are located in the major and minor grooves of dsDNA. Since it is known that
the ferrocene of 7 is incorporated into its cavity (Ueno et al., 1982) and ada-
mantane can be incorporated into 7 to drive the ferrocene part out (Ryabov
et al., 1990), 7 can bind to 5 bound to dsDNA by capping of the two adamantyl
moieties projecting out in the major and minor grooves of DNA (see enlarged
model structure in Figure 12). They can act as an additional anchor to prevent
dissociation of the complex of 5. Therefore, the supramolecular complex con-
sisting of 7 and 5 bound to dsDNA is expected to be stabilized further by
capping of the adamantyl moieties of 5 by 7, thereby resulting in the improved
discrimination ability for dsDNA. Furthermore, the ferrocene moieties are
concentrated on the complex of 5 with dsDNA, which may facilitate electro-
chemical detection. From this viewpoint, we designed a new DNA detecting
system based on 5 and 7 as shown in Figure 1. Target DNA can be trapped on
the DNA probe-immobilized electrode by the specific interaction during the
hybridization process. When this electrode is treated with a solution containing
5 and 7, a supramolecular complex is formed on the electrode. Since this com-
plex on the electrode is stable to washing with water, one can detect the target
DNA from the electrochemical response of 7 concentrated on the electrode.

target DNA

DNA probe

hybridization

5 7

C

O

Fe

C

O

Fe

Fig. 12. Stratagem of the new DNA detection system based on 7 and 5. A DNA probe-

immobilized electrode is allowed to hybridize with sample DNA. A duplex is formed on the

electrode as long as the sample DNA contains a sequence complementary to that of the

probe. After immersing 7 and 5 and washing with water, the supramolecular complex re-

mains on the electrode with dsDNA on it and one can detect the target DNA from the

electrochemical signal of 7. The putative structure of a supramolecular complex of 5, 7, and

dsDNA is also shown in the figure. The ferrocene moiety of 7 is incorporated into the cavity

of the X-cyclodextrin part in an aqueous solution.
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This supramolecular complex will never form with the electrode treated with
non-target DNA.
This idea was tested with a 23-meric DNA fragment representing part of the

UDP-glucuronosyl transferase gene as a model, which is useful for predicting
severe toxicity by irinotecan. Only a perfectly matched combination of target
DNA gave a current peak at 0.58V in DPV, whereas no DPV signal was
observed for the DNA probe alone or non-complementary DNA. This elect-
rochemical gene detection based on the supramolecular complex formation was
the first example and will stimulate further studies on the new application of a
supramolecular complex (Sato et al., 2004).

9. DNA CHIPS BASED ON FERROCENYLNAPHTHALENE DIIMIDE

A DNA chip is now an indispensable tool for gene research where many different
kinds of DNA probes are integrated in a small area and generally fluorescently
labeled DNA sample is allowed to hybridize on it. After washing the DNA chip
with buffer solution, many kinds of genes could be analyzed simultaneously by
the fluorescence signal on the surface of the DNA chip (Schena, 1999).
For the first time we succeeded in electrochemical visualization of DNA chips

by scanning electrochemical microscopy (SECM) (Yamashita et al., 2001). The
DNA chip was prepared by spotting a DNA solution on an aminopropylsilane-
coated glass substrate with a DNA microarrayer of 100mm in diameter. Sample
DNA is allowed to hybridize on the DNA chip under proper conditions and
measured in an electrolyte containing 2 by SECM. Intercalator 2 was concen-
trated on dsDNA formed between target DNA and probe DNA on the DNA
chip, enabling electrochemical visualization by SECM. A one-base mutation of
the p53 gene was successfully detected for the PCR product by this method.
This method is potentially applicable as a conventional DNA microarray sys-
tem without any special chips such as multi-electrode array. However, there are
some difficulties to be overcome for keeping the DNA chip horizontally to scan
the probe electrode.
On the other hand, the studies on multi-array electrodes have been carried out

as an electrochemical DNA chip. This electrochemical DNA chip system is ex-
pected to constitute a more compact instrument with good cost performance.
Many researchers of companies have been developing electrochemical DNA chips
and their readers coupled with new electrochemical DNA detecting technologies
(Umek et al., 2001; Brazill et al., 2003; Patolsky et al., 2002; Fan et al., 2003). All
of these devices have a potential to offer a relatively inexpensive, easy-to use, and
portable tool for DNA analysis and present platforms for high-throughput gene
diagnosis. Recently, TUM-gene Inc. developed a simultaneous multiple mutation
detection (SMMD) method coupled with an electrochemical array (ECA) chip
(Wakai et al., 2004). Figure 13 shows the principle of this method. A DNA probe
carrying an SNP site at the 30-end was immobilized on the electrode. A sample
was amplified by PCR and designed to form a hairpin structure downstream of
the SNP site. This sample was allowed to hybridize on the electrode, followed
by a ligation reaction, which occurred only for the matched SNP type. After
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heat-denaturation, DPV was determined and the increased current signal was
obtained in the case of the matched SNP type. In other words, the relevant SNP
was (or may be) judged correctly by this procedure. As an example of this method
using an ECA chip, seven different mutations of the LPL gene could be suc-
cessfully achieved for 50 patients in a blind test (Wakai et al., 2004). This method
can be extended to other mutation types such as insertion, deletion, translocation,
and short tandem repeat on a single chip by designing appropriate PCR primers,
eventually realizing a diagnostic chip.

10. CONCLUSION

The rapid and simple DNA detecting technology is becoming more and more
important, as so many disease-related or drug-concerning genes are being un-
veiled. The electrochemical DNA detecting technique is a good candidate to
achieve this goal and the device thus obtained will be useful as a valuable means
for a point of care. Many researchers are trying to develop several kinds of
an electrochemical DNA-detecting method to meet this demand. This chapter
focused on the method based on an electrochemically active ligand as an elect-
rochemical hybridization indicator because of its ease and quickness. Especially,
we summarized the electrochemical gene detection based on ferrocenylnaphtha-
lene diimide or threading intercalator derivatives. This ligand showed a high
preference for dsDNA with special stabilization of its complex by threading-type
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as target DNA
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Fig. 13. (A) An electrochemical (ECA) chip having 25 gold electrodes on a ceramic substrate.

The left electrode in the front is the reference electrode, and the one to the right is the counter

electrode. (B) Principle of the SMMD method. Sample DNA is amplified by PCR, followed

by asymmetric PCR (A-PCR) with the specially designed primers. Following hybridization

with a DNA probe-immobilized electrode corresponding to the proper SNP, a ligation re-

action is allowed to proceed. An electrochemical signal is obtained in the electrochemical

measurement in an electrolyte containing 2 only when the target SNP was present in the

sample DNA.
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intercalation. Ferrocenylnaphthalene diimide can be used for electrochemical
gene detection and furthermore this method can be applied as the new SNP
detection by taking advantage of a decrease in the amount of the ligand bound to
a mismatched DNA duplex region. This can be extended to error-free diagnostic
chips coupled with the SMMD-ECA chip method. Electrochemical gene detec-
tion based on the electrochemical hybridization indicator is more suited for a
practical gene-detecting chip than that based on an electrochemical DNA probe
because of its large and stable current response. However, the background cur-
rent based on the diffusion from bulk solution and non-specific absorption has
not been completely eliminated up to this day. When this weakness is overcome,
the DNA chip based on ferrocenylnaphthalene diimide or other electrochemical
hybridization indicators may be promising in rapid, real-time testing of genes.

LIST OF ABBREVIATIONS

DNA deoxyribonucleic acid
dsDNA or ssDNA double-stranded or single-stranded DNA
A adenine
C cytosine
G guanine
CD circular dichroism
ka or kd association or dissociation rate constant
QCM quartz crystal microbalance
CV cyclic voltammetry
DPV differential pulse voltammetry
SNP single-nucleotide polymorphism
ASH allele-specific hybridization
PCR polymerase chain reaction
A-PCR asymmetric PCR
LPL lipoprotein lipase
W or M wild or mutant
SECM scanning electrochemical microscopy
SMMD simultaneous multiple mutation detection
ECA electrochemical array
MES 2-(N-morpholino)ethanesulfonic acid
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1. INTRODUCTION

The emergence of nanotechnology is opening new horizons for the application
of nanomaterials in bioelectroanalytical chemistry (Niemeyer, 2001; Alivisatos,
2004). Nanotechnology is defined as the creation of functional materials, devices
and systems through control of matter at the 1–100 nm scale. The use of nano-
materials in bioanalysis has taken off rapidly and will surely continue to ex-
pand. The unique properties of nanoparticles, nanotubes and nanowires
offer excellent prospects for developing novel nanomaterial-based electrical
DNA detection strategies. This chapter describes new signal amplification and
coding strategies for electrical DNA detection based on the use of nanomaterial
tags.

1.1. Particle-based assays

The emergence of nanotechnology is opening new horizons for the application of
nanoparticles in analytical chemistry. In particular, nanoparticles are of con-
siderable interest in the world of nanoscience owing to their unique physical and
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chemical properties. Such properties offer excellent prospects for chemical
and biological sensing (Carusu, 2001; Willner and Willner, 2002; Storhoff and
Mirkin, 1999). Particularly attractive for numerous bioanalytical applications
are colloidal gold and semiconductor quantum-dot nanoparticles. The power
and scope of such nanomaterials can be greatly enhanced by combining them
with biological recognition reactions and electrical processes (i.e., nanobioelec-
tronics). Such coupling can dramatically enhance biological assays. There has
been a substantial recent interest in utilizing biomolecules for constructing
nanostructured architectures (Storhoff and Mirkin, 1999; Niemeyer, 2001) and
in the tailoring and functionalizing the surfaces of nanoparticles (Carusu, 2001;
Niemeyer, 2001). Nanoparticle–biopolymer conjugates offer great potential for
DNA diagnostics and can have a profound impact upon bioanalytical
chemistry.

1.2. Nanoparticle-based optical DNA assays

Despite their great potential, nanoparticle-based genetic testings are still in their
infancy. Optical detection methods relying on nanoparticle materials function-
alized with oligonucleotides have shown enhanced sensitivity and selectivity
compared to conventional assays based on molecular probes. For example,
Mirkin and coworkers have developed novel DNA assays utilizing distance-
dependent optical properties of gold-particle modified oligonucleotides
(Storhoff et al., 1998). The hybridization-induced cross-linking of colloidal
particles triggered a red-to-purple color change in solution (due a red shift in the
surface plasmon resonance of the gold nanoparticles). Such particle-based op-
tical assays have been combined with simultaneous multiple-target detection
capability (Taton et al., 2001). A scanometric DNA array, based on silver
amplification of a hybridization event, represents another important contribu-
tion from Mirkin’s laboratory (Taton et al., 2000). Labeling the DNA target
with a nanoparticle offered greater mismatch discrimination and higher sen-
sitivity (compared to the common use of fluorophore tags). The same group
reported on a highly sensitive Raman spectroscopic method for detecting DNA
and RNA based on gold-nanoparticle probes labeled with oligonucleotides and
Raman-active dyes (Cao et al., 2002). The gold nanoparticles facilitated the
formation of silver coating that acted as a surface-enhanced Raman scattering
promoter, to yield femtomolar detection limits. Spectral coding opens new
opportunities in gene expression studies, high throughput screening, and med-
ical diagnostics (Han et al., 2001; Nicewarner-Pena et al., 2001). Nie’s team
described a multicolor optical coding based on embedding different sized quan-
tum dots into polymeric microbeads at precisely controlled ratios (Han et al.,
2001). ‘Bar-coded’ metallic microrods (with segments of up to five different
metals), synthesized by plating into the pores of a host membrane, were
shown extremely useful for effective optical identification (Nicewarner-Pena
et al., 2001).
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2. NANOPARTICLE-BASED BIOELECTRONIC DETECTION OF

DNA

2.1. Why electrical detection?

A critical component of DNA biosensors or arrays is the method of detection.
Most early devices have relied on optical transduction of the hybridization
event. Typically, the hybridization event (or patterns across the chip) is being
detected by a confocal scanning laser system in connection to the use of flu-
orescent tagging agents (Piunno et al., 1995). While fluorescent detection is
broadly and successfully used, it is hampered by the need for bulky and costly
control instrumentation. Mass-sensitive devices, generating frequency signals in
response to the increased mass (associated with the hybridization reaction),
offer label-free sensitive detection, but are not suitable for routine diagnostic
applications (Caruso et al., 1997).
Electrochemical devices have received considerable recent attention in the

development of sequence-specific DNA hybridization biosensors (Mikkelsen,
1996; Palecek and Fojta, 2001). Electrical DNA biosensors rely on the conver-
sion of the Watson–Crick base-pair biorecognition event into a useful electrical
signal. Such devices offer elegant routes for interfacing – at the molecular level –
the DNA-recognition and signal-transduction elements, and are uniquely
qualified for meeting the size, cost, low-volume, and power requirements of
decentralized genetic diagnostics (Palecek and Fojta, 2001; Wang, 2002). While
the use of electrochemical DNA biosensors or chips is at an early stage,
easy-to-use hand-held electrical DNA analyzers are already approaching the
marketplace (Umek et al., 2000; Napier et al., 2000), and are expected to have a
considerable impact on future DNA diagnostics (Wilson, 1998). Electrochemi-
cal transduction of DNA hybridization events has commonly been achieved in
connection to enzyme tags or electroactive indicators/intercalators. The use of
nanoparticle tracers is relatively new in electrical detection, and offers unique
opportunities for electrochemical transduction of DNA-sensing events.

2.2. Nanoparticle-based electrochemical hybridization assays

Inspired by the novel use of nanoparticles in optical bioassays, recent studies
have focused at developing analogous particle-based electrical routes for gene
detection. Such new protocols are based on the use of a wide range of nano-
materials including colloidal gold tracers, semiconductor quantum dot tags,
nanowires, polymeric carrier (amplification) spheres, or magnetic (separation)
beads. These nanoparticle materials offer elegant ways for interfacing DNA
recognition events with electrochemical signal transduction, for dramatically
amplifying the resulting electrical response, and for designing novel coding
strategies.
Most of these schemes have commonly relied on a highly sensitive electro-

chemical stripping transduction/measurement of the metal tracer. Stripping
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voltammetry is a powerful electroanalytical technique for trace metal measure-
ments (Wang, 1985). Its remarkable sensitivity is attributed to the ‘built-in’
accumulation step, during which the target metals are preconcentrated (deposi-
ted) onto the working electrode. The detection limits are thus lowered by
3–4 orders of magnitude, compared to pulse-voltammetric techniques, used
earlier for monitoring DNA hybridization. Such ultrasensitive electrical
detection of metal tags has been accomplished in connection to a variety of
new and novel DNA-linked particle nanostructure networks.

2.3. Gold and silver metal tags for electrical DNA detection

Several groups, including ours, have developed powerful nanoparticle-based
electrochemical DNA hybridization assays (Authier et al., 2001; Wang et al.,
2001a; Cai et al., 2002a). Such protocols have relied on capturing the gold
(Authier et al., 2001; Wang et al., 2001a) or silver (Cai et al., 2002a) nano-
particles to the hybridized target, followed by acid dissolution and anodic-
stripping electrochemical measurement of the metal tracer. The probe or target
immobilization has been accomplished in connection to streptavidin-coated
magnetic beads (Wang et al., 2001a), through the use of chitosan or polypyrrole
surface layers (Cai et al., 2002a), or via adsorption onto the walls of polystyrene
microwells (Authier et al., 2001). Picomolar and sub-nanomolar levels of the
DNA target have thus been detected. Further sensitivity enhancement can be
achieved by catalytic enlargement of the gold tag in connection to nanoparticle-
promoted precipitation of gold (Wang et al., 2001a) or silver (Wang et al.,
2001b; Lee et al., 2003a; Cai et al., 2002b). Combining such enlargement of the
metal-particle tracers, with the effective ‘built-in’ amplification of electrochem-
ical stripping analysis paved the way to sub-picomolar detection limits (Wang
et al., 2001b). The silver enhancement relies on the chemical reduction of silver
ions by hydroquinone to silver metal on the surface of the gold nanoparticles.
The silver reduction time must be controlled as a trade-off between larger en-
hancement and contribution of nonspecific background. A significant reduction
of the silver staining background signals was obtained by using an indium-tin
oxide (ITO) electrode possessing low silver-enhancing properties or by modi-
fying the gold transducer with a polyelectrolyte multilayer (Lee et al., 2003a).
The silver-enhancement electrical route has been applied recently for detection in
‘Lab-on-Chip’ systems in connection to on-chip PCR amplification (Lee et al.,
2003b). An 8 mL reaction chamber was employed in connection to gold or ITO
electrodes. Prospects for developing a truly portable integrated DNA analysis
system were discussed. A simplified gold-nanoparticle-based protocol was
reported (Ozsoz et al., 2003), relying on the pulse-voltammetric monitoring of
the gold-oxide wave at �1.20V at disposable pencil graphite electrode. A
detection limit of 0.78 fmol was reported for PCR amplicons bound to the
pencil electrode in connection hybridization to oligonucleotide–nanoparticle
conjugates.
The hybridization of probe-coated magnetic beads with the gold-tagged tar-

gets results in three-dimensional network structures of ‘large’ (mm) magnetic
beads, crossed-linked together through the DNA and gold nanoparticles. Such
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DNA-linked nanoparticle aggregate structure is shown in Figure 1. In these
aggregates the DNA duplex ‘bridges’ the magnetic beads with the metal nano-
particles. No such aggregation was observed in the presence of noncomple-
mentary or mismatched oligonucleotides. Similar DNA-induced aggregation
has been exploited by Mirkin for detecting the hybridization in connection to
distance-dependent color changes (Storhoff et al., 1998).
Recently, we described an electrochemical protocol for detecting DNA

hybridization based on preparing the metal marker along the DNA backbone
(instead of capturing it at the end of the duplex) (Wang et al., 2003a). Such
protocol relies on DNA-template-induced generation of conducting nanowires
as a mode of capturing the metal tag. The use of DNA as a metallization
template has evoked substantial research activity directed to the generation of
conductive nanowires and the construction of functional circuits (Braun et al.,
1998; Richter et al., 2000; Mertig et al., 2002). This approach was applied to
grow silver (Braun et al., 1998), palladium (Richter et al., 2000) or platinum
(Mertig et al., 2002) clusters on DNA templates. Yet, the DNA-templated as-
sembly of metal wires has not been exploited for detecting DNA hybridization.
The new detection scheme (Figure 2) consists of the vectorial electrostatic ‘col-
lection’ of silver ions along the captured DNA target, followed by hydroqui-
none-induced reductive formation of silver aggregates along the DNA skeleton,
along with dissolution and stripping detection of the nanoscale silver cluster.
Nanoparticle-induced changes in the conductivity across a microelectrode gap

can also be exploited for highly sensitive and selective detection of DNA hy-
bridization. Mirkin’s group developed an array-based electrical detection uti-
lizing oligonucleotide-functionalized gold nanoparticles and closely spaced
interdigitated microelectrodes (Park et al., 2002). The oligonucleotide probe was
immobilized in the gap between the two microelectrodes. The hybridization
event thus localizes gold nanoparticles in the electrode gap, and along with
subsequent silver deposition leads to measurable conductivity signals. Such
hybridization-induced conductivity signals, associated with resistance changes
across the electrode gap, offer high sensitivity with a 0.5 pM detection limit.

Fig. 1. DNA-linked particle nanostructure assembly associated with the hybridization of

probe-coated magnetic-bead and gold-nanoparticle conjugated target.

Nanoparticle-Based Electrochemical DNA Detection 373



Control of the salt concentration allowed high point-mutation selectivity (with a
factor of 100,000:1) without thermal stringency. Changes in the resistance
across a microelectrode gap, resulted from the hybridization of nanoparticle-
labeled DNA, have been exploited also for a paralleled array readout system
(Urban et al., 2003). A self-contained microanalyzer, allowing such parallel
readout of the entire array, indicates great promise for point-of-care applica-
tions. A similar approach for enhancing the sensitivity and obtaining an
excellent mismatch discrimination was described based on the assembly of sev-
eral layers of nanoparticles (Li et al., 2003).
Colloidal gold was employed also for improving the immobilization of DNA

on electrode surfaces and hence for increasing the hybridization capacity of the
surface (Cai et al., 2001). Such use of nanoparticle supporting films relied on the
self-assembly on 16 nm diameter colloidal gold onto a cystamine-modified gold
electrode and resulted in surface densities of oligonucleotides as high as 4� 1014

Fig. 2. Schematic representation of the protocol used for electrical detection of silver clusters

produced along the DNA backbone. From top: Formation of a self-assembled cystamine

monolayer; Immobilization of ssDNA ‘probe’ through the 50-phosphate groups of ssDNA by

the formation of phosphoramidate bond with the amino groups of the electrode surface;

hybridization of the complementary target; ‘loading’ of the silver ion onto the DNA;

hydroquinone-catalyzed reduction of silver ions to form silver aggregates on the DNA

backbone; dissolution of the silver aggregates in a acid solution and transfer to detection cell;

stripping potentiometric detection. From Wang et al. (2003a).
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molecules/cm2. The detection of the ferrocenecarboxaldehyde tag (conjugated
to the target DNA) resulted in a detection limit of 500 pM.

2.4. Use of magnetic beads

Several of the protocols described above (Wang et al., 2001a, b; Palecek et al.,
2002) have combined the inherent signal amplification of stripping analysis with
an effective discrimination against nonhybridized DNA. In addition to efficient
isolation of the duplex, magnetic spheres can open the door for elegant ways for
triggering and controlling electrical DNA detection (Wang et al., 2002a; Hirsch
et al., 2000; Wang and Kawde, 2002c).
For example, an attractive magnetic triggering of the electrical DNA detec-

tion has been realized through a ‘magnetic’ collection of the magnetic-bead/
DNA-hybrid/metal-tracer assembly onto a thick-film electrode transducer that
allowed direct electrical contact of the silver precipitate (Wang et al., 2002a).
Such bioassay involved the hybridization of a target oligonucleotide to probe-
coated magnetic beads, followed by binding of the streptavidin-coated gold
nanoparticles to the captured target, catalytic silver precipitation on the gold-
particle tags, a magnetic ‘collection’ of the DNA-linked particle assembly and
solid-state stripping detection (Figure 3). The magnetic ‘collection’ route greatly
simplifies the electrical detection of metal tracers as it eliminates the acid dis-
solution step.

Magnetic spheres have also been used for triggering the electron-transfer re-
actions of DNA (Wang and Kawde, 2002c). Changing the position of the
magnet (below planar printed electrodes) was thus used for ‘on/off’ switching of
the DNA oxidation (through attraction and removal of DNA functionalized-
magnetic particles). The process was reversed and repeated upon switching the

Fig. 3. Schematic of the magnetically induced solid-state electrochemical detection of DNA

hybridization. The assay involves introduction of the probe-coated magnetic beads, the hy-

bridization event (with the biotinylated target), capture of the streptavidin-gold particles,

catalytic silver deposition on the gold nanoparticle tags, and positioning of an external

magnet (M) under the electrode to attract the particle-DNA assembly and solid-state

chronopotentiometric detection. From Wang et al. (2002a).
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position of the magnet, with and without oxidation signals in the presence and
absence of the magnetic field, respectively. Such magnetic triggering of the
DNA oxidation holds great promise for DNA arrays (based on closely spaced
electrodes and guanine-free inosine-substituted probes). Willner and coworkers
described an amplified detection of viral DNA and of single-base mismatches
using oligonucleotide-functionalized magnetic beads and an electrochemilumi-
nescence (ECL) detection (Patolsky et al., 2003). The magnetic attraction of the
labeled magnetic particles and their rotation on the electrode surface was used
to amplify the ECL signal. The ability of external magnetic fields to control
other bioelectrochemical processes, such as biocatalytic transformations of
redox enzymes was also documented by Willner’s group (Hirsch et al., 2000).
It is possible also to use magnetic beads as reporters (tags) for DNA hybrid-

ization detection in connection to stripping voltammetric measurements of their
iron content (Wang et al., 2003b). A related protocol, developed in the same
study, involved probes labeled with gold-coated iron core– shell nanoparticles. In
both cases, the captured iron-containing particles were dissolved following the
hybridization, and the released iron was quantified by cathodic stripping volt-
ammetry in the presence of the 1-nitroso-2-naphthol ligand and a bromate
catalyst. Core-shell copper-gold nanoparticle tags were also shown useful by
combining the favorable electrochemical behavior of the copper core with the
attractive surface modification properties of gold shell (Cai et al., 2003).

2.5. Inorganic colloids tracers: Toward electrical coding

Owing to their unique (tunable-electronic) properties, semiconductor (quantum
dots) nanocrystals have generated considerable interest for optical DNA
detection (Han et al., 2001). Recent activity has demonstrated the utility of
such inorganic crystals for enhanced electrical DNA detection (Willner et al.,
2001; Wang et al., 2002b, 2003c). Willner’s reported on a photoelectrochemical
transduction of DNA sensing events in connection to DNA-cross-linked CdS
nanoparticle arrays (Willner et al., 2001). The electrostatic binding of the
Ru(NH3)6

+3 electron acceptor to the ds-DNA units provided a tunneling route
for the electron-band electrons and thus led to increased photocurrents
(Figure 4).
We reported on the detection of DNA hybridization in connection to

cadmium-sulfide nanoparticle tags and electrochemical stripping measurements
of the cadmium (Wang et al., 2002b). A nanoparticle-promoted cadmium
precipitation was used to enlarge the nanoparticle tag and amplify the stripping
DNA hybridization signal. In addition to measurements of the dissolved
cadmium ion we demonstrated solid-state measurements following a ‘magnetic’
collection of the magnetic-bead/DNA-hybrid/CdS-tracer assembly onto a thick-
film electrode transducer. Such protocol combines the amplification features of
nanoparticle/polynucleotides assemblies and highly sensitive potentiometric
stripping detection of cadmium, with an effective magnetic isolation of the
duplex. The low detection limit (100 fmol) was coupled to good reproducibility
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(RSD ¼ 6%). A dramatic signal enhancement was obtained by encapsulating
multiple CdS nanoparticles into the host bead or by loading onto carbon-
nanotube carriers (Wang et al., 2003c).
Such protocol was recently extended to other inorganic colloids (e.g., ZnS or

PbS) that can be similarly synthesized in reversed micelles. Such extension has
paved the way to an electrochemical coding technology for the simultaneous
detection of multiple DNA targets based on nanocrystal tags with diverse redox
potentials (Wang et al., 2003d). For example, Figure 5 displays the well-resolved
stripping response of a solution obtained by dissolving simultaneously ZnS,
CdS and PbS nanocrystals. These nanoparticle tracers yield well-defined and
resolved stripping peaks at �1.12V (Zn), �0.68V (Cd) and �0.53V (Pb) at the
mercury-coated glassy-carbon electrode (vs. Ag/AgCl reference). Functional-
izing the nanocrystal tags with thiolated oligonucleotide probes thus offered a
voltammetric signature with distinct electrical hybridization signals for the cor-
responding DNA targets (Figure 6). The position and size of the resulting
stripping peaks provided the desired identification and quantitative informa-
tion, respectively, on a given target DNA. The multi-target DNA detection
capability was coupled to the amplification feature of stripping voltammetry (to
yield fmol detection limits) and with an efficient magnetic removal of nonhy-
bridized nucleic acids to offer high sensitivity and selectivity. Up to 5–6 targets
can thus be measured simultaneously in a single run in connection to ZnS, PbS,
CdS, InAs and GaAs nanocrystal particles. Conducting massively parallel as-
says (in microwells of microtiter plates or using multi-channel microchips, with
each microwell or channel carrying out multiple measurements) could thus lead
to a high-throughput operation.
Recent efforts in our laboratory have aimed at developing large particle-

based libraries for electrical coding, based on the judicious design of encoded
‘identification’ beads (Wang et al., 2003e) or striped metal rods (Wang et al.,

Fig. 4. Photoelectrochemical detection of nucleic acid by means of a DNA-cross-linked CdS

nanoparticle array. From Willner et al. (2001).
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2003f). By incorporating different predetermined levels (or lengths) of multiple
metal markers, such beads or rods can lead to a large number of recognizable
stripping-voltammetric signatures, and hence to a reliable identification of a
large number of DNA targets. For example, multi-metal cylindrical particles
can be prepared by the template-directed electrochemical synthesis, by plating
zinc, indium, bismuth and copper onto an alumina or polycarbonate template
(porous) membrane. Capping the rod with a gold end facilitates its function-
alization with a thiolated oligonucleotide probe. Each microrod thus yield a
characteristic multi-peak stripping voltammogram, whose peak potentials and
current intensities reflect the identity of the corresponding DNA target. The
encoding patterns correlate well with the resulting voltammetric signatures.
Hundreds of usable codes could be generated in connection to 4–5 different
potentials and 3–4 different current intensities. In addition to powerful bioas-
says, such ‘‘identification beads’’ hold great promise for the identification of
counterfeit products and related authenticity testing. The template-directed
electrochemical route can also be used for preparing micrometer-long metal tags

ZnS PbSCdS

P1 P2

T1 T2 T3

P’1 P’2 P’3

P3

T1 T2 T3

Fig. 5. 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. Conditions: 2min accumulation at �1.4V; square-wave voltammetric scan with

a potential step, 50mV; amplitude, 20mV; frequency, 25Hz. Based on Wang et al. (2003d).

External Internal

Fig. 6. Polymeric beads amplifying units based on loading numerous redox tags externally

(on their outer surface) or internally (via encapsulation).
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for ultrasensitive detection (Wang et al., 2003f). The linear relationship between
the charge passed during the preparation and the size of the resulting microrod
allows tailoring of the sensitivity of the electrical DNA assay. For example,
plating of indium into the pores of a host membrane offered a greatly lower
detection limit (250 zmol) compared to common bioassays spherical nanopar-
ticle tags. Indium offers a very attractive electrochemical stripping behavior and
is not normally present in biological samples or reagents. Solid-state derivative-
chronopotentiometric measurements of the indium tracer have been realized
through a ‘magnetic’ collection of the DNA-linked particle assembly onto a
thick-film electrode transducer.
Metal nanoparticles have also shown useful for electrical coding of single

nucleotide polymorphisms (SNP) (Kerman et al., 2004). Such protocol relies on
the hybridization of monobase-modified gold nanoparticles with the
mismatched bases. The binding event leads to changes in the gold oxide peak
and offers great promise for coding all mutational changes. Analogous SNP
coding protocols based on different inorganic nanocrystals are currently being
examined in our laboratory (Wang et al., 2005). This protocol involves the
addition of ZnS, CdS, PbS and CuS crystals linked to adenosine, cytidine,
guanosine and thymidine mononucleotides, respectively. Each mutation cap-
tures via base pairing different nanocrystal–mononucleotide conjugates, to yield
a distinct electronic fingerprint.

2.6. Ultrasensitive particle-based assays based multiple amplification avenues

We already discussed several amplification processes such as catalytic enlarge-
ment of the metal tracer and its electrolytic accumulation onto the electrode
surface. Such protocols have been based on the use of one reporter per one
hybridization event. It is possible to further enhance the sensitivity by employ-
ing multiple tags per binding event. This can be accomplished in connection to
polymeric microbeads carrying multiple redox tracers externally (on their
surface) or internally (via encapsulation; Figure 6). Combined with additional
amplification units and processes, such bead-based multi-amplification proto-
cols meet the high sensitivity demands of electrochemical DNA biosensors.
We have demonstrated a triple-amplification bioassay, coupling the carrier-

sphere amplifying units (loaded with numerous gold nanoparticles tags) with
the ‘built-in’ preconcentration of the electrochemical stripping detection and
catalytic enlargement of the multiple gold-particle tags (Kawde and Wang,
2004; Figure 7). The gold-tagged beads were prepared by binding biotinylated
metal nanoparticles to streptavidin-coated polystyrene spheres. SEM imaging
indicated a coverage of around 80 gold particles per polystyrene bead. Such
triple-amplification route offered a dramatic enhancement of the sensitivity.
Willner also combined multiple amplification pathways, based on enzyme-
functionalized liposomes and the accumulation of the biocatalytic-reaction
product, for ultrasensitive DNA assays (Alfonta et al., 2001). Such bioassay
relied on the large surface area of liposomes for carrying a large number of
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enzyme molecules. Sensing of the accumulated product was accomplished by
means of chronopotentiometry.
It is also possible to use gold nanoparticle as carriers of redox markers for

amplified DNA detection (Wang et al., 2003g). Gold nanoparticles covered with
6-ferrocenylhexaenthiol were used for this purpose in connection to a sandwich
hybridization assay. Due to the elasticity of the DNA strands, the ferrocene/Au-
nanoparticle conjugates were positioned in closed proximity to the underlying
electrode to allow facile electron-transfer reaction (Figure 8). A detection limit
of 10 amol was observed, along with linearity up to 150 nM. Applicability to
PCR products related to the hepatitis B virus was reported.
Internal encapsulation electroactive tags within carrier beads offers an at-

tractive alternative to their external loading. For example, ultrasensitive elec-
trical DNA detection was reported recently based on polystyrene beads
impregnated with a redox marker (Wang et al., 2003h). The resulting ‘elect-
roactive beads’ are capable of carrying a huge number of the ferrocenecarbox-
aldehyde marker molecules and hence offer a remarkable amplification of single
hybridization events. This allowed chronopotentiometric detection of target
DNA down to the 5.1� 10�21mol level (�31,000 molecules) in connection to
20min hybridization and ‘release’ of the marker in an organic medium. The
dramatic signal amplification advantage is combined with a remarkable dis-
crimination against a huge excess (107) of non-complementary nucleic acids.
Figure 9 displays the DNA-linked particle assembly that resulted from the
hybridization event. This image indicates that the 10mm electroactive beads
are cross-linked to the smaller (�0.8mm) magnetic spheres through the DNA
hybrid. Current efforts are aimed at encapsulating different ferrocene markers
within the polystyrene host beads in connection to multi-target DNA detection.
Other marker encapsulation routes hold great promise for electrical DNA
detection. Particularly attractive are the recently developed nanoencapsulated
microcrystalline particles, prepared by the layer-by-layer technique, that

Fig. 7. Use of carrier-sphere amplifying units loaded with numerous gold nanoparticle tags:

(a) hybridization effect; (b) gold enhancement effect; (c) dissolution of the tag; (d) stripping

detection.
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offer large marker/biomolecule ratios and superamplified bioassays (Trau et al.,
2002).

3. CONCLUSIONS

The use of nanomaterials in electrical DNA detection has taken off rapidly and
will surely continue to expand. Metal and semiconductor nanoparticles and
nanowires have rapidly become attractive labels for electrochemical DNA
assays, offering unique signal amplification and coding capabilities. A critical
requirement for the successful realization of nanoparticle-based bioelectronic
assays is the ability to minimize non-specific binding of DNA (or biomolecules
in general). Proper attention to the surface chemistry is thus essential to ensure a
low background signal. The combination of high sensitivity, specificity, and

50 µµm

Magnetic bead

Electroactive(FCA)
bead

Fig. 9. Use of ‘electroactive’ particles for ultrasensitive DNA detection, based on polystyrene

beads impregnated with a redox marker. SEM image of the resulting DNA-linked particle

assembly. From Wang et al. (2003h).

Fig. 8. Schematic representation of the amplified electrochemical detection of DNA hybrid-

ization via oxidation of the ferrocene caps on the gold-nanoparticle/streptavidin conjugates.

From Wang et al. (2003g).
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multi-target detection capabilities permits nanoparticle-based electronic DNA
assays to rival the most advanced optical protocols. Such nanomaterials-based
DNA assays and devices are expected to have a major impact upon clinical
diagnostics, environmental monitoring, security surveillance, or for ensuring
our food safety. The high sensitivity of these nanoparticle-based electrical sys-
tems points toward the prospect of detecting DNA targets without the need for
PCR amplification. It is expected that future innovative research will lead to
new particle-based electrical detection strategies, that coupled with other major
technological advances will result in effective, easy-to-use hand-held portable
devices for DNA diagnostics. The new electrochemical detection protocols
could also be adapted to planar chip-based array formats and could
be expanded to other biological assays, particularly immunoassays. Although
the present chapter has focused on DNA detection methods, such studies
have broad implications on the ability to assemble DNA nanostructures on
surfaces.
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1. INTRODUCTION

1.1. DNA damage and repair

Genetic material (DNA) in the cells is permanently exposed to various physical
or chemical agents that may cause chemical alterations in the DNA molecules.
It has been estimated that 104–106 DNA damage events occur in a cell per day
(reviewed in Friedberg, 2000, 2003; Rajski et al., 2000; Scharer, 2003). Typical
products of DNA damage are shown in Figure 1.
Among them, the most common lesions are apurinic sites (due to hydrolysis

of the purine N-glycosidic bonds linking the base residue to deoxyribose),
strand breaks (sb; i.e., interruptions of the DNA sugar-phosphate backbone),
8-oxoguanine (8-OG), and thymine glycol arising from oxidative DNA damage,
or base deamination products (e.g., uracil or hypoxanthine) induced by some
known mutagens (such as nitrous acid or bisulfite). Some of these lesions may
be caused by intermediates or byproducts of cellular metabolism while others
are induced by genotoxic agents occurring in the environment. For example,
pyrimidine dimers arise from ultraviolet (UV) irradiation of DNA induced by
sunlight. Different bulky adducts may be formed due to DNA interactions with
metabolically activated carcinogens such as aromatic amines or polycyclic ar-
omatic hydrocarbons. Persisting DNA damage may result in changes of the
genetic information (base substitutions, mutations) or hamper vital processes
such as DNA replication or transcription, which may subsequently have severe
impacts on the cellular functions and life of the organisms. To maintain in-
tegrity of their genomes, cells possess enzymatic machineries capable of instant
recognizing and repairing the DNA lesions (Friedberg, 2000, 2003; Rajski et al.,
2000; Scharer, 2003). Different products of DNA damage are repaired via dif-
ferent pathways. Chemically altered bases or base mismatches are excised by
action of N-glycosylases and/or nucleases (through base excision repair, nuc-
leotide excision repair or mismatch repair). Double-strand breaks (dsb), which
belong to highly cytotoxic lesions, are repaired through a mechanism involving
DNA recombination. Defects in either of the DNA repair pathways make the

Fig. 1. Scheme of most frequent products of DNA damage. A number of genotoxic agents

attack nucleobase residues (upper panel). (a) Alkylating agents cause a variety of base lesions

such as O6- and 7-alkyl guanine (1 and 2, respectively) or 3-alkyl adenine (3). (b) Oxidative

DNA damage involves formation of 8-OG (4), 1,N6-ethenoadenine (5) (product of adenine

reaction with acrolein generated through polyunsaturated fatty acids oxidation) or thymine

glycol (6). (c) Some mutagens such as nitrous acid or bisulfite cause base deamination thus

converting e.g., cytosine into uracil (7). (d) UV light yield several products among which

cyclobutane pyrimidine dimers (8) belong to the most abundant ones. (e) Metabolically

activated carcinogens, including polycyclic aromatic hydrocarbons form bulky DNA ad-

ducts, usually with guanine residues (9). (f) Many anticancer drugs act via inducing specific

DNA damage; for example, covalent cross-link between two adjacent guanine residues (10) is

typical lesion induced by cisplatin. Bottom panel shows lesions originating from interruption

of phosphodiester bonds in the DNA sugar–phosphate backbone (single- or double-strand

breaks) or from hydrolysis of the N-glycosidic bonds linking nucleobases with deoxyribose

residues (abasic sites).

M. Fojta386



cell extremely prone to malignant transformation. Extensive, hardly repairable
DNA damage often induces programmed cell death (apoptosis).

1.2. Current methods in DNA damage analysis

Analysis of DNA damage induced by various genotoxic substances, as well as
detection of environmental mutagens and carcinogens, industrial pollutants and
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their metabolically activated products themselves, is of great importance for
human health protection. Moreover, studies of DNA damage by chemother-
apeutics acting via formation of specific lesions in genomic DNA, and of repair
of these damages, are important steps in development of novel anticancer drugs
(Brabec and Kasparkova, 2002; Marchini et al., 2001; Saijo et al., 2003). Some
DNA adducts are monitored as specific biomarkers of exposure of organisms to
different genotoxic agents such as reactive oxygen species (ROS) (8-OG) (Gedik
et al., 2002; Halliwell, 1998), alkylating agents (8-hydroxyethyl guanine, 6-O-
methylguanine) (Nakao et al., 2002; Vasquez et al., 2001), and so forth.
Up to now, different analytical techniques have been employed to analyze

damaged DNA and to identify specific products of DNA interactions with the
genotoxic species. Two basic approaches can be distinguished. In the first, the
analyzed DNA is entirely hydrolyzed (into the DNA monomeric components)
and the lesions are identified and quantified by chromatographic, electroph-
oretic and/or mass-spectrometric techniques (Collins et al., 2003; Collins, 2005;
England et al., 1998; Guetens et al., 2002; Helbock et al., 1998; Inagaki et al.,
2001; Jenner et al., 1998; Kasai, 2003; Swaminathan and Hatcher, 2002; Wang
et al., 1999b, c; Weimann et al., 2002). For instance, products of oxidative DNA
damage have been analyzed in DNA hydrolyzates using HPLC (Collins et al.,
2003; Collins, 2005; England et al., 1998; Guetens et al., 2002; Helbock
et al., 1998; Kasai, 2003; Weimann et al., 2002), gas chromatography (Jenner
et al., 1998) or capillary electrophoresis (Inagaki et al., 2001). These methods
exhibit high sensitivities, making possible detection of one damaged base per 107

normal ones (Helbock et al., 1998). On the other hand, they are rather laborious
and may suffer from false-positive results due to accidental DNA oxidation
during preparation of the samples (Cadet et al., 1998; Collins et al., 2004;
England et al., 1998; Helbock et al., 1998; Jenner et al., 1998). A variety of
DNA adducts have been analyzed by means of so-called postlabeling techniques
(Koskinen et al., 2001, Stiborova et al., 2002, 2004; Swaminathan and Hatcher,
2002). These approaches involve enzymatic DNA hydrolysis followed by in-
troduction of fluorescent or radioactive (32P, 3H) tags to the hydrolysis products
and their chromatographic separation and detection. The ability of some nuc-
leases (such as nuclease P1, Falcone and Box, 1997; Li et al., 2003; Stiborova
et al., 2004) to differentiate between intact and chemically modified DNA may
be utilized for a better resolution of the damaged entities. Identification of DNA
adducts has been achieved also using mass spectrometry (Cadet et al., 1998;
England et al., 1998; Guetens et al., 2002; Jenner et al., 1998; Mazerska et al.,
2003; Swaminathan and Hatcher, 2002; Wang et al., 1999c; Weimann et al.,
2002).
In the other group of techniques, changes in the features of whole DNA

molecules (i.e., without complete hydrolysis) upon their damage are monitored.
Most of these approaches involve electrophoretic determination of DNA sb.
Using agarose gel electrophoresis, single strand breaks (ssb) or dsb can be
determined with a relatively high sensitivity via relaxation or linearization of
supercoiled (sc) plasmid DNA molecules (Boublikova et al., 1987; Fojta et al.,
1999; Fojta and Palecek, 1997 and references therein). To detect multiple DNA
strand breaking in individual cells, ‘‘comet’’ or alkaline elution assays are
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frequently used (Cadet et al., 1998; Collins et al., 2003; Collins, 2004, 2005;
Faust et al., 2004; Marczynski et al., 2002; Olive et al., 2000; Pouget et al., 2000;
Taban et al., 2004). In these techniques, number of the sb is estimated from
mean length of double- (ds) or single-stranded (ss) DNA fragments, respec-
tively. Combination of the electrophoretic methods with DNA cleavage by
specific DNA repair endonucleases has been employed to detect certain DNA
base lesions (Collins et al., 2003; Collins, 2004, 2005; Gedik et al., 2002).
Number of ends (i.e., the sb) of DNA molecules in cell nuclei can be estimated
by the ‘‘TUNEL’’ test (Loo, 2002; Migheli, 2002), a technique based on labeling
of free 30-OH polynucleotide termini through a reaction catalyzed by a terminal
nucleotide transferase. Some DNA adducts have been analyzed by means of
immunochemical methods utilizing their antigenic features (Buzek et al., 1999;
Cadet et al., 1998; Cooke et al., 2003; Guetens et al., 2002; Kuderova-Krejcova
et al., 1991; Palecek et al., 1989; Peccia and Hernandez, 2002; Wang et al.,
2003a).

2. RELATIONS BETWEEN DNA DAMAGE AND THE DNA

ELECTROCHEMICAL BEHAVIOR

It has been known for more than four decades that DNA is electrochemically
active and surface-active substance exhibiting distinct behavior at different
electrodes (reviewed in Brabec et al., 1996; Fojta, 2002, 2004; Palecek, 1969,
1971, 1976, 1980, 1983, 1996, 2002; Palecek and Fojta, 2001, 2005; Palecek
et al., 2002; Palecek and Jelen, 2002; Sequaris et al., 1978). Depending on the
electrode material and other conditions, DNA can undergo charge transfer (i.e.,
reduction and oxidation) and adsorption/desorption processes. DNA bases ad-
enine, cytosine, and guanine yield redox signals at mercury (ME) and silver
solid amalgam (AgSAE) electrodes while both purine bases are oxidizable at
carbon and some other solid electrodes. At the ME and AgSAE, individual
components of the DNA chains produce specific tensammetric signals. Studies
of long-chain DNA molecules revealed that their electrochemical signals can be
significantly affected by their ordered higher structures (reviewed in Brabec
et al., 1996; Fojta, 2004; Palecek, 1996; Palecek et al., 2002; Palecek and Jelen,
2002; Sequaris et al., 1978). Changes in the dsDNA structure, including those
arising from covalent or non-covalent DNA interactions with genotoxic sub-
stances, may be reflected in changes of its electrochemical response. It has been
recently proposed (Boon et al., 2003; Rajski et al., 2000) that besides the phe-
nomena observed at the electrodes, electrochemical, and electronic features of
DNA may play roles in vivo in processes related to DNA damage, recognition of
DNA lesions, and DNA repair. The DNA double helix may function as a
‘‘molecular wire’’ mediating charge transfer over long distances (Boon and
Barton, 2002, 2003; Hartwich et al., 1999; Kelley et al., 1997, 1999a, b; Odom
and Barton, 2001). Moreover, sites of anomalous redox potential (such as GG
doublets) occur in DNA which can easily be oxidatively attacked. Other redox
potential anomalies, including base lesions (pyrimidine dimers or 8-OG) can be
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recognized by the DNA repair machinery. The long-range charge transfer may
allow recognition of these sites by specific proteins from remote positions
(Odom and Barton, 2001; Rajski et al., 2000). The charge transfer efficacy is
dramatically affected by perturbations in the base stacking network in the DNA
double helix [such as single base mismatches, insertion/deletion lesions or abasic
sites (Boon and Barton, 2002; Rajski et al., 2000)]. Some proteins involved in
recognition of DNA lesions (e.g., MutY) contain redox-active prosthetic groups
which have been proposed to take part in DNA-mediated redox reactions
(Boon and Barton, 2002; Boon et al., 2002; Rajski et al., 2000).
Above and beyond the academic interest in changes of the DNA electro-

chemical properties upon its damage and their proposed biological conse-
quences, the altered behavior of the damaged DNA at electrodes can be
exploited analytically. Electrochemical detectors have been used as components
of chromatographic (Collins et al., 2003; Guetens et al., 2002; Helbock et al.,
1998; Masuda et al., 2002; Weimann et al., 2002), mass spectrometric (England
et al., 1998; Jenner et al., 1998) or capillary electrophoretic (Guetens et al., 2002;
Inagaki et al., 2001) analyzers used in the DNA hydrolysis-based methods (see
above). On the other, it has been shown that electrochemical analysis can pro-
vide information about the properties of non-hydrolyzed, highly polymeric
DNA molecules (reviewed in Brabec et al., 1996; Erdem and Ozsoz, 2002; Fojta,
2002, 2004; Palecek, 1969, 1971, 1976, 1980, 1983, 1996, 2002; Palecek and
Fojta, 2001, 2005; Palecek et al., 2002; Palecek and Jelen, 2002; Popovich and
Thorp, 2002; Sequaris et al., 1978; Wang, 2000, 2002). Relatively small changes
in DNA structure may significantly affect behavior of the DNA at electrodes.
Damage to DNA may lead to local changes of DNA conformation with con-
comitant alterations in the exposure of its electroactive sites to the environment
and changes in the measured electrochemical signals (Mugweru and Rusling,
2002; Rusling et al., 2002; Vorlickova and Palecek, 1974; Zhou et al., 2003).
Interruptions of the sugar–phosphate backbone of dsDNA confer increased
accessibility of base moieties next to the strand ends and promote potential-
dependent unwinding of the DNA at the ME surface (Section 3.2.1) (Fojta,
2002, 2004; Fojta et al., 1997, 1998b; Palecek, 1983, 1992a). Damage to elect-
roactive base residues may lead to diminution of the intrinsic oxidation or
reduction DNA responses (Jelen et al., 1997b; Karadeniz et al., 2003; Lucarelli
et al., 2002a, b, 2003; Marin et al., 1997, 1998; Mascini et al., 2001; Perez et al.,
1999; Teijeiro et al., 1995; Wang et al., 1996a, 1997a, c) (Section 3.3.1). Some
chemically modified bases [such as 8-OG (Brett et al., 2000; Holmberg et al.,
2003; Langmaier et al., 2003; Oliveira-Brett et al., 2002; Piedade et al., 2002;
Rebelo et al., 2004; Ropp and Thorp, 1999) or bulky DNA adducts with elect-
rochemically active compounds (Fojta et al., 2002a, 2004a; Havran et al., 2004b;
Jelen et al., 1991; Kizek et al., 2002; Kostecka et al., 2004; Marin et al., 1998;
Palecek, 1992b; Palecek and Hung, 1983; Perez et al., 1999; Teijeiro et al., 1995)]
produce new, specific electrochemical signals not yielded by the unmodified
DNA (Section 3.3.3). Besides covalent DNA damage, non-covalent DNA in-
teractions with small molecules (including potentially genotoxic agents) can be
monitored via electrochemical measurements too. Formation of the non-
covalent DNA-binder complexes may lead to changes of electrochemical signals
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of either DNA (Fojta et al., 2000a; Gherghi et al., 2003b, c; Wang et al., 1998b)
or the binders (e.g. Carter and Bard, 1987; Carter et al., 1989; Labuda et al.,
1999; Maruyama et al., 2001; Rodriguez and Bard, 1990; Rodriguez et al., 1990;
Sufen et al., 2002; Wang et al., 1996c, 1997a, 1998b; Xu and Bard, 1995)
(Section 5). Both non-covalent (Buckova et al., 2002; Korbut et al., 2001, 2003;
Labuda et al., 2002, 2003) and covalent (Fojta et al., 1998a, 2004a; Palecek,
1992b) electroactive DNA binders can be utilized in redox marker-based tech-
niques of electrochemical DNA structural probing.

2.1. Polarographic and voltammetric techniques in studies of DNA damage

The seminal work on DNA electrochemistry was connected with the dropping
mercury electrode (DME) and polarographic techniques (see Chapters 1 and 3).
Using oscillographic polarography at controlled AC and later differential pulse
polarography (DPP), striking differences between the signals of native (ds) and
denatured (ss) DNA at the DME were established (Palecek, 1964, 1966, 1967,
1969, 1971, 1976, 1980, 1983) (Chapter 3). In addition, it has been shown that
structural alterations much more subtle than DNA denaturation can be mon-
itored via measurements of the so-called peak II yielded by dsDNA at the DME
in the DPP mode (Fojta, 2004; Palecek, 1976, 1983, 1996; Palecek et al., 2002).
Intensity of this signal responded sensitively to premelting changes of the DNA
double helix (Palecek, 1976) as well as perturbations related to DNA damage.
Height of the peak II increased with the number of ssb and/or dsb induced by
deoxyribonuclease I, ionizing radiation or ultrasound (Palecek, 1967; Puranen
and Forss, 1983). Covalently closed circular (ccc) DNA’s (in which no strand
ends occur) did not yield any peak II under the same conditions (Fojta, 2004;
Vojtiskova et al., 1981). Conformational distortions of the DNA double helix
accompanying some kinds of covalent base damage (without breakage of the
sugar–phosphate backbone) led to increase of the peak II height as well. Such
phenomena were observed with dsDNA’s irradiated with UV light (Vorlickova
and Palecek, 1974) or DNA modified by some chemical agents (such as certain
platinum (Brabec et al., 1990, 1996; Marini et al., 2002) or osmium tetroxide
(Lukasova et al., 1984) complexes). In addition, specific structural features
of DNA lesions were reflected in the polarographic responses of damaged
DNA. For example, presence of unpaired bases in denaturation lesions induced
by transplatin or some other platinum complexes (Brabec et al., 1990, 1996;
Marini et al., 2002) was indicated by the ssDNA-specific DPP peak III. Non-
denaturation lesions involving distortions of the DNA double helix without
disruption of the Watson-Crick base pairs were connected with increasing
intensity of the peak II (Brabec et al., 1990, 1996).
Analogous information about DNA damage can be obtained through meas-

urements of adsorption/desorption (tensammetric) DNA responses in weakly
alkaline background electrolytes (reviewed in Brabec et al., 1996; Fojta, 2004;
Palecek, 1983, 1996; Palecek et al., 2002; Sequaris et al., 1978). A specific AC
polarographic signal (peak 2) has been attributed to distorted segments of
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dsDNA, in contrast to a more negative peak 3 which is specific for ssDNA with
freely accessible bases (Brabec et al., 1996; Fojta, 2004; Palecek, 1983, 1996;
Palecek et al., 2002). The peak 2 responded to DNA damage by ionizing ra-
diation, ultrasound, and so forth. Another tensammetric signal denoted as peak
3* (appearing in AC polarography or voltammetry at intermediate potential
between peak 2 and peak 3) was observed with negatively scDNA’s undergoing
local helix opening transitions (connected with occurrence of unpaired bases
within covalently closed DNA chains) (Fojta et al., 1998a).
Polarographic techniques working with the DME are very powerful tools in

studies of DNA structure in solution (reviewed in Palecek, 1976, 1983; Palecek
et al., 2002). On the other hand, these techniques require rather large amounts of
DNA to be probed and, in addition, they are not compatible with construction
of DNA biosensors. First steps toward development of such sensors, usually
involving DNA immobilization at surfaces of stationary electrodes (Figure 2),
were attained through introduction of hanging mercury drop electrode (HMDE)
and various kinds of solid electrodes in nucleic acids electrochemical analysis.
Due to a firm adsorption of nucleic acids (and also peptides or proteins Havran
et al., 2004a; Kizek et al., 2002; Masarik et al., 2004; Palecek and Fojta, 2005;
Palecek et al., 1993; Tomschik et al., 1998, see Chapter 19) at the electrode
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Fig. 2. Scheme of electrochemical sensor for DNA sb (or agents cleaving the DNA sugar-

phosphate backbone). (a) The sensor consists of ccc (sc) DNA adsorbed at surface of HMDE

(Fojta and Palecek, 1997). Instead of HMDE, MFE (Kubicarova et al., 2000a) or AgSAE

(Fadrna et al., 2005; Kucharikova et al., 2004) can be used. (b) The scDNA-modified elec-

trode is immersed into solution containing DNA damaging agents (e.g., hydroxyl radicals)

inducing the sb. (c) Then, the electrode is washed and transferred into background electrolyte

and AC voltammogram is recorded. DNA containing free-strand ends (such as ocDNA

involving ssb, or linDNA formed after inducing dsb) is partially unwound at the electrode

surface during slow voltage scan from positive to negative potentials and yields peak 3 (curve

ii) specific for ssDNA. No such signal is produced by the scDNA (curve i) whose unwinding

is topologically restricted.

M. Fojta392



surfaces, these species can be efficiently pre-accumulated from diluted solutions,
resulting in significant improvement of sensitivity of the nucleic acid (NA)
electrochemical detection. Adsorptive stripping of DNA in connection with a
variety of electrochemical techniques, including voltammetry, impedance spec-
troscopy or constant current chronopotentiometry (reviewed in Fojta, 2002,
2004; Palecek, 1996, 2002; Palecek et al., 2002; Palecek and Jelen, 2002), was
applied in various fields of DNA studies, including analysis of damaged DNA.
Linear sweep (Sequaris et al., 1978, 1982) and AC voltammetric (Fojta et al.,
1998b, 2000b, 2002b; Fojta and Palecek, 1997; Krznaric et al., 1990) measure-
ments of DNA tensammetric peaks at the HMDE were employed in investi-
gations of electrochemical behavior of DNA exposed to g-rays, ultrasound,
enzymes, chemical nucleases, and so on (Sections 3.2 and 5). Changes in inten-
sity of redox signals yielded by guanine residues on either HMDE or carbon
electrodes (CE) have been utilized to monitor DNA damage caused by a number
of genotoxic substances including alkylating agents (Jelen et al., 1997b), hydra-
zine derivatives (Wang et al., 1996a), anticancer drugs (Brabec, 2000; Marin
et al., 1997, 1998; Perez et al., 1999; Teijeiro et al., 1995), environmental pol-
lutants (Chiti et al., 2001; Lucarelli et al., 2002a, b, 2003; Mascini et al., 2001;
Wang et al., 1997a), UV light (Wang et al., 1997c), and so forth (see Section
3.3.1). Voltammetric signals of some electroactive base adducts [such as 8-OG
(Brett et al., 2000; Langmaier et al., 2003; Oliveira-Brett et al., 2002), adenine
ethenoderivatives (Palecek, 1986), DNA modified with mitomycin C (MC)
(Marin et al., 1998; Perez et al., 1999; Teijeiro et al., 1995) or osmium tetroxide
complexes (Fojta et al., 2002a, 2004a; Jelen et al., 1991; Kizek et al., 2002;
Kostecka et al., 2004; Lukasova et al., 1982; Palecek, 1992b; Palecek and Hung,
1983; Yosypchuk et al., 2005)] have been detected at ME, solid amalgam
(MeSAE) or CE’s (see Section 3.3.2). To increase the performance of electrode
processes involving DNA bases, redox mediators featured by ruthenium, os-
mium or rhenium complexes [soluble (Johnston et al., 1994, 1995; Napier and
Thorp, 1997, 1999; Ropp and Thorp, 1999; Thorp, 1998) or confined in pol-
ymeric films at the electrode surface (Holmberg et al., 2003; Maruyama et al.,
2001; Mbindyo et al., 2000; Mugweru and Rusling, 2001, 2002; Ontko et al.,
1999; Rusling, 2004; Rusling et al., 2002; Wang and Rusling, 2003; Yang and
Rusling, 2002; Yang et al., 2002; Zhou et al., 2003)] have been employed.
Electrocatalytic guanine or 8-OG oxidation by these species enhanced the elec-
tron yields and made it possible to probe accessibility of the guanine or (8-OG)
moieties in mismatched (Johnston et al., 1995; Ropp and Thorp, 1999) or
chemically damaged (Mbindyo et al., 2000; Mugweru and Rusling, 2001, 2002;
Rusling, 2004; Rusling et al., 2002; Wang and Rusling, 2003; Yang and Rusling,
2002; Yang et al., 2002; Zhou et al., 2003) DNA molecules (see Sections 3.3.3, 6,
7.2 and Chapters 3 and 13). Voltammetric and constant current chronopotentio-
metric (CPSA) measurements have been frequently used to detect non-covalent
DNA interactions with potentially DNA-damaging small molecules (reviewed in
Erdem and Ozsoz, 2002; Fojta, 2002; Palecek and Fojta, 2001, 2005; Palecek
et al., 1998, 2002) including toxic metal ions and their complexes, natural and
man-made carcinogens, drugs, and so forth (see Section 5). These techniques
involve measurements of changes of intrinsic DNA electrochemical signals
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and/or of those yielded by the binders. In other approaches, redox indicators of
DNA damage or non-covalent DNA interactions have been utilized. A metal-
lointercalator [Co(phen)3]

3+ binding efficiently to intact dsDNA but not to de-
graded DNA responded to DNA damage by decrease of its voltammetric signal
(Buckova et al., 2002; Korbut et al., 2001, 2003; Labuda et al., 1999, 2002, 2003).
Analogous approach was used to probe DNA interactions with non-covalently
binding species in a competitive mode (Labuda et al., 2000). Another indicator-
based method for studies of DNA-drug binding was based on a restricted
reduction/oxidation of an anionic depolarizer ferro/ferricyanide on a dsDNA-
coated gold electrode due to electrostatic repulsion (Maeda et al., 1992). In the
presence of cationic DNA-binding drugs, signals of the indicator increased.

3. ELECTROCHEMICAL SENSORS FOR DNA DAMAGE

3.1. DNA-modified electrodes

Strong adsorption of nucleic acids at surfaces of ME’s or CE’s has been utilized
in introduction of adsorptive transfer stripping (AdTS) techniques in NA
electrochemical analysis (Palecek, 1988; Palecek et al., 1993; Palecek and
Postbieglova, 1986). These techniques are based on immobilization NA’s onto
the electrode surface followed by medium exchange and signal measurements in
a blank background electrolyte (Figure 2). Application of the AdTS voltamme-
try in DNA or RNA (Fojta et al., 1994, 1996; Palecek and Fojta, 1994)
microanalysis was the first step toward wide utilization of NA-modified elec-
trodes in development of electrochemical DNA biosensors (reviewed in Erdem
and Ozsoz, 2002; Fojta, 2002, 2004; Palecek, 1996; Palecek and Fojta, 2001,
2005; Palecek et al., 1998, 2002; Palecek and Jelen, 2002; Popovich and Thorp,
2002; Wang, 2000, 2002). Voltammetric or CPSA responses obtained with the
DNA-modified electrodes in the blank supporting electrolyte do not differ
significantly from the curves measured in the conventional adsorptive stripping
technique that is, with working electrodes dipped in the analyte solution. Strik-
ingly, upon exposure of the sensor (featured by the DNA-modified electrode) to
various chemical or physical agents (including species causing DNA damage or
otherwise interacting with the DNA molecules), alterations in the anchored
DNA recognition layer may take place which can subsequently be detected via
changes in the DNA electrochemical responses (Figure 2).
Various techniques have been applied to immobilize DNA at electrodes (see

also Chapters 3, 4, and 8). Perhaps the simplest is adsorptive accumulation of
the biopolymer at the surface that is well applicable for ME, AgSAE or CE’s.
Structure of adsorbed dsDNA at the HMDE has been shown to be stable within
a relatively wide potential window, different salt concentrations and pH’s (re-
viewed in Brabec et al., 1996; Fojta, 2002, 2004; Palecek, 1983, 1996; Palecek
et al., 2002). Results obtained with the MeSAE’s suggest that the same applies
for various variants of the AgSAE (Fadrna et al., 2005; Kucharikova et al.,
2004) (see Section 3.2.1). The DNA-modified HMDE or AgSAE can be
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therefore used as a sensor for DNA damage under broad range of conditions
(Section 3.2). Similarly as at the ME, adsorption of DNA at CE’s can be
achieved at open current circuit but moreover, it may be facilitated by the
application of positive potentials confering electrostatic attraction between the
surface and negatively charged DNA (Cai et al., 1996; Lucarelli et al., 2002b;
Mascini et al., 2001; Wang et al., 1996a, c, 1998b). In connection with carbon
paste electrodes (CPE), ‘‘bulk modification’’ of the pastes with DNA (i.e., ad-
dition of DNA to the carbon powder prior to mixing with the oil component)
(Vanickova et al., 2000; Wang et al., 1998a) has been utilized. Modification of
glassy carbon electrodes (GCE) with acid-hydrolyzed DNA has been used by
some authors to create a DNA sensor (Brett et al., 1996, 1997a, b, c, 1998) while
others have utilized ‘‘thick DNA layers’’ prepared via deposition of concen-
trated DNA solutions onto solid electrode surfaces and subsequent drying of
the DNA gels (films) (Brett et al., 2003; Mbindyo et al., 2000; Oliveira-Brett and
Diculescu, 2004a, b; Oliveira-Brett et al., 2002; Pang et al., 1996). Some of these
protocols may yield rather poorly defined DNA layers which may also suffer
from inherent instability (e.g., due to release of water-soluble DNA from the
bulk-modified carbon paste or from the thick DNA layers). Nevertheless, these
procedures have been successfully applied for various purposes after empirical
optimization. A more sophisticated technique has been developed by Rusling
and coworkers who have prepared ultrathin DNA films on CE’s coated with a
redox polymer (Mbindyo et al., 2000; Mugweru and Rusling, 2001, 2002;
Rusling, 2004; Rusling et al., 2002; Wang and Rusling, 2003; Yang and Rusling,
2002; Yang et al., 2002, Zhou et al., 2003) (for more detail see Chapter 13). To
create a biosensor for toxicity testing, the DNA films have been assembled
layer-by-layer with hemoproteins that possess catalytic activity mimicking met-
abolic carcinogen activation (Zhou et al., 2003) (see Section 7.2). Application of
other electrode materials such as indium-tin oxide (ITO) (Johnston et al., 1994,
1995; Napier and Thorp, 1997; Thorp, 1998; Yang et al., 2002), gold (Boon
et al., 2000, 2002; Kelley et al., 1997, 1999a, b; Maeda et al., 1992; Maruyama
et al., 2001; Pang et al., 1999, 2000; Wang et al., 1999a) or various carbon
materials (Napier and Thorp, 1997; Schülein et al., 2002; Wang et al., 2001)
usually involve covalent coupling of derivatized oligodeoxyribonucleotides
(ODN’s) to the surface. Utilization of such techniques mainly for construction
of sensors for DNA hybridization (see Section 6 and Chapters 3–11), including
blocking of the electrode surface to prevent non-specific interactions, its inter-
facing with conductive polymers, and so on, have been recently reviewed by
Tarlov and Steel (2003). Biotin-labeled ODN’s have been immobilized onto
bulk-phase avidin-modified CPE (Masarik et al., 2003).

3.2. Detection of DNA strand breaks

Strand breaks (Figure 1) which belong to the most abundant DNA lesions
(Friedberg, 2000, 2003; Scharer, 2003) are formed due to attacking the sugar
moiety by ROS, as a result of some kinds of DNA base damage, and/or upon
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action of endonucleases. The sb are currently detected mostly by electrophoretic
techniques (Boublikova et al., 1987; Fojta and Palecek, 1997; Olive et al., 2000;
Pouget et al., 2000) and methods based on determination of the ends of DNA
strands [such as the TUNEL test (Loo, 2002; Migheli, 2002)]. Electrochemical
techniques applied for the detection of the DNA sb include highly sensitive
determination of the sb using the HMDE, mercury film electrodes (MFE) or
AgSAE (Fadrna et al., 2005; Fojta, 2002; Fojta et al., 1997, 1998b, 2000b,
2002b; Fojta and Palecek, 1997; Kubicarova et al., 2000a; Kucharikova et al.,
2004) (Section 3.2.1). Other techniques, employing primarily CE’s, are suitable
for monitoring deeper DNA degradation (Korbut et al., 2001, 2003; Labuda
et al., 1999, 2002, 2003) (Section 3.2.2).

3.2.1. Mercury and solid amalgam electrodes

Early polarographic studies as well as more recent measurements with DNA-
modified electrodes revealed that behavior of DNA at the mercury surface is
strongly dependent on accessibility of the DNA base residues. In ssDNA, the
base moieties can freely communicate with the electrode surface and yield well-
developed reduction (peak CA, peak III) or tensammetric (peak 3) signals (re-
viewed in Fojta, 2002, 2004; Palecek, 1983, 1996; Palecek and Fojta, 2005;
Palecek et al., 2002; Palecek and Jelen, 2002). In intact dsDNA, the nucleobases
are hidden in the double helix interior and, regarding the signals of the nuc-
leobases, the native DNA behaves as relatively inactive species. On the other
hand, electrochemical behavior of the dsDNA at ME depends remarkably on its
conformation and/or occurrence of local perturbations in its double-helical
structure. Such defects, including ssb or ends of linear (lin) DNA molecules
facilitate contacts of the DNA base residues with the electrode surface, resulting
in the formation and/or enhancement of specific signals (reviewed in Fojta,
2002, 2004; Palecek, 1976, 1983, 1996; Palecek et al., 2002). Transient DNA
double helix opening around the ssb is detectable polarographically using the
DPP peak II (see Section 2 and Chapter 3). In addition, DNA molecules lacking
free chain ends (such as ccc, sc plasmid DNA) and molecules involving inter-
ruptions of the sugar–phosphate backbone [e.g., open circular (oc, containing
one or more ssb per molecule) or linear (lin) DNA molecules] can be distin-
guished through their diverse susceptibilities to irreversible denaturation. A
technique based on differential thermal DNA denaturation in solution followed
by AdTS voltammetric microanalysis was used (Boublikova et al., 1987; Fadrna
et al., 2005; Fojta and Palecek, 1997) for determination of ocDNA in samples of
scDNA and for detection of ssb formed due to irradiation of the scDNA by g-
rays. Nicked (oc) or linDNA’s but not the scDNA were irreversibly denatured
due to heating of the samples to 851C (Boublikova et al., 1987). Only the DNA’s
containing free ends (i.e., the products of DNA damage) contributed to the
observed changes in the intensity of cyclic voltammetry (CV) (Boublikova et al.,
1987) or AC voltammetric (Fadrna et al., 2005; Fojta and Palecek, 1997) DNA
signals. In addition to the thermal pretreatment of the DNA samples, the lin or
ocDNA can be denatured also at the ME through applying certain electrical
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potentials (Brabec and Palecek, 1976; Fojta, 2002, 2004; Fojta et al., 2000a;
Fojta and Palecek, 1997; Jelen and Palecek, 1985; Palecek, 1983, 1992a, 1996;
Palecek et al., 2002).

3.2.1.1. Unwinding of dsDNA at electrically charged mercury surface. When al-
ternating current voltammetric (ACV) responses of lin dsDNA are measured at
the HMDE and the potential is slowly scanned from positive to negative values,
the ssDNA-specific peak 3 appears in addition to the peak 1 and peak 2 which
are yielded by the dsDNA at the DME (Flemming and Berg, 1974; Fojta and
Palecek, 1997; Jelen et al., 1999; Palecek, 1996; Palecek et al., 2002). The far-
adaic peak CA (corresponding to the ssDNA-specific DPP peak III) is also
detected with the dsDNA at the HMDE. On the contrary, when the potential is
scanned from the negative to the positive values, no ACV peak 3 is observed
and the voltammogram is qualitatively identical to the dsDNA ACV curve
(Flemming and Berg, 1974; Jelen et al., 1999; Palecek et al., 2002). At the DME,
analogous phenomena could be observed only upon large potential excursions
during the drop lifetime [in normal pulse polarography (Palecek, 1983)]. Al-
though there were attempts to explain such behavior by other phenomena
(Flemming and Berg, 1974) (for more details see Chapter 3), potential-induced
unwinding of the DNA double helix at the electrode surface (or ‘‘surface de-
naturation’’ of DNA) is the most probable source of these effects (Fojta, 2004;
Fojta and Palecek, 1997; Jelen and Palecek, 1985; Palecek, 1983, 1992a). In-
tensities of the ssDNA-specific peaks (i.e., peak 3 or peak CA) slowly increase
due to prolonged exposure of the dsDNA at the HMDE surface to potentials
around �1.2V (potential ‘‘region U’’, see Chapter 3). The same treatment does
not influence the signals of ssDNA (thermally denatured in solution prior to
adsorption at the electrode). A mechanism of the potential-induced surface
denaturation of DNA has been proposed (Palecek, 1983, 1992a; Palecek et al.,
2002 and references therein) involving repulsion of the DNA phosphate groups
from the negatively charged electrode surface while randomly unpaired hydro-
phobic bases (at the molecule ends or around ssb) remain adsorbed at the
surface. The repulsive forces cause strains in the DNA molecules and, conse-
quently, the DNA unwinding. When the electrode potential is slowly scanned
from the positive to the negative values, the region U is passed through before
reaching potentials at which the ssDNA-specific peaks occur. Behavior of
dsDNA’s whose unwinding is restricted (such as dsDNA involving covalent
interstrand cross-links or cccDNA’s) strongly supports this model. DNA cross-
linked with bifunctional platinum complexes resists the double helix unwinding
within the region U (Kasparova et al., 1987). The cccDNA’s do not possess any
strand ends and their denaturation is restricted topologically (Bates and
Maxwell, 1993; Palecek, 1991; Vinograd et al., 1968). Accordingly, the ccc-
DNA’s yield no signal at potentials corresponding to the ssDNA peak 3 re-
gardless of the scan direction (Fojta et al., 1998a; Fojta and Palecek, 1997).
Linear or ocDNA (formed due to introduction of ssb or dsb into the scDNA
molecule, respectively) can undergo the surface denaturation within the region
U, which allows detection of the sb in a single voltammetric scan (from positive
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to negative potentials) without any preconditioning. Both oc and linDNA’s –
unlike the scDNA – yield well developed tensammetric peak 3 (Figure 2)
(usually measured by ACV in alkaline media Fojta et al., 1998a; Fojta and
Palecek, 1997) and cathodic peak CA (e.g., using CPSA in neutral ammonium
formate Fojta et al., 1997).

Based on the qualitative differences between the behavior of scDNA and that
of ocDNA (or linDNA) at the HMDE, damage to DNA induced by various
agents cleaving the DNA sugar–phosphate backbone (including nucleases, tran-
sition metals and/or ROS) can be detected (Fojta, 2002; Fojta et al., 1997, 1998b,
1999, 2000a, b, 2002b; Fojta and Palecek, 1997). In connection with ACV, this
technique provides a high sensitivity allowing detection of one sb among more
than 2� 105 nucleotides (i.e., one break in about 1% of 3-kb long plasmid
scDNA) (Fojta and Palecek, 1997). Considering the DNA amount used for one
measurement, the lesions can be detected at the femtomole level (Cahova-
Kucharikova et al., 2005), making it well competitive with most of the currently
used DNA damage assays [such as 32P postlabeling (Bykov et al., 1995), ELISA
(Cooke et al., 2003) or mass spectrometry (Podmore et al., 1996)]. Moreover, the
scDNA can easily be immobilized at the HMDE surface and the scDNA-
modified electrode can serve as a simple biosensor for DNA sb or DNA-cleaving
species (Fojta, 2002; Fojta et al., 1997, 1998b, 1999, 2000a, b, 2002b; Fojta and
Palecek, 1997) (Figure 2). This type of biosensor has been applied in experiments
involving laboratory-prepared model samples as well as in various ‘‘real’’ spec-
imens [natural and industrial waters or food (Fojta et al., 1998b)]. The
scDNA-modified electrode was also utilized as a tool for in situ monitoring of
DNA cleavage by electrochemically generated ROS (Fojta et al., 2000b, 2002b)
or intermediates of reduction of chromium compounds (T. Mozga andM. Fojta,
unpublished) (see Section 4). Principle of the technique was employed in a new
method for the detection of DNA base damage involving DNA cleavage by
DNA repair endonucleases (Cahova-Kucharikova et al., 2005; Palecek and
Fojta, 2001) (Section 3.3.4).

3.2.1.2. Mercury film and solid amalgam electrodes. In addition to the ‘‘classical’’
HMDE, other electrode types have recently been tested as tools for the DNA sb
detection. These attempts have been focused on finding alternatives to the
HMDE which would retain the unique features of the liquid mercury electrodes
[high hydrogen overvoltage allowing measurements at highly negative potentials
(Fojta, 2004; Yosypchuk and Novotny, 2002a, b) and, specifically, the sensi-
tivity of DNA voltammetric responses to small changes in its structure (Fojta,
2004; Palecek, 1996; Palecek et al., 2002)] with some useful properties of the
solid electrodes (mechanical resistance, applicability as simple, and cheap sensor
devices, etc.). Unlabeled as well as chemically modified NA’s and their com-
ponents have recently been analyzed at the MFE (Hason and Vetterl, 2002a, b;
Kostecka et al., 2004; Kubicarova et al., 2000a, b; Wu et al., 1997) or AgSAE
(Fadrna et al., 2004, 2005; Yosypchuk et al., 2002, 2005). It has been shown that
these electrodes, in which the toxic mercury content is minimized, provide sim-
ilar DNA responses as the HMDE. Both redox and tensammetric signals of
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ss and dsDNA, RNA, and synthetic polynucleotides could be detected with a
mercury-coated GCE (MF/GCE) (Kubicarova et al., 2000a, b). The MF/GCE
modified with scDNA was successfully applied as a sensor for the ssb formation
(Kubicarova et al., 2000a). More recently, the MeSAE’s were introduced in the
DNA electrochemical analysis (Fadrna et al., 2004, 2005; Jelen et al., 2004;
Kucharikova et al., 2004; Yosypchuk et al., 2002, 2005). Purine bases can be
detected at AgSAE or CuSAE by means of the stripping voltammetric tech-
niques (involving sparingly soluble Hg or Cu complexes) with sensitivities sim-
ilar to that attained with the HMDE (Fadrna et al., 2004; Jelen et al., 2004;
Yosypchuk et al., 2002). This detection principle was utilized in techniques of
DNA (as well as synthetic polynucleotide or ODN) microanalysis involving
release of the purines in acidic media (Fadrna et al., 2004; Jelen et al., 2004;
Yosypchuk et al., 2002). The AgSAE was applied in various variants, including
AgSAE coated with a mercury meniscus (m-AgSAE) (Kucharikova et al., 2004;
Yosypchuk et al., 2005) or a mercury film (MF-AgSAE) (Fadrna et al., 2005) as
well as a liquid mercury-free mechanically polished electrode (p-AgSAE)
(Fadrna et al., 2005), in analysis of polymeric (non-hydrolyzed) DNA’s. Re-
sponses of sc, lin, and ssDNA at the m-AgSAE or MF-AgSAE exhibited anal-
ogous differences as observed with the HMDE (see above), and both electrodes
could be used for sensitive detection of the sb (Fadrna et al., 2005; Kucharikova
et al., 2004). The p-AgSAE did not offer well developed signals of dsDNA’s but
allowed detection of ss (denatured) DNA (Fadrna et al., 2005). DNA damage
could be detected at the p-AgSAE through application of the above described
thermal DNA denaturation procedure.

3.2.2. Other electrodes

At CE’s, signal due to oxidation of guanine residues (peak Gox) is usually used
in electrochemical analysis of DNA. However, this signal exhibit no significant
differences between scDNA and dsDNA molecules possessing free ends (oc or
linDNA) (Cai et al., 1996; Kubicarova et al., 2000a). Such behavior arises partly
from a relatively easy accessibility of the guanine oxidation sites via major
groove of the DNA double helix (resulting in a remarkable electroactivity of
dsDNA, see Chapter 3), and partly from absence of extensive DNA surface
denaturation at the carbon surfaces under conditions used for the peak Gox

measurements (reviewed in Fojta, 2002; Palecek, 1996; Palecek et al., 2002).
Intensity of the peak Gox therefore does not respond to formation of individual
ssb or dsb and measurements of this signal at CE’s can be only used to detect
deeper DNA degradation [involving major changes of the DNA molecular
mass, disruption of its double-helical structure and/or release of the DNA
monomeric components (Brett et al., 1994; Jelen et al., 1997a; Labuda et al.,
1999)]. Another, a redox indicator-based technique for the detection of DNA
damage at CE’s, was developed by Labuda and coworkers (Figure 3) (Buckova
et al., 2002; Korbut et al., 2001, 2003; Labuda et al., 1999, 2000, 2002, 2003).
Binding of a metallointercalator [Co(phen)3]

3+ to dsDNA at a CE surface
results in enhancement of its voltammetric signals (relatively to the same signal
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measured at a bare electrode). Affinity of the redox indicator to degraded DNA
(having lost its double-helical structure) is much lower than to the intact
dsDNA, and diminution of its voltammetric peak represents the response to the
DNA damage. This technique was utilized, for instance, in studies of DNA
damage by chemical nucleases such as copper, 1,10-phenanthroline complex
(Labuda et al., 1999) or of antioxidative properties of various natural sub-
stances (Buckova et al., 2002; Ferancova et al., 2004; Labuda et al., 2002, 2003)
(see Section 7.2). To investigate temperature effects on the surface-confined
DNA damage, electrically heated CPE were used in connection with the
indicator-based system (Korbut et al., 2001, 2003).

3.3. Detection of damage to DNA bases

In the DNA base residues, there is a number of chemically reactive moieties (see
Figure 1 for examples) (Friedberg, 2000, 2003; Scharer, 2003) whose modifi-
cation may alter the DNA electrochemical properties (Figure 4). Disruption of
the electroactive sites in some bases (such as guanine) may lead to a loss of their
intrinsic electroactivity (Jelen et al., 1997b; Lucarelli et al., 2002a, b, 2003;

Fig. 3. Scheme of redox indicator-based sensor for DNA damage developed by Labuda et al.

(Buckova et al., 2002; Korbut et al., 2001; Labuda et al., 2002). (i) A metallointercalator

([Co(phen)3]
3+) binds to dsDNA immobilized at a carbon electrode surface, yielding a spe-

cific redox signal. (ii) Due to incubation with DNA damaging species, the immobilized DNA

is degraded and its double-helical structure is disrupted. This results in lowered affinity of the

redox indicator to the DNA layer and decrease of its signal. (iii) An analogous technique can

be used also in a competitive mode to detect DNA interactions with other substances,

including electroinactive ones (Labuda et al., 2000).
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Marin et al., 1997, 1998; Perez et al., 1999; Wang et al., 1996a, 1997c). Other
lesions (e.g., 8-OG Brett et al., 2000; Langmaier et al., 2003; Oliveira-Brett et al.,
2002, (Figure 4A) or some bulky adducts involving introduced electroactive
moieties Fojta et al., 2002a, 2004a; Jelen et al., 1991; Lukasova et al., 1982;
Marin et al., 1998; Palecek, 1992b; Palecek and Hung, 1983; Perez et al., 1999;
Teijeiro et al., 1995) yield new, adduct-specific electrochemical signals. In ad-
dition, the formation of some lesions may induce changes in the dsDNA (local
distortions, ‘‘unraveling’’) connected with exposure of some adjacent base res-
idues to the environment and facilitating their interactions with electrodes
(Fojta et al., 2000a; Gherghi et al., 2003b; Mbindyo et al., 2000; Mugweru and
Rusling, 2002; Vorlickova and Palecek, 1974; Wang and Rusling, 2003; Zhou
et al., 2003) (Figure 4A).

3.3.1. Guanine redox signals

Techniques based on measurements of intrinsic signals due to guanine belong to
the most frequently applied techniques in DNA analysis. Guanine yields well
developed redox signals at carbon as well as mercury electrodes (reviewed in
Fojta, 2002, 2004; Palecek, 1996; Palecek and Fojta, 2005; Palecek et al., 2002;
for more details see Chapter 3). Above and beyond its favorable electrochemical
properties, guanine is the most frequent target for a broad range of genotoxic
agents among the DNA bases (Blackburn and Gait, 1990; Friedberg, 2000,
2003; Scharer, 2003) making it in general the most important DNA component
to be analyzed in damaged DNA. Due to chemically or photochemically in-
duced changes in the guanine moiety, its electrochemical features may be altered
and signals corresponding to the parent base lost (Jelen et al., 1997b; Lucarelli
et al., 2002a, b, 2003; Marin et al., 1997, 1998; Perez et al., 1999; Wang et al.,
1996a, 1997c). Since natural DNA’s contain many guanine residues, partial
decrease of the guanine peaks is usually observed, depending on the extent of
the DNA damage. Decrease of the guanine redox peaks of DNA may be caused
also by release of the base from the polynucleotide chains, an event often fol-
lowing modifications within the guanine imidazole ring.
Alkylation at the N7 position within the guanine residue results in a decrease

of DNA peak G measured by cyclic or square-wave voltammetry at the HMDE.
Using this signal, DNA modification by dimethyl sulfate (DMS) (facilitating
also release of the modified base) was studied both in solution or using DNA-
modified HMDE as an electrochemical biosensor (Jelen et al., 1997b). DNA
modification by MC (Marin et al., 1998; Perez et al., 1999; Teijeiro et al., 1995)
or thiotepa (Marin et al., 1997), anticancer drugs known to attack primarily
guanine, was monitored using the same signal. Intensity of peak Gox yielded by
DNA at CE’s responded to the guanine damage in a similar way. DNA-
modified GCE, CPE, pyrolytic graphite or screen-printed electrodes (SPE), in
connection with voltammetric or chronopotentiometric detection, were applied
as electrochemical biosensors for a variety of genotoxic agents including an-
titumor platinum complexes (Brabec, 2000), hydrazine derivatives (Wang et al.,
1996a), polychlorinated biphenyls, aflatoxins, anthracenes, acridines, phenol
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compounds (Chiti et al., 2001; Labuda et al., 2000; Laschi et al., 2003; Lucarelli
et al., 2002a, b, 2003; Mascini, 2001; Mascini et al., 2001), UV light (Wang et al.,
1997c), arsenic oxide (Ozsoz et al., 2003), and so on.
Although these types of DNA sensors are simple, inexpensive, do not require

ME’s and can work with poorly defined, commercially available DNA’s, they
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inherently suffer from a relatively low sensitivity. The reason lies in the principle
of detection: when a decrease of initially large signal should be evaluated,
change of the peak height has to (at least) exceed standard deviation of the
measurement. Depending on the electrode material, surface pretreatment and
DNA immobilization procedure, a realistic value of the experimental error of
these techniques ranges between 5 and 10%. This implies that a relatively large
portion of the guanine residues (one among 10–20 intact guanines in the analy-
zed DNA or in the sensor DNA recognition layer) has to be damaged to gain a
reliable response. Another disadvantage of this ‘‘signal-off’’ approach is that the
peak diminution may be caused by non-specific destruction of the DNA rec-
ognition layer (e.g., in the presence of surfactants) which may result in false-
positives hardly recognizable from specific responses of the sensor.

3.3.2. Specific signals of modified DNA bases and base adducts

Better sensitivity (and also specificity) of DNA damage detection can be ob-
tained when an analyzed DNA lesion yields a new signal, not produced by the
undamaged DNA. 8-OG, one of the most abundant products of DNA oxidative
damage, is electrochemically oxidized at CE’s and some other solid electrodes
(gold, ITO, and platinum), yielding a signal at significantly less positive potential
than the parent guanine base (Brett et al., 2000; Holmberg et al., 2003;
Langmaier et al., 2003; Oliveira-Brett et al., 2002; Rebelo et al., 2004; Ropp and
Thorp, 1999). Both bases can thus be easily distinguished and determined in a
mixture. A signal attributed to 8-OG appeared upon oxidative damage to DNA
(deposited at the GCE) mediated by adriamycin (Brett et al., 2000; Oliveira-Brett
et al., 2002) or by a copper complex of a flavonoid quercetin (Oliveira-Brett and
Diculescu, 2004a, b). Redox mediator-based techniques of differential detection
of guanine and 8-OG at ITO electrodes have been proposed (Holmberg et al.,

Fig. 4. Principles of electrochemical detection of covalent damage to DNA base residues. (A)

Changes in the DNA electroactivity due to modification of the nucleobases. (i) Intrinsic

electroactivity of the guanine residues at carbon, mercury or solid amalgam electrodes may

be lost due to disruption of electroactive sites in the guanine moiety (e.g. Wang et al., 1996a,

1997c). (ii) Some products of base damage such as 8-OG (Brett et al., 2000) yield specific

electrochemical responses differing from the parent base signals. (iii) Base lesions may cause

distortions of the DNA double helix. These damages (in spite of electroactivity of the

modified base or resulting adduct) may be detected via increased accessibility of adjacent

electroactive base moieties. For example, UV light- (Vorlickova and Palecek, 1974) or cisp-

latin- induced DNA (Brabec et al., 1990) damage can be detected by measurements of DNA

DPP peak II. (B) Utilization of DNA repair enzymes in electrochemical detection of the base

damage. Some base lesions are recognized by specific endonucleases introducing ssb at the

damaged sites. Formation of small number of base lesions in scDNA molecule (without

interruption of the sugar-phosphate backbone) does not significantly change its voltammetric

behavior at any electrodes. On the other hand, the ssb can be detected with a high sensitivity

at ME or AgSAE using the principle shown in Figure 2. The signal (peak 3) may be further

amplified using E. coli exonuclease III (exoIII) generating ss regions in oc or linDNA (but not

in intact scDNA) (Cahova-Kucharikova et al., 2005).
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2003; Ropp and Thorp, 1999). [Os(bipy)3]
3+ complex is capable of electrocat-

alytic oxidation of 8-OG. On the other hand, the redox potential of the osmium
mediator is insufficient to oxidize guanine which can be oxidized by, for exam-
ple, ruthenium chelates (Johnston et al., 1995; Ontko et al., 1999; Popovich and
Thorp, 2002; Thorp, 1998) (see also Chapters 3 and 13). Similarly, 1,N6-etheno-
adenine [a reaction product of adenine with a chemical DNA probe chloro-
acetaldehyde (Palecek, 1991), but also one of lesions occurring in cells under
oxidative stress (Scharer, 2003)] yielded a cathodic peak at HMDE at a potential
remarkably less negative, compared to the signal of unmodified polyadenylic
acid (Palecek, 1986).
In addition to simple chemical alterations in the base residues, the modified

DNA may acquire specific electrochemical features from substances forming
bulky DNA adducts. For example, a clinically used antitumor agent MC in-
volving an electroactive quinine moiety covalently binds primarily to guanine
residues, forming interstrand and/or intrastrand cross-links (Marin et al., 1998;
Perez et al., 1999; Teijeiro et al., 1995 and references therein). The MC-DNA
adducts retain the drug electroactivity. Interactions of acid- or reductively ac-
tivated MC with DNA were investigated by means of CV at HMDE (Marin
et al., 1998; Perez et al., 1999; Teijeiro et al., 1995), including studies of elect-
rochemical MC activation (Perez et al., 1999; Teijeiro et al., 1995). Another
class of substances forming electrochemically active covalent DNA adducts
involves complexes of osmium tetroxide with nitrogenous ligands (Fojta et al.,
1998a, 2002a, 2003, 2004a; Havran et al., 2004b; Jelen et al., 1991; Kizek et al.,
2002; Kostecka et al., 2004; Lukasova et al., 1982, 1984; Palecek, 1992b; Palecek
and Hung, 1983). These substances, attacking primarily thymine residues (Fojta
et al., 2002a; Jelen et al., 1991; Palecek, 1992b), belong neither to natural
genotoxic agents nor to cytostatics. Nevertheless, their interactions with DNA
and physico-chemical properties of the adducts have been studied in detail due
to their wide practical usability in DNA probing (Buzek et al., 1999; Fojta et al.,
2003, 2004a; Lukasova et al., 1982; Palecek, 1992b; Palecek et al., 1989) (see
Chapter 3).

3.3.3. DNA conformation changes due to base modifications

Damage to the DNA base residues may cause local perturbations in the dsDNA
structure. These defects may involve untwisting or bending of the DNA double
helix as well as rupture of the Watson–Crick pairing of the stricken and/or
adjacent bases, and so forth (Blackburn and Gait, 1990; Friedberg, 2000, 2003;
Scharer, 2003). These events may influence accessibility of neighboring nucleo-
bases and, consequently, behavior of the damaged DNA at electrodes. For
example, dsDNA exposed to UV light (bringing about formation of a number
of base photoproducts including pyrimidine dimers, Blackburn and Gait, 1990;
Bykov et al., 1995; Cooke et al., 2003; Friedberg, 2000, 2003; Podmore et al.,
1996; Scharer, 2003) exhibits increased reducibility at the DME (Figure 4A)
(Vorlickova and Palecek, 1974), (see Section 2.1). Intensity of amperometric
signals arising from DNA interaction with polypyrrole-modified electrodes in a
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flow-through device was also remarkably affected upon exposure of the DNA to
UV light, presumably due to conformational changes (Wang et al., 2001). Un-
raveling of dsDNA after its modification with carcinogenic chemicals such as
styrene oxide facilitates electrocatalytic oxidation of adjacent guanines by ru-
thenium mediators (Mbindyo et al., 2000; Mugweru and Rusling, 2001, 2002;
Wang and Rusling, 2003; Yang et al., 2002, Zhou et al., 2003). This phenom-
enon has been analytically exploited in a device proposed for toxicity screening
(see Section 7.2 and Chapter 13).

3.3.4. Use of DNA repair enzymes in electrochemical detection of damage to DNA

bases

The current DNA damage assays utilize endonucleases involved in DNA repair
for probing certain kinds of DNA base lesions. These enzymes specifically rec-
ognize damaged bases and cleave the DNA sugar phosphate at adjacent po-
sition. The resulting sb can be detected by, for instance, electrophoretic
techniques (Collins et al., 2003; Gedik et al., 2002) (see Section 1.2). Analogous
principle (Figure 4B) have been used also in connection with the highly sensitive
electrochemical detection of the sb at ME or AgSAE (see Section 3.2.1). For
example, pyrimidine dimers in UV-irradiated DNA can be converted into the
ssb by T4 endonuclease V (Schrock and Lloyd, 1993) and subsequently deter-
mined by ACV at the HMDE or m-AgSAE (Cahova-Kucharikova et al., 2005).
Similarly, apurinic sites spontaneously formed in DMS-treated DNA were de-
tected in the same way after the DNA enzymatic digestion by E. coli exonuc-
lease III (exoIII) (Cahova-Kucharikova et al., 2005; Palecek and Fojta, 2001).
This enzyme endonucleolytically attacks the DNA next to the abasic lesions,
followed by exonucleolytic degradation of one strand of the DNA from the ssb
(Rogers and Weiss, 1980) (Figure 4B). Formation of the ssDNA region within
the dsDNA results in further enhancement of the measured signal. DNA di-
gestion with the exoIII can be used also in combination with other lesion-
specific endonucleases (Cahova-Kucharikova et al., 2005). These approaches
have offered electrochemical detection of small extents of base modifications,
not detectable without the enzymatic treatment. In addition, the novel tech-
nique was successfully applied for probing base lesions induced by DMS or UV
light in living bacterial cells (Cahova-Kucharikova et al., 2005).

4. ELECTROCHEMICALLY CONTROLLED DNA DAMAGE

Electrodes and electrochemical processes can be used not only to detect, but
also to induce and control DNA damage. A number of DNA damaging species
can be generated electrochemically. For example, low-valency states of some
transition metal ions (such as iron, copper or manganese) or their complexes
undergo Fenton type reactions yielding hydroxyl radicals that are vigorous
DNA-damaging agents (Fojta et al., 2000b, 2002b and references therein). The
reduced form of the metal can be restored electrochemically. Electrochemical
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reduction of Mn3+ or Fe3+ porphine complexes in the presence of oxygen
resulted in relaxation of scDNA due to the formation of ssb (Rodriguez et al.,
1990). Both ssb and piperidine-labile sites (due one-electron oxidation of gua-
nine) were detected upon electrolysis of DNA solution in the presence of trans-
[Re(O)2(4-OMe-py)4]

+ (Johnston et al., 1994). Cleavage of DNA in solution
due to electrolysis in the presence of copper–bipyridine complex was detected by
HPLC (Yang et al., 2004). Reactive species forming covalent adduct with gua-
nosine were generated through electrolysis of an imidazoacridinone antitumor
drug C-1311 at a platinum electrode, mimicking processes of metabolic acti-
vation of the drug (Mazerska et al., 2003). Similarly tirapazamine, a cytotoxin
of hypoxic cells, underwent one-electron electrochemical reduction, yielding a
radical anion whose lifetime was remarkably decreased in the presence of DNA,
suggesting a direct interaction between the two species (Tocher, 2001).

4.1. In situ electrochemical analysis of DNA damage at electrodes

Immobilization of DNA at electrodes offer a unique possibility of electrochem-
ical control processes leading to damage to the anchored DNA and subsequent
in situ electrochemical detection. Distinctly potential-dependent cleavage of
scDNA at the surface of HMDE in the presence of iron or copper complexes
and hydrogen peroxide (or oxygen which was electrochemically reduced to the
H2O2) was detected by ACV (using the principle described in Section 3.2.1)
(Fojta et al., 2000b, 2002b). In the presence of iron/EDTA complex, the cleavage
reaction took place at potentials sufficiently negative for reduction of Fe3+ ion
within the chelate to Fe2+ yielding the Fenton reaction (Fojta et al., 2000b). In
the case of copper, DNA damage was observed only in a narrow potential region
around the copper reduction peak. Formation of ROS probably involved stab-
ilization of Cu+ due to coordination interactions with DNA bases and its redox
cycling Cu2+/Cu+ (Fojta et al., 2002b). In the presence of 1,10-phenanthroline,
a Cu+-stabilizing ligand, the DNA damage was potentiated and maximum of
the effect was shifted to more negative potentials. Chromate (but not chromic
salts) caused strong oxygen-independent DNA cleavage at the HMDE upon its
electrochemical reduction (T. Mozga and M. Fojta, unpublished), suggesting
roles of highly reactive Cr(V) or Cr(IV) intermediates (Stearns et al., 1995;
Stearns and Wetterhahn, 1997). A considerable extent of cleavage of the
HMDE-confined scDNA was observed after applying potentials p� 0:1V in
aerobic media even in absence of the metal complexes. This effect was attributed
to radical intermediates of electrochemical reduction of oxygen (Fojta et al.,
2000b, 2002b; Rodriguez et al., 1990). Electrochemically induced DNA damage
in the presence of an antineoplastic drug adriamycin was studied using a thick
DNA layer-modified GCE. Oxidative degradation of the DNA (including for-
mation of 8-OG) was observed upon applying negative electrode potentials
bringing about one-electron reduction of the intercalated drug (Oliveira-Brett
et al., 2002). Electroreduced thiophene-S-oxide also induced in situ DNA dam-
age in an analogous system (Brett et al., 2003). Electrochemical activation of
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another anticancer drug, MC, and its interactions with DNA were studied by
CV at the HMDE (Perez et al., 1999; Teijeiro et al., 1995).

5. NON-COVALENT DNA INTERACTIONS WITH GENOTOXIC

SUBSTANCES

A broad range of biologically, toxicologically and/or pharmaceutically impor-
tant substances bind DNA non-covalently (reversibly; Figure 5) (Blackburn and
Gait, 1990). In general, cationic species can interact with DNA at the outer
surface of the double helix, being attracted by the negatively charged phosphate
groups. Planar condensed aromatic ring systems intercalate into the double
helix between adjacent base pairs. This interaction type involves primarily
stacking (p–p) interactions. Another group of molecules exhibit so-called
groove binding that involves direct contacts of the binders with inner surfaces of
major or minor grooves of DNA double helix, including edges of base pairs.
Depending on nature of the interacting species, hydrogen bonding, electrostatic
and/or van der Waals contacts may take part in this mode of binding. Many
carcinogens, cytostatics, environmental pollutants, and so on, interact with
DNA reversibly prior to inducing covalent DNA damage. Intercalative or
groove DNA binding of these substances leads to their accumulation at the
DNA molecules, thus facilitating subsequent covalent attacks to the DNA via
the binder reactive groups [such as epoxide (Mbindyo et al., 2000; Mugweru and
Rusling, 2001; Zhou et al., 2003) or aziridine (Marin et al., 1998; Perez et al.,
1999; Teijeiro et al., 1995)]. Other substances (e.g., copper chelates) reversibly
bound to DNA may mediate formation of other DNA damaging species, such
as ROS, in a close vicinity of the genetic material (Fojta et al., 2002b; Oliveira-
Brett et al., 2002; Sigman, 1990 and references therein).

5.1. Studies of DNA– binder interactions in solution

Interactions of DNA with small molecules may affect electrochemical signals of
the binders (Figure 5B) as well as of the DNA (Figure 5C). Upon association
with the DNA macromolecules, apparent diffusion coefficients of the binders
remarkably decrease which is reflected in lowering of their diffusion-controlled
signals (Carter and Bard, 1987; Carter et al., 1989; Pandey and Weetall, 1994;
Rodriguez and Bard, 1990; Sufen et al., 2002; Wang et al., 2003c, d). Electro-
chemical studies have been employed to determine association/dissociation con-
stants of the binder–DNA complexes. In addition to changes in the signal
intensity, peak potentials of the DNA binders may also be significantly shifted
due to the complex formation (Carter et al., 1989; Rodriguez and Bard, 1990;
Wang et al., 1998b). Complexes and associates of toxic heavy metals [lead,
cadmium (Sequaris and Esteban, 1990; Sequaris and Swiatek, 1991), copper
(Correia dos Santos et al., 1996, 1998; Farias et al., 2001; Jelen et al., 2004),
mercury (Johnston et al., 1999), nickel (Alvarez et al., 1998)] and/or their
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Fig. 5. Electrochemical detection of non-covalent DNA interactions with small molecules.

(A) Scheme of basic modes of interactions of small molecules with dsDNA: electrostatic

binding to outer surface of the double helix (i); intercalation (ii); and groove binding (iii). (B)

Possible effects of the interactions on signals of an electroactive binder (b). (i) Association of

the binder with large DNA molecules may result in decrease of its signal due to reduced mass

transport. In addition, diminution or potential shift of the signal may be observed when an

electroactive moiety of the binder is hidden upon the complex formation (e.g., in intercalation

complexes; b0). (ii) On the other hand, accumulation of electroactive binders in DNA rec-

ognition layer at the electrode may result in enhancement of the binder signals. (C) Due to

the complex formation, changes in the intrinsic DNA electrochemical signals may take place.

(i) Adsorption/desorption behavior of dsDNA at mercury electrodes is remarkably changed

in the presence of intercalators. These changes involve formation of ACV peak 2 and de-

crease of the peak 3 height (Fojta et al., 2000a). (ii) Untwisting and bending of dsDNA

adsorbed at a carbon electrode surface due to binding of an intercalator (daunomycin Wang

et al., 1998b) results in enhancement of the peak Gox intensity (together with appearance of

the DM signal).
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complexes [hexaamminecobalt (Fojta et al., 1996), dimeric rhodium complexes
(Gil et al., 2002)] with DNA, nucleobases and nucleosides have been studied
electrochemically at mercury as well as solid electrodes. Ruthenium, iron or
osmium organic chelates (with nitrogenous bidentate ligands such as 2,20-bipyri-
dine or 1,10-phenanthtroline) were used in fundamental electrochemical studies
(Carter and Bard, 1987; Carter et al., 1989; Rodriguez and Bard, 1990; Xu and
Bard, 1995) of DNA interactions with electroactive small molecules. The metal
chelates, yielding well-defined electrochemical signals due to the redox active
central metal ions, may undergo either electrostatic, minor groove or inter-
calative binding to dsDNA. The interaction mode depends on the valence
(charge) of the metal and/or on the heterocyclic ligand type. Different binding
modes of these chelates were reflected in the direction of the peak potential
shifts. While positive shifts were observed with intercalative chelates, signals of
complexes exhibiting primarily electrostatic binding were shifted to more neg-
ative potentials (Carter and Bard, 1987; Carter et al., 1989; Rodriguez and Bard,
1990; Xu and Bard, 1995). Studies of interactions of zinc, copper, lead or nickel
metalloporphyrins (MP) using CV at the HMDE (Qu and Li, 1997) revealed that
mode of interaction of these substances with DNA were influenced by the pres-
ence of axial ligands. With MP’s lacking these ligands, a strong decrease of their
voltammetric signals was observed in the presence of dsDNA, suggesting that
the electroactive MP moieties were deeply intercalated within the DNA double
helix. On the other hand, MP’s with the axial ligands exhibited only weak signal
decrease upon DNA binding. Intercalative transition metal complexes have been
utilized in studies of DNA-mediated charge transfer reactions (Boon and
Barton, 2002, 2003; Boon et al., 2000, 2002, 2003; Kelley et al., 1997, 1999a, b;
Odom and Barton, 2001; Rajski et al., 2000) (see Chapter 3).

5.2. DNA-modified electrodes as sensors for non-covalently binding

substances

Electrodes modified with dsDNA have been widely used in studies of non-
covalent DNA interactions and/or as electrochemical biosensors for the
reversibly binding substances. Selective accumulation of intercalators or
cationic groove binders in the dsDNA recognition layer results in enhance-
ment of the binder electrochemical signals, compared to signals obtained at
bare (or ssDNA-modified) electrodes (Figure 5B). Redox indicator-based sen-
sors for DNA hybridization (Cai et al., 1997; Hashimoto et al., 1994; Miyahara
et al., 2002; Wang et al., 1996b, 1997b; reviewed in Drummond et al., 2003;
Gooding, 2002; Mascini et al., 2001; Palecek and Fojta, 2001, 2005; Palecek
et al., 1998, 2002; Palecek and Jelen, 2002; Popovich and Thorp, 2002; Tarlov
and Steel, 2003; Wang, 2000, 2002, see also Chapters 3–11) or damage (Korbut
et al., 2003; Labuda et al., 1999, 2000, 2002, 2003) (Section 3.2.2) are based on
the same principle. DNA-modified CPE was proposed for detection of elect-
rochemically active aromatic amines which are important environmental pol-
lutants (Chiti et al., 2001; Mascini, 2001; Mascini et al., 2001; Wang et al.,
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1996c). Due to accumulation of these species in the DNA recognition layer via
intercalation, remarkable enhancement of their CPSA signals was observed.
Some of the aromatic amine derivatives affected also the DNA peak Gox in-
tensity in a concentration-dependent manner (Chiti et al., 2001). Similar studies
have been focused on studies of interactions of DNA with a dye ethidium
bromide (Gherghi et al., 2004) and with an anticancer drug daunomycin (Wang
et al., 1998b). Electrochemical oxidation of the daunomycin anthraquinone
group intercalated into dsDNA at the CPE surface was less feasible than in the
free drug, resulting in positive potential shift of the peak potential. Submicro-
molar concentrations of the drug-induced conformational changes in the sur-
face-confined DNA resulting in enhancement of the DNA peak Gox (Wang
et al., 1998b). A similar compound, adriamycin (doxorubicin) mediated elect-
rochemically induced oxidative DNA damage in thick dsDNA layer at the GCE
(Oliveira-Brett et al., 2002; Piedade et al., 2002) (see Section 4). Echinomycin, a
natural antibiotics binding to DNA as a bisintercalator, exhibited well-defined
reversible electrochemistry at HMDE (Jelen et al., 2002) or MFE (Hason et al.,
2002) in the presence of ds but not ssDNA. A competitive variant of the redox
indicator-based technique proposed by Labuda and coworkers (see Section
3.2.2) was used for the detection of non-covalent DNA binders (Labuda et al.,
2000; Vanickova et al., 2000) (Figure 3). Signal of the [Co(phen)3]

3+ indicator
measured at DNA-modified SPE or CPE decreased with increasing concentra-
tions of quinazoline (Labuda et al., 2000), acridine or catechin (Vanickova
et al., 2000) competing with the cobalt complex for binding sites in the surface-
confined DNA. Application of this technique is not restricted to electroactive
DNA binders but can be used also to monitor DNA interactions with inactive
species.

5.3. Changes of DNA interfacial behavior upon interactions with non-covalent

binders

Besides the observation by Wang et al. (1998b) showing that daunomycin in-
duces alterations in the structure of dsDNA adsorbed at CPE (see above),
changes of the dsDNA conformation in the presence of various reversibly in-
teracting substances (such as chloroquine, [Co(phen)3]

3+, doxorubicin, 9-amino
acridine, acridine orange or ethidium) were studied by AdTS ACV at the
HMDE (Fojta et al., 2000a; Gherghi et al., 2003a, b). Due to intercalation,
untwisting of the DNA double helix takes place, resulting in increased acces-
sibility of the base pairs to the environment. These phenomena remarkably
influence adsorption/desorption behavior of the dsDNA at the mercury surface,
involving changes of the intensity of the tensammetric DNA peak 2 (enhance-
ment) and peak 3 (diminution; see Figure 5C) (Fojta et al., 2000a). It has been
proposed that DNA adsorbed in the presence of the intercalators adopted a
specific structure at the HMDE surface after the intercalator removal. This
structure involves untwisted regions relatively firmly adsorbed at the surface
(yielding the DNA peak 2) and scDNA loops protruding to the solution. Such
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dsDNA structure was relatively resistant to the potential-induced surface de-
naturation (Section 3.2.1, Chapter 3) (causing reduced intensity of the peak 3,
compared to the same dsDNA adsorbed in the absence of intercalators) unless
sb were introduced into it (Fojta et al., 2000a).

6. DETECTION OF MUTATIONS IN DNA SEQUENCES

Persisting (unrepaired) DNA damage in cells and/or DNA replication errors
may result in changes of the genetic information, including base substitutions,
insertions/deletions of single nucleotides or of longer regions of the genome.
Accumulation of the mutations may cause serious disorders such as cancer or
other inherited diseases. For screening these mutations, different methods have
been employed, including single-strand DNA conformational polymorphism
(Fleckenstein et al., 2002) and various techniques of DNA hybridization (in
recent years connected mainly with DNA microarrays, Heller, 2002). The
progress in application of electrochemical detection in the DNA hybridization
assays has recently been reviewed in numerous papers (Drummond et al., 2003;
Gooding, 2002; Mascini et al., 2001; Palecek and Fojta, 2001, 2005; Palecek
et al., 1998, 2002; Palecek and Jelen, 2002; Popovich and Thorp, 2002; Tarlov
and Steel, 2003; Wang, 2000, 2002), including Chapters 3–11 of this book. Here,
only several examples of techniques used for the detection of DNA mutations
by means of electrochemical sensors are mentioned.

6.1. Utilization of reduced stability of mismatched DNA duplexes

One group of the approaches used for the detection of point mutations (single-
base substitutions or insertion/deletions) is based on different stability of mis-
matched DNA duplex (formed e.g., between the wild-type probe captured at an
electrode surface subjected to mutant target DNA) and that of the homoduplex
(formed between perfectly complementary probe and target strands). This can
be reached, for example, by performing the DNA hybridization at elevated
temperatures (Caruana and Heller, 1999), decreased ionic strength (Park et al.,
2002), or via applying peptide nucleic acid probe instead of DNA (Caruana and
Heller, 1999; Wang et al., 1996b, 1997b).

6.2. Techniques based on specific structural features of the base mismatches

In another group of techniques, less stringent conditions are chosen to facilitate
formation of mismatched DNA hybrids at the electrode surface, and specific
structural, electrical and electrochemical features of these duplexes are used to
probe the point mutations (Boon et al., 2000; Johnston et al., 1995; Kelley et al.,
1997, 1999a; Ropp and Thorp, 1999). For example, accessibilities of guanine (or
8-OG) residues for oxidation by a redox mediator depends on their location in

Detecting DNA Damage with Electrodes 411



ssDNA, mismatched or perfectly matched duplex (Johnston et al., 1995; Ropp
and Thorp, 1999). Electrocatalytic oxidation of the guanine by [Ru(bipy)

3
]3+

followed the trend G(ss)>GA>GG>GT>GC. An interesting technique
based on the perturbations of electronic structure of the double-helical DNA
containing the single base mismatches was developed by Barton and coworkers
(Boon et al., 2000, Drummond et al., 2003; Kelley et al., 1997, 1999a). The
mismatches cause disruption of the p-stacks within the mismatched DNA dou-
ble helix and diminution of the DNA-mediated charge transfer. Techniques
based on this principle, involving ODN’s immobilized at gold electrode surface
and electroactive intercalators bound at the opposite end of the anchored DNA
molecules have been proposed. A considerable current flow was observed
through perfectly matched duplexes but not in the presence of single base mis-
matches (Kelley et al., 1999a).

6.3. Primer extension-based techniques

Another approach to probing point mutations (or single nucleotide poly-
morphisms) was proposed by Willner and coworkers who used the principle of
DNA primer-extension ‘‘microsequencing’’, based on incorporation of bioti-
nylated nucleotide by DNA polymerase into a primer hybridized to a target
DNA at the electrode surface (Patolsky et al., 2001). The labeled base was
inserted only when a complementary nucleotide was present in the target strand
at position next to the primer. The labeled nucleotide was subsequently detected
via impedance or microgravimetric measurement of an insoluble product gen-
erated at the surface in a reaction catalyzed by alkaline phosphatase coupled to
avidin bound to the biotin label.

6.4. Trinucleotide repeat expansions

Expansions of trinucleotide repeats represent a specific class of genomic muta-
tions. These events are related to development of serious inherited diseases such
as fragile X syndrome, myotonic dystrophy or Friedreich ataxia (Campuzano
et al., 1996; Paulson and Fischbeck, 1996). Electrochemical determination of the
length of the (CGG)n or (CTG)n triplet repeats using the mediator-based guanine
electrocatalytic oxidation technique (see Section 2.1, Chapter 13) was recently
reported (Yang and Thorp, 2001). A novel double-surface electrochemical tech-
nique for the detection of the (GAA)n triplet expansion was based on multiple
hybridization of a labeled reporter probe (RP; see also Chapter 3) with the
trinucleotide repeat captured at magnetic beads (Fojta et al., 2004a, b). Either a
biotinylated (TTC)12 RP detected via an electrochemical enzyme-linked assay, or
a (GAA)7Tn RP in which the oligoT tail was labeled with electrochemically active
osmium tetroxide, 2,20-bipyridine [yielding voltammetric signals at carbon (Fojta
et al., 2002a, 2003, 2004), mercury (Fojta et al., 2004a; Havran et al., 2004b;
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Kizek et al., 2002) or amalgam electrodes (Yosypchuk et al., 2005)], were used in
these assays.

7. APPLICATIONS

Electrochemical methods belong to the most widely used techniques of ana-
lytical chemistry applied to a broad-spectrum analytes, including biologically
active compounds, drugs, carcinogens, pesticides, heavy metals, and so on, in
different matrices such as water, soil, food or biological specimens (reviewed in
Brainina et al., 2000; Kalvoda, 2000; Locatelli, 1997). Similarly as with other
detection principles (e.g., optical), the electrochemical analyses are usually
based on measurements of specific physico-chemical properties of the sub-
stances of interest and primarily do not provide information about biological
consequences of interactions the given substance with components of living
matter [although there have been attempts to infer carcinogenic potentials of
various species from their electrochemical properties (Cojocel et al., 2003; Lin
and Hollenberg, 2001; Novotny et al., 1999; Romanova et al., 2001)]. On the
contrary, responses of the DNA sensors depend on specific interactions of
different species with the genetic material. These interactions are usually closely
related to toxicological, carcinogenic, and/or pharmacological activity of the
assayed substances. The sensors for DNA damage may provide responses which
are inherently non-specific concerning chemical nature of the analyte. On the
other hand, these devices offer information about its effects on the genetic
material. Such information may be valuable, for example, as prompt alert to
dangerous harmful substances, or as important clues in targeted development of
novel chemotherapeutics.

7.1. DNA– drug interactions

Many drugs and anticancer agents in particular, act through specific interac-
tions with DNA. To study these interactions, which may involve reversible non-
covalent binding and/or covalent modification of the DNA molecules, have
been studied by different methods of electroanalysis, including electrochemical
DNA biosensors (reviewed in Erdem and Ozsoz, 2002; Fojta, 2002). The
DNA–drug interactions detected by these devices are usually the same as those
related to pharmacological activities of the therapeutics. Nevertheless, the DNA
component of the sensor may serve also as a non-specific anionic binding
substrate for positively charged molecules of the analyte, regardless of the bi-
ological (pharmacological) relevance of the observed drug–DNA interaction
(Nikolelis et al., 2002; Vanickova et al., 2000; Vanickova et al., 2003). Some of
these DNA–drug binding investigations have been reviewed in Sections 3 and 5
[including those dealing with daunomycin (Chu et al., 1998; Wang et al., 1998b),
doxorubicin (Oliveira-Brett et al., 2002; Piedade et al., 2002; Yau et al., 2003;
Zhang and Li, 2000), echinomycin (Hason et al., 2002; Jelen et al., 2002),
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cisplatin (Brabec, 2000), MC (Marin et al., 1998; Perez et al., 1999; Teijeiro
et al., 1995), or thiotepa (Marin et al., 1997)]. Voltammetric techniques, usually
in connection with CE’s, were applied in studies of DNA interaction with other
chemotherapeutics such as epirubicin (Erdem and Ozsoz, 2001a), mitoxantrone
(Erdem and Ozsoz, 2001b; Shi et al., 2003; Wang et al., 2003b), actinomycin D
(Gherghi et al., 2003c; Wang et al., 2003d) and lycorine (Karadeniz et al., 2003),
metronidazole (Brett et al., 1997a) or benznidazole (La-Scalea et al., 2002).
Besides the most frequently analyzed antineoplastic agents, representatives of
other classes of medicinal drugs have been also analyzed by the DNA sensors.
CPE modified with DNA at its surface or in the bulk phase was applied to
detect antidepressive drug phenothiazine or azepine derivatives used as local
anesthetics (Vanickova et al., 2000, 2003). ITO electrodes coated with DNA-
modified gold nanoparticles selectively responded to mifepristone, a hormonal
contraceptive agent (Xu et al., 2001). Differential pulse voltammetry at HMDE
was applied to monitor release of an antibacterial drug lumazine from inclusion
cyclodextrin complexes in the presence of DNA to which the drug displays a
high affinity (Ibrahim et al., 2002). Binding of another antibacterial agent le-
vofloxacin to dsDNA was investigated by CV at the GCE (Radi et al., 2003). A
redox indicator-based sensor for DNA–drug interactions, involving oriented
immobilization of thiol-derivatized ds ODN’s at a gold electrode surface has
been proposed (Maeda et al., 1992; Nakano et al., 1998). The DNA layer
strongly suppressed voltammetric signals of the ferro/ferricyanide redox pair
due to repulsion between the negatively charged ODN’s and the anionic de-
polarizer. Binding of a cationic drug such as quinacrine to the DNA decreased
its negative charge density which facilitated the ferro/ferricyanide oxidation/
reduction. Lipid bilayer membranes at the electrode surface with incorporated
ssDNA were applied (Siontorou et al., 1996) in analysis of a beta1-blocker
atenolol used in treatment of hypertension and myocardial infarctions.

7.2. Toxicity and antioxidant capacity testing

Electrochemical DNA sensors offer the possibility of rapid screening of toxicity
or carcinogenic potential of a broad range of substances (such as novel products
of chemical industry), and/or testing protective capacity of other species like
antioxidants. DNA-modified CE’s were proposed as simple electrochemical
sensors for a variety of toxic substances, including polychlorinated biphenyls,
aflatoxins, anthracene, and acridine derivatives, phenol compounds or surfact-
ants (Chiti et al., 2001; Laschi et al., 2003; Lucarelli et al., 2002a, b). Compar-
ison of responses of these sensors with a currently used commercially available
bioluminescence toxicity test Toxalerts 100 (Lucarelli et al., 2002a, b) led to a
conclusion that the faster and cheaper electrochemical approach may be used
for preliminary screening. The redox indicator-based system responding to
oxidative DNA degradation (Section 3.2.2; Figure 3) was applied to assess
protective capacity of various natural antioxidants such as yeast polysaccha-
rides (Buckova et al., 2002), flavonoids (Korbut et al., 2003; Labuda et al., 2003)
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or plant extracts (Ferancova et al., 2004; Labuda et al., 2002). A device for
toxicity screening based on layer-by-layer assemblies of DNA and heme pro-
teins on GCE surfaces modified with redox-active cationic polymer films was
developed by Rusling and coworkers (Dennany et al., 2003; Mbindyo et al.,
2000; Mugweru and Rusling, 2001, 2002; Mugweru et al., 2004; Rusling, 2004;
Rusling et al., 2002; Wang and Rusling, 2003; Yang and Rusling, 2002; Yang
et al., 2002; Zhou et al., 2003). Layers of enzymatically active hemoproteins
mimicked metabolic carcinogen activation processes. For example, styrene was
enzymatically converted into styrene oxide subsequently attacking guanine in
the DNA layer. This DNA damage caused ‘‘unraveling’’ of the DNA double
helix and facilitated electrocatalytic oxidation of other guanine residues which
was mediated by an immobilized ruthenium complex (for more details, see
Chapter 13 which is devoted specifically to sensors for genotoxicity and ox-
idized DNA).

7.3. Environmental analysis

Many genotoxic species occur in the environment as pollutants coming from
industrial or agricultural activities of the mankind. These species can be mon-
itored by electrochemical DNA sensors via their non-covalent interactions
and/or covalent attacks of the DNA recognition element (usually resulting in
damage to guanine residues or formation of sb). ME’s modified with scDNA
(Section 3.2.1) have been successfully applied for the detection of DNA cleaving
agents in ‘‘real’’ samples of food, natural or waste waters (Fojta et al., 1998b). A
number of proposed DNA sensors based on CE’s have been applied to detect
different toxic and carcinogenic pollutants in natural waters, including aromatic
amines (Chiti et al., 2001; Mascini, 2001; Mascini et al., 2001; Wang et al.,
1996c), hydrazine derivatives (Wang et al., 1996a), polychlorinated biphenyls,
aflatoxins, anthracene and acridine derivatives, phenol compounds or surfact-
ants (Chiti et al., 2001; Lucarelli et al., 2002a, b). These types of DNA sensors
yielded linear responses for strongly carcinogenic polycyclic aromatic hydro-
carbons detected in bile of fish exposed to these substances (Lucarelli et al.,
2003). GCE-based DNA biosensors were utilizes to detect s-triazine herbicides
(Oliveira-Brett and da Silva, 2002) and a molluscicide niclosamide (Abreu et al.,
2002).

8. CONCLUSIONS

Electrochemical techniques offer different possibilities of monitoring DNA
damage, its interactions with various genotoxic agents (including carcinogens,
mutagens, drugs, etc.) as well as detection of mutations in DNA sequences
(often arising from DNA damage in cells). A unique feature of the DNA sensors
is that their responses arise from specific interactions of the substances of in-
terest with the genetic material, forming recognition component of the sensor.
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The same interactions are closely related to biological, toxicological or phar-
macological activities of the analytes. Detection principles and individual types
of biosensors reviewed in this chapter differ in their specificity, sensitivity and
consequently, in applicability in practical analysis. All of them can be used in
basic studies of DNA interactions with the damaging agents as well as in testing
of toxicity or DNA protective effects of various substances. These applications
usually do not require extremely high sensitivities of detection because the ef-
fects of interest can easily be followed at relatively high analyte concentrations
in a dose-dependent manner. On the contrary, much higher sensitivities should
be attained when a DNA sensor is applied in trace assays, for example, in
environmental monitoring, detection of drugs or their metabolites in biological
matrices, and so forth. In this type of assays, the ‘‘signal-off’’ approaches such
as measurements of intrinsic redox guanine signals may be insufficiently sen-
sitive (their sensitivity can hardly exceed detection of one lesion per several tens
of intact guanine residues, see Section 3.3.1). Using sufficiently long exposure
times, sensors working on this principle may yield appreciable responses to, for
example, relatively massive environmental pollution. However, recognition of
one lesion per 10–100 nucleotides is far below the requirements for techniques
used to measure levels of DNA damage usually occurring in the cells (one lesion
per 104–106 nucleotides). To attain such sensitivities of detection, application of
the ‘‘signal-on’’ methods, including detection of the DNA sb with ME or
AgSAE (Section 3.2.1) and measurements of specific signals of DNA adduct or
complexes (basically with all electrode types) (Sections 3.3.2 and 3.3.3), seem to
be more realistic. For example, voltammetric detection of DNA sb with the
mercury-based electrodes offers recognition of one lesion per about 2� 105

nucleotides corresponding to femtomole levels of the damaged entities (Cahova-
Kucharikova et al., 2005; Fojta and Palecek, 1997) which comply with the
above-mentioned requirements. Such sensitivity is well comparable with other
currently applied DNA damage assays [e.g., ELISA (Cooke et al., 2003) or mass
spectrometry (Podmore et al., 1996)]. Recent progress in development of elect-
rochemical DNA sensors suggest that further improvement of the existing
techniques and devices may be attained via, for example, employment of DNA
repair endonucleases (Section 3.3.4), application of microelectrodes, and/or ar-
rangement of the electrochemical devices into array formats.

LIST OF ABBREVIATIONS

A adenine
G guanine
C cytosine
T thymine
8-OG 8-oxo guanine
NA nucleic acid
ODN oligodeoxyribonucleotide
ss single-stranded
ds double-stranded
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sc supercoiled
oc open circular
ccc covalently closed circular
lin linear
sb strand break
ssb single-strand break
dsb double-strand break
RP reporter probe
ROS reactive oxygen species
DMS dimethyl sulfate
MC mitomycin C
MP metalloporphyrin
UV ultraviolet
region U region of potentials in which DNA adsorbed at the mercury

electrode is slowly unwound (denatured)
AC alternating current
ACV alternating current voltammetry
CV cyclic voltammetry
DPP differential pulse polarography
CPSA constant current chronopotentiometric stripping analysis
AdTS adsorptive transfer stripping
ME mercury electrode
DME dropping mercury electrode
HMDE hanging mercury drop electrode
MFE mercury film electrode
MF/GCE mercury film-coated glassy carbon electrode
MeSAE solid amalgam electrode (where Me means metal forming the

amalgam)
AgSAE silver solid amalgam electrode
p-AgSAE polished silver solid amalgam electrode
m-AgSAE silver solid amalgam electrode modified with mercury meniscus
MF-AgSAE silver solid amalgam electrode modified with mercury film
CE carbon electrode
CPE carbon paste electrode
GCE glassy carbon electrode
SPE screen-printed electrode
ITO indium-tin oxide
HPLC high-performance liquid chromatography
ELISA enzyme-linked immunosorbent assay
TUNEL terminal deoxynucleotidyl transferase-mediated deoxyuridyl

triphosphate nick end-labeling
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1. INTRODUCTION

The preceding chapter in this book provides an excellent overview and review of
electrochemical methods to detect DNA damage (Fojta, 2005). It also contains
short summaries of DNA damage and repair processes, and mentions alterna-
tive methods of detecting DNA damage. The present shorter chapter focuses on
the development of sensors based on ultrathin films of DNA and other func-
tional polymeric materials on carbon electrodes designed to detect DNA dam-
age or oxidation as a basis for screening chemicals for toxicity or for clinical
screening of oxidative stress.
Genotoxicity refers to a major toxicity mechanism involving reactions of

molecules or their enzyme-generated metabolites with DNA, often producing
covalently bound nucleobase adducts (Singer and Grunberger, 1983; Friedberg,
2003; Scharer, 2003). DNA adducts can initiate complex processes leading to
carcinogenesis. Oxidative stress involves oxidation of biomolecules by reactive
oxygen species, a sort of ‘‘oxygen biochemistry gone wrong’’ scenario that is
often indicative of certain disease states. Genotoxicity and oxidative stress have
DNA damage in common (Lindahl, 1993). Toxic chemicals and their
metabolites generated by cytochrome P450 (cyt P450) enzymes in the liver
can form covalent adducts with DNA in a major pathway of chemical toxicity
(Jacoby, 1980). Examples of this genotoxicity pathway are presented by styrene,
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benzo[a]pyrene, napthylamines, and many others (Bond, 1989; Pauwels et al.,
1996; Cavalieri et al., 1990), in which the metabolites are oxidized forms of their
parents that react mainly with guanine and adenine moieties in DNA. Adducts
of these toxic metabolites with DNA bases are biomarkers for human cancer
risk (Phillips et al., 2000; Warren and Shields, 1997).
Oxidative stress is strongly linked with the oxidation of DNA bases. Oxi-

dation generates lesions that may contribute to aging and mutagenesis (Shige-
naga and Ames, 1991). Guanine is the most easily oxidized DNA base, and its
oxidation product 8-oxoguanine (8-oxoG) is a major biomarker of oxidative
stress. DNA oxidation occurs from ionizing radiation resulting in water radio-
lysis and attack by the resulting hydroxyl radicals as well as attack by reactive
oxygen species (Halliwell and Gutteridge, 1984; Cadet et al., 1999) including
singlet oxygen, superoxide and hydroxyl radicals.
DNA adducts and oxidation products can be determined accurately by

separation-detection schemes involving LC–MS, LC–EC, and CE–MS
(LC ¼ liquid chromatography; MS ¼ mass spectrometry; EC ¼ electrochemi-
cal detection; CE ¼ capillary electrophoresis). However, as discussed in the
preceding chapter (Fojta, 2005), these methods require time-consuming hydro-
lysis, and workup of the DNA, and the instrumentation is expensive. Thus,
simple, inexpensive sensors for DNA damage and oxidation that can be applied
for screening the toxicity of new chemicals and monitoring oxidative stress
would be valuable diagnostic tools. This chapter discusses recent progress to-
ward developing such sensors in our laboratory based on detecting chemical
changes in DNA by catalytic voltammetry using sensors consisting of electrodes
coated with ultrathin films designed for the required task.
First, assembly of the ultrathin sensor films by layer-by-layer alternate elec-

trostatic assembly is discussed. Next, recent applications to the electrochemical
and electrochemiluminescent detection of toxic molecules and their metabolites
is summarized. Finally, the specific detection of oxidized DNA by electro-
chemical and electrochemiluminescent sensors is discussed.

2. CONSTRUCTING ULTRATHIN SENSOR FILMS

The present chapter discusses sensors for screening the toxicity of new chemicals
and for oxidative stress based on films containing the required enzyme and/or
catalytic activity. Versatile, stable, films suitable for these purposes were made
by using layer-by-layer alternate polyion assembly (Decher, 1997; Lvov, 2001).
In this approach, films of nanometer-scale thickness were assembled by electro-
static adsorption of alternately charged layers of DNA and polyelectrolytes
including redox polymers, enzymes, proteins, or synthetic polyions. These films
have excellent stability, and their architecture is designed and controlled on the
nanometer scale. The control of film thickness to a range o40 nm in electro-
analytical sensors can minimize limitations from reactant and product mass
transport to provide optimized performance.
Film construction features a series of simple adsorption steps in which the

oppositely charged macromolecules (e.g. DNA, enzymes, and polyions) are
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layered alternately onto an electrode from aqueous solutions. Our electrodes
typically are pyrolytic graphite (PG), used for its excellent adhesive properties.
PG has a negative surface charge by virtue of oxygenic surface groups. It can
also be oxidized chemically or electrochemically to increase the negative surface
charge density (Zhou et al., 2003). However, this is not always necessary since
many positive or negative polyions will adsorb onto its roughened, unoxidized
surface (Ma et al., 2000; Rusling and Zhang, 2003).
As an example of film construction, a mechanically roughened PG electrode is

dipped into an aqueous 1–3mgmL�1 polycation solution, and steady-state
adsorption is achieved in 15–20min that is typical for almost any polyion at this
concentration range (Lvov, 2001). The surface is washed with water, and is now
positively charged because of excess charge at the surface of the adsorbed poly-
cation layer (Figure 1). This new electrode is then dipped into a solution of
polyanion, which may be an enzyme or DNA, and a new layer is adsorbed that
will have a negative surface charge. After washing, the DNA and enzyme ad-
sorption steps are repeated several times until the required number of DNA/
enzyme bilayers are achieved. For enzymes and DNA samples that are expen-
sive or in short supply, adsorption steps can be done from a single 10–30mL
drop placed on the electrode surface. Other types of polyions can be used to
achieve the desired film architecture. Very stable films are obtained because the
strongest interactions between layers are selected at each adsorption step, and

Fig. 1. Conceptual depiction of film construction for a toxicity screening sensor. The initial

polycation layer could be inert or a redox catalytic polyion.
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weakly adsorbed molecules are removed in the washing steps. The technique can
be automated, and has been used to make ultrathin films of a wide variety of
proteins and oppositely charged polyions including DNA (Lvov, 2001). Some
polyions that have been used in such films are shown in Chart 1.
It is important to address quality control of film assembly by monitoring layer

growth during or after each adsorption step, especially for films being designed
for the first time. This analysis can be done by quartz crystal microbalance
(QCM) weighing, surface plasmon resonance, spectroscopy, voltammetry, or
other appropriate methods. The use of QCM for assembly monitoring is illus-
trated in Figure 2 for DNA-polyion and DNA-myoglobin films grown on gold-
coated quartz resonators. The frequency of the resonator decreases in direct
proportion to the mass per unit area (M/A) of the gold coating, provided the
viscoelasticity of the interface is constant (Buttry and Ward, 1992). Drying the
film after each assembly step minimizes interfacial viscoelasticity changes and
removes water. For 9MHz quartz resonators, M/A (g cm�2) is proportional to
the QCM frequency shift DF (Hz) according to:

M=A ¼ �DF ð1:83� 108Þ, ð1Þ

where the area (A) is that of the gold disk on the resonator in cm2. A relation
between nominal film thickness (d) and DF from QCM was validated by com-
parison of estimates based on measured mass and component density with
high-resolution scanning electron microscope measurements of cross-sectional
thickness for films of a variety of polyions, proteins, and nanoparticles
(Lvov, 2001):

dðnmÞ � �ð0:016� 0:002ÞDFðHzÞ. ð2Þ

Polycations

n

N

H3C CH3

+ n

poly(ethylene imine) (PEI) poly(diallydimethylamine)
(PDDA)

Polyanions

n

SO−
3

poly(styrenesulfonate) (PSS)

D NA

nanoparticles:

TiO2 MnO2

SiO2 Clay

N +

H H

Chart 1. Some ionic polymers used for film formation.
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Ordinary basal plane PG surfaces have a significant fraction of oxygenation,
especially when mechanically roughened. In QCM experiments, the oxygen-rich
PG electrode surface can be approximated by chemisorbing a mixed monolayer
of 30/70 mercaptopropionic acid/mercaptopropanol onto the gold QCM
resonator surface (Zhou and Rusling, 2001). After attaching such a mono-
layer, the surface exposed to the first polyion adsorption step is partly negative
by virtue of dissociated carboxylic acid residues, similar to PG. This layer of
chemisorbed organothiols corresponds to the first points in Figure 2, i.e. to
layer 1. The film compositions in Figure 2 in the order of adsorption of the
layers in an acronymic notation are: PDDA/PSS/ClRu-PVP/CT-ds-DNA/(Mb/
CT-ds-DNA)2 and PDDA/PSS/ClRu-PVP/CT-ds-DNA/PDDA/CT-ds-DNA.
ClRu-PVP represents [Ru(bpy)2poly (4-vinylpyridine)10Cl)]

+, a metallopoly-
cation catalyst for DNA oxidation, Mb is the model enzyme myoglobin, and the
other acronyms are given in Chart 1. Equations (1) and (2) can be used with the
QCM data to obtain nominal film thicknesses and component weights. The film
represented in Figure 2 without Mb is �15 nm thick and contains 0.2 mg DNA
in the sensor film. The sensor films made with Mb are �25 nm thick and contain
0.25mg DNA. Films thickness depends critically on enzyme size so that equiva-
lent films made with the larger cyt P450 enzymes rather than Mb are �40 nm
thick (Zhou et al., 2003).
Although components in the films are adsorbed one at a time, individual

layers are intimately mixed as confirmed by neutron reflectivity studies on
protein films made with deuterium-labeled polyions that confirmed extensive
mixing among neighboring layers (Lvov, 2001). The layers must be more

Fig. 2. QCM frequency shifts for cycles of alternate Mb/CT-ds-DNA and PDDA/CT-ds-

DNA adsorption on gold resonators coated with mixed monolayers of mercaptopropionic

acid/mercaptopropanol (first point) as first layer and PDDA/PSS as second and third layers.

Final films are PDDA/PSS/ClRu-PVP/CT-ds-DNA/(Mb/CT-ds-DNA)2 (�) and PDDA/

PSS/ClRu-PVP/CT-ds-DNA/PDDA/CT-ds-DNA (3) (Average values for five replicate

films). Reproduced with permission from Wang B. and J. F. Rusling, 2003, Anal. Chem.

75, 4229–4235. Copyright American Chemical Society.

Sensors for Genotoxicity and Oxidized DNA 437



extensively mixed than depicted by the bottom diagram of Figure 1, or sensing
schemes involving redox polymer catalyst as the initially deposited layer would
not work very well since the outer DNA layer would be too far away from the
catalyst sites for efficient reactions.

3. VOLTAMMETRIC SENSORS FOR SCREENING TOXICITY

3.1. Sensors without enzymes

The use of potential new drugs, agricultural pesticides, and other chemicals
would lead to human exposure to these substances. Thus, to insure public
safety, these materials must be tested for toxicity before full commercialization.
Usual protocols involve microbiological testing followed later by extensive
animal tests. While advances in speed and automation, as well as alternative
approaches are on the horizon for toxicity testing, the traditional approaches
remain expensive and time consuming. Consequently, most product develop-
ment scenarios delay toxicity testing until reasonable indications of efficacy
have been found. Thus, a considerable financial outlay may have been made
before any toxicity testing has been done. Toxicity issues are thought to defeat
30–40% of all new drug candidates.
Rapid, inexpensive screening tests that could be used at very early stages of

the commercial development of a chemical product would be extremely useful.
Inexpensive screening might eliminate seriously toxic chemicals from further
development, thus decreasing the cost of bringing new drugs and agricultural
chemicals to the marketplace. Our sensors have been designed to combine
enzyme bioactivation of the chemicals in the presence of DNA with measure-
ment of DNA damage from the resulting metabolites. Certainly, all commer-
cially viable candidates would still need to undergo microbiological and animal
testing before final marketing approval, but effective screening could decrease
cost by greatly decreasing the number of candidates that make it to the
biological toxicity testing stage.
The principle of DNA detection in most of our toxicity sensors involves

electrochemical oxidation of DNA. Guanine has an oxidation potential of
1.06V vs. SCE at pH 7 (Steenken and Jovanovic, 1997) and is the most easily
oxidized DNA base. Single-stranded (ss) DNA is more easily oxidized at gua-
nine or adenine sites than double-stranded (ds) DNA (Palecek, 1996; Palecek
and Fojta, 2001) because of better accessibility of the bases to electrodes or
oxidation catalysts. When the bases are internal in the helical ds-DNA struc-
ture, access to oxidizing agents is limited. As the double helix unwinds, closer
access to the nucleobases is facilitated, leading to faster reaction rates and larger
electrochemical signals, especially in catalytic voltammetry. Chemical DNA
damage unwinds the double helix partly, and thus, also provides better access to
the bases.
Sensitive DNA detection can be achieved by oxidation with soluble (Johnston

et al., 1995; Thorp, 1998) or polymeric (Mugweru and Rusling, 2000) ruthenium
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complexes. For example, Ru(bpy)3
2+ (bpy ¼ 2,20-bipyridine) oxidizes only gua-

nine bases in DNA by electrochemical catalysis (Johnston et al., 1995). The
reaction follows the pathway in Scheme 1.
Ru(bpy)3

2+ is oxidized by the electrode to give Ru(bpy)3
3+ (equation (3)),

which reacts with DNA to give guanine radical DNA(guanineox) (Weatherly et
al., 2001) in a fast proton-coupled chemical step (equation (4)). This reaction
recycles Ru(bpy)3

2+ to equation (3), providing greatly enhanced voltammetric
current over that of Ru(bpy)3

2+ or DNA alone. Peak current in voltammetry
increases as the rate of the chemical step in equation (4) increases. Guanine in
ss-DNA reacts much more rapidly than in ds-DNA because of better acces-
sibility, and the reaction rate at a given guanine site depends on the sequence of
neighboring bases.
In the early stages of sensor development, we evaluated a number of

approaches for voltammetric DNA detection. Films for this purpose were
assembled with DNA but no enzymes, using the polycation PDDA as ‘‘glue’’ to
bind the negative DNA layers together. These films were incubated with known
DNA damage agents such as styrene oxide (Zhou and Rusling, 2001) and me-
thylating agents (Wang and Rusling, 2003), and the resulting response opti-
mized. In this way, we could develop methods to detect DNA damage without
the complication of enzyme-catalyzed metabolite generation. Successful app-
roaches based on square wave voltammetry (SWV) included catalytic DNA
oxidation with soluble Ru(bpy)3

2+ (cf. Scheme 1) (Zhou and Rusling, 2001), use
of a catalytic polymer such as ClRu-PVP (see below) in the film (Wang and
Rusling, 2003), and the use of electroactive probe ion Co(bpy)3

3+ (Yang et al.,
2002), which binds more strongly to intact ds-DNA than to damaged DNA.
The best sensitivity was found with ds-DNA as the outer layer of the films at
low salt concentration (e.g. 50mM NaCl).
Figure 3 shows experiments in which sensors featuring (PDDA/ds-DNA)2

films were incubated in various solutions, washed, and then analyzed by SWV in
buffer containing 50mM Ru(bpy)3

2+. The catalytic oxidation peak increased
with time of incubation with the DNA damage agent styrene oxide (Zhou and
Rusling, 2001). Controls in which the sensor was incubated with unreactive
toluene or buffer showed no significant differences from sensors that had not
been incubated.
Typically, in these sorts of experiments, SWV peaks increased nearly linearly

over �10min of reaction with the several epoxides and methylating agents
tested thus far (Zhou and Rusling, 2001; Wang and Rusling, 2003, 2005). In-
cubation of styrene oxide with DNA and various polynucleotides indicated that
the most likely sources of the catalytic peaks are oxidations of guanine and
chemically damaged adenine in partly unraveled, damaged DNA (Zhou and
Rusling, 2001).

Ru(bpy)3
2+  = Ru(bpy))3

3+ + e− (at electrode) (3)

Ru(bpy))3
3+ +  DNA(guanine) → Ru(bpy)3

2+ + DNA(guanineox) + H+   (4)

Scheme 1.
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To confirm that response was indeed caused by DNA adduct formation,
sensor films that had been incubated with DNA damage agents were also analy-
zed by LC–MS to specifically detect damaged nucleobases. Neutral hydrolysis
was used to remove N-7 adducts of guanine and N-3 adducts of adenine by
heating of the DNA-polyion films, and the damaged nucleobase mixtures were
analyzed by LC–MS (Tarun and Rusling, 2005). Results showed in general that
concentrations of N-7-guanine adducts with methyl methane sulfonate (Figure 4)
and styrene oxide increased with incubation time with remarkably similar trends
as found for sensor response. This study also showed that PG electrodes give
much better responses than carbon cloth for the sensors. Sensor data for
epoxides and methylating agents correlated well with the amounts of damaged
guanine, and with a measure of mutagenesis and carcinogenicity in rodents
(Tarun and Rusling, 2005). Results showed that the genotoxicity sensors can be
used to estimate relative DNA damage rates for chemical toxicity screening.
Incorporation of a catalytic polymer layer into the sensor films provides a

‘‘reagentless’’ sensor that avoids addition of a catalyst to the solution in the
analysis step. Two polyions containing Ru(bpy)2

2+ were used to catalytically
oxidize guanines in DNA (cf. Scheme 1). The polymer shown below in Scheme
2, denoted Ru-PVP, has six Ru–N bonds and gives reversible oxidation in films
on PG electrodes at �1.15V vs. SCE. This catalyst is capable of electrochemi-
luminescence (ECL) in thin films with DNA (Dennany et al., 2003), as will be
discussed later in this chapter.

Fig. 3. SWV of (PDDA/ds-DNA)2 films on oxidized PG in pH 5.5 acetate buffer containing

50mM NaCl with 50 mM Ru(bpy)3
2+ in buffer, and after incubations at 371C with styrene

oxide (SO) or toluene. Reproduced with permission from Zhou, L. and J. F. Rusling, 2001,

Anal. Chem. 73, 4780–4786. Copyright American Chemical Society.
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A similar polymer (cf. Figure 2) denoted RuCl-PVP has five Ru–N bonds and
chloride as the sixth ligand, and does not provide ECL. It is reversibly oxidized
at 0.75V vs. SCE (Mugweru and Rusling, 2001, 2002), and provides more well-
defined peaks on a flatter background at this lower voltage without sacrificing
much sensitivity.

3.2. Sensors providing bioactivation

Many DNA-base adducts are formed from reactions with metabolites rather
than the parent chemicals. Liver enzymes such as cyt P450s bioactivate

Fig. 4. Comparison of electrochemical toxicity sensor and LC–MS results. Peak current ratio

Ip,f/Ip,i (final/initial) for sensors made from (PDDA/ds-DNA)2 films on carbon cloth (3) and

PG (&), and pmols of nucleobase adducts found by LC–MS (�) after incubation of sensors

with 2mM methyl methane sulfonate. LC–MS analysis was done after neutral thermal hy-

drolysis of the sensor films to release damaged nucleobases. Reproduced with permission

from Tarun, M. and J. F. Rusling, 2005, Anal. Chem. 77, 2056–2062. Copyright American

Chemical Society.
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Scheme 2. Structure of catalytic metallopolymer [Ru(bpy)2(PVP)10](ClO4)2.
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lipophilic chemicals to active metabolites that can covalently bind to DNA
bases (Jacoby, 1980). For example, styrene is converted to styrene oxide, which
forms nine or more adducts with guanine and adenine nucleobases in DNA
(Bond, 1989; Pauwels et al., 1996). Our toxicity sensors mimic these events in
the liver by combining enzyme bioactivation with detection of the resulting
DNA damage. To make these types of sensors, ultrathin films (20–40 nm thick)
containing Mb or cyt P450cam and DNA were grown layer by layer on
electrodes (cf. Figure 1). Enzymes in the films were activated by hydrogen
peroxide to produce metabolites that can react with ds-DNA as they diffuse out
of the film. In the first demonstration of this approach, DNA damage was
detected by SWV by using catalytic oxidation with dissolved Ru(bpy)3

2+ or via
binding of Co(bpy)3

3+ to the outer DNA layer in the film (Zhou et al., 2003).
Later, enzyme-catalyzed bioactivation was detected by using an inner catalytic
RuCl-PVP polymer layer in the sensor (Wang and Rusling, 2003).
Sensors using RuCl-PVP showed catalytic SWV peaks at 0.75V vs. SCE that

increased with time of the enzyme reaction (Figure 5). Here, myoglobin is used
as an ‘‘enzyme model’’ to epoxidize styrene. The results suggest that ds-DNA in
the film is damaged by styrene oxide. Control electrodes incubated with hy-
drogen peroxide and unreactive toluene showed catalytic oxidation peaks of
similar heights to freshly prepared films. The low concentrations of hydrogen
peroxide used to activate the enzymes had no influence on ds-DNA. Only peaks
for films that had been activated by hydrogen peroxide and styrene together
increased with reaction time.

Fig. 5. Influence of incubation time on the catalytic peak ratio Ip,f/Ip,i (final/initial) of

PDDA/PSS/ClRu-PVP/CT-ds-DNA/(Mb/CT-ds-DNA)2 films treated at pH 5.5 with 2mM

H2O2 and saturated styrene (�), 2mM H2O2 and saturated toluene (.), and 0.2mM H2O2

and saturated styrene (3). Error bars show standard deviations for three trials. Reproduced

with permission from Wang B. and J. F. Rusling, 2003, Anal. Chem. 75, 4229–4235. Copy-

right American Chemical Society.
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Similar results were obtained using the bacterial enzyme cyt P450cam. Sensors
featuring DNA/(cyt P450cam/ST-ds-DNA)2 films incubated with styrene and
hydrogen peroxide showed a rapid increase in SWV peak current in the first
5min of the enzyme reaction (Zhou et al., 2003). No significant increases in
peak current with enzyme reaction time were found for films incubated with
toluene and hydrogen peroxide, styrene alone, benzaldehyde, or hydrogen per-
oxide alone for up to 30min. These results are consistent with an increase in
sensor response related to DNA damage.
An alternative method employing Co(bpy)3

3+ as an electroactive probe was
used with the same types of enzyme/DNA films (Zhou et al., 2003). Co(bpy)3

3+

reduction peaks at 0.04V decreased as DNA was damaged by enzyme-
generated styrene oxide since this complex binds better to intact than to dam-
aged DNA (Yang et al., 2002). Control incubations with unreactive controls or
hydrogen peroxide showed little change in SWV peaks.
Catalytic SWV detection provided multiple measurements over 5min of

enzyme-catalyzed styrene epoxidation and was more sensitive than the
Co(bpy)3

3+ binding assay. Nevertheless, the Co(bpy)3
3+ binding assay may be

useful to avoid potential interferences in certain situations because of its low-
measurement voltage where few electroactive species will interfere.
Polymorphism and induction of enzymes from chemical exposure lead to

interindividual differences in levels and distributions of different cyt P450s in
humans. These differences could predispose certain individuals to a higher risk
of drug toxicity (Guengerich, 1989, 1993; Gonzalez, 1992). Thus it is important
to identify, which human cyt P450s generate genotoxic metabolites. To address
this issue, arrays with individually addressable electrodes coated with DNA/
enzyme films as above can be used to estimate relative rates of genotoxic bio-
activation. This approach was demonstrated for benzo[a]pyrene using different
enzymes simultaneously. Specifically, cyt P450cam, cyt P450 1A2, and Mb in an
array were activated with H2O2 to metabolize benzo[a]pyrene. As above, DNA
damage by the metabolites was detected by increases in SWV peak ratios using
soluble Ru(bpy)3

2+ as catalyst (Figure 6) (Wang et al., 2005). While the slopes of
peak ratio vs. incubation time were similar for the three enzymes, measurements
of protein concentration showed that there was much more Mb that cyt P450s
in the respective films. When slopes of peak ratio vs. incubation time were
divided by amount of enzyme, relative turnover rates in (nmol enzyme)�1min�1

were 3.0 for Cyt P450cam, 3.5 for cyt P450 1A2, and 0.9 for Mb. Thus, cyt
P450cam and cyt P450 1A2 showed three-fold higher activity for genotoxic bio-
activation of benzo[a]pyrene than Mb. The ability of the arrays to generate and
detect metabolite-based DNA damage simultaneously for several enzymes re-
presents a promising approach to identify and characterize enzymes involved in
genotoxicity of drugs and pollutants.

3.3. Electrochemiluminescence (ECL) detection

Reaction of the Ru-PVP catalyst in Scheme 2 in thin films with DNA was shown
to generate direct ECL (Dennany et al., 2003). This provides another alternative
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for detection of DNA hybridization and damage. In 10nm thick films of cationic
polymer [Ru(bpy)2(PVP)10]

2+ assembled layer by layer with DNA, a square
wave voltammetric waveform was used to oxidize RuII sites in the metallopol-
ymer to RuIII, which oxidizes DNA. ECL was measured simultaneously with
catalytic voltammetric peaks at�1.15V (Figure 7) in a simple apparatus utilizing
an optical fiber positioned under the electrode outside the cell, and connected to
a monochromator and photomultiplier tube. ECL was observed only when
guanine bases were present in oligonucleotides in the films. This result suggested
that guanine radicals initially formed by catalytic oxidation of guanines in DNA
by RuIII react with the metallopolymer to produce electronically exited RuII*
sites in the film. Simultaneous linear growth of ECL and SWV peaks occurred
after incubation with known DNA damage agent styrene oxide over 20min. The
estimated detection limit was one damaged DNA base in one thousand. Control
incubations of metallopolymer/ds-DNA films in buffer containing unreactive
toluene resulted in no significant changes of the ECL or SWV peaks.

4. SENSORS FOR OXIDIZED DNA

4.1. Voltammetric sensors

When DNA is oxidized, a major initial product is 8-oxoG, which is an
important biomarker for oxidative stress (Shigenaga and Ames, 1991).

Fig. 6. Influence of incubation time with 50mM benzo[a]pyrene and 1mM H2O2 on the peak

current ratios from SWV of PDDA/DNA/(enzyme/DNA)2 films in an 8-electrode array.

Control is PDDA/DNA/(Mb/DNA)2 film in 50 mM benzo[a]pyrene alone (four replicates for

Mb films, three each for cyt P450 films). Amounts of proteins in the films in nmol cm�2 were

0.26 for Mb, 0.060 for cyt P450cam, and 0.054 for cyt P4501A2. Adapted with permission

from Wang, B., I. Jansson, J. B. Schenkman and J. F. Rusling, 2005, Anal. Chem. 77,

1361–1367. Copyright American Chemical Society.
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Electrochemical catalysis using Os(bpy)3
2+ selectively oxidizes 8-oxoG, but does

not oxidize guanine or other DNA nucleobases (Ropp and Thorp, 1999). To
make sensors to detect oxidized DNA, films of the metallopolymer [Os(b-
py)2(PVP)10Cl]

+ (ClOs-PVP) and ClRu-PVP were used to monitor oxidized
DNA in solution. Sensor films were prepared as (ClRu-PVP/PSS/ClOs-PVP)2/
PSS on PG electrodes. ClOs-PVP is an analogous metallopolymer to ClRu-
PVP, but employs the osmium complex and has a much lower formal potential.
The outer layer of polyanion PSS in the film serves to inhibit adsorption of
negatively charged DNA from solution, so that the sensors are reusable.
SWV peaks for the OsII/OsIII redox couple were found at about 0.33V vs.

SCE and for the RuII/RuIII redox couple at 0.78V (Figure 8A). Similar peaks
were found when the sensor was placed into buffer containing DNA (Curve
8A.b). The OsII SWV peak was nearly unchanged, but the RuII peak increased
due to oxidation of guanines in the DNA according to Scheme 1. Fenton’s
reagent was used to generate hydroxyl radicals to oxidize DNA. When the
sensor was placed into DNA solutions that had been oxidized by Fenton’s

Fig. 7. SWV and ECL responses for (Ru-PVP/ds-CT DNA)2 films on PG electrodes in pH

5.5 buffer+50mM NaCl after incubations 371C with saturated styrene oxide. Numerical

labels are incubation times in minutes. Adapted with permission from Dennany, L., R. J.

Forster, J. F. Rusling, 2003, J. Am. Chem. Soc. 125, 5213–5218. Copyright American

Chemical Society.
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reagent for 5min, both the OsII and RuII peaks increased (Curve 8A.c). The
major cause for the increase of the OsII peak was identified as the catalytic
oxidation of 8-oxoG by the OsII/OsIII redox sites in the film by studies with
homogeneous polynucleotides of each of the four bases (Mugweru et al., 2004).
Only poly[G] gave large increases of the OsII peak. The increase in the more
positive RuII peak may result from the catalytic oxidation of other oxidized
bases as well as DNA helix unwinding or strand cleavage.
The SWV peak ratio for OsII increased linearly over the first 3min of

oxidation with Fenton’s reagent at the FeII and hydrogen peroxide concentra-
tions used (Figure 8B). Similar increases for Fenton-oxidized DNA in solution
were observed on this timescale in a specific LC–EC determination of 8-oxoG
after hydrolysis of the DNA (White et al., 2003). These data showed that in-
creases in the OsII peak correlate well with the amounts of 8-oxoG in the
oxidized DNA. Comparisons of LC–EC and sensor results suggested that the
sensor can detect about one oxidized guanine per 6000 intact guanines in DNA.
The increase in the RuII peak does not begin until after 2min of reaction with
hydroxyl radical under the given conditions (Figure 8B), suggesting observation
of slower oxidation processes.

4.2. ECL sensors

Direct ECL from oxidized DNA was generated in ultrathin films of cationic
polymer [Os(bpy)2(PVP)10]

2+ [PVP ¼ poly(vinyl pyridine)] assembled layer by
layer with DNA or oligonucleotides. Electrochemically oxidized OsII sites

Fig. 8. Results for DNA oxidation sensors: (A) SWV at 15Hz and 25mV pulse height for

(ClRu-PVP/PSS/ClOs-PVP)2/PSS film (a) in pH 7.0 buffer, (b) in buffer+0.2mgmL�1 CT

ds-DNA (c) in buffer+0.2mgmL�1 CT ds-DNA that had been incubated in Fenton reagent

(0.15mM FeSO4+50mM H2O2 at 371C) for 5min. (B) Ratio of final to initial SWV peak

currents of a (Ru-PVP/PSS/Os-PVP)2/PSS film in solution of CT DNA after incubated with

Fenton reagent at different times: Os peaks (3), Ru peaks (�), Os control incubated with

50mM H2O2 without FeSO4 (m). Adapted with permission from Mugweru, A., B. Wang, J.

F. Rusling, 2004, Anal. Chem. 76, 5557–5563. Copyright American Chemical Society.
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generated ECL from films containing oxo-guanines on DNA formed by chemi-
cal oxidation using Fenton reagent (Dennany et al., 2004). Peak ratios of both
ECL and SWV had relatively similar shapes with incubation time with hydroxyl
radicals (Figure 9a, b). Here, the concentration of hydrogen peroxide was
smaller than in Figure 8 because the Os-PVP ECL polymer was more sensitive

Fig. 9. Detection of DNA oxidation from reaction at 371C with Fenton reagent (0.15mM

FeSO4 and 5mM H2O2) by three different methods. The top two graphs depict influence of

incubation of (OsRu-PVP/ds-ST DNA)2 sensors with Fenton reagent (3), with FeSO4 alone

(m), H2O2 alone (&), and only pH 5.5 buffer (+) on (a) average ECL signals and (b) average

SWV catalytic peak currents for the OsII/OsIII redox couple ðn ¼ 3Þ (c) LC–EC determination

of [8-oxoG] during oxidation of 1.2mgmL�1 ds-DNA in pH 5.5 by Fenton reagent under

same conditions as for incubation of DNA electrodes (n ¼ 3; DNA hydrolyzed before anal-

ysis). Adapted with permission from Dennany, L., R. J. Forster, B. White, M. Smyth and J.

F. Rusling, 2004, J. Am. Chem. Soc. 126, 8835–8841. Copyright American Chemical Society.
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to damage by Fenton’s reagent than ClOs-PVP. Using these less-reactive con-
ditions, the shapes of the ECL and SWV peak ratios at the Os potential were
remarkably similar to each other and to the profile of 8-oxoG concentration vs.
reaction time found after hydrolysis of the DNA and analysis by LC–EC (Fig-
ure 9c). These results suggest that the ECL sensor is measuring mainly 8-oxoG
at the Os potential. Studies with oligonucleotides showed that films combining
DNA, Ru-PVP, and Os-PVP had OsII sites that produced ECL signals pre-
dominantly for 8-oxoG while RuII sites gave ECL from reaction with oxo-
adenines, chemically damaged DNA, and possibly from cleaved DNA strands.

5. SUMMARY AND OUTLOOK FOR THE FUTURE

This chapter describes how sensors based on nanometer scale films of DNA,
enzymes, polyions, and catalytic redox polyions can be designed for screening
the toxicity of chemicals and their metabolites, and for oxidative stress. The
unifying features of the approach include layer-by-layer sensor film assembly,
and the electrochemical detection of DNA damage. Films containing DNA and
enzymes enable detection of structural damage to DNA by SWV or ECL as a
basis for toxicity screening. Sensors containing the appropriate enzymes can
bioactivate chemicals to their metabolites that then may react with DNA. DNA
damage can currently be detected at levels of about 0.5–1% by methods in-
cluding catalytic SWV, ECL, or DNA binding probes. More importantly, sen-
sor response vs. incubation time is a good relative estimate of the rate of
nucleobase adduct formation.
Films of the osmium polymer ClOs-PVP can be used to selectively monitor

DNA oxidation mainly at guanines, and Os-PVP/DNA films can be used to
detect DNA oxidation by ECL. These methods may be adaptable to monitoring
oxidized DNA as a clinical biomarker for oxidative stress.
An active and productive future is expected for applications of toxicity bio-

sensors and sensors for oxidative stress. Sensor film construction is achievable
by room temperature solution processing and is amenable to automation, per-
haps by using robotic solutions spotters. Inexpensive sensor arrays could be
developed to provide many toxicity screens simultaneously. As shown in one
prototype example, future sensor arrays could be configured to detect toxicity of
metabolites generated by a range of human cyt P450s.
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1. INTRODUCTION

The successful elucidation of the human genome in 2000 has stimulated a new
paradigm in life sciences. In the past, a sequential view from a given gene via a
defined RNA to the protein was the typical object of investigations. At present a
systemic approach – systems biology – has been created considering all genes,
the total expressed RNA and the totality of proteins in a given system. This
concept depends on a highly parallel analytical methodology, on the level of
nucleic acids and proteins, and even metabolites and mediators (Figure 1).
For nucleic acids the development of biochips meets these requirements. In

the near future the total genome of a species can be resequenced (or all ex-
pressed RNAs [the transcriptome] will be measured) by only applying one chip
possessing several million spots.
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Systemic analysis on the protein level is considerably more complex due to the
following features:

(i) The number of different protein species is a multiple of the number of genes.
(ii) The physico-chemical diversity of proteins, e.g. the isoelectric point, is more

complex than that of nucleic acids consisting of 4(5) unique building blocks.
(iii) Up to now no comparable methods to PCR for ‘‘protein amplification’’

have been found.
(iv) Interactions between proteins cannot be reduced to a general code of

‘‘complementary’’ amino acids – like it works for nucleic acids – due to the
highly complex three-dimensional structures. Therefore, specific binders,
typically antibodies and, more recently, aptamers, must be prepared for
each protein species of interest.

The aim of this chapter is to demonstrate how highly parallel protein analysis can
be achieved by combining immunoassays and electrochemical biochip technology.

2. FROM IMMUNOASSAYS TO IMMUNOSENSORS

2.1. Coupling of binding assays with electrochemical indication

2.1.1. Antibodies : The recognition elements of immunoassays

Antibodies are considered to be well-suited recognition elements for bioassays
and sensors. The high specificity and affinity of an antibody for its antigen
allows a selective binding of the analyte (antigen) which occurs in the nano- to
picomolar range in the presence of hundreds of other substances, even if they
exceed the analyte concentration by 2–3 orders of magnitude.
An impressive example for the high specificity of an antiserum was already

given by Landsteiner and van der Scheer (1928), when they demonstrated that
an immunological method can select correctly between the optical isomers of
phenyl- (p-aminobenzoylamino) acetate.

Fig. 1. Scheme of the used analytical methods for systems biology.
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Thus, immunochemical analysis can handle samples without any analyte en-
richment, purification or pretreatment, which is normally necessary for stand-
ard methods such as high-performance liquid chromatography (HPLC), mass
spectrometry or gas chromatography. Especially for clinical diagnostics, where
complex samples such as whole blood, serum or urine containing many different
substances, such as proteins, amino acids, sugars, hormones etc., have to be
analyzed, immunoassays have considerable advantages over standard methods
with respect to time and sensitivity.
Moreover, recombinant antibody technology has now been developed to a

level, which allows the expression of Fab or single-chain fragments (scFv) in E.
coli in large quantities at an acceptable cost. In mammalian cell culture, the yield
is about 0.5–1 g/L with costs of 300 £/g whereas in bacteria the yield can be as
high as 3 g/L with costs of 1 £/g (Harris, 1999). However, in contrast to other
bioanalytical methods such as enzymatic assays, where the enzymatic activity can
often be followed directly via indication of the enzymatic product, the binding of
an antigen to the appropriate antibody is accompanied by only small physico-
chemical changes. In most of the existing immunoassays the binding event is
visualized via an auxiliary reaction, in which one immunoreactant is labeled with
a substance, which can easily be indicated by mostly spectrophotometric meth-
ods. The use of labels began when Yalow and Berson (1959) developed the first
radioimmunoassay (RIA) with a radioactive compound as label. To date a huge
number of different labels, including enzymes, fluorophors, redox compounds,
cofactors, fluorescence quenchers, chemiluminescence metals, latex particles and
liposomes have been applied in immunoassays (Blake and Gould, 1984).
In principle, immunoassays with labeled compounds are carried out in two

different ways: (i) In competitive assays the labeled analyte competes with the
analyte for the antigen binding sites of the antibody. The key feature of a
competitive assay is that maximum assay sensitivity is attained using an amount
of antibody tending to zero. The sensitivity of a competitive immunoassay is
determined by the affinity of the antibody for its antigen. Since the affinity of an
antibody can be in the range of 105–1012M�1 (Harlow and Lane, 1988) com-
petitive immunoassays using antibodies with a Kd ¼ 10�12 M reach their highest
sensitivity in the picomolar range. However, the lower detection limit can be
decreased even further when appropriate assay conditions are chosen. (ii) In
non-competitive assays (e.g. sandwich or sequential saturation assays) a signi-
ficant excess of antibodies over the antigen is used. Here, diffusion processes are
much more important than the affinity of the antibody used. While the lowest
analyte concentration detectable using competitive design is in the order of
107molecules/mL, a non-competitive method is potentially capable of measur-
ing concentrations lower by several orders of magnitude (Ekins, 1989). In ad-
dition, due to the excess of one immunoreactant, non-competitive assays are
normally much faster than their competitive counterpart.
Immunoassays have been adapted to highly sophisticated automated anal-

yzers facilitating the analysis of a very large number of samples within a short
time. Such analyzers can handle homogeneous or heterogeneous test formats,
which are performed in plastic tubes or in wells of 96-, 384- or 1536-microtiter
wells. To reduce costs and enhance throughput, nowadays with the help of
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piezoelectrical pipetting systems and chip production technology, nanotiter
plates that have an area of 2� 2 cm and 625 wells with volumes of 50–100 nL
have become popular.
While the goal of this technology is a high throughput of samples, the mi-

crospot assay or nanochip technology (Ekins and Chu, 1997) which is at present
a fast developing technology, is focused on the detection of thousands of anal-
ytes in one sample.
In contrast to DNA analysis where different specificities can easily be pre-

determined by simple chemical synthesis of the nucleotide sequence, the gen-
eration of antibodies for each analyte needs much more efforts. However, in
clinical diagnostics the need for the determination of such a large number of
different analytes in any one patient is to date less obvious (Price, 1998). Since
one immunoreactive spot on a chip usually has an area ofo10mm2 the benefit of
this technology for immunochemical methods could be seen more in (i) a dra-
matic reduction of reagent consumption, (ii) in its use with cross-reactive an-
tibodies for pattern recognition or (iii) in providing more exact results by highly
multiple determinations. In Weller et al. (1999), described an optical immuno-
assay with 1600 spots per 1.8 cm2 which can be used in environmental control
for parallel determination of different pesticides. With a volume of 2 nL per spot
of an antibody solution of 10mg/mL and 1000 spots per chip the total amount
of antibody per chip was calculated to be only 20 ng.

2.1.2. Electrochemical indication

Capacitive and potentiometric transducers can be used for real-time and label-
free measurement of the antigen–antibody reaction. They are based on the
principle that the electrode capacitance depends on the thickness and dielectric
behavior of a dielectric layer on the surface of a metal plate. However, most of
the electrochemical immunoassays and sensors use amperometric indication.
Since antibodies and antigens are usually not electrochemically active within

the desired potential range redox-active compounds (redox label) or enzymes
generating electrode-active species have to be applied as labels for amperometric
indication. Thus amperometric immunoassays depend on auxiliary reactions.
This has the advantage that unspecific binding of molecules other than the
labeled immunoreactant will not contribute to the measuring signal.
The redox label for an amperometric immunoassay should have the following

properties:

(i) It should be electroactive in a potential range of �200–0mV (Marko-Varga
et al., 1995).

(ii) It should not cause electrode fouling.
(iii) There should be no side reactions with the matrix.
(iv) It should be stable in buffer.
(v) Chemical groups for coupling should be available.

For an electrochemical enzyme immunoassay the labeling enzyme should fulfill
the following requirements:
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(i) high catalytic activity kcat,
(ii) generation of electrochemically active products with properties described

above for the redox label,
(iii) enzyme substrates and enzymes must be stable in buffer, and
(iv) minimal, side reaction of the enzyme products.

In electrochemical binding assays similar principles (competitive, non-competitive)
can be used as in conventional formats. Since the indication finally takes place
at an interface of the transducer additional features can be used for designing
separation-free assays.

2.2. Electrochemical immunoassays

2.2.1. Enzyme-labeled electrochemical immunoassays

In conventional immunoassays the application of enzymes has found wide-
spread use. They produce products which can easily be determined spectro-
photometrically or fluorometrically. In addition, due to the high catalytic power
of enzymes they amplify the signal allowing detection limits down to the at-
tomolar range (Bates, 1987). The catalytic power is clearly exemplified on al-
kaline phosphatase, an often used enzyme label. It is able to hydrolyze
500molecules of p-nitrophenylphosphate to colored p-nitrophenol per second
and enzyme molecule. Other effective enzyme labels are horseradish peroxidase
(HRP), b-galactosidase, cholinesterase and glucose oxidase.
The enzyme-linked immunosorbent assay (ELISA), which has become the

most successful standard enzyme immunoassay (EIA) is usually performed in a
96-well microtiter plate with immobilized antibodies or antigen, allowing the
determination of a number of samples at once, which reduces the time per
sample. After sequential incubations of sample, antibody– or antigen–enzyme
conjugate and enzyme substrate reagents with washing steps in between the
readout is performed by measuring the absorbance or fluorescence of each well
with a standard microtiter plate reader. For heterogeneous EIAs, multiple in-
cubation and washing steps are necessary which make automation and min-
iaturization difficult. Homogeneous EIAs, which can be carried out without any
washing procedures are usually based on the modulation of enzymatic activity.
Therefore, one immunoreactant is coupled with an enzyme (EMIT), substrate
(SLFIA), inhibitor (EMMIA) or cofactor (ARIS), or immunoreactants are
coupled with two cooperating enzymes (Channeling-EIA).
The most important homogeneous EIA is the enzyme multiplied immuno-

assay (EMIT) which was developed by Rubenstein et al. (1972) and has found
practical application for the measurement of hormones. The principle is that if
an antibody binds to an antigen–enzyme conjugate the conformation of the
enzyme or the steric accessibility of the active site is changed, which is accom-
panied by a decrease in enzymatic activity. Usually, these assays are performed
as competitive assays, resulting in a direct relationship of analyte concentration
to the signal.
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The easiest way to apply electrochemical methods to enzyme immunoassays is
to work under standard ELISA or EMIT conditions but use an enzymatic
reaction where the products can be monitored by potentiometric or ampero-
metric transducers. The electrochemical transducer substitutes the microtiter
plate reader which should reduce costs and allow measurements under field
conditions. The electrodes can be integrated within the wells of microtiter plates
or the enzymatic reaction products are transferred to an electrochemical meas-
uring cell.
A number of publications describe highly sensitive amperometric determina-

tions of the product of the reaction catalyzed by the enzyme label. Catalase is
known to be one of the most active enzymes. Its catalytic reaction rate constant
is approximately 105 s�1. This enzyme was used as a marker for immunoanalysis
in order to improve the sensitivity of labeled immunoagent determination
(Ikariyama and Aizawa, 1988; Mirhabibollahi et al., 1990b). An oxygen elec-
trode was used for the detection of oxygen formed as a result of the enzymatic
decomposition of hydrogen peroxide.
Alkaline phosphatase (aP) is one of the popular enzyme makers for immuno-

analysis. This enzyme catalyzes a dephosphorylation reaction of different organic
phosphates. Some of the products formed as a result of the reaction can be
detected amperometrically in significantly low concentrations. This approach was
introduced by Kulys et al. (1980). Successful development of the electrochemical
immunoassay based on aP determination was achieved by W. R. Heineman and
his co-workers (Tang et al., 1988; Buckley et al., 1989; Niwa et al., 1993; Kaneki
et al., 1994). Instead of p-nitrophenylphosphate which is routinely used as the
substrate in optical ELISA techniques p-aminophenylphosphate (p-APP) is ap-
plied for the electrochemical determination of aP. The alkaline phosphatase pro-
duces p-aminophenol (p-AP) which can be measured very sensitively at a glassy
carbon electrode. Such an approach allows nanomolar concentrations of p-AP
(Niwa et al., 1993; Frew et al., 1989; Meusel et al., 1995) and phenol
(Mirhabibollahi et al., 1990a) to be detected amperometrically.
Phenylphosphate is much more stable than p-APP. The Km of alkaline

phosphatase was determined with 35mM phenylphosphate. The turnover number
kcat is about 47,500min�1. Although the phenol produced can be measured
amperometrically using an electrode potential of +870mV (Wehmeyer et al.,
1986), more sensitive assays are possible using amplification by a tyrosinase/
PQQ-dependent glucose dehydrogenase electrode. The lower detection limit (>3
SD) for phenol was 10nM. The electrode response was linear between 20 and
1000nM phenol (Scheller et al., 2002).
Substrate cycling is a means well suited to achieve high sensitivity for the

detection of marker enzymes. Here the product of the enzyme label is not only
measured once but is reconverted to be measured again. There are analyte
recycling systems known with electrochemical as well as optical detection. The
sensitive measurement is not only dependent on a high amplification but also on
stability and purity of the reagents.
The formation of NAD+ from NADP+ (Athey and McNeil, 1994), pyruvate

from phosphoenolpyruvate (Makower et al., 1994), phenol from phenyl phos-
phate (Bauer et al., 1996) and aminophenol from aminophenylphosphate by the
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aP label (Ghindilis et al., 1995a; Bier et al., 1996b) have been followed using
enzymatic substrate recycling and electrodes. Besides, X -galactosidase can also
been employed; here an aminophenylated galactoside is hydrolyzed.
Determination of goat IgG and human thyroid stimulating hormone (hTSH)

has been performed in a sandwich-type immunoassay using an oligosaccharide
dehydrogenase/laccase electrode (Bier et al., 1996b). In a first investigation, aP
has been used for the model compound IgG, and the liberation of p-aminophenol
from p-aminophenyl phosphate was followed. This reaction, however, is known
to suffer from drawbacks related to the limited stability of both p-aminophenyl
phosphate and p-aminophenol in alkaline solution (Tang et al., 1988). Therefore,
a large blank signal, which in some cases exceeds the dynamic measuring range of
the electrode, is obtained and the incubation time is limited. Furthermore, the use
of aP requires a change of the pH between the immunoassay and the electrode
reaction. Therefore, b-galactosidase label was used. Since the optimum pH of
X -galactosidase is close to that of the bi-enzyme sensor (pH 6.5) the whole assay
could be performed under the same conditions. The sensitivity of the total assay
was comparable to that of the photometric test. For the determination of hTSH
the sandwich-type assay has been performed using biotinylated tracer antibody
and streptavidin-X -galactosidase conjugate. The measuring range extends from
0.0005 to 20 ng/mL with a detection limit of 0.3 pg/mL.
Bauer et al. (1996) used a tyrosinase and quinoprotein glucose dehydrogenase

covered oxygen electrode as fast readout of a competitive immunoassay for the
herbicide 2,4-D involving an aP label where phenyl phosphate is used as subst-
rate for aP and the liberated phenol is indicated. The competitive immunoassay
uses an immobilized antibody against 2,4-D in a microtiter plate. After com-
petition between 2,4-D-aP conjugates and 2,4-D for 1 h and an intermediate
washing step, substrate buffer has been added and transferred to a biosensor
equipped with FIA after 2min. This means a reduction of time if compared to
overnight incubation, which is the time required for the standard optical meth-
od with p-nitrophenyl phosphate. The working range is about 0.1–10 mg/L. The
results are in good agreement with the optical reference method.
A fast and sensitive screening method for the repetitive analysis of cocaine

was developed. This method, the amplified flow immunoassay (AFIA, Bauer
et al., 1998), consisted of three steps: first, the immuno-recognition, where co-
caine binds to the aP-labeled antibody (pAb-aP). Second, excess pAb-aP is
removed by a cocaine-modified affinity column. Third, the cocaine–pAb-aP
complex is detected in the column effluent.
Cocaine could be quantified between 0.38 and 3.2 nM. The lower detection

limit 0.38 nM was calculated from the non-linear fit. The response time was 75 s
after the injection of cocaine.
The performance of AFIA can be compared to a manually operated cocaine-

immunoassay with off-line detection based on the same reagents (Eremenko
et al., 1998). A preincubated mixture of cocaine and pAb-aP was injected there.
The response time to cocaine of 1 h was decreased to 75 s for AFIA. This 50-fold
acceleration was achieved avoiding dilution by on-line detection and integrating
the multi-step manual protocol into one automated procedure with reduced
times for immuno-recognition and label detection.
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AFIA could perform more than 200 consecutive cocaine assays without re-
generation of the affinity column. AFIA is 40 times more sensitive than the
displacement flow immunosensor for cocaine (Ogert et al., 1992). Both methods
detect cocaine in similar times. But the lifetime of the displacement column is
limited to 32 h or 5–15 cocaine injections. AFIA is the most sensitive and one of
the fastest immunoassays for cocaine.
In commercially available amplified ELISA (AmpliQ from Dako, NovoClone

AELIA from Novo BioLabs), INT-violet is used as the diaphorase substrate
(Self, 1981; Johansson et al., 1986). For the electrochemical approach ferricy-
anide was used. The ferrocyanide produced was indicated amperometrically. In
similar configurations, ADH was replaced by formiate dehydrogenase, glucose
dehydrogenase, carnithine dehydrogenase (Bergel et al., 1989) or glycerol de-
hydrogenase (Tang and Johansson, 1995).
A special application of electrode supported EIA with potentiometric elec-

trode is the commercially available Threshold Immuno-Ligand Assay System
(Molecular Devices, USA). Here urease is used as the labeling enzyme. After
incubation of the analyte-containing sample with urease- and avidin-labeled
immunoreactants, the incubation mixture is passed through a filtration mem-
brane with immobilized biotin. After washing, the membrane-bound urease is
indicated by a light addressable potentiometric sensor (Olson et al., 1990).
Separation-free immunoassays are very attractive since no washing procedures
are necessary. Athey et al. (1993) have adapted a commercially available EMIT
(from Syva) –based on the modulation of the enzyme activity – for the com-
petitive determination of theophylline in whole blood with theophilline-glucose-
6-phosphate dehydrogenase conjugate. The produced NADH was determined
by an amperometric detector at a potential of +150mV vs. Ag/AgCl (Figure 2).
Table 1 shows further examples of enzymes in electrochemical immunoassays.

2.2.2. Redox-labeled immunoassays

In non-amplified redox-labeled electrochemical immunoassays the indication of
one antigen or antibody molecule will generate one signal equivalent. Since the
sensitivity of an amperometric sensor for the redox label is in the lower mi-
cromolar range, this kind of assay only makes sense if the concentration of the
analyte to be determined is also in that range. This is the case for instance for
the determination of creatinine. In the so-called size exclusion redox-labeled
immunoassay (SERI) creatinine from the sample competes with redox-labeled
creatinine for the antigen binding sites of the antibody. Unbound conjugate
passes through a membrane and is indicated at the electrode whereas anti-
body-bound conjugate is size excluded (Figure 3). This principle allows a ho-
mogeneous and therefore convenient determination of creatinine within the
submicromolar to submillimolar range (Benkert et al., 2000a). However, one
drawback of SERI for creatinine is that the applied antibody concentration
must be in the micromolar range which makes this kind of test very expensive
especially if non-miniaturized measuring cells are used.
For more sensitive immunoassays, analyte accumulation or signal amplifica-

tion principles are necessary. Bordes et al. (1997, 1999) used in a multi-analyte
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immunoassay, a 5-min preconcentration step of the cationic labels used
(ferrocene ammonium salt with Ep ¼ þ260mV, cobaltocenium salt with
Ep ¼ 21:05V) at a negatively charged nafion-loaded carbon paste electrode
resulting in a linear response down to 75 nM. However, to regenerate the sensor,
the nafion-loaded carbon paste surface has to be renewed after each measure-
ment.
Higher sensitivities are achieved when redox recycling is applied. Thereby the

redox compound is oxidized and reduced in a cyclic manner so that the indi-
cation of one labeled antigen or antibody molecule will generate multiple signal
equivalents. Redox recycling can be done in mainly three different ways by
using electrode–electrode, electrode–enzyme or enzyme–enzyme couples.
Electrode– electrode coupling was used by Niwa et al. (1991), Wollenberger

et al. (1994) and Hintsche et al. (1997) to enhance the sensitivity by one order of
magnitude and to achieve thereby detection limits in the lower nanomolar
range. Therefore, interdigitated array electrodes (IDA) with an electrode width
of 1.5mm and an interelectrode space of 0.8mm were used. As the authors
described, redox recycling with IDA can be used for the design of an electrode-
supported ELISA (Figure 4) or for a separation-free displacement assay. Anti-
hapten antibodies which have been coupled to small polymeric beads are
saturated with hapten–ferrocene or hapten–peptide–ferrocene conjugates. The
analyte (free hapten) displaces the conjugates which are then detected by the

PACE-Electrode (+150 mV)

NADH

Theophylline

Anti-Theophylline-Antibody

Glucose-6-phosphate,
NAD+

Enzyme

Glucose-6-phosphate Dehydrogenase
-Theophylline-Conjugate

Fig. 2. Separation-free electrochemical immunoassay based on a conventional EMIT.
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Table 1. Representative examples of enzymes used in electrochemical immunoassays

Enzymes Substrates Products Transducer Reference

Glucose-6-phosphate-dehydrogenase Glucose-6-phosphate+ NAD+ Gluconate-6-phosphate+ NADH Platinized carbon (+150mV) Athey et al. (1993)

Catalase H2O2 O2 Clark electrode (�600mV) Aizawa et al. (1980)

Peroxidase H2O2+iodide Iodine Highly dispersed carbon electrode (+127mV) Abdel-Hamid et al. (1999)

Graphite (0mV) Rishpon and Ivnitski (1997)

H2O2+ 5-aminosalicylic acid 5-Aminosalicylic acid quinoneimine Graphite (�20mV) Ivnitski et al. (1998)

H2O2+hydroquinone Benzoquinone Screen-printed platinum (�600mV) Romero et al. (1998)

Graphite methacrylate (�100mV) Santadreu et al. (1999)

H2O2+tetrathiafulvalene (TTF) TTFþ Glassy carbon (+20mV) Wendzinski et al. (1997)

Microperoxidase H2O2+electrode 2 e� Gold electrode Padeste et al. (1998)

Alkaline phosphatase Glucose-6-phosphate Glucose+phosphate Glucose oxidase-enzyme sensor (+600mV) Renneberg et al. (1983)

Phenylphosphate Phenol+phosphate (+870mV) Wehmeyer et al. (1986)

Jenkins et al. (1988)

p-Aminophenylphosphate p-Aminophenol+phosphate Gold (+190mV) Ducey et al. (1997)

Glucose oxidase Glucose+ferrocene (Oxid.) Gluconolactone ferrocene ðRed:Þ Glassy carbon (+250mV) Robinson et al. (1987/88)

X -Galactosidase p-Aminophenyl-X -galactoside p-Aminophenol +galactose Laccase/ODH enzyme sensor (�600mV) Bier et al. (1996a)

Urease Urea NHþ
4 þ CO2 Ammonia gas electrode (In gold) Campanella et al. (1999)

X -Lactamase Benzyl penicilin Hþ PH-FET Sergeyeva et al. (1999)

Indicated substances are underlined. A
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IDA. The advantage of this kind of redox recycling is that a sensitive ampero-
metric determination is reached without any transducer-immobilized biomol-
ecule which makes the device more stable. However, high-quality IDA and a
bipotentiostat are needed. Furthermore, the reliability of measurements in se-
rum or whole blood has not been shown until now.
The concept of redox recycling by using electrode– enzyme coupling was in-

troduced by Di Gleria et al. (1986). They used a lidocaine–ferrocene conjugate
in combination with glucose oxidase (GOD). Since ferrocene was used as a
mediator for glucose determination within GOD enzyme electrodes it was in-
teresting to use it as the labeling compound for a homogeneous competitive
immunoassay. The general principle is shown in Figure 5. The ferrocene label
was oxidized at a potential of +380mV at a gold working electrode and re-
duced back in the presence of glucose by the glucose oxidase reaction. A
standard calibration curve for lidocaine in seven-fold diluted plasma over the
concentration range 5–50mM gave a linear relationship between catalytic cur-
rent and lidocaine concentration and correlated well with the standard EMIT
immunoassay.
An alternative type of redox recycling uses enzyme– enzyme coupling. The

product of the first enzyme reaction acts as the substrate for the second, and the
product of the second acts as the substrate for the first. The consumption of a co-
substrate, e.g. oxygen, or the development of a co-product, e.g. hydrogen per-
oxide, can be measured electrochemically. Because the conversion of the label is

Fig. 3. Principle of size exclusion redox-labeled immunoassay (SERI) for determination of

low-molecular weight analytes (e.g. creatinine).
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not performed with the electrode, this principle is also applicable to other elect-
rochemical transducers, e.g. ion selective electrodes. For amperometric multi-
enzyme electrodes amplification factors of 3–48,000 have been described for the
appropriate substrates (Wollenberger et al., 1993; Raba andMotolla, 1994; Bauer
et al., 1996, 1998). However, in redox-labeled immunoassays not the natural
enzyme substrate is applied, but a hapten-coupled derivative of the substrate
which is usually converted less effectively than the natural substrate. The result is
that the amplification is lower than for the natural substrate.
Ghindilis et al. (1995b) have described a couple of PQQ dependent glucose

dehydrogenase and laccase for the determination of ferrocene derivatives. Both
enzymes were immobilized and sandwiched between a dialysis and a polyeth-
ylene membrane. The enzyme membrane was fixed on the top of a Clark elec-
trode. The laccase reaction is accompanied by oxygen consumption which is
indicated. Lower detection limits for a ferrocene derivative (ferrocene ben-
zoylisothiocyanate, FBITC) which acts as hapten-coupled substrate of 0.2 or
10,000 nM were reached with or without addition of glucose, respectively, which
corresponds to an amplification factor of 50,000. An anti-FBITC antibody was
able to block the electrode response, thus allowing a competitive binding assay.

Reduced
Product

Oxidized
Product

Analyte

Anti-Analyte-Antibody

Substrate

Enzyme

Analyte-Enzyme-ConjugateEnzyme

+  e-

Interdigitated Array Electrode

- e-

Fig. 4. Combination of an enzyme immunoassay with an interdigitated array electrode

(IDA).
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2.3. Electrochemical immunosensors

Following the IUPAC proposal of definition for electrochemical biosensors
(Thévenot et al., 2001), an immunosensor is an integrated device consisting of
an immunochemical recognition element in direct spatial contact with a trans-
ducer element. Electrochemical immunosensors employ either antibodies or
their complementary binding partners, i.e. antigens or haptens as biological
recognition elements in combination with electrodes or field-effect transistors.
The additional criteria of the IUPAC definition that

� sensors should be self-contained
� should perform continuous monitoring and
� should be reversible

are relaxed in this article since most of the published immunosensors are not
able to fulfill those criteria. Furthermore, a subdivision in true immunosensors,
immunoprobes and immunochemical systems is not used. For the differenti-
ation between immunoassays and immunosensors the criteria of direct immo-
bilization of the antibody or its complementary binding partner on the
transducer are used.

Electrode

Product

Analyte

Anti-Analyte-Antibody

Enzyme

M
Substrate

M+
M

M Analyte-Mediator-Conjugate

- 2e-

Fig. 5. Redox-recycling by an electrode and an enzyme as basis for a sensitive separation-free

immunoassay.
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For 30 years immunosensors have been under the process development and
since 15 years they have reached the market. Commercially available immuno-
sensor systems such as BIAcore (Biosensor, Uppsala, Sweden) and IAsys
(Affinity Sensors, Cambridge, UK) are expensive and technically demanding
optical bench-sized devices, which have found their market in research labo-
ratories for the kinetic evaluation of affinity reactions.

2.3.1. Enzyme immunosensors

Enzymes are the most prominent labels in electrochemical immunosensor de-
velopment. In principle, all types of enzyme immunoassays described in Section
2.2.1 have been realized with the recognition element immobilized at the trans-
ducer surface. Alkaline phosphatase was used for the immunochemical deter-
mination of fatty acid binding protein (FABP) which is an early diagnostic
marker for acute myocardial infarction (AMI). One immunoreactant is directly
immobilized on the transducer. Disposable electrodes were constructed using
graphite working electrodes which were coated with anti-FABP-IgG as capture
antibody. A sandwich principle was applied using anti-FABP-alkaline
phosphatase conjugate. A multicenter evaluation of this sensor was described
in 1999 (Key et al., 1999). A problem arises from the fact that p-APP is unstable
in solution. This can cause a problem if very sensitive measurements are needed.
A few years ago, our group developed an amperometric antibody-based sen-

sor for creatinine (Benkert et al., 2000b). Therefore, we have developed mono-
clonal antibodies to creatinine. These antibodies were used for the construction
of a creatinine sensor with GOD as label. The advantages of using glucose
oxidase are the high stability of the enzyme and substrate in solution, the
moderate price and above all the easy and reliable indication (without electrode
fouling) at a conventional platinum electrode, which can be done via the con-
sumed oxygen at �600mV or via the produced hydrogen peroxide at +600mV
vs. Ag/AgCl. The first publication describing GOD as label for the development
of immunosensors dates back to, when Mathiasson and Nilsson (1977) devel-
oped an albumin immunosensor based on immobilized anti-insulin antibodies.
GOD was indicated by oxygen consumption measurements.
The GOD label of the described creatinine sensor was indicated via the hy-

drogen peroxide produced, which allows the determination of a signal increase
instead of a background decrease when oxygen consumption is measured and
an almost oxygen independent measurement.
For the creatinine sensor, an indirect competitive principle with an immo-

bilized creatinine derivative was used. The creatinine derivative was coupled to a
thin semi-permeable cellulose membrane covering a platinum working elec-
trode. This membrane ensures that no high-molecular-weight compounds, e.g.
GOD-labeled antibodies or redox active proteins can reach the electrode, which
could adsorb to the electrode and cause unwanted reactions.
The immunoassay is performed as follows: Creatinine to be measured com-

petes with the membrane immobilized creatinine for the antigen binding sites of
the anti-creatinine antibodies (Figure 6). After a washing step the membrane-
bound anti-creatinine antibodies are indicated via the additional GOD-labeled
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anti-mouse antibodies by addition of glucose and measurement of the hydrogen
peroxide produced. As expected for competitive assays, there is an indirect
dependence of the signal on the antigen concentration. The measuring range is
between 0.01 and 10mg/mL, which corresponds to 0.09–90 mM. The highest
sensitivity for creatinine is achieved at 330 ng/mL (3 mM), the lower detection
limit at 4.5 ng/mL (40 nM).
The sensor can be regenerated with HCl in about 3min. One hundred re-

generations of the sensor were performed without any loss in binding activity of
the creatinine sensor. The reason is that the creatinine-modified membrane is
chemically very stable. To estimate the maximum number of regeneration cycles
the sensor was tested by prolonged incubation in HCl with evaluation of the
binding activity in-between. No decrease was observed even after 10 h storage in
HCl. Therefore, it is assumed that many more than 100 regenerations can be
carried out. All in all, one measuring cycle still takes 30min to reach the de-
scribed sensitivity. If the performance will be further optimized, the developed
sensor should have the potential to be applicable for creatinine measurements in
a doctor’s office.
Separation-free electrochemical enzyme immunosensors use different types of

proximity effects:

(i) direct electron transfer from the enzyme label to the electrode,
(ii) ‘‘electrically wired’’ enzyme labels,
(iii) substrate channeling, and
(iv) restricted mass transfer

(i) For a number of redox enzymes the ability to catalyze electrode reactions by
a mediatorless mechanism was established (Tarasewich, 1985). In such cases the
electrons are transferred directly from the electrode to the substrate molecule

Platinum Electrode (+ 600 mV)

GOD
GOD GOD

GOD

Glucose + O2

Glucono-
lactone +
H2O2

Creatinine
GOD

Anti-Creatinine-Antibody Anti-Antibody-Glucose Oxidase

Platinum Electrode (+ 600 mV)

Dialysis Membrane Dialysis Membrane

Fig. 6. Principle of an indirect competitive amperometric immunosensor for the determi-

nation of creatinine.
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via the active site of the enzyme. Therefore, electrons act as the second substrate
for an enzymatic reaction and the potential is shifted in the presence of the
corresponding substrate. This phenomenon results in catalytic elimination of
the overvoltage.
The electrocatalytic properties of several redox enzymes permit their appli-

cation as labels for separation-free potentiometric or amperometric immuno-
sensors. Binding of the electrocatalytic active enzyme label to the electrode
surface initiates an electrocatalytic reaction resulting in a potential shift or a
catalytic current. In the assay procedure the antigen immobilized on the elec-
trode surface interacts with the enzyme-labeled antibody resulting in fixation of
the enzyme to the electrode surface. Therefore, the formation of antigen-labeled
antibody complex on the electrode surface is accompanied by a potential shift
or the generation of a catalytic current. The presence of free antigen in the
solution leads to a competition for labeled antibodies. The competition results
in a decrease of the electrode signal, e.g. the decrease in the rate of the potential
shift in this case is proportional to free antigen concentration in solution.
Laccase is known to catalyze the reaction of oxygen electroreduction via a

direct mechanism (Berezin et al., 1978). This property of the enzyme allows the
detection of the biospecific interaction of laccase-labeled antibodies with an
antigen-modified electrode. Formation of a complex between the laccase-labe-
led antibody and antigen on the electrode surface results in a considerable shift
in electrode potential. Immunosensors based on the laccase-labeled immuno-
agents and direct potentiometric detection of antigen–antibody interaction have
been developed by Ghindilis et al. (1991, 1992, 1996) (Milligan and Ghindilis,
2002). The laccase near the electrode surface which catalyzes the oxygen elect-
roreduction leads to an increase in the electrode potential due to the catalytic
removal of the reaction overvoltage. Since only oxygen is needed as a laccase
substrate, the sensor works substrate-free. The analysis can be performed in a
competitive or in a sandwich scheme. A single measurement requires 20min.
Insulin and mouse immunoglobulin were used in a model assay. For insulin a
concentration range of 10–1000 ng/mL was covered.
Peroxidase is known to catalyze direct (mediatorless) electroreduction of hy-

drogen peroxide (Tarasewich, 1985). The electrocatalytic properties of peroxidase
permit its application as a label for immunosensors. Attachment of peroxidase to
the electrode surface in the presence of H2O2 initiates an electrocatalytic reaction
resulting in a potential shift or a catalytic current. The direct electron transfer of a
peroxidase label was applied by McNeil et al. (1995) to the development of
amperometric immunosensors using amperometric detection of hydrogen perox-
ide electroreduction. Based on the same principle Grennan et al. (2003) described
a regeneration-free atrazine immunosensor by using immobilized single-chain
antibody fragments on a conducting polymer-modified carbon paste screen-
printed electrode. Atrazine and an atrazine-peroxidase conjugate compete for the
binding to the immunosensor surface. The rate of current response was concen-
tration-dependent, under mass transport limitation conditions. The detection
limit was given to be 0.1mg/L. Due to the nature of the printing process, no two
screen-printed electrode surfaces can be considered identical, even if printed in the
same batch. Therefore, calibration by using several electrodes from one batch
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cannot be applied. However, the authors showed that repeated measurements can
be performed on a single electrode surface. Thus the problem of calibration was
solved by using self-calibration of each electrode.
(ii) If an antibody is immobilized on a mediator-modified electrode the an-

tigen–enzyme conjugate can only be determined if it is in direct contact with the
mediator (Figure 7). The so-called ‘‘electrically wired’’ amperometric immuno-
sensors normally use peroxidase as label and osmium redox polymers (Lu et al.,
1997a,b) or tetrathiafulvalene (Wendzinski et al., 1997) as mediators (for a
review of peroxidase-modified electrodes, see (Ruzgas et al., 1996)).
(iii) Channeling EIAs were combined with electrochemical techniques in dif-

ferent ways: Keay and McNeil (1998) used an electrode with co-immobilized
antibodies and peroxidase. If the GOD-labeled antigen binds to the antibody
H2O2 ‘‘channels’’ to the peroxidase if glucose is added (Figure 8A). The H2O2

which is produced in the bulk is destroyed by catalase and cannot reach the
electrode. Since the peroxidase activity is measured at the electrode (+50mV)
the bound GOD-labeled antigen can be quantified. This principle should be
applicable for competitive and sandwich formats. A similar principle but with
electrode-immobilized GOD and peroxidase as label is used by the group of
Rishpon (Rishpon and Ivnitski, 1997; Ivnitski et al., 1998) (Figure 8). Here, the
H2O2 is produced at the electrode interface and not in homogeneous solution.
This has the advantage that no catalase for H2O2 destruction has to be used.
The indication takes place by amperometric measurement of the peroxidase
reaction products. It was shown that similar real-time sensorgrams can be
monitored as known from BIAcore (surface plasmon resonance technique)
measurements. However, the main problem is that these sensors with immo-
bilized enzymes are difficult to regenerate and are thus one-way sensors. In the
examples described above, the site-directed increase in substrate concentration
for the labeling enzyme was carried out by immobilized enzymes. Another
method was published by Ducey et al. (1997) in which they let diffuse the
substrate (p-APP) for the label enzyme (aP) through the back of the micro-
porous gold electrode so that the substrate concentration near the electrode
was high. Since no immobilized enzymes are used these sensors can be
regenerated.

2.3.2. Redox-labeled immunosensors

In redox-labeled immunosensors, the binding reaction is visualized via an elect-
roactive labeling compound. The captured antibody is fixed to the electrode,
and the redox-labeled antigen from solution competes with free antigen. The
indication takes place at an unmodified electrode, which dips into the incuba-
tion solution or which is an integrated part of an electrochemical flowthrough
cell. These types of electrochemical immunoassays can be applied to test tubes,
96-well microtiter plates or flow systems with reactor-immobilized antibodies.
Tiefenauer et al. (1997) used a nanostructured gold electrode with an interelec-
trode space of about 30 nm. The hapten was immobilized in that space on SiO2.
It was demonstrated that in combination with ferrocene- or heme-modified
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antibodies this concept can be used to increase the efficiency of redox-labeled
immunoassays.
For the determination of the herbicide 2,4-dichlorophenoxyacetic acid (2,4D)

anti-2,4D-antibodies were immobilized within the enzyme layer of the indicator
electrode. The sensor immobilized antibodies were loaded with a 2,4D-tyrosine
conjugate (2,4D-Tyr), and after washing the sensor was ready for 2,4D meas-
urement. 2,4D from the sample diffuses into the enzyme/antibody layer and
displaces the 2,4D-Tyr conjugate. The displaced conjugate is then recycled in
the presence of glucose by the co-immobilized NADH-independent oligosaccha-
ride dehydrogenase and tyrosinase and thereby indicated via oxygen consump-
tion. The detection limit for 2,4D was calculated to be 25 nM. The advantage of
the described principle is that as long as enough 2,4D-Tyr can be displaced from
the antibody complexes a regeneration step is not needed (Bier et al., 1996a, b).
Dai et al. (2003) described an immunosensor for carcinoma antigen-125 (CA

125) with horseradish peroxidase (HRP) as the redox label. Since the direct
electrochemistry of HRP was used for signal generation this sensor works
substrateless and mediatorless. For the construction of the sensor, the antigen
was immobilized with titanium sol–gel on a glassy carbon electrode by vapor
deposition. By using a competition principle with anti-CA 125-HRP conjugate
and differential pulse voltammetric (DPV) determination a peak current de-
crease was observed in the presence of CA 125. The detection limit for CA 125
was 1.29U/mL. However, a washing step after conjugate incubation and ox-
ygen exclusion during DPV measurements are necessary.

2.3.3. Label-free immunosensors

The direct electrochemical immunosensors use changes in charge densities or con-
ductivities for transduction and do not need any auxiliary reaction. To work label
free is very attractive, especially for the development of in vivo immunosensors since
it allows real-time measurement without any additional hazardous reagents.
Thirty years ago, Janata observed in an affinity sensor a potential change

when he incubated mannan with a potentiometric electrode covered with PVC
membrane-immobilized ConA (Janata, 1975). Thereby, it was possible to follow
the binding process directly in real time without any labeling.
In 1984, Keating and Rechnitz used a potassium sensitive electrode with a

dioxin-ionophore conjugate within a PVC membrane for the determination of
anti-dioxin antibodies. Although many more publications (Gothoh et al., 1987;
Pfeifer and Baumann, 1992; Engel and Baumann, 1994) have been published
describing similar effects, it is yet not completely clear whether the potential
change is a result of disturbed ion transport or of charge changes at the protein
surface during binding (for a critical review see Bergveld, 1991).
Amperometric techniques have been used to monitor antigen–antibody bind-

ing in real time without using a labeled compound. A polymer-modified an-
tibody electrode has been used in combination with pulsed amperometric
detection (PAD) (Sadik and Van Emon, 1997). An antibody or antigen that
binds the analyte of interest is immobilized on the surface of a membrane
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electrode. The analytical signal was generated by applying a pulsed waveform
between +0.6 and �0.6V with a pulse duration of 120 and 480ms. When the
current is sampled at the end of the pulse, the component due to charging is
significantly reduced or close to zero, and the level of current due to charging
and discharging induced by pulsing can be treated as a constant. Under these
circumstances, it has been postulated, that the change in the response level
reflects only the binding of the analyte to the antibody and that the pulse
amperometric technique can be used to repulse the antigen from the immobi-
lized antibody and thereby regenerate the sensor. Recently, Grant et al. (2003)
have used PAD for the determination of bovine serum albumin (BSA). They
described that the actual source of the signal is as yet unclear but that the
currents observed were due in some way to the antibody–antigen interaction.
However, they described also that they and other workers had problems to
reproduce the results of Sadik and van Emon. Further investigations and con-
trols are necessary to resolve the background of the signal generation.
A further label-free amperometric immunosensor was described by Hu et al.

(2003). They used the electrochemical activity of the antigen directly for signal
generation. Therefore, gold nanoparticles modified with anti-paraoxon anti-
bodies were immobilized on a glassy carbon electrode by using Nafion. After
incubation with paraoxon and a washing step the electrochemical detection of
paraoxon was done by applying cyclic voltammetric measurements between 1.0
and �0.7V. The oxidation peak potential at �8.0mV was used as the operating
potential. The detection limit was 12mg/L.
Since electrochemical transducers detect only species that reach the electrode

surface it is possible to differentiate between molecules which are near the
transducer and molecules which are within the bulk. One principle is to hinder
the diffusion of a redox active substance, e.g. potassium hexacyanoferrate(II)
(Susmel et al., 2003) or ferrocene-labeled GOD (Blonder et al., 1996) to the
electrode surface by using an electrode immobilized immunoreactant. Analo-
gous to this principle, the diffusion of an enzyme to a mediator-modified elec-
trode can be hindered. However, this principle is especially applicable for
analytes with high molecular weights (e.g. proteins or bacteria). Since the prin-
ciple is sensitive to defects within the layer, high-quality monolayers with a high
reproducibility have to be built up on the electrode surface.
The first capacity immunosensor was developed by Newman et al. (1986),

who used interdigitated copper electrodes onto a glass surface isolated by a
silicium oxide coated parylene layer. With silicium oxide immobilized antigen
they could determine the antibodies via capacity decrease. Gebbert et al. (1992,
1994) described a tantalum strip onto which tantalum oxide was grown elect-
rochemically and used for immobilization of mouse IgG. It was possible to
determine anti-mouse-IgG with a measuring range of 0.2–20 ng/mL which cor-
responds to 1.3� 10�12

�1.3� 10�10M. As indicated in the publication
(Gebbert et al., 1994), the principle is limited to the determination of relative-
ly large molecules and problems were discussed with respect to non-specific
binding and noises related to the fluid or its movement.
Riepl et al. (1999) have used a similar principle. Instead of a tantalum oxide

layer which was silanized and used to immobilize the antibody via carbodiimide,
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a gold electrode was incubated with 16-mercaptohexadecanoic acid and used for
the immobilization of an anti-HSA-antibody via carbodiimide. The stable gold-
sulphur binding with this long-chain thiol resulted in low drifting. However, the
sensitivity for antigen (HSA) determination was lower than for the previously
described sensor. In 1997, further work with a gold electrode was published by
Berggren and Johansson (1997). They used thioctic acid as linker for the im-
mobilization of anti-human chorionic gonadotropin hormone (HCG) antibod-
ies. The detection limit for HCG was calculated to be 15� 10�15M (0.5 pg/mL),
which is extraordinarily sensitive for a direct immunosensor. Recently,
Navratilova and Skladal (2004) compared three different gold sensor types
(screen-printed strip sensor, screen printed finger-like structure, interdigitated
array) for the construction of an immunosensor for 2,4-dichlorophenoxyacetic
acid (2,4D) based on capacitance changes. The immobilization of the antibody
was done by using a thiol spacer. The best performance was obtained with the
strip sensor. A concentration range of 0.045–450mM of 2,4D was covered. After
measurement it was possible to regenerate the sensor with 0.1M formic acid.
For the detection of E. coli, Yang et al. (2004) used an array microelectrode-

based electrochemical impedance immunosensor. Immobilization of the anti-
body and binding of E. coli cells increased the electron transfer resistance, which
was directly measured with electrochemical impedance spectroscopy in the
presence of [Fe(CN)6]

3�/4� as a redox probe.

3. ELECTRONIC PROTEIN CHIPS

High parallelity, i.e. a large number of different recognition spots, is the key
feature of chip-based analysis in protein research. High parallel analysis pro-
cedure is not possible using individual dispensing of reagents to each spot – as it
is realized for the microliter and even nanoliter plates – and this causes the two
following demands:

(i) The binding partners should possess very high specificity for the target
molecule in order to prevent cross-over to the compounds immobilized at
the other spots. Unspecific interactions with the ‘‘carrier’’ material should
be avoided. In order to prevent the cross talk between neighboring spots the
signal generation must be restricted to the immediate vicinity of each spot.

(ii) All electrodes or ISFETs of the chip should be readable individually.

Two different principles are feasible to avoid cross talk. Micromechanical gen-
eration of a ‘‘wall’’ between the spots effectively prevents the migration of
products which are generated by an enzyme label. This principle was applied to
create a low-density electrochemical DNA chip with 28 or 128 individual po-
sitions (Nebling et al., 2004; Frey et al., 2002). Therefore, polymeric ring struc-
tures of 10 mm height, 15mm width and 10 mm distance were built up around
each array position by photolithography (Figure 9B).
The second method to avoid cross talk between the spots is to use assay

techniques, which indicate the binding partner only at the point where the
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immunochemical complexation takes place. With this principle any additional
mechanical barriers are not necessary. Substrate channeling assays or formats
using the direct electron transfer between the marker enzyme or redox label and
the electrode or label-free immunosensor principles should fulfill these demands
(see Sections 2.3.1–2.3.3).
Due to a multiplicity of unsolved problems protein chips are at the very

beginning of development. On the other hand, different technologies of DNA
chip production may be transferred to the development of protein chips.
(i) The problem of how to get the huge number of the required antibodies

immobilized on a chip with spatial resolution could be solved by the principle of
‘‘refunctionalization’’ of a DNA array (Niemeyer et al., 1994; Bier et al., 1999).
Therefore, the array is incubated with proteins which are conjugated with the
respective complementary oligonucleotide sequence. Due to the high specificity
of hybridization the protein-DNA conjugates will be guided and immobilized
on the spots due to their DNA sequences.
(ii) Electronic DNA chips allow for the integration of the signal generation

using individually addressable microelectrodes or field-effect transistors by
highly parallel amperometric or potentiometric measurements. Recently, a fully
processed 16� 8 CMOS sensor array (Figure 9A) was described with inter-
digitated gold electrodes arranged within a circular polymeric ring structure
(Nebling et al., 2004; Frey et al., 2002). The interdigitated gold structures with
1 mm wide fingers, gaps of 0.8mm and 17.000mm2 were generated by the lift-off
technique from a deposited 120-nm-thick gold electrode (Figure 9B). By using a
micro spotter, single stranded DNA molecules were immobilized on the gold
sensor surfaces. The biotinylated target from the sample and an alkaline
phosphatase-avidin conjugate was bound subsequently. After adding p-amino-
phenylphosphate the released p-aminophenol was detected by electrode–
electrode recycling as described in Section 2.2.2. The amplification factor was
eight. The crossover of the enzymatically released p-aminophenol from one to
the other sensor positions has been avoided due the polymeric ring structure
around the electrode and the time-dependent measurement. This approach

Fig. 9. (A) Fully processed electrochemical DNA sensor chip (6.4� 4.5mm) with 16� 8

features. (B) Scanning electron micrograph of an interdigitated gold array feature with pol-

ymeric ring structure.
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should principally be applicable for the construction of an electric protein chip.
Therefore, alkaline phosphatase-labeled antibodies could be used.
Furthermore, electrophoresis may be integrated to actively transport the

sample molecule to the immobilized target (Nanogen Inc., USA). Electroph-
oretic accumulation of charged biomolecules by an array of focusing electrodes
within a planar microchamber has been successfully demonstrated. Accumu-
lation ratios for DNA and streptavidin as high as 200 have been achieved.
However, care has to be taken with respect to gas bubbles generation and
chemical stabilities of the targets (Stelzle et al., 2001). The authors claimed that
preconditioning steps could be integrated into lab-on-a-chip devices and would
be useful to enhance sensitivity and selectivity of biochemical analysis. In a
paper from Nanogen, a 500-fold increase in concentration from 5nM to 2.5 mM
in the volume 2 mm above an array electrode within seconds was described by
applying an electrical field without any special focusing electrodes. As few as 106

molecules of labeled, synthetic targets have been detected (Kassegne et al.,
2003). Thus, for the detection of targets from PCR and SDA which are usually
very high in concentration focusing electrodes are unnecessary. However, under
conditions of extremely low target concentrations the authors argued that such
electrodes could have some benefits. For protein chips, the accumulation by
using an electrical field would also concentrate unwanted proteins and thereby
also increase unspecific binding. Therefore, it is questionable if such an ap-
proach could be used to detect very low amount of proteins in cell lysates or
body fluids. However, the application of electrical fields for protein chip tech-
nology will have some benefits for solving transportation and diffusion prob-
lems of the sample or labeled compounds.
(iii) Although protein microarrays with antibodies have been developed

(Dove, 1999; Wingren et al., 2003), alternative binders have already been ex-
plored which could overcome certain limitations of antibodies.
It is well known that DNAs and RNAs bind in vivo not only complementary

nucleic acids but also small molecules or proteins. By using the SELEX method
(Systematic Evolution of Ligands by Exponential Enrichment) (Tuerk and
Gold, 1990; Ellington and Szostak, 1990), binders for proteins (Table 2), pep-
tides, amino acids, nucleotides, drugs, vitamins and other organic and inorganic
compounds have been generated. The preparation of these aptamers takes ad-
vantage of the well-established nucleic acid chemistry, polymeric chain reaction
and modern separation techniques. Aptamers are selected from mainly random
pools of RNA or DNA by column chromatography, or other selection tech-
niques suitable for the enrichment of a desired property. The complexity of a
typical combinatorial oligonucleotide library obtained from 1 mmol scale solid-
phase DNA synthesis is limited to 1014–1015 individual sequences. The enriched
sequences can be amplified and mutated and can be used as a new pool for
another selection step. After 8–15 cycles, aptamers can be obtained which show
affinities and specificities as good as antibodies. Including cloning and se-
quencing, a typical SELEX experiment may take 2–3 months. Full-length ap-
tamers are generally 70–80 nucleotides long but can be truncated to eliminate
nucleotide sequences which are not necessary for target binding. Thereby,
functional aptamers with less than 40 nucleotides have been obtained.
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Table 2. Representative examples of proteins against which aptamers have been
developed

Target Protein KD Aptamer Type References

PSMA prostate-specific
antigen

RNA Lupold et al. (2002)

HIV-1 gp120 >100 nM RNA Sayer et al. (2002)
HIV-1 rev peptide RNA Convery et al. (1998)
NS3 protease domain
of Hepatitis C virus

10 nM RNA Fukuda et al. (2000)

Yeast RNA polymerase
II

app. 20 nM RNA Thomas et al. (1997)

Prion protein RNA Weiss et al. (1997)
Proske et al. (2002)

Bacteriophage MS2
coat protein

RNA Convery et al. (1998)

NFAT 10–100 nM RNA Cho et al. (2004)
Colicin E3 2–14 nM RNA Hirao et al. (2004)
Human-activated
protein C

83 nM RNA Gal et al. (1998)

SelB 60 nM RNA Klug et al. (1999)
E. coli Met J repressor
protein

300 nM RNA Mc Gregor (1999)

Subtilisin 2, 5 mM RNA Takeno et al. (1999)
Ricin A-chain 7, 3 nM RNA Hesselberth et al.

(2000)
Pepocin (ribosome
inactiv. protein)

20–30 nM RNA Hirao et al. (2000)

HIV-1 RT 25 pM RNA Kensch et al. (2000)
Human Oncostatin M 7nM RNA Rhodes et al. (2000)
HIV-1 Tat protein RNA Yamamoto et al. (2000)
Tenascin-C 5 nM Hicke et al. (2001)
Streptavidin 70 nM RNA Srisawat and Engelke

(2001)
HIV-1 integrase DNA Jing et al. (1997)
Thrombin 0.5 nM DNA Tasset et al. (1997)
Neutrophil elastase DNA Bless et al. (1997)
Cytochrome c 400 nM DNA Chinnapen and Sen

(2002)
NS5B (RNA-Pol of
Hepatitis C virus)

nM range DNA Bellecave et al. (2003)

Platelet-derived growth
factor (PDGF)-AB

0.1 nM DNA Green et al. (1996)

IgE 10 nM DNA Wiegand et al. (1996)
35 nM RNA

Human RNase H1 10 nM DNA Pileur et al. (2003)
Influenza A virus
hemagglutinin

DNA Jeon et al. (2004)
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On the therapeutic front, aptamers have made tremendous progress and are
already in clinical trials only 8 years after establishment of the technology. The
application of aptamers for in vivo diagnostics has already been explored. In
comparison to antibodies, aptamers have also some features which make them
very attractive for protein chips.
In contrast to antibodies, aptamers can easily be produced by chemical syn-

thesis. Thereby reporter molecules as biotin or functional group for further
conjugation can be attached at precise locations for labeling or immobilization.
Aptamers containing 5-halo-uracil analogs could be used to lock the bound
proteins irreversibly. This has the advantage that the cross-over to other spots
can be avoided even under rigorous washing conditions. One of the obvious
limitations of immunosensors is their poor capacity to regenerate the antibody
surface. Therefore, one of the most attractive features of aptamers is their
ability to be regenerable. Nucleic acids can withstand repeated cycles of dena-
turation and renaturation. Several methods can be used for regeneration: heat,
salt, pH and chelating agents.
Although optical sensors (Kleinjung et al., 1998; Potyrailo et al., 1998; Lee and

Walt, 2000), an optical sensor array (McCauley et al., 2003) and an electronic
tongue sensor array (Kirby et al., 2004) with aptamers have already been de-
scribed the development of aptamer sensors with electrochemical detection is still
an unexplored field. In addition to being an alternative recognition element their
ability of charge transfer within the DNA helix (Kelly and Barton, 1999) will
allow new principles of signal transduction.

4. SUMMARY AND CONCLUSION

Analytical systems, which are based on electrochemical sensors have the poten-
tial for decentralized applications. Many principles for electrochemical immuno-
sensors for the specific and sensitive determination of proteins have been
developed during the last 20 years. Most of them are based on competitive or
sandwich assay configurations in combination with enzyme-labeled or redox-
labeled immunocomponents. Detection limits are usually within the nanomolar
range. If recycling is applied, e.g. by using electrode–electrode, enzyme–electrode
or enzyme–enzyme coupling, a very sensitive indication of the enzyme label or
redox compound is possible. As a consequence, detection limits are shifted into
the picomolar range. In addition, direct electrochemical signal transduction
principles for immunosensors have been developed which avoid the use of any
labeled compound.
Most electrochemical immunosensors are developed for the determination of

single analytes. However, in the context of proteomics thousands of proteins
have to be analyzed in parallel. This could be reached by using a large number
of different recognition spots on a chip surface. Methods originally developed
for DNA chips could be the basis for the immobilization of antibodies.
Two major problems must be overcome especially in the development of

electrochemical protein chips: (i) The cross talk between the recognition spots
during indication must be avoided, and (ii) the microelectrodes on the chip
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should be read out simultaneously. Possible ways of how to do this have re-
cently been shown with electrochemical DNA chips and should in future also be
applicable to protein chips.

LIST OF ABBREVIATIONS

ADH alcohol dehydrogenase
AELIA amplified enzyme-linked immunoassay
AFIA amplified flow immunoassay
AMI acute myocardial infarction
AP alkaline phosphatase
ARIS apoenzyme reactivation immunoassay system
CMOS complementary metal oxide silicon
DNA deoxyribonucleic acid
DPV differential pulse voltammetry
ELISA enzyme-linked immunosorbent assay
EIA enzyme immunoassay
EMIT enzyme-multiplied immunoassay technique
EMMIA enzyme modulator mediated immunoassay
FABP fatty acid binding protein
FBITC ferrocene benzoylisothiocyanate
FIA flow injection analysis
GOD glucose oxidase
HCG human choriogonadotropin
HPLC high-performance liquid chromatography
HRP horseradish peroxidase
HAS human serum albumin
HTSH human thyroid stimulating hormone
IDA interdigitated array
IgG immunoglobulin G
INT iodonitrotetrazolium
ISFET ion-sensitive field-effect transistor
IUPAC International Union of Pure and Applied Chemistry
NAD nicotineamide-adenine dinucleotide
NADP nicotineamide-adenine dinucleotide phosphate
p-AP p-aminophenol
p-APP p-aminophenylphosphate
PAD pulsed amperometric detection
PCR polymerase chain reaction
PQQ pyrroloquinoline quinine
PVC polyvinyl chloride
RIA radioimmunoassay
RNA ribonucleic acid
SD standard deviation
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SDA strand displacement amplification
SELEX systematic evolution of ligands by exponential enrichment
SERI size-exclusion redox-labeled immunoassay
SLFIA substrate-labeled fluoroimmunoassay
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1. INTRODUCTION

Two-dimensional films of biomolecules at metallic surfaces in contact with
aqueous solution are broadly important. Fundamental aspects are adsorption
patterns (Horbett and Brash, 1995; Tirrell et al., 2002; Kasemo, 2002), two-
dimensional molecular interactions including phase transitions (Castner and
Ratner, 2002), electron transfer (ET) mechanisms of DNA-based molecules
(Giese, 2000; Jortner et al., 2000; Bixon and Jortner, 2000, 2002) and of im-
mobilized redox proteins (Tarlov and Bowden, 1991; Chi et al., 2001; Davis
et al., 2002; Zhang et al., 2002; Wackerbarth and Hildebrandt, 2003), and
mechanisms of coupled chemical and biocatalytic processes (Shipway and
Willner, 2001; Gilardi and Fantuzzi, 2001; Jeuken et al., 2002). A crucial issue
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for approaches to DNA hybridization, ET of metalloproteins, and enzyme ca-
talysis is to retain functionality of the biomolecules in the adsorbed state. In this
context, surface modifications are often indispensable. However, the interac-
tions between the bare or modified surface and the adsorbed biomolecules are
far from being fully understood at the molecular level. Other high-technology
perspectives are based on the electronic conductivity of oligonucleotides, and
the vision of surface-immobilized DNA-based structures as self-assembling
components of nanoscale functional devices (Kinneret and Braun, 2004; Berlin
et al., 2000).
Visualization of nanoscopic structures has become possible with the intro-

duction of the scanning probe microscopies, particularly scanning tunneling
(STM) (Binning et al., 1982) and atomic force (AFM) microscopy (Magonov
and Whangbo, 1996). STM can also operate outside ultra-high vacuum (UHV),
particularly in aqueous environment (Sommerfeld and Hansma, 1986). By in-
troduction of electrochemical control, STM has been developed to image surface
processes in situ (Wiechers et al., 1988; Itaya and Tomita, 1988). The in situ STM
mode offers structural and dynamic characterization also of biomolecular mono-
layers directly in their natural aqueous medium, and are hence, able to illuminate
biomolecule–surface interactions. The electronic properties can, further be
probed at the single-molecule level in biological environment. Apart from vis-
ualization of molecular structures, in situ STM offers new possibilities as a com-
ponent in molecular electronics, also in respect to new ET phenomena (Zhang
et al., 2002; Albrecht et al., 2005a), in the particular in situ STM configuration.
Fundamental microscopic mechanisms and scenarios for electron tunneling
through (redox) molecules within the electrode-tip gap are thus important ele-
ments in STM data interpretation and part of the discussion in the present report.
Single-crystal, atomically planar electrode surfaces are novel in bioelectro-

chemistry of biological macromolecules and developed as a powerful high-
resolution tool in redox metalloprotein (Zhang et al., 2002) and oligonucleotide
(Wackerbath et al., 2004a) electrochemistry. In particular, the high sensitivity of
single-crystal electrodes allows detection of subtle non-Faradaic processes such
as molecular reorientation on the surface (Roelfs et al., 1997). The orientation
resulting in the accessibility of the biomolecules on the surface is crucial for their
functionality.
Some recent experimental and theoretical studies in our group are overviewed

in this chapter, in a ‘‘bottom-up’’ fashion. The approach is from building blocks
to higher organized systems, i.e., from mononucleotides to DNA fragments,
and from amino acids to proteins, organized on single-crystal surfaces. In Section
2.1, we provide a brief overview of molecular tunneling mechanisms in STM
and in situ STM. In Section 2.2, we describe the features of the central substrate
electrode systems mostly used, the single-crystal Au(1 1 1) surface. Section 3
overviews data for mono- and oligonucleotide monolayers and offers some
views on electronic conduction mechanisms across adlayers of DNA-based
molecules. This is followed in Section 4.1 by an overview of electrochemical and
in situ STM studies of amino acids and Section 4.2 is on redox metalloproteins.
In Section 4.3, studies of artifical proteins on Au(1 1 1) are presented and
Section 5 offers some concluding observations.
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2. THEORY AND EXPERIMENT OF SCANNING TUNNELING

MICROSCOPY

2.1. Molecular conductivity and mechanisms of the in situ STM process

In situ STM has been established as a high-resolution technique for topography,
dynamics, and functionality of the electrochemical interface (Gewirth and
Siegenthaler, 1995; Danilov, 1995; Lorenz and Plieth, 1998; Kolb, 2001). In
contrast to ex situ STM, in situ STM rests on independent control of the
substrate and tip potential. An external parameter additional to the bias voltage
is hence the potential difference between the substrate and solution. A second
major difference is rooted in the tunneling phenomenon and in static and fluc-
tuational effects of an assembly of water molecules in the tunnel gap on the
tunneling current. Static effects arise from electronic interactions with the sol-
vent polarization and pseudopotential forces (Nitzan, 2001). The overall effects
are to enhance electron tunneling compared to vacuum (Gurevich and
Kuznetsov, 1975; Schmickler, 1999).
The electronic conduction properties of the molecules enclosed between the

substrate and tip electrodes are determined by the intrinsic energetics and spa-
tial features of the highest occupied (HOMO) and lowest unoccupied (LUMO)
adsorbate molecular orbitals relative to the substrate and tip Fermi levels. The
HOMO and LUMO properties are strongly affected by the molecular adsorbate
conformation. Packing constraints in the soft adlayers can, for example, impose
molecular conformations with poor electronic conductivity unfavorable for in
situ STM. Reliable high-resolution imaging frequently requires that quasi-liquid
crystalline monolayers are formed.
Tunneling through off-resonance LUMOs and HOMOs, Figure 1 bears a

close relation to simple patterns of the tunneling current, itunn or conductivity,
g(Vbias), where Vbias is the bias voltage, say (Joachim and Ratner, 2004)

gðVbiasÞ ¼
ditunn

dVbias
� g0 exp �bðVbiasÞz½ �, ð1Þ

where g0 is a constant, z the distance between the tip and the negatively biased
electrode, and b(Vbias) the (bias voltage dependent) decay parameter. b(Vbias)
can be related approximately to the average energy gap, D, between the Fermi
level of the negatively biased electrode, eFneg and the nearest bridge group
orbital (LUMO), or the energy gap between the Fermi level of the positively
biased electrode, eFpos and the bridge group orbital closest to this electrode
(HOMO) as well as to the average nearest neighbour LUMO or HOMO ex-
change interactions, vexch, (Kuznetsov and Ulstrup, 1999)

bðVbiasÞ �
2

a
ln

DðVbiasÞ

nexch

� �
, ð2Þ

where a is the average spatial extension of the electron transmitting orbitals.
The decay is thus faster, the larger the energy gap and the weaker the exchange
interactions.
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Even the simple forms in equations (1) and (2) often constitute satisfactory
frames for observed far off-resonance STM current–distance relations, i.e.,
D=vexchb1 (Joachim and Ratner, 2004). Complex patterns, however, arise when
the bridge group orbital energies approach eFneg or eFpos, D=vexch ! 1,
(Figure 1) (Kuznetsov and Ulstrup, 1999). Different coherent and incoherent
electronic-vibrational transmission patterns involving physical electronic pop-
ulation of the bridge group orbitals then arise. Environmental configurational
fluctuations further affect strongly both the energetics and electronic orbital
properties, endowing these with electronic transmission properties quite differ-
ent from macroscopic properties such as those determined by oxidation and
reduction potentials (Voityuk et al., 2004). Such scenarios may apply when
biomolecular monolayers are addressed electronically at the single-molecule
level. Presently, we consider first briefly tunneling through a single-redox level,

εox

εred

e

εFS

εFT

substrate
tip

molecule

ER eVbias

εox

εred

e

e

εFS

εFT

substrate
tipmolecule

ER

eVbias

eξη

superexchange two-step ET

Fig. 1. Schematic representation of ET senarios in the in situ STM configuration of a redox

molecule. The substrate and tip are represented by two continuous electronic energy level

distributions populated up to the Fermi levels, eFS and eFT, respectively. eFS and eFT are

vertically displaced by the bias voltage energy, eVbias. Positive Vbias implies, that eFToeFS.
The redox level exists in an empty (oxidized) and an occupied (reduced) state. At equilibrium,

eox is much higher than ered the energy difference being given by twice the environmental

reorganization (free) energy, ER. The quantity is large (ER4e=Vbias) so that eox is located

above the Fermi energy of the negatively biased and ered below the Fermi energy of the

positively biased electrode. The figure to the left illustrates tunneling ET from the negatively

to the positively biased electrode via the vacant redox level. This level remains above both

Fermi levels and assists tunneling by purely electronic coupling in a superexchange mode.

The figure to the right illustrates the in situ STMmechanism when the combined action of the

overpotential and environmental nuclear configurational fluctuations, takes eox close to eFS
so that sequential ET from substrate to molecule and from molecule to tip now occurs.

Subsequent to the first ET step the reduced molecular energy level relaxes to a position below

eFT, followed by renewed thermal activation in the second ET step. A multitude of electrons

are transferred during the relaxation process between eFS and eFT if the electronic

molecule–electrode couplings are strong enough.
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which cycles through temporary electronic population and depopulation in the
molecular in situ STM process (Figure 1).
The intermediate bridge group orbitals are not physically populated in the

tunneling mechanism represented by Figure 1 to the left commonly denoted as
‘‘superexchange’’, or merely ‘‘tunneling’’. More detail on tunneling current/bias
voltage or/overpotential relations is disclosed when low-lying redox levels in the
target molecules can be addressed. These correlations display, for example,
‘‘spectroscopic features’’ and ‘‘negative differential resistance’’ in bias voltage or
overpotential ranges, where the redox levels are brought to cross the Fermi
level(s) (Kuznetsov and Ulstrup, 2000a; Zhang et al., 2003). This class of
mechanisms, in which the bridge group population is temporarily changed has
been denoted as ‘‘hopping’’. Mechanisms and ET scenarios of adsorbed redox
molecules in the in situ STM tunnel gap in this limit have evolved from elect-
rochemical ET theory (Kuznetsov and Ulstrup, 2000a,b). However, the pres-
ence of two electrodes, i.e., substrate and tip, causes important differences from
single-electrode electrochemistry, even to the extent of new interfacial ET phe-
nomena. A molecule with a discrete fluctuating electronic level is here located
between the substrate and the tip, both represented by a continuous distribution
of electronic levels, Figure 1 to the right. These are populated up to the Fermi
levels eFS (substrate electrode) and eFT (tip), mutually shifted by the bias voltage
Vbias. The redox molecule exists in an oxidized and reduced valence state with
the equilibrium free energy level eox and ered, respectively. eox is significantly
higher than ered as long as the ionization energy of the molecule exceeds the
solvation free energy. As the localized electronic states are strongly coupled to
the molecular and solvent environment, fluctuations in the latter induce cor-
responding fluctuations in the electronic levels. The equilibrium free energy
difference between the redox levels is twice the reorganization free energy i.e.,
2ER.
Schemes such as those displayed in Figure 1 represent different tunneling

channels. In broad terms:

� In the first case (Figure 1 to the left), the oxidized electronic level remains
above eFS. Neither the overpotential nor nuclear configurational fluctuation
effects are sufficient to lower the level close enough to the Fermi level so that
the vacant oxidized level becomes occupied. ET between substrate and tip is
then mediated by superexchange via the lowered, and fluctuating, off-
resonance redox level. This is equivalent to ‘‘indentations’’ in the tunneling
barriers, cf. equation (2).

� In the second case (Figure 1 to the right), the substrate Fermi level eFS is
raised close enough to the electronic redox level that the overpotential Z
representing the driving force exZ for temporary population of the initially
vacant electronic level. e is the electronic charge and x the fraction of the
electrode-solution potential drop at the site of the redox group. Subsequent
to occupation the level initiates vibrational relaxation toward the electronic
level ered located below eFT. Renewed thermal activation transmits the elec-
tron to the positively biased electrode in different patterns of an overall two-
step process.
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� If the interactions between the redox level and both the substrate and tip are
weak, the redox level relaxes fully in the intermediate state, and the process
becomes a sequence of two equilibrated single-ET steps. A new tunneling
phenomenon arises if the adsorbate interacts strongly with both the subst-
rate and tip (Kuznetsov and Ulstrup, 2000a). Vibrational relaxation is again
initiated after the first ET step, but a multitude of electrons flow on the way
between the substrate and tip Fermi levels. This can be called vibrationally
coherent two-step ET. The electron flow stops when the reduced level has
crossed the Fermi level of the tip. Many electrons are hence transferred in a
single in situ STM event. This could hold a clue to the high current density
per molecule often observed in STM. The following simple analytical equa-
tion frames this pattern (Zhang et al., 2002)

itunn ¼
1

2
ekrðeVbiasÞ

oeff

2p
exp �

Er þ eVbias

4kBT

� �
cosh�1

1
2
� g

� �
eVbias � exZ
2kBT

� �
,

ð3Þ

where kel is the electronic transmission coefficient for molecule–electrode ET
and r the electronic energy density, both taken as the same for substrate and
tip. oeff is the effective vibrational frequency (1011�1013 s�1) and g the
fraction of the bias voltage drop at the site of the redox level. kB is
Boltzmann’s constant and T the temperature.

� In a third case (not illustrated) the vacant eox, the occupied level, ered, or
both are trapped between the Fermi levels. This happens when the bias
voltage energy exceeds the reorganization free energy, g eVbiasj j4ER � exZ.
Activationless high tunneling currents, independent of both Z and Vbias then
emerge.

Theoretical notions in electrochemical interfacial ET have been brought to
accord with these mechanisms (Zhang et al., 2002) and expanded to novel
molecular rectifier (Kuznetsov and Ulstrup, 2002) and transistor (Kuznetsov
and Ulstrup, 2004) configurations. Chemical and physical properties as well as
environmental conditions are different in these systems, but the notion of in-
terfacial ET between the target molecules and the enclosing metal electrodes has
offered a very useful common conceptual and formal frame. Experimental
support is also accumulating (Tao, 1996; Albrecht et al., 2005a, b).

2.2. Properties of the Au(1 1 1) surface

Hamelin and Clavilier were pioneers in the introduction of single-crystal electrode
surfaces into electrochemistry. In the 1980s they developed flame-annealing and
cleaning techniques for preparation of clean single-crystal metal surfaces, es-
pecially for gold and platinum. These methods are now accepted worldwide
(Clavilier et al., 1980; Hamelin, 1996). Electronic properties of single-crystal
gold surfaces in electrochemistry are mainly based on redox processes. Elec-
tronic features of different crystallographic orientations of surfaces are reflected
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by characteristic voltammetric peaks with well-defined peak potentials and
current densities determined by the surface energy as well as by interactions
with the solvent, supporting electrolyte, and temperature. Figure 2 shows
a voltammogram of an Au(1 1 1) electrode in 0.1M HClO4 solution. The
perchlorate anion adsorbs insignificantly. The Au(1 1 1) surface is oxidized at
potentials positive of 1V with two sharp anodic peaks at 1.3 and 1.5V vs.
normal hydrogen electrode (NHE) according to equation (4). This process is pH
dependent. Oxide reduction gives a further needle-like sharp peak at 1V (equa-
tion 5).

Auþ nH2O ! AuðOHÞn þ nHþ þ ne�, ð4Þ

AuðOHÞn þ ne� ! Auþ nOH�. ð5Þ

There are two other, smaller fingerprint cathodic peaks at 0.88 and 0.95V.
Hydrogen evolution occurs at potentials negative of �0.15V. The most useful
potential range is thus the double layer region in which no redox process occurs
neither from gold nor solvent. The current in this range is capacitive and arises
from solvent orientation (e.g., water molecules), giving a 1.0V double-layer
region with a capacitance of ca. 31 mFcm�2. Such correspondingly low-
background currents are essential to achieve high signal to noise ratio and high
sensitivity for systems with weak signals, such as biomolecules (e.g. metallo-
proteins).
Surface structure and dynamics of bare and adsorbate-covered Au(1 1 1) in

aqueous solution have been investigated extensively by in situ STM (Itaya, 1998;
Kolb, 2001). The electronic structure from STM images reflects the topography
of the surfaces. The Au(1 1 1) surface is easily reconstructed into (

p
3� 22)

R301 with a herringbone-like pattern in aqueous solution under potential

Fig. 2. Cyclic voltammogram of Au(1 1 1) in 0.1M HClO4 solution. Scan rate 50mV s�1.
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control (Kolb, 2001), due to mobility of the gold atoms in the top surface layer.
The reconstruction and de-reconstruction processes depend on the potentials
and on the supporting electrolyte. Au(1 1 1) reconstruction is induced at neg-
ative potentials and lifted at positive potentials. Figure 3A shows a smooth
Au(1 1 1) surface with atomically planar terraces. The step on the top terrace is
higher than the nearest terrace by a single atomic layer. Atomic resolution can
be obtained by zooming in on the terrace (Figure 3B). The round spots in the
hexagonal pattern represent individual gold atoms. The distance between two
nearest-neighbor atoms is 2.89 Å, corresponding to the diameter of gold atoms.
The angles between the atomic rows as indicated by arrows in Figure 3B are 601
or multiples of 601. This reflects the nature of (1 1 1) packing from the face-
centered cubic (fcc) metal structure. The atomically resolved images are always
used as substrate directions for further analysis of adsorbate layers.

3. FROM MONONUCLEOTIDES TO OLIGONUCLEOTIDES

3.1. Self-assembly on Au(1 1 1)

The intriguing properties of DNA-based molecules in two-dimensional config-
urations organized on solid surfaces have received intense attention over the last
decade, prompted by interest both in biological DNA-‘‘chips’’ (Uslu et al., 2004;
Service, 1998; Marie et al., 2002; Southern et al., 1999; Fritz et al., 2000) and in
the properties of the molecules in contexts of molecular electronics (Tanaka
et al., 2003). The molecular orientation and the accessibility of the oligonuc-
leotides play key roles in DNA hybridization biosensors (Herne and Tarlov,
1997). Gentle control of the probe-nucleotide immobilization is required. This
can be provided by electric fields, caused by an electrochemical electrode. We
have exploited the high sensitivity of single-crystal electrochemistry and the high

Fig. 3. In situ STM images of Au(1 1 1) in 0.1M HClO4 solution. Tunneling current

I t ¼ 1:0 nA, sample potential Ew ¼ 0:20V vs. NHE, bias voltage Vbias ¼ 0:20V. (A)

200� 200 nm2 and (B) 2.5� 2.5 nm2.
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resolution of in situ STM to address in novel ways chemically modified and
non-modified mono- and oligonucleotides. The interfacial properties of single-
nucleotide bases on Au(1 1 1) surfaces (Tao et al., 1993), particularly of thymine
have been mapped in great detail (Haiss et al., 1998). Following the bottom-up
concept, we have first focused on a thiol-modified mononucleotide with a single
adenines (HS-monoA) followed by oligonucleotides with 10 adenine (HS-10A).
The hexamethylene-thiol linker is covalently connected to the 50-end of the
mono- and oligonucleotide strands. For comparison, oligonucleotides contain-
ing 10 thymines (10-T) or 10 adenines (10-A) without thiol linkers were studied.
This has been further extended to sequences with 13 and 25 single- and double-
strand oligonucleotides with variable-base composition. The oligonucleotide
strands are short enough that detailed information about their interfacial struc-
tural and dynamic behavior can be obtained compared with the complex mac-
romolecular structure of longer oligonucleotides, but long enough to offer
insight into collective properties and novel structural features, compared with
single-nucleotide molecules.
Oligonucleotides were brought to adsorb at open-circuit potential by im-

mersing the electrodes into the appropriate solution. No Faradaic processes are
known for non-modified adenine and thymine oligonucleotides, in the potential
range between 0.84 and �0.66V (Palecek and Fojta, 2001). Figure 4A shows a
cyclic voltammogram of linker-free 10-T absorbed on Au(1 1 1). The broad
cathodic peak at 0.23V reflects a transition from a chemisorbed to a condensed
physisorbed layer such as that found for a thymine film on Au(1 1 1) (Roelfs
et al., 1997). In the physisorbed layer thymine molecules lie flat on the surface in
protonated and hence uncharged form. Formation of the chemisorbed layer is
related to deprotonation and reorientation to a perpendicular thymine orien-
tation on the surface. A sharp cathodic peak appears at �0.16V at the rising of
a much broader cathodic peak with a maximum at �0.19V. The first peak can
be associated with a disorder–order phase transition at �0.09V such as for a
thymine film on Au(1 1 1). The broader peak at�0.19V is caused by desorption,
where the peak widths reflect the disorder of the thymine oligonucleotide ad-
layer. A peak around this position was also observed in the interfacial capac-
itance, supporting this view. The peak charges are in the range of several
hundred nC cm�2, demonstrating the sensitivity of these non-Faradaic proc-
esses to the surface state of adsorbed thymine oligonucleotide.
The thiol-modified adenine mono- and oligonucleotides show a dominant

peak at �0.53V in the cyclic voltammogram in Figure 4B. The peak has dis-
appeared in the second and third voltammetric scans. The pattern is indicative
of reductive desorption of the gold-thiol bond, followed by liberation of the
oligonucleotides from the surface. The presence of a gold-thiol bond was con-
firmed by X-ray photoelectron spectroscopy (XPS). Reductive desorption of
alkylthiols is usually recorded under alkaline conditions, and described as

Au� S�Rþ e� ! Auþ�S�R: ð6Þ

We have extended this to different species of thiol-modified biomolecules at
neutral pH (Brask et al., 2002b; Wackerbarth et al., 2004c). The broadness
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reflects probably the coexistence of several adsorption modes. These could be
ordered adsorbate domains separated by regions of disorder such as those sug-
gested by in situ STM cf. below. The coverage of the thiol-linked oligonucleo-
tide can be determined from the peak charge to give 2775 and 2874 mCcm�2
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Fig. 4. Cyclic voltammograms of single-strand oligonucleotides adsorbed on Au(1 1 1) in

100mM phosphate buffer, pH 6.9. Scan rate 10mV s�1. (A) Two successive cyclic volt-

ammograms of 10-T; (a) first scan and (b) second scan. Two broad non-Faradaic peaks are

visible, reflecting reorientation, desorption, and deprotonation. (B) Three consequtive scans

of HS-10A; (a) first scan, (b) second scan, and (c) third scan. The position of the cathodic

peak and its decrease indicate reductive desorption of the thiol-bound oligonucleotides.

Wackerbarth et al. (2004c) with permission from the American Chemical Society.
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for HS-10A and HS-monoA, respectively (Wackerbarth et al., 2004a). The
reductive current peaks contain a capacitive contribution caused by the forma-
tion of the aqueous double layer on the uncoated gold surface after thiol
desorption. This contribution has been estimated to 1.9mCcm�2 by interfacial
capacitance data. The small value is understandable as the difference in inter-
facial capacitance between the thiol-modified oligonucleotide layer and the bare
Au(1 1 1) in 0.1M phosphate is small compared to the difference before
and after the desorption of similar long alkylthiol monolayers in alkaline aque-
ous solution. Hence, the resulting coverage can be determined to
260760 pmol cm�2. This coverage is high and suggests that the adsorbate
molecules are in an upright orientation on the Au(1 1 1) surface. Similar high
coverages were observed for both the thiol-modified mononucleotide and the
thiol-modified single-strand oligonucleotide with 25 bases (Wackerbarth et al.,
2004b). This is indicative of similar adsorption modes for variable-length mono-
and oligonucleotides and support adsorption in an upright position almost
independent on the oligonucleotide length.
In situ STM images the electronic structure and electronic conductivity of the

adsorbates. Open-circuit potential adsorptions show extensive adsorption on
the Au(1 1 1) surface but little or no long-range order for linker-free oligonuc-
leotides. Conversely, HS-monoA and HS-10A show clearly ordered domains,
but first when the sample potential is lowered in situ to �0.47V. Highly or-
ganized two-dimensional superstructures were also obtained by directly ad-
sorbing the thiol-modified oligonucleotides at �0.47V. The character of the
imaged domains is unchanged in the potential range from �0.47 to 0.03V but
better quality images are achieved at 0.03V (Figure 5). The domains disappear
slowly by increasing the potentials to positive values, leaving the adlayer in a
disordered state but with the same high overall coverage as in the ordered
domains. Resetting the potential to �0.47V reconstitutes an ordered structure,
demonstrating the reversibility of potential induced domain formation. The
domains are oriented with an angle of about 601 to each other and follow the
triangular Au(1 1 1) structure. The bright spots are organized in rows with lower
contrast in between. The distance between the spots along a row is about 5 Å
and the spacing between the spots in parallel rows is 11 Å. This is also reflected
by the height profiles (Figure 5). The rows form a (

p
3� 4) R301 surface lattice,

with a total coverage of 288 pmol cm�2, which is close to the coverage of
260760 pmol cm�2 determined by cyclic voltammetry. A highly ordered surface
lattice was not observed for thiol-free 10-A adsorption under electrochemical
potential control. This emphasizes the fundamentally different adsorption
modes for thiolated and thiol-free oligonucleotide forms and extends to short
oligonucleotides of rather arbitrary sequence (Petrovykh et al., 2003; Wolf
et al., 2004).
The high coverage of the thiol-modified oligonucleotides found in both cyclic

voltammetry and in situ STM points to an upright adsorption mode. The cov-
erage is almost independent of the length and number of bases of the mono- and
oligonucleotides. The in situ STM surface lattice (

p
3� 4) R301 is, moreover,

the same for HS-monoA and HS-10A. The bright spots can be interpreted
tentatively as the Au-thiolate bonds of the modified mono- and oligonucleotides
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adsorbed on three-fold hollow sites, i.e., in the ‘‘hole’’ between three adjacent
surface Au atoms. An upright orientation for thiol-modified oligonucleotides on
electrostatically charged gold surface in given negative electrochemical potential
range was observed by AFM (Kelley et al., 1998), fluorescence intensity (Rant
et al., 2004), and surface plasmon resonance spectroscopy (Peterlinz et al.,
1997). Still under debate is the saturation coverage, ranging in the literature
from 20 to 260 pmol cm�2, depending presumably on the precise experimental
and surface conditions (Steel et al., 1998; Kelley et al., 1999; Wackerbarth et al.,
2004c).
The high surface coverage of the Au(1 1 1) surface on thiol-modified single-

strand mono- and oligonucleotides, and weak in situ STM contrast dependence
on oligonucleotide chain length are at first sight surprising. Single-strand
oligonucleotides are, however, structurally more flexible and their lateral ex-
tensions are much smaller than double-strand oligonucleotides. A highly neg-
atively biased electrode surface therefore causes the soft backbone to stretch
toward the solution. The lateral extensions of stretched single-strand oligonu-
cleotides are, in fact, compatible with the � 5� 11 (A distances observed in the
in situ STM images of the ordered adlayers. Close lateral packing, moreover,
leaves space for counterions (not visible in STM) to compensate the strong
repulsive lateral interactions. Formation of an ordered adlayer at negative
electrode potential (Figure 6) can be explained by a cooperative effect of
enhanced diffusion of the oligonucleotides on the Au(1 1 1) surface and sophis-
ticated hydrophobic and electrostatic interactions between the adjacent
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Fig. 5. In situ STM image of HS-10A in 10mM phosphate buffer (pH 7.1), obtained in

constant current mode. I t ¼ 0:8 nA, Ew ¼ 0:03V vs. NHE, Vbias ¼ �0:15V. The bright spots
represent single-oligonucleotide molecule units. Relative height profiles along the lines ‘‘a’’

and perpendicular to the lines ‘‘b’’ indicated. Wackerbarth et al. (2004a) with permission

from Wiley-VCM.
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mono- and oligonucleotides in the electric field. The latter effect may be re-
sponsible for the faster formation of the ordered lattice structure of the
oligonucleotides compared to the mononucleotide. Another topic, where single-
molecule resolution could be auspicious is two-dimensional or columnar DNA-
based molecular aggregation induced by transition metal complexes, such as
presently in intense focus (Cherstvy et al., 2004).
In addition to the single-strand oligonucleotide high-density packing, the in-

sensitivity of the tunneling current to the oligonucleotide chain length
(HS-monoA vs. HS-10A) and base composition (HS-10A vs. HS-13mix) is no-
table, and presently perhaps more of a puzzle. Weak distance dependence of
electron transport in DNA-based molecules in solution has now been observed
often (Schuster, 2004) and is broadly understood. Key notions are guanine hole
injection followed by one-dimensional random walk of the injected hole
(Jortner et al., 2000). Observed weak distance dependent electrochemical ET
between a metal electrode and redox probes bound to surface-immobilized
oligonucleotides (Kelley et al., 1999) cannot, however, straightforwardly be
referred to these frames as the electrochemical potentials of the redox probes are
far from base oxidation and reduction potentials. The same applies to the in situ
STM data, although the imaging potentials are closer to that associated with
Au–S reductive desorption. The dilemma remains if superexchange is invoked,
as variable-base compositions would still have widely different tunneling gaps,

Fig. 6. Orientation of HS-10A oligonucleotide adsorbed in ordered domains on the Au(1 1 1)

electrode. The gray spheres indicate the hexagonal packing of the gold crystal. The sulfur

atoms (yellow spheres) are grafted to the three-fold hollow sites. The thick black lines rep-

resent the hexamethylene linker. The thin black lines including the A’s represent the

oligonucleotides. Repulsion between the phosphate backbone and the highly negatively po-

larized surface forces the oligonucleotide into a stretched configuration. Hydrophobic in-

teractions and lateral hydrogen bonding between neighboring units stabilize the adsorption

mode of the upright HS-10A.
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equations (1) and (2). This is in line with results of Xu et al. (2004), who
observed base-dependent ET rates for single-molecule double-strand oligonuc-
leotides but weak distance dependence for guanine/cytosine oligonucleotides.
Approaches to this important issue could rest on a particular electron or hole
mediation via the Au–S bond, possibly involving surface states (Gregory et al.,
2001), and on the huge effect of configurational fluctuations on the electronic
energetics (Voityuk et al., 2004) as the single-molecule level is approached.

4. AMINO ACIDS AND PROTEIN MONOLAYERS

4.1. Network-like clusters in cysteine adlayers on Au(1 1 1)

L-cysteine is an amino acid naturally present in many proteins and serves as an
important precursor for the synthesis of the proteins glutathione, taurine, en-
zyme A, and inorganic sulfate in nature. L-cysteine plays roles not only in
biochemical function, but also in nutrition and pharmacology. L-cysteine con-
tributes to central cardiovascular control and is a suppressor of liver fibrosis. It
is the only amino acid, which contains a mercapto group, which can adsorb with
high affinity on gold surfaces. It is therefore important to study L-cysteine
adsorption and monolayer structure on atomically planar Au(1 1 1) surfaces in
solution to achieve molecular level information on the molecular packing.
Surfur-containing carboxylic acids are, further, important templates for ad-
sorption of proteins and constitute here the immediate microscopic environ-
ment for functional proteins in the adsorbed state.
The structure of L-cysteine is shown in Figure 7, with –COOH, –NH2, and

–SH groups. Both the amine and the carboxylic acid group can be protonated
or deprotonated depending on pH, cysteine becoming correspondingly a cation,
anion, or a zwitterion (Figure 8). Cysteine monolayers have been investigated in
UHV as well as in 0.1M HClO4 solutions by XPS, electrochemistry, and STM
on Hg, polycrystalline gold, and on single-crystal surfaces such as Au(1 1 0) and
Au(1 1 1) (Ralph et al., 1994; Kühnle et al., 2002; Dakkouri et al., 1996; Xu
et al., 2001; Zhang et al., 2000). The cysteine molecular structure is chemically
different at low and neutral pH. We focus here on L-cysteine monolayers on
Au(1 1 1) addressed by comprehensive investigations of interfacial capacitance,
voltammetry, and in situ STM in ammonium acetate (NH4Ac) solution at pH
4.6. The reason for this supporting electrolyte is that this buffer is close to the
biological media, in which cysteine operates.
Figure 9A shows a voltammogram of an L-cysteine monolayer covering

Au(1 1 1) (solid line) in 50mM NH4Ac solution. The corresponding capacitance
curves are shown in Figure 9B. Clean Au(1 1 1) surfaces reconstruct at negative
potentials while the reconstruction is lifted at positive potentials. This process
depends on pH and the potential. A sharp anodic peak at 0.48V in the volt-
ammetric and capacitance curves (dotted lines in Figure 9) is due to these
effects. Acetate anions adsorb on bare Au(1 1 1) surfaces and give doublet an-
odic peaks (0.72 and 0.80V) and one small cathodic peak at 0.70V (dotted line
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in Figure 9A). In the presence of a cysteine monolayer, the reconstruction peak
at 0.50V has totally vanished and the acetate adsorption peaks are strongly
attenuated (solid line in Figure 9A). A similar effect is observed as a featureless
curve in the capacitance measurement, as shown by the solid line in Figure 9B.
The reason for such effects is that chemical adsorption of electrostatically
bound cysteine with S–Au bonds is so strong that cysteine replaces adsorption
of acetate and forms stable monolayers on the Au(1 1 1) substrate. Compared
with bare Au(1 1 1), there are two additional features: an apparent increase of
the double-layer current and a large cathodic peak at �0.2V. The first feature is
due to the formation of cysteine zwitterions at pH 4.6, which introduces a
capacitive current in the double-layer region. The cathodic peak is due to
hydrogen evolution and reductive desorption of Au–S bonds.
The formation and microscopic structure of L-cysteine monolayers on

Au(1 1 1) have been explored by in situ STM. Random cysteine molecules in-
itially adsorb on elbows of the reconstruction lines (i.e., the herringbone-like
structures), which is a characteristic feature for Au(1 1 1). The reconstruction
lines are gradually lifted and some small cysteine domains appear with either

Fig. 7. Molecular structure of L-cysteine.
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increasing adsorption time or concentration of cysteine. The adsorption process
is also potential dependent, being accelerated at positive potentials and slowing
down at negative potentials. The small domains expand, become larger, and
eventually cover the whole Au(1 1 1) surface at equilibrium.
Figure 10A shows representative in situ STM images of cysteine monolayers

on Au(1 1 1). Highly ordered domains in the range of 40–80 nm are found to
align with 601 or multiples 601, reflecting the three-fold (1 1 1) symmetry feature
(Figure 10A). Arrows indicate atomic row directions of Au(1 1 1). Small black
holes (defects) are observed around the domain boundaries and sometimes in-
side the domains. Figure 10B depicts an interesting cluster-like lattice with a
rectangular pattern. The periodic distance between nearest neighbor clusters
along an atomic row, such as the 1 1 0

� �
direction is 17.070.5 Å, corresponding

to six times the gold atomic diameter. The periodic distance along the perpen-
dicular direction, i.e., 1 1 2

� �
is 15.170.5 Å, corresponding to three times theO3

gold atomic distance. The unit cell in cysteine monolayers is described as
(3
p
3� 6) R301 indicated by the box in Figure 10B and C. The area of each unit

Fig. 9. Cyclic voltammetric (A) and capacitance (B) curves of bare Au(1 1 1) (dotted line) and

L-cysteine (solid line) on Au(1 1 1) in 50mM NH4Ac (pH 4.6). Scan rate 50mV s�1.
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cell is 258 Å2. This value is larger than the geometric size of a single L-cysteine
molecule. High-resolution in situ STM images further show that a number of
small white spots contribute to a network-like structure in each cluster (Figure
10C) implying that each cluster may contain several cysteine molecules. Direct
evidence from coverage data supports this hypothesis. The coverage of the
(3
p
3� 6) R301 surface lattice is calculated as 6.4� 10�11mol cm�2 on

Au(1 1 1). The coverage of L-cysteine monolayers on Au(1 1 1) was measured
by linear voltammetry in basic solution to avoid interference from hydrogen
evolution. A needle-like sharp peak emerges at �0.45V vs. NHE corresponding
to quantitative reductive dissociation of the Au–S bonds in the cysteine mono-
layers (equation (6)). The peak charge gives the coverage value of S–Au bonds,
i.e., the cysteine monolayer coverage is (4.070.4)� 10�10mol cm�2, compared
with the coverage value of 6.4� 10�11mol cm�2 from the surface lattice. This
means that each cluster contains six cysteine molecules. This is supported by the
size of the defects in the STM images. Defects appearing as black holes in STM
images are caused by missing molecules in the adlayers. They could be regarded

Fig. 10. In situ STM images of cysteine monolayer on Au(1 1 1) in 50mM NH4Ac (pH4.6).

I t ¼ 0:80 nA, Vbias ¼ 0:2V, Ew ¼ 0:34V vs. NHE.
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as mirrors and reflect sizes and packing of molecules on surfaces. The smallest
defect area, indicated by a white arrow found in the high-resolution in situ STM
image in Figure 10C is 4174 Å2. This is close to the value estimated from the
crystallographic structure of L-cysteine, suggesting that each cluster is indeed
occupied by six cysteine molecules. The origin of cluster formation is due to
hydrogen bonds.
A simple model for the L-cysteine lattice based on hydrogen bond formation

is proposed in Figure 11. Figure 11A shows the superstructure of a single
cluster. Six L-cysteine molecules are arranged in two rows facing each other.
Sulfur atoms of cysteine molecules in each row are put on three-fold hollow sites
on Au(1 1 1) along the 1 1 2

� �
direction with a periodic distance of 5.0 Å. The

sulfur rows are about 12.9 Å apart from each other with a zigzag mode.

Fig. 11. Possible superstructure model of six cysteine molecules based on a hydrogen bond

network. (A) single cluster and (B) clusters in a (3
p
3� 6) R301 surface lattice.
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Carboxyl and amine groups are tilted to a certain degree vs. the 1 1 2
� �

direc-
tions, so that an amino group can be close to a carboxyl group from a neighbor
cysteine molecule to match the hydrogen bonds. Both carboxyl and amine
groups are saturated by hydrogen bonds not only from the same but also from
the opposite row. Six cysteine molecules thus form a stable cluster by intra-
molecular hydrogen bond interaction. The clusters are located in lines along the
1 1 0
� �

direction with a periodic distance of 17.3 Å. The 1801 rotated cluster of
cysteine on their neighboring rows along the 1 1 0

� �
direction fit the STM im-

ages better (Figure 11B). This means that the configuration in every second row
is similar.

L-cystine, the dimer of L-cysteine forms exactly the same surface structure on
Au(1 1 1) in the same medium. In situ STM, electrochemistry, and XPS results
are all indistinguishable from those of L-cysteine (Chi et al., 1999; Zhang et al.,
2000). This is most likely due to cleavage of the disulfur bridge on adsorption to
form Au–S bonds. On the basis of the strong affinity between cysteine and the
Au surface, the blue copper protein Pseudomonas aeruginosa azurin molecules,
for example, form monolayers on Au(1 1 1) with biological ET function retained
(Chi et al., 2000).

4.2. Assembling of the iron-sulfur protein pyrococcus furiosus ferredoxin on

thiolate-modified Au(1 1 1) surfaces

In a bottom-up approach to functional biomolecules on single-crystal electrode
surfaces, we now proceed from amino acids to proteins, a number of which have
been studied comprehensively in our group. Ordered monolayers of small
functionalized molecules such as L-cysteine, 3-mercaptopropionic acid (MPA),
alkanethiols, and mercaptoamines offer a broad range of templates for ad-
sorption of proteins and even large biological structures in functional states in
well-characterized microscopic environments. There are two general methods to
immobilize proteins in controlled orientation. One is that protein molecules
directly adsorb on the metal surface via certain bonds such as Au–S between
functional groups on the protein surface and the substrate. This is the case for
yeast cytochrome c (Bonanni et al., 2003; Hansen et al., 2003; Heering et al.,
2004), azurin (Chi et al., 2000; Facci et al., 2001), and mutant azurin (Davis
et al., 2002). The advantage of this method is that it is straightforward, the
disadvantage is that the natural protein may not contain such functional surface
groups. The other method is to modify the metal surface by linker molecules
with functional groups, through which specific protein surface sites interact, cf.
above. Examples are azurin immobilized on alkanethiol-modified Au(1 1 1)
surfaces by hydrophobic interaction between the terminal methyl group and a
hydrophobic area around the Cu-center (Chi et al., 2001), and nitrite reductase
immobilized on cysteamine-modified Au(1 1 1) with catalytic function retained
(Zhang et al., 2003). This method seems general and has been used for the three
major classes of ET proteins, the cytochromes, particularly cytochrome c (Avila
et al., 2000; Song et al., 1993), the blue copper proteins (Chi et al., 2001; Zhang
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et al., 2003; Davis et al., 2002) and recently an iron–sulfur protein (Zhang et al.,
2004), Pyrococcus furiosus ferredoxin (PfFd). In the context of single-crystal
electrochemistry and in situ STM, azurin has been studied most comprehen-
sively. These studies have been reviewed but noval studies are in progress. The
most recent single-crystal electrochemical and in situ STM redox metalloprotein
study, focused on PfFd, is discussed in the following.
Ferredoxins belong to the oldest protein families on earth. Iron–sulfur cubic

clusters with Fe and S at alternative corners serve as redox centers and carry the
ET function. PfFd is a small protein with ca. 7.5 kDa molecular mass and
contains a single [3Fe–4S] redox center (Figure 12). Purification and properties
of this protein have been reported (Kim et al., 2001). PfFd is stable in anaerobic
environment and retains biological activity even at high temperature, up to
801C. The X-ray crystallographic structure has been resolved recently at 1.5 Å
resolution (Nielsen et al., 2004). The whole protein surface is negatively charged
at neutral pH. Interfacial ET of PfFd is not straightforward without promoters
in homogeneous solution, but small organic molecules such as neomycin can
promote ET of PfFd, corresponding to [3Fe–4S]+/0. The presence of an
additional promoter with a carboxyl group such as alanine, propionic acid, or
cysteine induces a second ET to [3Fe–4S]0/�. Combination of adducts is essen-
tial and has been confirmed by voltammetry and mass spectrometry (Zhang
et al., 2004). Based on these investigations, we can construct PfFd monolayers

Fig. 12. A model of the PfFd monolayer on Au(1 1 1) modified by MPA.
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on self assembled monolayers(SAMs) with the carboxyl function group on
Au(1 1 1) (Figure 12). The simplest thiol containing carboxyl group is MPA.
MPA/Au(1 1 1) and bare Au(1 1 1) do not give any voltammetric redox peaks

in the potential range �0.15–0.20V, dotted lines in Figure 13. PfFd-MPA/
Au(1 1 1) causes a voltammetric peak at 0.04V vs. NHE in the same potential
window and corresponding to the PfFd [3Fe–4S]+/0 couple, Figure 13 solid line.
The coverage of PfFd is (1273)� 10�11mol cm�2 from the peak charge. The
corresponding capacitance curves are shown in Figure 14. MPA/Au(1 1 1) in-
creases the capacitance to 14–18mFcm�2 (diamonds in Figure 14) in the potential
range �0.15–0.20V by introducing the hydrophilic group –COOH on the gold
surface, the presence of PfFd drastically lowers the capacitance to 10mFcm�2,
suggesting that carboxyl groups have been covered by a PfFd adlayer. In ad-
dition, there is a clear peak at 0.045V from PfFd-MPA/Au(1 1 1) (Figure 14
circles) corresponding to the formal potential of the [3Fe–4S]+/0 couple. These
results indicate that the PfFd adlayer on MPA/Au(1 1 1) retains ET function.
Microstructures of MPA/Au(1 1 1) and PfFd-MPA/Au(1 1 1) have been fur-

ther mapped by in situ STM in aqueous solution. A dense monolayer with
numerous small 3–7 nm diameter pits uniformly scattered over the Au(1 1 1)
surface is seen in the images. The density and size of the pits vary with the
experimental conditions, the coverage being 3.7–4.5% over the whole area. Such
pits are nearly always seen in SAMs containing thiol groups on gold surfaces.
The origin of the pits is most likely due to shrinking of the gold atom from 2.88
to 2.68 Å with Au–S bond formation. Highly ordered network-like structures
are clearly observed in large domains (Figure 15A). High-resolution in situ STM
images show ordered clusters in a (2

p
3� 5) R301 lattice (Zhang et al., 2004).

Each cluster contains six MPA molecules, like the cysteine monolayer. Such
structures provide a suitable environment for immobilization of PfFd in an ET
functional state.

Fig. 13. Cyclic voltammograms of PfFd-MPA/Au(1 1 1) (solid line), MPA/Au(1 1 1) (half-

dotted line), and Au(1 1 1) (dotted line) in 5mM phosphate buffer (pH 7.9). Scan rate

50mV s�1.
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Figure 15B shows a representative in situ STM image of a PfFd adlayer on
top of the MPA monolayer. Protein molecules cover uniformly the whole sur-
face. Both black hole (pits) from the MPA monolayers and white spots (PfFd)
are clearly seen on the same image. The lateral diameter of most of the white
spots is 3.0–3.5 nm, which is close to the crystallographic dimensions. There is a
small portion (ca. 15%) of larger spots (4.5–5.0 nm). As known from the X-ray
study, PfFd easily forms dimers even in crystals (Nielsen et al., 2004) and
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Fig. 14. Capacitance curves of PfFd-MPA/Au(1 1 1) (circles), MPA/Au(1 1 1) (diamonds),
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Fig. 15. In situ STM images of (A) MPA/Au(1 1 1) and (B) PfFd-MPA/Au(1 1 1) in 5mM

phosphate buffer (pH 7.9) recorded under argon protection. (A) I t ¼ 0:25nA,

Vbias ¼ �0:10V, Ew ¼ 0:10V vs. NHE and (B) I t ¼ 0:10nA, Vbias ¼ �0:30V, Ew ¼ 0:14V
vs. NHE.
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the large spots observed in the in situ STM images might be dimers on
the surface. The coverage of PfFd calculated from the STM images is
(771)� 10�11mol cm�2, which is comparable to the value from voltammetry.
PfFd gives strong STM contrast compared with other proteins (Chi et al., 2000;
Hansen et al., 2003), probably due to strong electronic contributions from the
iron-sulfur cluster. Overall single-crystal electrochemistry and in situ STM have
successfully illustrated that PfFd monolayers immobilized on Au(1 1 1) by the
MPA-linker layer retain biological ET function at the molecular level.

4.3. An alternative strategy for intelligent materials – artifical proteins

Natural protein synthesis is performed in the cells of living organisms. Peptides
can also be artifically synthesized by connecting amino acids to each other step
by step, called de novo design. De novo design of proteins allows construction of
isolated structural elements or whole new artificial structures. This is of interest
for the development of new intelligent materials, inasmuch as novel technolog-
ical relevant functions can be added to the evolutionary optimized systems.
Their secondary and tertiary structural elements can be varied systematically,
enabling new levels of detail in molecular structure–function relations. De novo
proteins can also be used as probes for recognition in biosensors, drug delivery,
and nanotechnology (Willner and Katz, 2000; Gilardi and Fantuzzi, 2001). De
novo designed proteins hold, further promise for illuminating the protein folding
process. We have combined the de novo design strategy with in situ STM and
single-crystal electrochemistry with focus on 4-a-helix bundle (4-HB) carbo-
proteins and its thiol linker attached to the Au(111)-surface. 4-HB carbopro-
teins are intermediate-size simplified structures compared with natural proteins.
Several groups have developed synthetic 4-HB proteins using different strategies
(DeGrado et al., 1999; Choma et al., 1994; Robertson et al., 1994; Rau et al.,
2000; Mutter and Vuilleumier, 1989). Here, we present briefly an approach
using a monosaccharide template for the de novo design of 4-HB carboproteins
(Jensen and Barany, 2000; Brask and Jensen, 2000, 2001) (Figure 16). To form
the helical motif a standard peptide sequence is used containing 16 amino acids
with the sequence: Ac-Tyr-Glu-Glu-Leu-Leu-Lys-Lys-Leu-Glu-Glu-Leu-Leu-
Lys-Lys-Ala-Gly-H.
Interfacial capacitance measurements reflect the adsorption of the carbopro-

tein on the Au(1 1 1) surface. Cyclic and differential pulse voltammetry of the
4-HB protein equipped with a thiol linker shows a peak around �0.51V, in-
dicative of reductive desorption (Brask et al., 2002a). The coverage is estimated
from the peak charge resulting in densely packed monolayers. However, the
same 4-HB protein without linker shows also a peak, albeit smaller around this
position. We therefore applied XPS, which clearly indicated the presence of a
covalent gold-thiol bond. XPS data point, moreover, to extensive carboprotein
coverage considering the Au(4f) intensity compared with a bare Au(1 1 1) sur-
face. The relation between the measured intensity of the C, N, and O element
signals accords with the stoichiometry of the carboprotein, indicating that the
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protein has not degraded chemically on the Au(1 1 1) surface in UHV (Brask
et al., 2002a).
The voltammetric, interfacial capacitance, and XPS data point coherently

toward extensive monolayer coverage of the Au(1 1 1)-electrode surface of the
4-HB-carboprotein with the thiol linker. This was confirmed by in situ STM
under electrochemical potential control. Figure 17 shows two in situ STM
images of the Au(1 1 1) surface covered by 4-HB-carboprotein at two different
substrate potentials. The image in Figure 17A is recorded at a potential on
the far positive side of the reductive desorption potential. The Au(1 1 1) surface
appears fully covered, with pits scattered over the surface. Figure 17B is re-
corded close to the reductive desorption potential. The adsorption pattern here
is quite different. White spots, indicating higher tunneling currents, with the
size of individual carboprotein molecules are now observable. As the Au
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(1 1 1)-substrate potentials approach the reductive desorption potential, the
Fermi level (Figure 1 to the right) of the Au(1 1 1) electrode is brought close to
the LUMO of the gold-thiol bond. An electronic gate then opens and electrons
flow from the electrode to the STM tip for positive bias voltage. The electrons
tunnel through the whole carboprotein, so that the higher contrast reflects the
dimension of a single 4-HB-carboprotein molecule. The reduced state goes
along with the dissociation of the gold-thiol bond followed by desorption. The
process is, thus, irreversible.
This investigation suggests that the combination of totally synthetic proteins

with state-of-the-art physical electrochemistry may hold promise for addressing
biomolecular structure and function at the single-molecule and supramolecular
levels in new ways.

5. CONCLUDING REMARKS

Characterization and mapping of surface structures of biological molecules and
macromolecules such as oligonucleotides and redox metalloproteins, approach
increasingly high levels of resolution and are now getting close to the nanoscale
and single-molecule levels. We have overviewed some recent progress in these
areas with focus on work in our group. State-of-the-art physical electrochem-
istry, particularly based on single-crystal, atomically planar electrode surfaces,
and in situ STM, directly in the aqueous biological media, has been an over-
arching frame, supported by theoretical frames for the interfacial ET systems in
novel mesoscopic configurations such as in situ STM.

0 nm 100 nm

0 nm

100 nm

0 nm
(A) (B)

100 nm

0 nm

100 nm

Fig. 17. In situ STM images of the 4-HB carboprotein adsorbed on Au(1 1 1) in 10mM

phosphate, pH 6.8. Constant-current mode, I t ¼ 0:3 nA. (A) Vbias ¼ �0:55V, Ew ¼ 0:10V
vs. NHE and (B) Vbias ¼ 0:35V, Ew ¼ �0:57V vs. NHE. The sample potential induces an

irreversible electron transfer process, causing a high current density, represented by the white

spots.

Self-Assembly of Biomolecules on Electrode Surfaces 509



Crucial biological function, such as ET and catalytic function of biomacro-
molecules, at levels of resolution, which approach the single-molecule level, is
illustrated by the fragile and highly anaerobic metalloprotein PfFd. Such level
of mapping extends both to the other two major classes of redox metallopro-
teins, the blue copper proteins and the heme proteins, and recently to
redox-enzyme catalysis, by the blue copper enzyme copper nitrite reductase.
Immobilization of functional DNA-based molecules on solid surfaces is another
major area of research, rooted in the quest for DNA-based screening of bio-
logical liquids and mapping of electronic conductivity of DNA-based molecules
in possible device frames. As a step toward such objectives, conditions for
controlled formation of highly ordered monolayers of short single-strand short
oligonucleotides, and structural mapping to single-molecule resolution, have
been achieved.
In a sense our approaches can be viewed as a ‘‘single-molecule bottom-up’’

approach. Mapping of the fundamental biological building blocks, nucleobases,
and amino acids goes in parallel with the composite biological ‘‘real’’ functional
molecules, the oligonucleotides and (metallo)proteins. The building blocks,
however, also provide physical bridging between immobilized functional mac-
romolecules and the external electrical circuits. The highly ordered self-
assembled monolayers of the building block molecules are thus templates for
immobilization of the much larger, often fragile biological macromolecules, and
constitute the biomimetic microscopic environment for the biological function.
Structural and functional characterization of immobilized intermediate-sized

and large molecules toward the single-molecule levels have been noted to hold
novel perspectives for ultra-small device-like electronic function (e.g. Joachim
and Gimzewski, 1998; Kuznetsov and Ulstrup, 2004; Metzger, 2003). The ex-
istence of such devices is now beyond doubt, but approaches to the single-
molecule level resolution also disclose novel interfacial ET phenomena. At the
same time these hold even further perspectives for device function but also
limitations. Among the former is that redox molecules in the in situ STM gap
can be brought to display three-electrode transistor and amplifier function and
to effect strongly amplified conductivity function in a single in situ STM elec-
tron transport event (Kuznetsov and Ulstrup, 2004; Albrecht et al., 2005a, b).
Among the latter stochastic ‘‘noise’’ (He et al., 2001) and huge configurational
fluctuational modulation of single-molecule conductivity (Voityuk et al., 2004)
are limitations for real device function.
The approaches discussed offer ways of circumventing the ‘‘noise’’ problems

by mapping precisely conditions where structural ‘‘coherence’’ (i.e. highly
order monolayers) can be expected to apply, with concomitant minimi-
zation of fluctuational effects on chemical and electronic function (DNA
hybridization, single-molecule catalysis, ET function). With such perspectives
single-molecule DNA-screening, enzyme sensing, and even combination with
nanoscale metallic and semiconductor structures and arrays into multi-
functional sensing devices (next-generation ‘‘labs-on-a-chip’’) may be within
reach. This could also become a forthcoming phase toward molecular elec-
tronics and ‘‘bioelectronics’’.
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LIST OF ABBREVIATIONS

4-HB 4-a-helix bundle
10-A oligonucleotide with 10 adenines
10-T oligonucleotide with 10 thymines
AFM atomic force microscopy
ET electron transfer
HOMO highest occupied molecular orbital
HS-monoA thiol-modified mononucleotide with single adenine
HS-10A thiol-modified oligonucleotide with 10 adenines
HS-13mix thiol-modified oligonucleotide with 13 bases
LUMO lowest unoccupied molecular orbital
MPA 3-mercaptopropionic acid
NHE Normal hydrogen electrode
PfFd Pyrococcus furiosus ferredoxin
SAM Self-assembled monolayer
STM scanning tunneling microscopy
UHV ultra-high vacuum
XPS X-ray photoelectron spectroscopy
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Baumgärtel, 1997, Adsorption of thymine on gold single-crystal electrodes, J. Phys.
Chem. B 101, 754.

Schmickler, W., 1999, Theoretical aspects of the scanning tunneling microscope operating in
an electrolyte solution, Imaging of Surfaces and Interfaces, J. Lipkowski and P.N. Ross,
Eds. Wiley-VCH, New York, USA.

Schuster, G.B. Ed., 2004, Long-Range Charge Transfer in DNA II, vol. 237, Topics in
Current Chemistry, Springer, Berlin, Germany.

Service, R.F., 1998, Microchip arrays put DNA on the spot, Science 282, 396.
Shipway, A.N. and I. Willner, 2001, Electronically transduced molecular mechanical and

information functions on surfaces, Acc. Chem. Res. 34, 421.

H. Wackerbarth et al.514



Sommerfeld, R. and P.K. Hansma, 1986, Atomic-resolution microscopy in water, Science
3, 211.

Song, S., R.A. Clark, E.F. Bowden and M.J. Tarlov, 1993, Characterization of cytochrome
c alkanethiolate structures prepared by self-assembly on gold, J. Phys. Chem. 97,
6564.

Southern, E., K. Mir and M. Shchepinov, 1999, Molecular interactions on microarrays, Nat.
Genet. 21, 5.

Steel, A.B., T.M. Herne and M.J. Tarlov, 1998, Electrochemical quantitation of DNA im-
mobilized on gold, Langmuir 70, 4670.

Tanaka, K., A. Tengeiji, T. Kato, N. Toyama and M. Shionoya, 2003, A discrete self-
assembled metal array in artifical DNA, Science 299, 1212.

Tao, N.J., 1996, Probing potential-tuned resonant tunneling through redox molecules with
scanning tunneling microscopy, Phys. Rev. Lett. 76, 4066.

Tao, N.J., J.A. DeRose and S.M. Lindsay, 1993, Self-assembly of molecular superstructures
studied by in situ scanning tunneling microscopy: DNA bases on Au(111), J. Phys. Chem.
97, 910.

Tarlov, M.J. and E.F. Bowden, 1991, Electron-transfer reaction of cytochrome-c adsorbed
on carboxylic-acid terminated alkanethiol monolayer electrodes, J. Am. Chem. Soc. 113,
1847.

Tirrell, M., E. Kokkoli and M. Biesalski, 2002, The role of surface science in bioengineered
materials, Surf. Sci. 500, 61.
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1. INTRODUCTION

The first reports on direct electron transfer (DET) between the redox protein
cytochrome c and tin-doped indium oxide electrodes (Yeh and Kuwana, 1977)
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or gold electrodes modified with 4,40-bipyridyl (Eddowes and Hill, 1977) were
published as far as 30 years ago. These findings were reported some 10–15 years
after the first papers were published on combining redox enzymes and electrodes
(enzyme-based amperometric biosensors or ‘‘enzyme electrodes’’ (Clark and
Lyons, 1962; Updike and Hicks, 1967)). However, soon after that direct
bioelectrocatalysis was reported for two redox enzymes, viz. laccase (Lc) and
horseradish peroxidase (HRP), adsorbed on carbon electrodes (Berezin et al.,
1978; Yaropolov et al., 1979) and then DET reactions have been demonstrated
for a variety of redox proteins and enzymes, both on bare and modified elec-
trodes, e.g. for peroxidases (Armstrong and Lannon, 1987; Jönsson and Gor-
ton, 1989; Paddock and Bowden, 1989; Lindgren et al., 2001b) and Lcs
(Tarasevich et al., 1979; Yaropolov et al., 1996), as well as for complex, multi-
cofactor-containing enzymes (Ikeda, 1992; Kinnear and Monbouquette, 1993;
Ikeda, 1997; Ghindilis et al., 1997; Gorton et al., 1999; Armstrong and Wilson,
2000; Heffron et al., 2001; Lindgren et al., 2001a; Jeuken et al., 2002; Leger et
al., 2003; Jeuken, 2003; Angove et al., 2002; Sucheta et al., 1992, 1993;
Aguey-Zinsou et al., 2003; Hoke et al., 2004; Christenson et al., 2004a; Fe-
rapontova et al., 2003, 2004; Elliott et al., 2004; Correia dos Santos et al., 2004;
Christenson et al., 2004b) (Table 1) and even whole bacterial cells (Bond and
Lovley, 2003; Chaudhuri and Lovley, 2003).
DET reactions between redox enzymes and electrodes have been shown both

indirectly, by detecting a catalytic response current in the presence of the en-
zyme substrate, and directly, by observing independent electrochemical activity
of the redox cofactor comprising the active site in the absence of a substrate.
Many of the studied complex enzymes are intracellular ones located in mem-
branes, where they participate in biological electron transfer pathways. They
contain metal components, e.g., haems, iron–sulphur clusters and copper ions,
and non-metal groups, e.g., flavin, Mo-pterin (MoCo, a molybdopterin-binding
domain and a Mo ion) and pyrroloquinoline quionone (PQQ) cofactors, in their
active sites. The complex and highly organised multi-cofactor redox enzymes
are often structured to contain domains specialised for a variety of functions,
such as catalysis of electron and proton transfers, docking to redox partners and
substrate binding, or anchoring to membrane structures. This requires comple-
mentary docking sites on each redox partner that often minimise the electron
transfer resistance-distance between the two redox active metal or organic co-
factor centres. Electrochemical studies of the bioelectrocatalytic function of
these complex enzymes, revealed the importance of the ‘‘electrode environment’’
crucially affecting DET between the enzymes and electrodes. In many cases
DET was not attained or was accompanied by a loss of enzymatic activity due
to enzyme denaturation at the electrode, weak and unstable binding to
the electrode, random surface orientation or by impeded internal ET between
the multiple redox sites present in the enzyme, in addition to the heterogeneous
electrode-enzyme ET. However, when the electrode surface was designed to
resemble the surface characteristics of the partner redox protein (e.g., the sur-
face charge distribution or hydrophilic/hydrophobic properties) then the
enzyme efficiently interacted and bound to such surfaces, without dramatic
conformational changes. The prerequisites for DET can be derived from the
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Table 1. Redox enzymes for which DET reactions with electrodes have been shown (Adapted and updated after Gorton et al. (1999))

Enzyme Cofactor Substrate Redox reaction Reference

Laccases 4 Cu O2 Reduction
Polyporus versicolor 4 Cu (T1, T2, T3) O2 Reduction Tarasevich et al. (1979)
Rhus vernicifera 4 Cu (T1, T2, T3) O2 Reduction Yaropolov et al. (1996)
Coriolus hirsutus/Trametes

hirsuta
4 Cu (T1, T2, T3) O2 Reduction Yaropolov et al. (1996); Shlev et al.

(2003); Shleev et al. (2005a, b, c)
Trametes ochracea 4 Cu (T1, T2, T3) O2 Reduction Shlev et al. (2003); Shleev et al.

(2005b)
Coriolopsis fulvocinerea 4 Cu (T1, T2, T3) O2 Reduction Shleev et al. (2005b)
Cerrena maxima 4 Cu (T1, T2, T3) O2 Reduction Shlev et al. (2003); Shleev et al.

(2005b)
Cerrena unicolor 4 Cu (T1, T2, T3) O2 Reduction Shleev et al. (2005b)

Bilirubin oxidase 4 Cu (T1, T2, T3) O2 Reduction Shleev et al. (2004a); Tsujimura et
al. (2004)

Ascorbate oxidase 4 Cu (T1, T2, T3) O2 Reduction Sakurai (1996); Santucci et al. (1998)

Galactose oxidase 1 Cu (T1) Galactose,
lactose,
dihydroxyacetone

Tkac et al. (2002); Shleev et al.
(2005c)

Superoxide dismutase Cu–Zn O2
d Borsari and Azab (1992); Wu et al.

(1999); Ohsaka et al. (1996, 2002);
Ge et al. (2003); Tian et al. (2004)

Fe O2
d Ge et al. (2003); Tian et al. (2004)

Mn O2
d Tian et al. (2004)

Peroxidases Haem H2O2 Reduction Ruzgas et al. (1996)
Horseradish peroxidase Haem Yaropolov et al. (1979); Jönsson and

Gorton (1989); Zimmermann et al.
(2000); Presnova et al. (2000)
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Table 1 (continued )

Enzyme Cofactor Substrate Redox reaction Reference

Soybean peroxidase Haem Lindgren et al. (1997, 2000b)
Tobacco peroxidase Haem Lindgren et al. (1997, 2000b);

Munteanu et al. (1998, 2000)
Sweet potato peroxidase Haem Lindgren et al. (2000b)
Peanut peroxidase Haem Munteanu et al. (1998)
Lignin peroxidase Haem Ferapontova et al. (2002b);

Christenson et al. (2004a)
Manganese peroxidase Haem Ferapontova et al. (2002b)
Fungal peroxidase Haem Kulys and Schmid (1990);

Wollenberger et al. (1991)
Cytochrome c peroxidase Haem Armstrong and Lannon (1987);

Paddock and Bowden (1989); Scott
et al. (1992); Scott and Bowden
(1994); Mondal et al. (1996)

Chloroperoxidase Haem Ruzgas et al. (1995a)
Cytochrome c peroxidase 2 haems Lopes et al. (1998)
Paracoccus denitrificans
Bovine lactoperoxidase Haem Gorton et al. (1991a); Csöregi et al.

(1993b)
Microperoxidase Haem Razumas et al. (1992); Tatsuma and

Watanabe (1991)

Catalase Haem Lai and Bergel (2000, 2002); Chen et
al. (2001); Yu and Caruso (2003); Lu
et al. (2003); Wang et al. (2004);
Härtl et al. (2004)

Cytochrome P450 Haem
Cytochrome P450cam Haem Bistolas et al. (2004)
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Cytochrome P450 2E1 Haem Fantuzzi et al. (2004)
Cytochrome P450 2B4 Haem Shumyantseva et al. (2004)

Hydrogenase Fe–S cluster H2 Oxidation Yaropolov et al. (1984)
H+ Reduction

Methylamine dehydrogenase Methoxatin-like
quinone

Methylamine Oxidation Burrows et al. (1991)

Diaphorase FAD NADH Oxidation Ikeda (1992); Kobayashi et al.
(1992); Larsson et al. (2001)

Bacillus stearothermophilus

Bi-functional enzymes Flavo–haem
Cytochrome b2 FMN–haem Lactate Oxidation Kulys and Svirmickas (1979);

Staskeviciene et al. (1991)
Lactate dehydrogenase
p-Cresolmethylhydrolase FAD–haem p-cresol Oxidation Guo et al. (1989)
Flavocytochrome c552 FAD–2 haem Sulphide Oxidation Guo et al. (1990)

Cellobiose dehydrogenase Cellobiose Oxidation Larsson et al. (1996); Lindgren et al.
(2000a, 2001a); Christenson et al.
(2004a); Stoica et al. (2005)

Phanerochaete chrysosporium FAD–haem Lactose
Sclerotium rolfsii FAD–haem Cellodextrins
Humicola insolens FAD–haem
Trametes villosa FAD–haem
Phanerochaete sordia FAD–haem
Myriococcum thermophilum FAD–haem

Bi-functional enzymes PQQ–haem
D-fructose dehydrogenase PQQ–haem Fructose Oxidation Ikeda et al. (1991); Aizawa (1991);

Khan et al. (1991); Gorton et al.
(1992); Ferapontova and Gorton
(2005)
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Table 1 (continued )

Enzyme Cofactor Substrate Redox reaction Reference

Alcohol dehydrogenase Ethanol Oxidation Ikeda (1992); Ikeda et al. (1993a);
Torimura et al. (1997); Yanai et al.
(1994); Ramanavicius et al. (1999)

Gluconobacter suboxydans PQQ–4 haems
Acetobacter aceti PQQ–4 haems
Gluconobacter oxydans PQQ–4 haems

Bi-functional enzymes CTQ–haem
Amine dehydrogenase CTQ-2 haem c Alkylamines Oxidation Fujieda et al. (2002)

Bi-functional enzymes FAD–Fe–S cluster
Succinate dehydrogenase FAD–Fe–S cluster Succinate Oxidation Sucheta et al. (1992); Hirst et al.

(1996)
Fumarate Reduction

Fumarate reductase FAD–Fe–S cluster Fumarate Reduction Sucheta et al. (1993)

Theophylline oxidase Possibly FAD,
haem

Theophylline Oxidation Christenson et al. (2004b);
Ferapontova and Gorton (2005)

Bi-functional enzymes Molibdopterin
(MoCo)–haem

Chicken liver sulphite oxidase MoCo, haem Sulphite Oxidation Elliott et al. (2002); Ferapontova et
al. (2003)

Sulphite dehydrogenase MoCo, haem Sulphite Oxidation Aguey-Zinsou et al. (2003)
Dimethyl sulphoxide

reductase
MoCo, Fe–S cluster DMSO Reduction Heffron et al. (2001)

Trifunctional enzymes
Aldehyde oxidoreductase MoCo–Fe–S

clusters
Aldehyde Reduction Correia dos Santos et al. (2004)
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Desulfovibrio gigas
Arsenite oxidase MoCo–Fe–S-

clusters
Arsenite Oxidation Hoke et al. (2004)

Alcaligenes faecalis
Nitrate reductase MoCo–Fe–S

clusters-haem b
Nitrate Reduction Elliott et al. (2004)

D-gluconate dehydrogenase FAD–haem–Fe–S
cluster

D-gluconate Oxidation Ikeda (1992); Ikeda et al. (1988,
1993b)

Nitrite reductase Cu (T1, T2)–multi-
haem

Nitrite Reduction Kohzuma et al. (1994)
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Marcus Theory (Marcus and Sutin, 1985; Marcus, 1993). The highly specific
and directional protein-mediated electron transfer in biological systems is gov-
erned by factors such as distance and the bonds between the redox centres, the
thermodynamic driving force for ET (i.e., the redox potential difference) be-
tween the donor and acceptor, an appropriate association of the redox couple
and protein structure dynamics coupled with ET (Marcus and Sutin, 1985;
Bond, 1994; Jeuken, 2003). The Marcus Theory can also be applied for het-
erogeneous ET reactions at electrode surfaces (Jeuken, 2003). Either direct im-
mobilisation of the enzymes on bare electrodes or immobilisation on the
electrodes modified with promoters, self-assembled monolayers (SAMs) of al-
kanethiols, polyelectrolytes, and surfactants were used for the construction of
enzyme electrodes, where the enzyme is directly re-reduced/re-oxidised at the
electrode, in the absence of a second substrate or a mediator. The use of pro-
moters and SAMs based on thiols with appropriate head groups enabled to
orient protein molecules at the electrode surface in a fashion favourable for
direct electronic communication. If the orientation of the enzyme at the elec-
trode provides a suitable ET distance between the redox centre of the enzyme
and the electrode, then direct electrochemistry is expected to be observed
(Guo and Hill, 1991). As an alternative way of providing an anisotropic ori-
entation of the enzyme to facilitate direct-ET, reconstitution of the apo-enzyme
on the electrode surface modified with surface-bound and electrochemically
active prosthetic groups1 was shown to be an effective way to achieve direct
electrochemistry and bioelectrocatalysis of glucose dehydrogenase on PQQ-
modified surfaces (Katz et al., 1994), glucose oxidase on FAD-terminated
SAMs (Riklin et al., 1995; Willner et al., 1996), and peroxidase, on a hemin-
terminated SAM (Zimmermann et al., 2000). Direct bioelectrocatalytic activity
of some redox enzymes enabled detection of a variety of biologically important
compounds, from sugars to drugs (Table 1). In most of these cases DET was
proven in the presence of the enzyme substrate as a catalytic current
(Figure 1A), in still fewer cases independent electrochemical proofs of DET
have been shown in the absence of substrate (Figure 1B).
Furthermore, enzyme immunoassays based on DET of the commonly used

HRP and Lc (used as enzyme-label) and electrodes are of great potential for
application in clinical analysis (McNeil et al., 1995; Ghindilis et al., 1997;
Ghindilis, 2000; Kuznetsov et al., 2001). Up until today efficient DET reactions
have been reported for some 40 redox enzymes, see Table 1, thus enabling their
use for practical applications, e.g., for the development of biosensors based on
DET, i.e., third-generation biosensors expected to be virtually interference free
(Varfolomeev et al., 1996; Ghindilis et al., 1997; Gorton et al., 1999; Freire et al.,
2003; Zhang and Li, 2004; Wollenberger, 2005), effective biofuel cells (Barton
et al., 2004) and selective bioorganic synthesis. The absence of mediators is the

1In biology, the term prosthetic group or cofactor is in this context only used for tightly bound, specific

non-polypeptide units required for the biological activities of the proteins. In bioelectrochemistry, the

term ‘cofactor’ is often used synonymously with the term ‘prosthetic group’ or ‘coenzyme’. In this

chapter, the term ‘cofactor’ was used exclusively for redox-active non-polypeptide substructures in an

enzyme, which are tightly, however, not necessarily covalently bound within the protein.
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main advantage providing superior selectivity of the third-generation
biosensors, both because they should operate in a potential window closer to
the redox potential of the enzyme itself and therefore less prone to interfering
reactions (Gorton, 1995; Gorton et al., 1999; Schuhmann, 2002; Wollenberger,
2005) and also because of the elimination of a yet another reagent in the reaction
sequence. Another attractive feature of systems based on DET is the possibility
of modulating the desired properties of an analytical device using protein mod-
ification with genetic or chemical engineering techniques on one hand (Degani
and Heller, 1987; Heller and Degani, 1988; Willner et al., 1997), and novel
interfacial technologies on the other hand (Whitesides et al., 1991; Finklea, 1996;
Baeumner, 2005; Andreescu et al., 2005). The intention of this contribution is to
summarise the achievements on DET between redox enzymes and electrodes
with a special focus on haem and copper-containing redox enzymes, i.e., in the
area where our group has been most intensively working.

2. HAEM ENZYMES

Haem enzymes involve peroxidases, catalases, cytochromes of the P450 group,
and a variety of multi-cofactor complex enzymes, which contain haem(s) along
with other cofactors such as flavin(s), copper, iron–sulphur cluster(s), MoCo or
PQQ (Table 1). There are also haem-containing proteins such as globins and
cytochromes, which under biological conditions have oxygen-carrier/oxygen-
storage function (haemoglobin, Hb, and myoglobin, Mb) or comprise a com-
ponent of ET chains as ET mediators (e.g., cytochrome b5 and cytochrome c).
All haem enzymes and proteins contain the haem prosthetic group, which con-
sists of Fe3+ coordinated to a porphyrin group (Figure 2). The porphyrin
nitrogens occupy four coordination positions of the haem iron, the left two
unoccupied positions on either side of the haem plane are available for ligands,
which strongly influence the redox potential, reactivity, and biological function
of the haem protein (Dryhurst et al., 1982). Not shielded by a polypeptide chain

Substrate Product

(A) (B)

Fig. 1. Schematic respresentation of the electron transfer pathway in direct electron transfer

between a redox enzyme and an electrode, (A) in the presence of the enzyme substrate, (B) in

the absence of the enzyme substrate.
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‘‘naked’’ haem exhibits heterogeneous electron transfer (ET) rates higher than
4000 s�1 (Fe3+/2+ redox conversion), when adsorbed on basal pyrolytic graph-
ite or glassy carbon (Brown and Anson, 1978; Feng et al., 1995). Similarly high
heterogeneous ET rates can be observed for haem adsorbed on gold electrodes
modified with short thiols, e.g., ethanethiol, cystamine, and mercaptoethanol,
with an apparent heterogeneous ET rate constant above 3600 s�1 (Gorton et al.,
1999). However, the electrochemical and catalytic properties of haem drastically
change when it is incorporated into a proteinaceous environment, e.g., the
formal potential (E00) of the redox conversion of the haem between the Fe2+/
Fe3+ states can vary over a wide potential range due to the protein environ-
ment, from �0.27V2 for HRP (Harbury, 1957) to 0.26V for cytochrome c
(Rodkey and Ball, 1950; Cusanovich and Tollin, 1996). The electrochemical
response from haem-enzymes and proteins are not so pronounced as those from
‘‘naked’’ haem, as a result of the polypeptide environment of the haem domain
active site, which makes the ET distance longer and diminishes surface con-
centrations of the haem as a result of increased mass of the proteins (Lötzbeyer
et al., 1997). However, the unique electrochemical and catalytic properties of the
haem active site promote various bioelectrochemical applications of the haem-
proteins and haem-enzymes, e.g., in biosensors based on DET. In the last case,
establishing efficient DET communication between the haem enzymes and the
electrodes is crucial for the development of third generation biosensors (Gorton
et al., 1999; Schuhmann, 2002; Freire et al., 2003; Wollenberger, 2005). In
general, there may be a variety of electron-tunnelling pathways within the
enzyme molecule between the redox active centre and the protein surface
(Gray and Winkler, 2003). Two groups of redox enzymes are presently distin-
guished, specifically, as discussed by Hill and co-workers, the intrinsic and
extrinsic ones (Guo and Hill, 1991; Hill and Hunt, 1993; Hill et al., 1996). With
the intrinsic redox enzymes, ‘‘the catalytic reaction between an enzyme and its

Fig. 2. Schematic representation of haem b and haem c structures.

2All potentials in this chapter are cited versus SHE unless stated otherwise.
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substrates takes place within a highly localised assembly of redox active sites’’
and ‘‘there need be no electron transfer pathways from these sites to the surface
of the enzyme, where, it is presumed, it would interact with the electrode’’
(Guo and Hill, 1991). In other words, the intrinsic enzymes do not have a redox
protein as their natural partner for ET exchange and therefore electron-
tunnelling pathways within the enzyme molecule do not exist. For these en-
zymes efficient DET reactions at the electrodes are less probable and require (1)
the sites of the catalytic reaction to be close to the protein surface, (2) the
possibility for enzyme deformation without losing the activity, (3) the electrode
surface projecting into the enzyme, or (4) ET pathways to be introduced by
enzyme modification (Guo and Hill, 1991). Only recently were attempts shown
successful to project an ultramicroelectrode into the active site of an intrinsic
enzyme, glucose oxidase (Xiao et al., 2003).
In contrast the extrinsic enzymes do have natural redox protein partners

involved in transporting electrons and therefore should have electron-tunnelling
pathways between the active sites and the enzyme surface where the partner
protein binds for efficient ET between the enzyme and its partner protein to
occur. Thus, to realise efficient DET between redox enzymes and electrodes, a
proper orientation of the redox enzyme onto the electrode through the site of
the electron-tunnelling pathways where the partner protein commonly binds
(for extrinsic enzymes) or through the domain of the active site exposed to the
protein surface becomes important.

2.1. Monocofactor-containing proteins

2.1.1. Microperoxidase

The electrochemistry of microperoxidases (MP) is the best example of the ‘‘ori-
entation’’ approach. Microperoxidase is produced via proteolytic digestion of
cytochrome c and presents a haem-bound peptide of 6, 8, 9, or 11 amino acids
and has a relatively simple structure exhibiting peroxidase activity (Scott and
Mauk, 1996). The scarce peptide environment of MPs enables both maximum
exposure of the haem to the protein surface and aqueous solubility of MPs,
which have a weaker tendency of aggregation, and availability of a number of
chemical functionalities for covalent coupling and modification. DET reactions
of MPs at electrodes are expected to be highly efficient approaching the char-
acteristics of the haem alone due to enhanced DET contact between an
electrode and the exposed haem. However, commonly the reported ET rates
e.g., for microperoxidase-11 (MP-11) on cystamine-modified gold electrodes
were only between 12 s�1 (Lötzbeyer et al., 1994) and 20 s�1 (Narvaez et al.,
1997), whereas hemin adsorbed on glassy carbon or basal plane pyrolytic
graphite electrodes exhibited constants higher than 4000 s�1 (Brown and Anson,
1978; Feng et al., 1995). Special protocols developed for immobilisation of MP-
11 using different immobilisation chemistries enabled to achieve high ET rates
over the range of 1700–3600 s�1 with MP-11 physically adsorbed on hydro-
phobic alkanethiol-modified gold electrodes and MP-11 linked through its
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amino-functionalities on gold electrodes using Lomant’s reagent (Ruzgas et al.,
1999). The commonly used carbodiimide coupling to cystamine-modified elec-
trodes resulted in a coverage of 3–4 layers of the electrode and low values of the
rate constant, 13–112 s�1, reflecting the interlayer ET but not the heterogeneous
electrode/MP-11 electron exchange rate (Ruzgas et al., 1999).

2.1.2. Cytochrome c

Another remarkable example of the electrode-protein ‘‘orientation’’ studies is
the electrochemistry of cytochrome c at bare and differently modified
electrodes. Cytochrome c (or ferrocytochrome c) is a haem-containing redox
protein active in electron transfer pathways, e.g., in the respiratory chain in the
mitochondria (Scott and Mauk, 1996). Cytochrome c contains the c-type haem
as a prosthetic group, which belongs to one of the two most widely spread and
studied haem types (Figure 2). Another one is haem of the b-type, which is very
similar to haem c except for that the haem c group is coordinated to cysteine
residues in proteins, whereas haem b is not (Figure 2). Under physiological
conditions cytochrome c does not react with molecular oxygen but is readily
oxidised by its natural redox partners, cytochrome c oxidase, cytochrome c
peroxidase, and a series of other complex enzymes, e.g., involved in the res-
piratory chain function. In cytochrome c the haem is partially exposed to the
solution/electrode surface, and its oxidation/reduction gives a strong signal in
electrochemical and spectroscopic measurements (Scott and Mauk, 1996).
Horse heart cytochrome c has eight lysine residues localised on its surface ad-
jacent to where the haem is most closely exposed to the protein surface. The
very first reports on DET between electrodes and redox active proteins referred
to cytochrome c, which exhibited a quasi-reversible direct electrochemistry on
4,40-bipyridyl modified gold (Eddowes and Hill, 1977) and on tin-doped indium
oxide electrodes (Yeh and Kuwana, 1977). These reports were followed by
intensive studies of cytochrome c at unmodified and promoter-modified gold,
silver, platinum, carbon, and metal oxide electrodes with different interface
electrode/modifier/protein/solution (Yeh and Kuwana, 1977; Eddowes and Hill,
1977; Eddowes et al., 1979, 1980; Albery et al., 1981; Armstrong et al., 1988;
Armstrong, 1990; Song et al., 1993; Bond, 1994; Hill et al., 1996; Jin et al., 1996;
Feng et al., 1997; El Kasmi et al., 1998). Electrochemical studies on a variety of
electrode materials revealed the importance of orientation of cytochrome c on
the electrode surface to achieve facile electrochemistry of the protein
(Armstrong, 1990). In the presence of negatively charged functionalities on
the electrode surface, strong electrostatic interactions between cytochrome c
and the electrode surface are obtained resulting in the shortest distance between
the haem and the electrode surface largely facilitating ET. Initially various
bipyridyl and viologen derivatives were used as promoters of the ET reactions
of cytochrome c at the promoter-modified electrodes (Eddowes and Hill, 1977;
Armstrong et al., 1988). The word promoter was used to denote that these redox
active compounds did not act as electron transfer mediators but only helped
(promoted) ET through establishing a correct orientation of the redox protein
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on the electrode (Guo and Hill, 1991; Hill and Hunt, 1993; Hill et al., 1996). The
promoter should have one terminal functional group for surface adsorption or
binding (e.g., -N, -P, or -S functionalities, e.g., thiols for binding to Au, Pt, or
Ag), groups, which minimise structural changes of the protein (hydrophilic
groups) and another terminal group (e.g., negatively charged groups) for
attractive interactions with the positively charged lysine residues of cytochrome
c to provide an appropriate ET orientation of the protein at the electrode.
Among the promoters, which facilitate a reversible fast electrode reaction of
cytochrome c, were 4,40-bipyridyl, cysteine, mercaptopropionic acid,
mercaptoundecanoic acid, oligonucleotides, etc. (Eddowes et al., 1979, 1980;
Albery et al., 1981; Song et al., 1993; Feng et al., 1997). Today, self-assembled
monolayers (SAMs) formed by thiol derivatives on gold and silver electrodes
are the most studied and the most common (and efficient) electrode modifica-
tions enabling to easily orient cytochrome c onto electrodes (Finklea, 1996;
Taniguchi et al., 2003; Schlereth, 2005; Wollenberger, 2005). SAMs of thiols
bearing carboxylic head group or mixed (COOH)–/(OH)–SAMs were shown to
be the most suitable for DET of cytochrome c (Arnold et al., 1997; El Kasmi et
al., 1998; Ge and Lisdat, 2002). Experimentally determined ET rates vary
between 400 and 2000 s�1; and 70 s�1 was found for cytochrome c covalently
coupled to the long-chained alkanethiol-modified gold electrode (Ge and Lis-
dat, 2002). When the thiol modifier is long (longer than nine carbons) then the
rate of the interfacial ET drops exponentially with the thiol length, designating
the rate-limiting electron tunnelling through the layer of the thiol modifier
(Song et al., 1993; Feng et al., 1997). The rate of the ET process between
cytochrome c and gold, however, is not dependent on the length of the thiol
modifier when shorter alkanethiols (Co6) are used to form the SAM. The
differences in rate constants of surface-confined cytochrome c at N-acetyl-L-
cysteine-modified gold surface were likely due to the different techniques em-
ployed (cyclic voltammetry at high sweep rates, electrochemical impedance and
electroreflectance), however, the measured values can still be regarded as good
estimates (Ruzgas et al., 1998). As a support for that is the fact that rate
constants in this case are close to the rate (800 s�1) observed for interprotein ET
between cytochrome c and its natural partner cytochrome c peroxidase (Pappa
et al., 1996b). These investigations clearly reveal that electrochemical investi-
gations give results fully in agreement with other independent techniques.
From an electroanalytical point of view cytochrome c-modified electrodes are

of particular interest for two principally different purposes. On the one hand,
they can be used for electrochemical detection of short-lived oxygen and ni-
trogen radical species (Cooper et al., 1993; Scheller et al., 2002; Ge and Lisdat,
2002; Shipovskov et al., 2004; Wollenberger, 2005). On the other hand, cyto-
chrome c-electrodes can be used for electronic coupling with other redox en-
zymes revealing no or sluggish direct electron transfer with electrodes (Amine et
al., 1994; Jin et al., 1996; Fridman et al., 2000; Pardo–Yissar et al., 2000;
Rhoten et al., 2000; Haas et al., 2001; Scheller et al., 2002; Rhoten et al.,
2002a, b; Ferapontova et al., 2003; Katz and Willner, 2003; Katz et al., 2004;
Ferapontova and Gorton, 2005). For both purposes it is essential that the ET
between the electrode and cytochrome c is as rapid as possible not limiting the
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overall ET between the analyte and the electrode. This strongly motivates
further efforts in measuring heterogeneous ET rates of cytochrome c and teth-
ering surfaces to establish (e.g., by correct orientation) high interfacial ET of
this protein. Other types of cytochromes are also intensively studied at various
bare and modified electrodes to find a way to modulate DET of the proteins
through their proper orientation at the electrodes, among them being micro-
peroxidase-11 (obtained from the proteolytic digestion of cytochrome c)
(Narvaez et al., 1997; Ruzgas et al., 1999), monohemic cytochromes c522, c533,
and c550 (Correia dos Santos et al., 2003; Yamamoto et al., 2001) and tetrahaem
cytochrome c3 (Zhang et al., 1994; Lojou and Bianco, 2000).

2.1.3. Peroxidase and catalase

Peroxidases are virtually the most intensively used haem-enzymes for the
development of DET-based biosensors (Ruzgas et al., 1996; Gorton et al., 1999;
Lindgren et al., 2001b). Peroxidases catalyse the oxidation of a variety of
organic and inorganic compounds by hydrogen peroxide or related compounds
(Dunford, 1999) and thus are of special interest for detection of peroxides in the
fields of healthcare, food and cosmetic analysis, and environmental protection.
Mainly HRP, but also peroxidase from other sources have been used for con-
struction of peroxidase electrodes for unmediated detection of hydrogen per-
oxide and other hydroperoxides (Ruzgas et al., 1996; Gorton et al., 1999;
Lindgren et al., 2000b; Gaspar et al., 2001; Ferapontova et al., 2002b; Lindgren
et al., 2001b; Christenson et al., 2004a). Peroxidases have also been used in
conjunction with H2O2-producing oxidases for the measurement of the con-
centration of the oxidase substrate, such as glucose and other sugars, and a
variety of amino acids, by co-immobilisation of the peroxidase with the cor-
responding oxidase (Ruzgas et al., 1996; Ghindilis et al., 1997; Gorton et al.,
1999) and further in affinity-based assays (Ho et al., 1993; McNeil et al., 1997;
Zeravik et al., 2003).
The majority of haem peroxidases contains a haem b (Figure 2) as the pros-

thetic redox active group (Dunford, 1999) and the catalytic activity of
peroxidases is closely related to its redox states. The peroxidase catalytic cycle
involves the oxidation of the native form of, e.g., HRP by H2O2 to compound I
(E1, represents an oxidised form of HRP and consists of oxyferryl iron
(Fe4þ ¼ O) and a porphyrin p cation radical), and further a 2e�/2H+ direct
reduction of E1 to the initial HRP state, ferriperoxidase (Figure 3). In the case
when an electrode donates electrons to E1, a direct electroreduction of E1 by the
electrode may occur. This DET is characterised by a heterogeneous ET rate
constant, ks (Ruzgas et al., 1995b, 2002; Gorton et al., 1999). Mediated
bioelectrocatalysis has more similarities with the corresponding homogeneous
one (Figure 3), when the oxidised enzyme is reduced by some electron donor S,
which is subsequently re-reduced at the electrode (Ruzgas et al., 1995b, 2002;
Gorton et al., 1999). Mediated ET is usually more efficient compared to DET
(Ruzgas et al., 1995b, 1996, 2002; Gorton et al., 1999; Lindgren et al., 2001b).
The reduction of E1 to ferriperoxidase is expected to occur via formation of an

E. E. Ferapontova et al.530



intermediate compound II (E2 containing an additional proton compared to the
native form and E1) and then stepwise to the initial ferriperoxidase state, as in
the case of homogeneous peroxidase catalysis (Dunford, 1999). The peroxidase
cycle also involves the consumption and release of protons during the per-
oxidase redox transformations. The reduction potentials for the E1/E2 and E2/
HRP(Fe3+) redox couples are pH-dependent and shift from 0.9 and 0.88V at
pH 7.0, respectively (Farhangrazi et al., 1995; He et al., 1996) to more positive
values with decreasing pH, corresponding to 0.99 and 0.97V at pH 6.0 (Hayashi
and Yamazaki, 1979). Native HRP can also be directly reduced at the electrode
surface to its ferrous state, at potentials of –267mV at pH 7.0 and �217mV at
pH 6.0, respectively (Harbury, 1957). Similar to other plant peroxidases, the
values of the E00 for the couple (Fe3+/2+) of HRP are pH dependent (Dunford,
1999) since the redox process is accompanied by protonation of the ferrous
form. Ferrous HRP is capable of binding O2, which results in the formation of
compound III (E3, Figure 3), which is a catalytically inactive form of the
enzyme but can be reduced by the reaction with ferrous HRP. Thus, depending
on experimental conditions and due to the diversity of the oxidative states of the
haem, peroxidases can utilise either peroxides or molecular oxygen as oxidising
substrates.
When immobilised at the electrode, HRP may exhibit a remarkable

bioelectrocatalytic activity due to DET between the electrode and the haem
of HRP (Yaropolov et al., 1979; Jönsson and Gorton, 1989; Wollenberger et al.,
1990, 1991; Csöregi et al., 1993b; Bogdanovskaya et al., 1994; Ruzgas et al.,
1995b; Tatsuma et al., 1998; Presnova et al., 2000; Ferapontova and Gorton,
2001; Ferapontova and Puganova, 2002; Ferapontova, 2004), thus, shifting the
potential of H2O2 electroreduction up to 0.9V compared to bare electrodes,
where the electroreduction of H2O2 starts below 0V. Peroxidases from different

Fig. 3. Schematic representation of redox transformations of peroxidase during its biocat-

alytic cycles.
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sources, e.g., plant, yeast, and fungal peroxidases, were demonstrated to exhibit
similar direct bioelectrocatalytic activity in the reduction reaction of H2O2

(Armstrong and Lannon, 1987; Paddock and Bowden, 1989; Kulys and Schmid,
1990; Lindgren et al., 2000b; Gaspar et al., 2001; Ferapontova et al., 2002b).
Therewith the electrochemistry and the bioelectrocatalytic activity of per-
oxidases significantly depend on the electrode materials and on the electrode
modifications used. It is not surprising since the haem moiety is buried inside the
protein structure (Gajhede et al., 1997; Bonagura et al., 2003; Sundaramoorthy
et al., 1995, 1997; Pappa et al., 1996a; Schuller et al., 1996; Poulos et al., 1995),
and in this case, to achieve efficient DET, the enzyme adsorption/orientation at
the electrodes becomes a crucial problem. To study and explain the nature of
DET in the case of peroxidases both different electrode materials, modifying
layers and a variety of native and genetically engineered peroxidases have been
used (Ferapontova, 2004).
Carbonaceous electrodes appeared to be most widely used for studies of

peroxidase bioelectrocatalysis since 1979, when DET between carbon black and
peroxidase was first demonstrated (Yaropolov et al., 1979). After that, direct
bioelectrocatalytic reduction of H2O2 was studied with HRP on spectroscopic
and pyrolytic graphite, carbon black and glassy carbon (Jönsson and Gorton,
1989; Wollenberger et al., 1990; Csöregi et al., 1993b; Fridman et al., 1994;
Bogdanovskaya et al., 1994; Ruzgas et al., 1995b; Lindgren et al., 1998, 1999;
Tarasevich et al., 2001a; Ferapontova and Puganova, 2002), graphite coating
(Tatsuma et al., 1998), and carbon fibres (Csöregi et al., 1993a, 1994a, b),
screen-printed graphite electrodes (Schumacher et al., 2001) and boron-doped
diamond electrodes (Tatsuma et al., 2000) as well as with HRP incorporated
into carbon paste (Wollenberger et al., 1991, Gorton et al., 1991b). HRP readily
adsorbs on carbon surfaces and reduces H2O2 in the course of a DET reaction
between its haem active site and the electrodes, in the absence of any mediators.
The surface coverage of HRP varied for different types of electrodes and surface
pretreatment, thus providing different efficiencies of direct bioelectrocatalysis
(Csöregi et al., 1993a; Fridman et al., 1994; Ruzgas et al., 1995b; Tatsuma et al.,
1998, 2000; Tarasevich et al., 2001a). Additionally, not all adsorbed HRP mol-
ecules are active in the DET reaction with electrodes, but a portion of them,
which is properly oriented at the electrode surface (Ruzgas et al., 1995b;
Lindgren et al., 1998; Gorton et al., 1999). For wild-type HRP (wHRP), around
50% of the total amount of catalytically active HRP molecules adsorbed on
graphite was shown to be active in DET (Ruzgas et al., 1995b; Lindgren et al.,
1998). Moreover, the rate of DET was restricted to 2 s�1 at pH 7.0 (Ruzgas et
al., 1995b; Lindgren et al., 1998). The observed efficiency of peroxidase
bioelectrocatalysis correlated with variations in the solution pH as well: with
increasing [H3O

+] the efficiency of the bioelectrocatalytic reduction of H2O2

increased (Ferapontova and Gorton, 2001, 2002; Ferapontova and Puganova,
2002). The apparent rate constant of the heterogeneous ET between wHRP and
graphite, ks, was then found to be pH-dependent and changed from 0.54 s�1, at
pH 7.9, to 11 s�1, at pH 6.0 (Ferapontova and Gorton, 2002) (Figure 4a,
Table 2), thus offering an easy way for increasing the efficiency of DET. In fact,
the DET rate is largely affected by the presence of any proton donors such as
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H3O
+, the ammonium cation (NH4

+) and multi-charged cations ([La(H2O)]3+,
[Y(H2O)]3+, and [Lu(H2O)]3+), known for their proton donor ability
(Ferapontova and Fedorovich, 1999; Ferapontova and Gorton, 2001): the ks
between wHRP and gold increased from 2.9 to 6.6 s�1 when changing from
phosphate buffer solutions (PBS) containing 0.15M NaCl to PBS containing
0.15M NH4Cl, at pH 7.4, and from 1.1 to 4.8 s�1 at pH 8.0 (Ferapontova and
Gorton, 2001). However, in general, statistically random adsorption and orien-
tation of HRP molecules at carbonaceous surfaces somehow restrict the pos-
sibilities for improvement of the bioelectrocatalytic performance of the enzyme.
One of the approaches to improve direct peroxidase bioelectrocatalysis is to

use different forms of peroxidases to achieve higher DET rates and higher

Fig. 4. Current densities for bioelectrocatalytic reduction of 10�4M H2O2 at gold electrodes

modified with (a) wHRP and (b) CHisrHRP plotted as a function of the electrode potential.

The solution pH was (1) 6, (2) 6.5, (3) 7.0, (4) 7.5, and (5) 8.0; (6) H2O2 reduction at a bare

gold surface. Sweep rate 5mV s�1, background subtracted.
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Table 2. Enzymatic and bioelectrocatalytic activity of wHRP and rHRPs with different surface Cys- and His-mutations, immobilised
on gold

Peroxidase Activity
(ABTS)
Umg�1

% in direct ET ks, s
�1, pH 7.4 ks, s

�1, pH 6.0 k1,
10�6M�1 s�1

pH 6.0/7

k3,
10�4M�1 s�1

with catechol

wHRP 1260 73 2.5 11.6 0.13 1.4
rHRP 565 75 29 260 0.51 10.3
CHisrHRP 690 86 38 426 0.53 10.5
CHisrHRP57Cys 575 80 31 128 0.34 1.7
CHisrHRP189Cys 1710 71 20 87 0.55 2.9
CStreprHRP 438 88 19 115 0.65 7.9
CStreprHRP309Cys 601 64 29 452 0.58 7.2

Note: Amperometry at 150mV, in a wall-jet flow-through system (Ferapontova and Gorton, 2001, 2002; Ferapontova et al., 2001a, 2002a;
Ferapontova, 2004). E
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percentage of the enzyme molecules active in DET reaction with the electrode.
In the search for a possible alternative to HRP in applications based on DET, a
number of alternative plant peroxidases has been investigated and kinetically
characterised on graphite. Some results are presented in Table 3 for fungal
(lignin and manganese peroxidases, LiP and MnP, respectively), peanut (PNP),
tobacco anionic peroxidase (TOP), and sweet potato plant peroxidase (SPP). As
can be seen, the percentage in DET varies substantially between the peroxidases
(Lindgren et al., 2000b; Ferapontova et al., 2002b; Christenson et al., 2004a).
Especially noticeable are the values obtained for SPP, revealing a high per-
centage in DET as well as a high rate of DET. However, DET rates were found
to be in the same order of magnitude and correspond to a kinetically limiting
step of DET. Another interesting effect was shown for TOP (Gazaryan et al.,
1996). Due to the presence of the negatively charged Glu-141 at the entrance to
the active centre, TOP is believed to undergo a reversible blockade of the active
site by binding an extra Ca2+ ion (Gazarian et al., 1996). Ca2+ ions decrease
the amount of enzyme active in DET by 17%, however, it is still higher than
that for wHRP. Thus, the blockade of the active site with Ca2+ does not knock
out DET. Ca2+ ions also cause a decrease in k1 by 11%, in ks by 38%, in k3 by
26% (p-cresol) and 58% (catechol) (Munteanu et al., 2000). The observation that
both soluble and immobilised TOPs are subject to conformational changes in the
presence of Ca2+ indicates that the immobilised enzyme retains the conformat-
ional flexibility on the graphite surface. Remarkable data were also obtained with
fungal LiP and MnP, which in solution exhibited virtually negligible catalytic
activity towards H2O2 reduction in the absence of their specific substrates, i.e.,
veratryl alcohol and Mn2+, but demonstrated DET-based bioelectrocatalytic
behaviour for H2O2 reduction similar to that observed previously for wHRP and
other plant peroxidases (Ferapontova et al., 2002b; Christenson et al., 2004a).
Since the ability of peroxidase to participate in DET was established to be an

intrinsic property of the protein, oriented binding techniques for HRP have
been intensively studied as alternative approaches for improving DET com-
munication between the peroxidase haem and the electrodes. One of the ap-
proaches involves anisotropic orientation of the enzyme through reconstitution
of the holoenzyme on the electrode surface using haem-containing mixed SAM-
modified gold electrodes and the HRP apoenzyme (Zimmermann et al., 2000).
Another possibility is to introduce into the molecular surface of recombinant
HRP (rHRP) sites recognisable by metal electrodes (e.g., gold or silver), such as
a polyhistidine tag or cysteine residues introduced in different surface positions
of the rHRP molecule (Presnova et al., 2000; Ferapontova and Gorton, 2002;
Ferapontova, 2004; Gorton et al., 1999; Lindgren et al., 2001b; Ruzgas et al.,
2002; Ferapontova et al., 2001a, b, 2002a). Recombinant forms of HRP with
either a His-tag or a Strep-tag at the C- and N-termini (CHisrHRP and
NHisrHRP, respectively), which additionally had Cys at positions 57, 189, or
309 (C-terminus) of the polypeptide chain, were produced by genetic engineer-
ing of rHRP using an E. coli expression system (Grigorenko et al., 1999) and
studied electrochemically (Presnova et al., 2000; Ferapontova et al., 2001a, b,
2002a). When exchanging wHRP for the non-glycosylated recombinant forms,
a dramatic increase was observed in the response currents of the bioelectro-
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Table 3. Biochemical properties and electrochemically determined rate constants for native plant peroxidases adsorbed on graphite
electrodes in 0.1M PBS, pH 7.0, using a rotating disc electrode (RDE)

POD pI MW (kDa) Glycosylation

(%)

Activity

(ABTS)

% in DET Rate constants

(Umg�1) kS, s
�1 k1,

M�1 s�1 10�5

k3, M
�1 s�1 10�4

p-Cresol Catechol

HRP (Ferapontova et

al., 2002b)

8.8 42 18 1400 48 2.3 2.0 3.8 1.4

PNP (Lindgren et al.,

2000b)

7.9 40 15 73 44 1.3 1.3 5.0 —

SPP (Lindgren et al.,

2000b)

3.5 38 16–17 1600 91 4.8 2.8 35 —

TOP (Lindgren et al.,

2000b)

3.5 37 11 1680 68 2.6 0.53 1.9 0.56

LiPa (Ferapontova et al.,

2002b)

3.5–4 37–42 6–13 8 10 1.6 0.25 — 0.16

LiPb (Christenson et al.,

2004a)

31 1.15 0.09 0.11

MnP (Ferapontova et

al., 2002b)

4.1 46 17 0.023 27 1.7 3.5 — 0.14

Note: Amperometry at 150mV. 60mM catechol or p-cresol were used for determination of k3.
aLiP – from Phanerochaete chrysosporium.
bLiP – from Trametes versicolor.
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catalytic reduction of H2O2 due to the enhanced DET (Figure 4). Linear sweep
voltammograms show sigmoid-shaped waves resulting from kinetic restrictions
in the wHRP9gold system, which, however, transform for the rHRP|gold system
and at high proton concentrations (for pH values below 7.0) to a peak-shaped
wave reflecting favourable bioelectrocatalytic conditions. More than 75% of the
HRP molecules were found to be active in DET (90710% for CHisrHRP and
75720% for wHRP) (Ferapontova et al., 2001a, b, 2002a; Ferapontova and
Gorton, 2001, 2002). ks drastically increased when exchanging wHRP for re-
combinant HRPs and from pH 8.0 to pH 6.0 (Table 2, Figure 3). For recom-
binant HRPs, ks exceeded 400 s�1 for the system CHisrHRP9gold at pH 6.0
(Ferapontova et al., 2001a, 2002a) and thus approached the data obtained with
cytochrome c peroxidase on edge plain pyrolytic graphite (Scott and Bowden,
1994; Mondal et al., 1996, 1998). However, the enhancement of the rate of DET
with increasing proton concentration was not the same for different recombin-
ant HRP forms, thus implying that there are different electron and proton
transfer pathways in the peroxidase molecule. The His and Cys groups intro-
duced into different surface positions of the rHRP molecule with high affinity
for gold allowed adsorption of the rHRP molecules in different but specific
orientations onto the gold surface through these attachment points resulting in
different electron and proton transfer pathways from the electrode within the
structure of rHRP. For different molecular orientations interfacial ET rates
between gold and HRP changed from 20 to 38 s�1, at pH 7.4, and from 87 to
450 s�1, at pH 6.0 (Table 2) (Ferapontova et al., 2001a, 2002a). Lowering pH
from 7.4 to 6.0 resulted in different enhancements of the ET efficiency as well: ks
increased by 2 to 16 fold, depending on the orientation of the HRP molecule at
the electrode surface defined by the position of the mutations. Comparative
analysis of the ks at pH 7.4 and 6.0 demonstrated that oriented immobilisation
of rHRP through the His-tag or Cys introduced in the C-terminal area of the
enzyme resulted in an enhanced DET as a consequence of a more favourable
coupled electron and proton transfer pathway, compared to other cysteine
mutations (Table 2) (Ferapontova and Gorton, 2001; Ferapontova et al., 2001a,
2002a; Ferapontova, 2004). To summarise: (1) both deglycosylation of HRP
and a specific orientation of HRP onto gold through the C- and N-termini of
the enzyme enhance the efficiency of DET-based bioelectrocatalytic reduction
of H2O2 (Ferapontova et al., 2001a, b, 2002a; Ferapontova, 2004); (2) [H3O

+]
strongly affects the heterogeneous ET rate, the ks-[H3O

+] dependence being
close to linear under conditions when H3O

+ can be regarded as a proton donor,
and the kinetics of the ET in the system HRP9gold electrode is determined by
the ET reaction coupled to the PT reaction (Ferapontova and Gorton, 2001,
2002; Ferapontova and Puganova, 2002; Ferapontova et al., 2002a; Ferapont-
ova, 2004); (3) the oligosaccharide overcoat present in wHRP not only makes
DET less efficient but also hinders PT to the active site of the enzyme, since the
increase in ET rate with decreasing pH is not the same for different forms of
HRP (compare the values of ks vs. [H3O

+] in Table 2) (Ferapontova and
Gorton, 2001, 2002; Ferapontova et al., 2002a). Thus, the efficiency of direct
peroxidase bioelectrocatalysis can be crucially enhanced both by the directed
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oriented adsorption of rHRPs onto the pre-treated gold surfaces and by the
introduction of proton donors in the reaction zone (e.g., by controlling pH).
Modification of electrodes with promoters (Razumas et al., 1983, 1986; Li et

al., 1997) or incorporation of HRP in different types of modifying layers on
pyrolytic graphite and glassy carbon electrodes, enabled facile DET of HRP
seen through the redox chemistry of the Fe3+/2+ couple. Incorporation of HRP
in clays (Zhou et al., 2002), polymers (Yu et al., 2003b), and surfactant films
(Zhang et al., 2002b), on carbonaceous electrodes resulted in direct reversible
Fe3+/2+ electrochemistry of HRP at potentials close to �90 and to +40mV at
pH 7.0 and at pH 6.0, respectively. These potentials differ from the value of
�180mV, at pH 6.0, known for the redox chemistry of Fe3+/2+ of the haem of
HRP in solution, and even more negative potential values reported for higher
pHs (Harbury, 1957). It is worth mentioning that the values of the E00 of the
Fe3+/2+ redox couple obtained for HRP in the modifying films (Zhou et al.,
2002; Yu et al., 2003b; Zhang et al., 2002b) seem to be closer to the redox
potentials of the free haem, specifically, �70mV (Kassner, 1972), and to the
reported E00 of hemin on gold (Lötzbeyer et al., 1995; Zimmermann et al.,
2000). In most cases of the entrapment of HRP into the modifying layers of
polymers and surfactants, the catalysis of molecular oxygen and H2O2 reduction
was reported at potentials more negative than those of the Fe3+/2+ redox
process. Similar transformations at �10mV, pH 6.0, were displayed by HRP
covalently attached onto the ends of vertically oriented single-wall carbon
nanotubes (Yu et al., 2003a). Considering the potentials involved, the reported
bioelectrocatalysis is evidently based on the Fe3+/2+ peroxidase transformation
upon interaction with molecular O2 accompanied by the formation of E3, but
not with the basic catalytic cycle of peroxidases through formation of E1
(Figure 3). Similar Fe3+/2+ haem redox transformations and bioelectrocatalysis
of peroxide and di-oxygen reduction were observed with haem-containing cat-
alases and oxygen-binding proteins, myoglobin and haemoglobin entrapped in
films of modifiers at electrodes, therewith exhibiting pseudo-enzymatic activity
towards O2, H2O2, and nitrite reductions (Rusling, 1998).
Catalases (EC 1.11.1.6) constitute haem-containing redox enzymes that act on

peroxides drastically increasing the rate of disproportionation of H2O2 into
H2O and O2. DET between catalase and electrodes have been reported for
glassy carbon (Lai and Bergel, 2000, 2002), on didodecyldimethylammonium
bromide crystal-modified pyrolytic graphite (Chen et al., 2001), polyelectrolyte
encapsulated catalase on gold electrodes (Yu and Caruso, 2003), polyacryl-
amide hydrogel-modified pyrolytic graphite (Lu et al., 2003), on single-wall
carbon nanotube-modified gold electrodes (Wang et al., 2004) and on nano-
crystalline diamond film electrodes (Härtl et al., 2004).
Cytochromes P450 are members of a large superfamily of haem-containing

enzymes, which catalyse the NAD(P)H-dependent metabolism including epox-
idation, hydrolylation, and heteroatom oxidation of a wide range of organic
compounds. These enzymes are responsible for bioactivation and are involved
in the metabolism of many xenobiotics including pharmaceuticals. The active
site contains haem with an axial thiolate of a cysteine residue as fifth ligand to
iron. In its resting state the enzyme is in the hexa-coordinate low-spin ferric
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form. The general reaction mechanism of these enzymes (Lewis, 1996; Bistolas
et al., 2005) includes several steps. After substrate binding, 1e� is transferred
from a redox partner to the ferric haem iron, which is reduced to the ferrous
state. The reduced haem binds molecular oxygen. The next steps include trans-
fer of a second electron and proton to the ferrous-dioxygen species forming an
iron-hydroperoxy intermediate. The peroxy bond is then cleaved to release
water and a highly active iron-oxo ferryl intermediate, which finally leads to a
single oxygen insertion into the bound substrate, release of products, and
regeneration of the ferric form. The two reducing equivalents are naturally
donated by NAD(P)H via flavoproteins or ferredoxin-like redox proteins. The
coupling of cytochrome P450s to electrodes has been an area of intensive re-
search (see e.g., Fantuzzi et al., 2004; Shumyantseva et al., 2004) and was very
recently reviewed (Bistolas, 2005; Wollenberger, 2005).

2.2. Multi-cofactor-containing enzymes

Most of the complex multi-cofactor-containing enzymes are embedded in bi-
ological membranes and play important roles in metabolism and respiration of
living cells (Nicholls and Ferguson, 2002). The electron-carrying groups in these
enzymes are flavins, iron–sulphur clusters, MoCo (João Romão et al., 1997;
Kisker et al., 1997b; Enemark et al., 2004), pyrroloquinoline quinone (PQQ) or
related structures (Duine, 1991, 2001; Davidson, 2004), haem groups, and cop-
per ions; and many of them contain haem as one of their multiple redox centres.
Usually the primary substrate reacts at a redox site different from the haem
(e.g., flavin, MoCo, or PQQ) and the electrons are then transferred through an
intramolecular electron transfer (IET) to the haem site of the enzyme. One
example is cytochrome c peroxidase from Paracoccus denitrificans, which con-
tains two haems for which it was electrochemically demonstrated that only one
of its haems is catalytically active, whereas the other one has only ET properties
(Lopes et al., 1998). A similar mechanism was shown for some other complex
haem-enzymes described below. The biological ET partners of such enzymes,
e.g., cytochrome c, react with their haem domain in very rapid ET reactions
(Samejima and Eriksson, 1992; Amine et al., 1994; Duine, 1995). The acces-
sibility of the haem domain for interactions with its redox partners can therefore
be used to couple this class of enzymes to an appropriately treated/modified
electrode, thus providing the basis for construction of DET-based enzyme
electrodes (Ikeda, 1997; Gorton et al., 1999; Scheller et al., 2002). In these
systems the haem serves as a universal ‘‘built in’’ mediator of IET from the
specific catalytic domain to the electrode.
Only in a few cases was efficient direct bioelectrocatalysis with complex en-

zymes observed at bare, predominantly carbonaceous, electrodes (Ikeda et al.,
1988, 1989, 1991, 1992, 1993a, b; Khan et al., 1991; Aizawa, 1991; Ikeda, 1992;
Sucheta et al., 1992, 1993; Larsson et al., 1996; Hirst et al., 1996; Ikeda, 1997;
Gorton et al., 1999; Larsson et al., 2000; Elliott et al., 2002; Lindgren
et al., 2001a; Fujieda et al., 2002; Christenson et al., 2004b). Reagentless non-
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mediated amperometric sensors for gluconate, alcohol, and fructose were
constructed through the use of their corresponding dehydrogenases immobilised
on carbon paste electrodes behind a membrane (Ikeda et al., 1988, 1989, 1991,
1992, 1993a, b; Ikeda, 1992, 1997). Gluconate dehydrogenase (GlDH) from
Pseudomonas fluorescens, a trifunctional membrane-bound enzyme that catal-
yses the oxidation of D-gluconate seems to be unique among other multi-
cofactor enzymes with respect to DET-properties. GlDH has three different
cofactors, a flavin, an iron–sulphur cluster, and haem and its natural electron
acceptor is ubiquinone. The substrate conversion was proposed to occur at the
flavin site, with the electrons further transferred via the Fe–S cluster to the haem
and then further to the electrode. Direct heterogeneous and IET reactions pro-
viding bioelectrocatalytic oxidation of D-gluconate were obtained using a va-
riety of electrode materials, e.g., with GlDH-modified glassy carbon and
pyrolytic graphite electrodes and with GlDH at gold, silver, platinum, and
platinised gold (Ikeda et al., 1988, 1992, 1993b; Ikeda, 1992, 1997). Bioelectro-
catalytic oxidations of cellobiose and lactose were achieved with flavo- and
haem-containing cellobiose dehydrogenase (Lindgren et al., 2001a; Larsson et
al., 1996, 2000; Stoica et al., 2005) and of theophylline with complex-cofactor-
and haem-containing theophylline oxidase (Christenson et al., 2004b), corre-
spondingly, adsorbed onto graphite electrodes. These enzymes readily oxidise
their substrates in the absence of any mediators, i.e., due to DET between the
enzyme and the electrode working as a one-electron acceptor. These cases
clearly demonstrate that multi-cofactor enzymes can electronically communi-
cate with the electrodes through their haem domain, which works as a ‘‘built in
mediator’’, transferring electrons from the catalytic domain of the enzymes to
an electrode (Aizawa, 1991; Ikeda et al., 1991, 1993a; Ikeda, 1992, 1997).
However, in most cases, electrochemical studies of complex-cofactor-

containing – and as a rule of thumb membrane-bound enzymes are impeded
at electrodes. Under conditions when the electrode replaces a redox partner of
the enzyme, e.g., cytochrome c, a very specific molecular interaction between
the electrode and the enzyme is then necessary for the enzyme to approach the
electrode to achieve efficient ET reactions from the electrode to and through the
enzyme. In the absence of surfactants and stabilisers, these enzymes may also
dissociate at the electrode surface into separate subunits, which are electro-
chemically, but not catalytically active, thus obligatorily requiring a hydropho-
bic reaction environment for their catalytic activities and stabilities. To achieve
the required efficient DET function of these complex enzymes for both fun-
damental studies and possible biotechnological applications, an oriented im-
mobilisation approach at the electrode is used, e.g., by using SAMs of
promoters or alkanethiols additionally stabilised by phospholipid- or polyelec-
trolyte-membrane-like films. To achieve direct bioelectrocatalytic activity to-
wards sulphite oxidation of bacterial MoCo- and haem-containing sulphite
dehydrogenase (SDH), the enzyme was co-adsorbed either within a cationic
didodecyldimethylammonium bromide surfactant film onto edge-plane pyroly-
tic graphite (EPPG) electrodes or on positively charged polylysine-modified
electrodes (Aguey–Zinsou et al., 2003). Both electrode modifications provided
optimal surface media for an SDH function and stabilised this enzyme at
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the electrode surface. Flavocytochrome c3 (fumarate reductase), a flavo-
haem-enzyme, was bioelectrocatalytically active upon fumarate addition when
the enzyme was co-adsorbed with polymyxin at EPPG electrodes (Turner et al.,
1999). Similar methodology for enzyme stabilisation and activation with po-
lymyxin at EPPG electrodes was shown to be effective with MoCo- and
haem-containing nitrate reductase (Elliott et al., 2004) and MoCo- and Fe–
S-cluster-containing membrane-bound E. coli dimethyl sulphoxide reductase
(Heffron et al., 2001). Bacterial quinohaem methylamine dehydrogenases
(MADH) were bioelectrocatalytically active in the presence of cationic pro-
moters such as spermidine or hexa-ammonium salts, on pyrolytic graphite or
modified gold electrodes (Burrows et al., 1991). FAD- and haem-containing
p-cresolmethylhydroxylase from Pseudomonas putida has been shown to display
(bio)electrocatalytic properties at EPPG electrodes in the presence of amino-
glycoside promoters (Guo et al., 1989). The reaction did also proceed at gold
electrodes using a negative modifier when a redox-inactive cation acts as the
bridging molecule between the negatively charged surface and the negatively
charged binding sites of the haem subunit. Recently, DET reactions and direct
bioelectrocatalytic activity of the MoCo and Fe–S-cluster-containing aldehyde
oxidoreductase from Desulfovibrio gigas was shown on carbon (pyrolytic
graphite and glassy carbon) and gold electrodes, the last electrode system
obligatorily required the presence of a positively charged aminoglycoside
(neomycin) acting as a promoter for the ET reaction (Correia dos Santos et al.,
2004). The group of Armstrong demonstrated a prominent example of
direct electrochemistry and bioelectrocatalytic function of FAD- and Fe–
S-cluster-containing succinate dehydrogenase (SDH) (Sucheta et al., 1992; Hirst
et al., 1996; Pershad et al., 1999; Armstrong, 2002) and the closely related
fumarate reductase (Frd) from Escherichia coli (Heering et al., 1997; Sucheta et
al., 1993; Leger et al., 2001) at EPPG electrodes in the presence of polymyxin.
Protein film voltammetry revealed several intramolecular electron relays oper-
ating in the multi-centred Frd. Deconvolution of CVs enabled to assign the
resolved non-turnover signals to one two-electron FAD centre and three one-
electron [2Fe-2S]-, [4Fe-4S]-, and [3Fe-4S]-relay centres (centres 1, 2 and 3,
respectively, Figure 5). Upon addition of their substrates, in the absence of any
mediators, both SDH and Frd catalysed interconversion of succinate and
fumarate, depending on the applied electrochemical potential.
Modification of the electrodes by terminally functionalised alkanethiols is

another approach, which may provide properties of the electrode surface
mimicking the surface structure of cytochrome c or another biological ET
partner of the complex enzymes (Finklea, 1996; Scott and Mauk, 1996; Arnold
et al., 1997; El Kasmi et al., 1998; Schlereth, 2005). The design of the alkanethiol
head groups with functional groups of different charge and polarity enables
oriented immobilisation of the enzymes through non-covalent coupling between
the SAMs and the haem domains of the enzymes via electrostatic, hydrophobic,
and hydrophilic interactions. Macromolecular interactions between the
corresponding domains of the complex enzymes and the modified electrode
surface then provide an orientation of the enzyme favourable both for its DET
reactions and efficient bioelectrocatalytic function (Elliott et al., 2002; Kinnear
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and Monbouquette, 1993; Schuhmann et al., 2000; Ferapontova et al., 2003,
2004; Ferapontova and Gorton, 2005; Larsson et al., 2001; Lindgren et al., 2001a;
Christenson et al., 2004a). These complex enzyme systems studied
until today demonstrated the necessity for a thorough design of the electrode
surface for interactions with complex redox enzymes and enzyme complexes, so
that the electrochemically active domain of the enzymes will be properly
oriented at the electrode surface for facile DET and at the same time provide
the other domains to productively interact among each other for the inter-domain

Fig. 5. (a) Schematic representation of the iron–sulphur cluster electron relays between the

FAD-catalytic centre and the electrode in multi-centred fumarate reductase from E. coli and

(b) all these electron centres detected in the non-turnover voltammogram, scan rate

20mV s�1, pH 8, the surface coverage is 6 pmol cm�2. Reproduced from Leger et al. (2003)

with permission from the American Chemical Society.

E. E. Ferapontova et al.542



ET to proceed efficiently as well as allowing the substrate to freely reach and
interact with the catalytic domain (Ferapontova et al., 2003; Stoica et al., 2005).

2.2.1. Cellobiose dehydrogenase

One interesting example of an ‘‘orientated’’ DET-reaction approach is that
between alkanethiol-modified electrodes and cellobiose dehydrogenase (CDH)
(Gorton et al., 1999; Lindgren et al., 2000a, 2001a; Larsson et al., 2001; Chris-
tenson et al., 2004a; Stoica et al., 2005). CDH is the only extracellular flavo-
hemo enzyme known today and comprises two prosthetic groups, a flavin
(FAD) and a haem (cytochrome b type) located in two separate domains, con-
nected by a flexible linker region, which can be cleaved by proteases (Hallberg et
al., 2000; Hällberg, 2002; Zamocky et al., 2004). CDH is produced by a variety
of fungi, preferably by white rot fungi and is believed to be active for the
initiation, support and participation in degradation of both cellulose and lignin,
however, its true function remains unknown. The most well-studied CDH is the
enzyme from Phanerochaete chrysosporium, for which the amino acid sequence
as well as the structures of the individual flavo- and haem domains are known
(Wood and Wood, 1992; Hällberg et al., 2000; Hällberg, 2002). There is a
24-amino acid-linker region with a distance of less than 15 Å connecting the two
domains in P. chrysosporium CDH, which allows fast intramolecular ET to
occur. CDH catalyses the oxidation of cellobiose (the preferred substrate)
(Henriksson et al., 1998; Baminger et al., 2001) and related oligosaccharides
(Kremer and Wood, 1992) by a variety of electron acceptors such as quinones,
metal–ion complexes, redox dyes, and organic radical species, cytochrome c,
and to a lesser extent oxygen (Ayers et al., 1978; Ander, 1994; Roy et al., 1996;
Henriksson et al., 1998; Igarashi et al., 1999). It was shown that sugar oxidation
and the subsequent reduction of two-electron proton acceptors, such as ben-
zoquinones, occur at the FAD domain, whereas one-electron (not proton) ac-
ceptors, such as cytochrome c or ferricyanide, are believed to need the haem
domain to mediate ET from FAD. However, the role of the haem domain and
how electrons are transferred from the reduced enzyme is debated (Cameron
and Aust, 2000, 2001; Henriksson et al., 2000; Mason et al., 2002, 2003).
Our group has initiated bioelectrochemical studies of CDH and currently

performs studies of electrode reactions of CDHs from different origins (Gorton
et al., 1999; Fridman et al., 2000; Larsson et al., 1996, 2000, 2001; Lindgren et
al., 2000a, 2001a; Christenson et al., 2004a; Stoica et al., 2005). As mentioned
above, when CDH is adsorbed on graphite electrodes it readily oxidises
cellobiose (or lactose) in the absence of any mediators (Larsson et al., 1996,
2000; Lindgren et al., 2001a; Stoica et al., 2005). The direct electrochemistry of
CDH, i.e., in the absence of a substrate, demonstrated redox activity of the
haem domain between 140 and 180mV depending on the pH (Larsson et al.,
2000). There was no response to cellobiose when the isolated FAD domain
(obtained from papain cleavage of the linker region of CDH) was adsorbed
onto graphite (Larsson et al., 1996). However, the presence of a one-electron
no-proton acceptor working as a mediator recovered a catalytic response to
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cellobiose thus providing the full catalytic activity of the isolated FAD-domain
of CDH (Larsson et al., 1996). Additionally, this means that also one-electron
acceptors can efficiently pick up the charge from the reduced FAD-domain of
CDH. Thus, for intact native CDH the electrode communicated with the haem
domain and after substrate oxidation (in the absence of any external mediators)
electrons flow from the catalytic FAD-domain to the haem through internal ET
and further to the electrode. The rate of the internal electron transfer is much
dependent on pH and above pH 5–6 the catalytic was inhibited as a result of
impeded intramolecular ET (Lindgren et al., 2000a; Stoica et al., 2004, 2005).
Furthermore, CDH suffers from substrate (cellobiose) inhibition and this effect
by cellobiose becomes more important as the pH is increased from 4.5 to 6.5
(Igarashi et al., 2002; Stoica et al., 2004). Spectroelectrochemistry of CDH in an
aldrithiol-modified gold capillary electrode (Larsson et al., 2001) and electro-
chemistry of CDH on alkanethiol-modified gold electrodes confirmed the role
of the haem domain of intact CDH as the primary site of the electronic contact
with the modified gold electrodes (Lindgren et al., 2000a; Larsson et al., 2001;
Gorton et al., 1999; Christenson et al., 2004a; Stoica et al., 2005). Direct elect-
rochemistry of the haem domain of CDH was achieved when CDH was en-
trapped between the alkanethiol-modified gold electrode surface and a
permselective dialysis membrane (Haladjian et al., 1994) in the absence of any
substrate (Gorton et al., 1999; Lindgren et al., 2000a, 2001a, Christenson et al.,
2004a, Stoica et al., 2005) (Figure 6). Gold electrodes modified with SAMs of
either positively or negatively charged alkanethiols enabled orientation of CDH
minimising the distance between the electrode and the haem domain of CDH
thus providing pronounced direct electrochemistry of the haem domain active
site. Upon addition of cellobiose a pH-dependent catalytic current was observed
(Lindgren et al., 2000a; Stoica et al., 2005). At high pH catalysis was inhibited
as a result of that the internal ET of CDH turned off at high pH (Samejima and
Eriksson, 1992; Hyde and Wood, 1996). Both the positively charged cystamine
SAMs and negatively charged 3-mercaptopropionic acid SAMs at moderate pH
values enabled DET between the modified electrodes and CDH (Lindgren et al.,
2000a). The presence of both primarily negatively and positively charged amino
acid residues on the surface of the haem domain (Hallberg et al., 2000) provided
this ‘‘dual’’ affinity of the haem domain for the two oppositely charged mod-
ifiers, however, with a higher affinity for the positively charged SAM. CDHs of
soft-rot origin also demonstrated DET activity on graphite and alkanethiol-
modified gold electrodes (Christenson et al., 2004a; Lindgren et al., 2001a).
Different pH optima for CDHs from Humicola insolens, Sclerotium rolfsii pre-
conditioned different pH-optima for direct bioelectrocatalytic activity of these
enzymes on graphite electrodes, at pH 3.5 for Sclerotium rolfsii CDH and at pH
7 for Humicola insolens CDH (Christenson et al., 2004a; Lindgren et al., 2001a).
On gold electrodes, direct electrochemistry of the haem (but not direct
bioelectrocatalysis) was achieved only with Humicola insolens CDH on gold
modified with SAMs of 11-mercaptoundecanoic acid, but not with short-length
alkanethiols.
Two recently isolated and characterised new CDHs from white-rot fungi, viz.

Trametes villosa and Phanerochaete sordida (Ludwig et al., 2004) were elect-
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rochemically investigated on SAM-modified Au electrodes using ten different
types of thiols. The effect of the length of the alkyl chain, of a positive/negative
charge or of hydrophobic/hydrophilic properties of the head functional group
was recently investigated (Stoica et al., 2005). Both CDHs showed remarkable
and efficient DET characteristics between the haem domain of the CDH and the
modified Au electrode, both in presence and in absence of cellobiose (Figure 6).
It was proven that thiols with alcohol end-groups (hydrophilic/non-charged
functional groups) orient the molecule of these enzymes in an optimum position
in order to obtain the most favourable electronic communication with the elec-
trode. For mercaptoundecanol-modified Au electrode, Trametes villosa-CDH
showed a preserved full functional stability over an extended pH range
(4.0–6.5). It is expected that the catalytic current should have a maximum be-
tween pH 4.0 and 5.0 if the enzyme, when interacting with the SAM-Au elec-
trode surface, would retain its solution properties (Ludwig et al., 2004). In the
case of electrodes modified with MUD-OH there might be substantial inter-
actions between both two domains of the enzyme with the SAM-Au electrode.
The mechanism of IET is not really known (Henriksson et al., 2000), but its
pH dependence could be affected by a variation of the electrostatic interactions
between the two domains with pH, and as a result, changing of the
inter-domains distance. Implicitly, it would result in the decrease of the inter-
domains ET rate. The preserved bioelectrocatalytic properties over an extended

Fig. 6. Cyclic voltammetry of Phanerochaete sordida-CDH in the presence (dashed line) and

in the absence (solid line) of 1mM cellobiose, registered at a monothioglycerol SAM-mod-

ified permselective membrane Au electrode. Experimental conditions: scan rate 10mV s�1,

20mM Na2PO4-citrate, pH 4.5.
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pH range could be explained by a fixed distance the two domains that are
hooked on the electrode surface and are not able to change the position with
regard to each other despite a change in pH, and thus allowing a constant
efficiency of the IET.

2.2.2. Sulphite oxidase

The electrochemistry of MoCo- and haem-containing sulphite oxidase (SOx)
(Hille, 1996) is another example demonstrating the role of the electrode micro-
environment both for DET and a direct bioelectrocatalytic function of the
enzyme. SOx catalyses a 2e� oxidation of sulphite to sulphate, the terminal
reaction in the metabolism of the sulphur-containing amino acids cysteine and
methionine, with cytochrome c as its physiological electron acceptor. Somehow
similar to CDH, in SOx a molybdenum complex cofactor (MoCo) is connected
to a haem-containing domain (a cytochrome b5 type, cyt b5) by a flexible po-
lypeptide chain region (Kisker et al., 1997a). Oxidation of sulphite to sulphate
occurs at the Mo centre with concomitant reduction of Mo(VI) to Mo(IV). The
reducing equivalents are then passed on from the Mo domain to the cyt b5
domain of SOx and from there to cytochrome c. The SOx catalytic cycle and the
intramolecular ET are largely affected by the composition, ionic strength, vis-
cosity, and pH of the contacting solution (Pacheco et al., 1999; Sullivan et al.,
1993). Additionally, the long ET distance between the Mo and the haem Fe,
32 Å, and the orientation of the molybdopterine ring system away from the
second cofactor imply that the cyt b5 domain should adopt a proper confor-
mation for ET to occur, with a reduced metal-to-metal distance providing an
efficient ET pathway (Kisker et al., 1997a; Pacheco et al., 1999; Feng et al.,
2002). The direct electrochemistry of SOx at pyrolytic graphite resulted in a
bioelectrocatalytic activity of SOx more than 25 times lower than that in ho-
mogeneous catalysis with cytochrome c (Elliott et al., 2002). Compatibility be-
tween the electrode and the enzyme surfaces was improved by using SAMs of (-
OH)- and mixed (-OH/-NH2)-terminated alkanethiols of neutral to slightly
positive charge to mimic a cytochrome c surface (Ferapontova et al., 2003). A
biomembrane-like microenvironment provided by the SAM surface appeared to
be suitable for immobilisation of SOx retaining its natural functions, including
selective sensing of specific substrates. SOx interacted with (-OH)- and mixed (-
OH/-NH2)-terminated alkanethiol-modified gold electrodes through its haem
domain, exhibiting quasi-reversible CVs with a midpoint potential of 80mV, at
pH 7.4, and with a heterogeneous ET constant of 15 s�1. The efficiency of the
bioelectrocatalytic 2e� oxidation of sulphite catalysed by SOx in DET exchange
with the electrode depended on the nature of the alkanethiol layer; i.e., the chain
length and the effective charge/hydrophilicity of the SAM. Adsorption of SOx
on an 11-mercapto-1-undecanol (MuD-OH) SAM, i.e., terminally functional-
ised with (-OH)-groups, provided efficient catalytic oxidation of sulphite,
contrary to non-functionalised alkanethiols, e.g., 1-decanethiol, or (-NH2)-
terminated alkanethiol layers. Comparative studies with short-chain al-
kanethiols, e.g., cysteamine and 2-mercaptoethanol, revealed an evidently
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different mode of interaction of SOx on these layers, onto which SOx was not
catalytically active due to conformationally impeded internal ET. Co-adsorp-
tion of MuD-OH and 11-mercapto-1-undecanamine to form a mixed SAM
improved the surface properties of the SAM resulting in a higher surface cov-
erage with bioelectrocatalytically active SOx, but not in an increased apparent
catalytic rate constant, kcat, ranging in the order of 18–24 s�1 at pH 7.4
(Figure 7). The achieved efficiency of DET-based SOx bioelectrocatalysis be-
tween the enzyme and the modified electrode approached the rates characteristic
for the catalysis mediated by cytochrome c, the natural redox partner of SOx,
revealing full retained biological function of SOx when interacting with the
SAM-modified electrode.

Fig. 7. Non-catalytic (dotted) and catalytic (solid line) cyclic voltammograms of SOx ad-

sorbed at a mixed (11-mercapto-1-undecanol/11-mercapto-1-undecanamine) SAM-modified

Au electrode in 0.1M Tris-HCl, pH 7.4; scan rate 2mV s�1. Catalysis was observed in the

presence of 3.3mM Na2SO3.
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2.2.3. Fructose dehydrogenase

A similar rational approach of electrode modification with functionalised al-
kanethiols, for DET-orientation of enzymes, was shown to be efficient also with
other complex membrane enzymes, such as PQQ- and haem-containing alcohol
(Toyama et al., 2004) and fructose dehydrogenase (Schuhmann et al., 2000;
Ferapontova and Gorton, 2005) and complex-cofactor-haem theophylline
oxidase (Christenson et al., 2004b; Ferapontova and Gorton, 2005).
Pyrroloquinoline quinone (PQQ) containing enzymes belong to the group of
quinoproteins discovered relatively recently (Davidson and Jones, 1991; Dav-
idson, 1993, 2004; Duine, 1991; Duine et al., 1987). Most of them are referred to
as dehydrogenases; some of them have an additional cofactor located in a
different subunit of the protein, in a number of cases it is a haem. Direct
bioelectrocatalytic oxidation of their substrates was shown for quinohaem
enzymes such as D-fructose dehydrogenase and alcohol dehydrogenase on dif-
ferent carbon electrodes (Ikeda et al., 1989, 1991, 1992, 1993a; Ikeda, 1992,
1997; Gorton et al., 1992; Parellada et al., 1996), and also on bare and modified
gold, silver, and platinum electrodes (Khan et al., 1991; Ikeda, 1997; Yabuki
and Mizutani, 1997; Schuhmann et al., 2000; Ferapontova and Gorton, 2005).
The membrane-bound quinohaem-alcohol dehydrogenase (ADH) comprises a
PQQ catalytic domain and several c-type haems, one of which relays electrons
from the PQQ cofactor, where a two-electron oxidation of ethanol (or some
other alcohols) occurs, to the others located in the vicinity of the outer protein
shell (Toyama et al., 2004). Direct bioelectrocatalytic oxidation of ethanol by
ADH was shown on a variety of electrode materials, e.g., carbon and carbon
paste, pyrolytic graphite and glassy carbon, gold, silver, and platinum (Ikeda et
al., 1993a; Ikeda, 1997; Ramanavicius et al., 1999; Schuhmann et al., 2000;
Schuhmann, 2002; Razumiene et al., 2002). This indicates that ADH adsorbs
preferentially through its haem domain on the electrodes (Ikeda et al., 1993a;
Schuhmann et al., 2000), with a most pronounced direct electrochemistry and
bioelectrocatalytic activity on a naked gold surface and on a negatively charged
3,30-carboxypropionic disulphide SAM on gold, providing enzyme orientation
with its haem exposed to the electrode. Bioelectrocatalytic activity of ADH at
the electrodes needed co-adsorption of ADH with surfactants (1% Tween) to
stabilise the enzyme by providing a membrane-mimicking environment and an
enzyme orientation with the more hydrophobic side directed towards the hy-
drophobic electrode surface (Schuhmann et al., 2000). A similar condition was
necessary to provide DET between another membrane PQQ-enzyme, fructose
dehydrogenase (FDH) and gold electrodes (Ferapontova and Gorton, 2005).
FDH is able to selectively oxidise D-fructose to 5-keto-D-fructose, which is
accompanied by the reduction of its PQQ-cofactor to PQQH2 (Yamada, 1967;
Ameyama et al., 1981), which in turn can deliver its charge to the single haem
through one-electron-transfer steps. The natural electron acceptors of FDH are
believed to be membrane-bound ubiquinones (Anthony, 1988). FDH commu-
nicates directly with bare carbon, gold, and platinum electrodes (Ikeda et al.,
1991; Khan et al., 1991; Ikeda, 1997). The unmediated bioelectrocatalysis of
fructose oxidation by FDH on carbon paste electrodes enabled fructose deter-
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mination in fruit juices within a concentration range of 0.2–20mM, however, no
direct electrochemistry of the haem or the PQQ domain of FDH could be
followed in the absence of the substrate (Ikeda, 1997). DET reactions of FDH
adsorbed under potentiostatic control (0.5V) on bare Pt and Au were correlated
with the redox activity of its PQQ-cofactor (the reported E00 values of FDH
were 280mV at pH 4.5) (Khan et al., 1991). Electrostatic binding of the enzyme
to positively charged cysteamine SAM-modified gold electrodes exhibited direct
electrochemistry of the haem centre of FDH at 68 and 110mV, at pH 5 and 4,
respectively, and upon addition of fructose direct bioelectrocatalytic oxidation
of fructose (Ferapontova and Gorton, 2005). From the observations that
bioelectrocatalysis was shown both through DET as well as through mediation
by cytochrome c, a possibility of both a catalytic activity of the PQQ domain
independent of haem and a catalytic function of the two active centres working
‘‘in concert’’ provided by the internal ET reaction can be implied. (Ferapontova
and Gorton, 2005).

2.2.4. Theophylline oxidase

Theophylline oxidase (ThOx) is another complex redox metalloenzyme, which
demonstrated pronounced direct electrochemistry on properly chosen
alkanethiol SAMs (Christenson et al., 2004b; Ferapontova and Gorton,
2005). ThOx is involved in the metabolic transformation of theophylline, one
of the most commonly used drugs for treatment of the symptoms of chronic
asthma (Rowe et al., 1988). The catalytic mechanism of ThOx involves oxida-
tion of theophylline acting as an electron-donating substrate, by ThOx to form
1,3-dimethyluric acid. The reduced enzyme can then in turn be re-oxidised by its
natural redox partner cytochrome c or with other electron acceptors, such as
ferricyanide, completing the biocatalytic cycle (Gupta et al., 1988; de Castro et
al., 1989). There are still no data available on the exact number and nature of
domains present in ThOx, except that the absorption features of haem dominate
in the UV/vis spectrum of ThOx (de Castro et al., 1989; Christenson et al.,
2004b; Ferapontova and Gorton, 2005). Direct electrochemical titration of mi-
crobial ThOx in an aldrithiol-modified gold capillary electrode enabled deter-
mination of the haem domain as being in DET contact with the modified gold
electrode (Christenson et al., 2004b). DET-based bioelectrocatalytic activity of
ThOx on graphite enabled direct determination of theophylline within the
millimolar concentration range, however independent evidence for DET com-
munication between the haem domain of ThOx and graphite (in the absence of
theophylline) was not obtained (Christenson et al., 2004b). Direct electrochem-
istry of ThOx achieved on various alkanethiol-modified gold electrodes
(Ferapontova and Gorton, 2005) strongly depended on the nature of the al-
kanethiol head groups, being pronounced only on mixed mercaptoethanol/
cysteamine (and of a longer alkane chain) SAMs at 99mV at pH 7.0 (Figure 8),
but not on those electrodes modified with only mercaptoethanol or cysteamine.
On both (-OH)- and mixed (-OH)/(-NH2)-substituted SAMs, upon addition of
theophylline, ThOx was bioelectrocatalytically active catalysing the oxidation of
theophylline through a DET reaction with the electrode. A slightly polar/pos-
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itive character of the electrode surface, obtained by using (-OH)- or mixed
(-OH)/(-NH2)-terminated alkanethiols, supposedly mimicked the surface of its
docking site with cytochrome c, thus providing adsorption/orientation of ThOx
through the haem domain. This orientation was favourable for DET between
ThOx and the modified gold electrodes, similar to the results obtained
previously with another haem-containing complex enzyme, SOx (Ferapontova
et al., 2003).

Fig. 8. Cyclic voltammograms of ThOx adsorbed at a gold electrode modified with mixed

alkanethiol SAMs of (a) (2-mercaptoethanol/cysteamine) and (b) (6-mercapto-1-hexanol/6-

amino-1-hexanethiol), alkanethiol molar ratio 3:1, (1) in the absence and (2) in the presence

of 3mM theophylline, scan rate v is 10mV s�1.
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3. COPPER REDOX PROTEINS AND ENZYMES

Copper is an essential trace element in living systems, present in the parts per
million-concentration range. It is a key cofactor in a diverse array of biological
oxidation–reduction reactions and oxygen transport (Lewis and Tolman, 2004).
A very notable feature of the copper proteins is that they function almost
exclusively in the metabolism of O2 or NOx compounds and are frequently
associated with oxidising organic/inorganic radicals including amino acid
side-chain radicals. Cu3+ is not a biologically relevant oxidation state, because
the formal redox potential (E00) for the Cu3+/Cu2+ redox couple is generally
very high. Cu2+ centres tend to adopt a six-coordinate tetragonal (distorted
octahedral) geometry or five-coordinate (square pyramidal or trigonal
bipyrimidal) geometry (Rorabacher, 2004), whereas for Cu+ centres trigonal
coordination is typical (Mirica et al., 2004). The relatively open trigonal co-
ordination of Cu+ no doubt contributes to the exceptional O2 reactivity of the
reduced copper ion involving fast inner-sphere reduction of oxygen. The E00 of
the Cu2+/Cu+ redox couple can be modulated by ligand type and coordination
geometry (up to 500mV) and by the extended amino acid environment (up to
500mV) compared to the E00-value of the Cu2+/Cu+ redox couple in water
(150mV) (Solomon et al., 2004).
The copper sites in the redox proteins have historically been divided into

three classes based on their spectroscopic features, which reflect the geometric
and electronic structure of the active site: type 1 (T1) or blue copper, type 2
(T2) or normal copper, and type 3 (T3) or coupled binuclear copper centres
(Malkin and Malmström, 1970; Reinhammar, 1984; Solomon et al., 1992; Kaim
and Rall, 1996) (Table 4). Over the last 20 years, this list has expanded to
include the trinuclear copper clusters (composed of one type 2 and one type
3 centre) (Table 4) (Allendorf et al., 1985; Messerschmidt et al., 1992), the
mixed-valent binuclear CuA centre of cytochrome c oxidase (COx) and nitrous
oxide reductase (N2OR) (Iwata et al., 1995; Agostinelli et al., 1995; Tsukihara et
al., 1995; Messerschmidt et al., 2001), the CuB centre of cytochrome c oxidase
(COx and ubiquinone oxidase) (Malmström, 1990; Kaim and Rall, 1996),
and the binuclear CuZ centre of N2OR (Farrar et al., 1991; Oganesyan et al.,
2004).
The type 1 or blue copper centres exhibit an extremely intense absorption

band, with a molecular absorption coefficient, e, of between 3500 and
6000M�1 cm�1 at �600 nm, which is responsible for the deep blue colour.
This band is assigned as a cysteine sulphur to copper ligand-to-metal charge
transfer (LMCT) transition (e.g., see Solomon et al., 1996). Type 1 centres also
exhibit a very small Cu parallel hyperfine splitting in their EPR spectra due to
the high covalency at the copper site (the unpaired electron is strongly delo-
calised onto the cysteine ligand, thus decreasing its interaction with the nuclear
spin on the copper). These sites are found in mononuclear copper
proteins involved in intermolecular electron transfer pathways (azurins,
plastocyanins, stellacyanins, amicyanin, and rusticyanin) (Kaim and Rall,
1996; Messerschmidt et al., 2001), and the multi-copper enzymes (ascorbate
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Table 4. Important properties of copper centres in various proteins

Type 1 Type 2 Type 3 T2/T3 cluster

Aggregation state Mononuclear Mononuclear Binuclear Trinuclear
Specificity, function Electron transfer Catalysis and redox

reactivity
O2 activation for
transport and
oxygenation

O2 activation for
oxidase function

Examples Small ‘‘blue’’ copper
proteins plus multi-
copper oxidases

Amine oxidases,
cytochrome c oxidase,
galactose oxidase,
superoxide dismutase

haemocyanin,
tyrosinase

Multi-copper oxidases
(AO, BOD, Cp, Lc)

Typical coordination
number

Cu2+: 3 (trigonal-
planar)

Cu2+: 4 or 5 (square-
planar or pyramidal)

Cu+: 3 (trigonal-
planar)

Cu+: 3 (trigonal)

Cu2+: 4
Coordinated atoms S (Cys), 2 N (His), S

(Met) or (Leu, Phe)a
3 N (His)a 2� 3 N (His); Cu2+: m-

Z2: Z2-O2
2�

N (His); partly
(O)OH�

EPR Small 63Cu/65Cu
hyperfine splitting
(AII), low gII factor,

‘‘Normal’’ Cu2+ EPR
parameters,

No signal (strong anti-
parallel spin–spin
coupling),

‘‘Normal’’ Cu2+ EPR
parameters,

Light absorption Intense absorption in
the visible, LMCT
(Cys-Cu2+)

Not intense
absorption, only
‘‘forbidden’’ ligand
field interactions

Intense absorption;
LMCT (O2

2�-Cu2+)
Intense absorption;
LMCT (O2

2�-Cu2+)

aFree coordination site, special ligand (organic radical) or other metal centres. (According to Kaim and Rall (1996) with some changes and
additions.)
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oxidase (AO), bilirubin oxidase (BOD), Laccase (Lc), ceruloplasmin (Cp), and
nitrite reductase), where they function in intra-molecular electron transfer
(Solomon et al., 1996; Kaim and Rall, 1996; Messerschmidt et al., 2001)
(Table 4).
The type 2 or normal copper centres in proteins exhibit EPR signals similar to

those of tetragonal Cu(II) complexes and are often characterised by relatively
weak absorption spectra, associated with ligand field transitions (Solomon et
al., 1996; Kaim and Rall, 1996; Messerschmidt et al., 2001). Type 2 sites are
present in all ‘‘blue’’ multi-copper oxidases, such as AO, BOD, Lc, and Cp, as
well as in galactose oxidase (GalOD), prokaryotic and eukaryotic copper amine
oxidases, copper-containing superoxide dismutase, and nitrite reductase
(Messerschmidt et al., 2001) (Table 4).
The T3 copper centre contains two ligand-bridged copper ions and is called

the binuclear site. T3 sites are diamagnetic and display a distinctive absorption

Fig. 9. Essential metabolic functions of copper-containing proteins (mostly enzymes). (Ac-

cording to Kaim and Rall (1996) with some additions and changes.) Reproduced from Shleev

et al. (2005c) with permission from Elsevier.
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band near 330 nm and a characteristic fluorescence spectrum (Wynn et al., 1983;
Shin and Lee, 2000; Shleev et al., 2004b; Solomon et al., 1996). This site is
present in all blue multi-copper oxidases as well as in catechol oxidase
(tyrosinase, Tyr) and hemocyanins (Hc). Together with the T2 site the T3 site
forms the trinuclear copper cluster (the T2/T3 cluster) (Table 4).
All copper-containing proteins described in the chapter are divided into four

groups according to the structure of their active sites, viz. type-1 copper pro-
teins, type-2 copper enzymes, type-3 copper proteins, and ‘‘blue’’ multi-copper
oxidases (Figure 9).

3.1. T1 copper redox protein – azurin

Azurin is a small bacterial protein (9–14 kDa) and is one of the simplest redox
proteins that contains a mononuclear copper of the T1 type (Solomon et al.,
1992; Jeuken et al., 2000). The copper is coordinated by cysteine, two histidines,
and an axial methionine (Nar et al., 1991; Adman et al., 1978; Baker, 1988)
(Table 4). The redox potentials of azurins from different sources were estimated
and found to be in the range from 270 to 420mV (Solomon et al., 1992; Zhang
et al., 2002a; Pinho et al., 2004). Azurin is relatively stable and it can be ex-
pressed in high yield in a heterologous system (E. coli) making it an ideal
candidate for protein engineering studies and biosensor development (Gilardi et
al., 1994). This protein has a role as a natural electron transfer carrier in the
bacterial anaerobic respiratory chain and is able to transfer electrons from
cytochrome c551 to nitrate reductase.
A number of publications describing DET of azurin on different electrodes

have been published (e.g., Armstrong et al., 1984, 2004; Sakurai et al., 1996;
Jeuken et al., 2002; Zhang et al., 2002a; Lisdat and Karube, 2002; Zhang et al.,
2005). Well-resolved CVs and SWVs (Figure 10A) were obtained with the mid-
point potential (Em, taken as the average of the anodic and cathodic peak
potentials) of the CVs and the peak potentials of the SWVs close to the redox
potential of the T1 site of the protein (determined through potentiometric tit-
ration). This allows even a facile determination of the redox potential of azurin
(E00 values are close to 300mV), as well as other small ‘‘blue’’ redox proteins,

Fig. 10. (A) Cyclic voltammograms of Pseudomonas aeruginosa azurin adsorbed at gold-

SAM electrodes prepared using two different procedures – I and II (scan rate: 100mV s�1;

0.02M NaOAc, 0.1M Na2SO4; pH 4.0) (See explanation in detail in Armstrong et al., 2004.)

Reproduced from Armstrong et al. (2004) with permission from The Royal Society of

Chemistry.

(B) Spectroelectrochemical redox titration of Pseudomonas aeruginosa azurin in a capillary

gold electrode (0.1M phosphate buffer, pH 7.0). The spectra reflect (1) fully oxidised protein,

(2) partly reduced azurin, and (3) fully reduced azurin. Reproduced from Shleev et al. (2005c)

with permission from Elsevier.

(C) Spectroelectrochemical titration curves reflecting the dependence of the absorbance of the

azurin solution at 614 nm vs. the applied potential. Reproduced from Shleev et al. (2005c)

with permission from Elsevier.
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such as pseudoazurin, umecyanin, plantacyanin, and plastocyanin (e.g., Jeuken
et al., 2002; Sakurai et al., 1996).
A spectroelectrochemical redox titration was performed on azurin in solution,

where Pseudomonas aeruginosa azurin was used as a model T1 site containing
redox protein (Shleev et al., 2005a). A typical oxidised T1 site spectrum of
azurin is shown in Figure 10B, curve 1, illustrating the pronounced broad peak
at 600 nm. When direct electronic communication is established between the
aldrithiol-modified gold electrode and the dissolved azurin, it is possible to
control the redox state of the azurin solution by the applied potential on the
electrode. Direct mediatorless electron transfer has been achieved in these ex-
periments, as demonstrated by the absorbance vs. the applied potential plot
(Figure 10C). The resulting sigmoidal curve shows the expected Nernst behav-
iour correlated with the single T1 copper redox centre. From the data obtained
in this experiment it is possible to extract the E00 value of the site and the
number of electrons (n) involved in the redox process, which were found to be
400mV and 0.8, respectively. This E00 value of Pseudomonas aeruginosa azurin
is in good agreement with the values found from CVs of the protein on me-
rcaptosuccinic acid-modified gold electrodes or chemisorbed protein on the gold
surface (Lisdat and Karube, 2002; Andolfi et al., 2004). In principle, the high
stability and reversible electrochemistry allow the immobilisation of azurin on
an electrode surface for the construction of a second-generation biosensor
that uses azurin as mediator for electron transport at the electrode surface
between the enzymic system present in solution and the electrode (Gilardi et al.,
1994).

3.2. T2 copper enzyme – galactose oxidase

GalOD (D-galactose:oxygen 6-oxidoreductase, EC 1.1.3.9) is an extraordinary
protein with many unusual and fascinating properties. The protein consists of a
single polypeptide with a molecular mass of 68 kDa (639 amino acids) and
dimensions of 98.0� 89.4� 86.7 Å arranged into three domains having mainly
b-structure with the active site located on the solvent-accessible surface of do-
main II. The discovery that the enzyme contains a protein-based redox site in
addition to the copper ion (Whittaker and Whittaker, 1988) was a breakthrough
in research on GalOD. The enzyme exists in three distinct redox states –
oxidised/active (Cu2+ and C-Y � ), semioxidised/inactive (Cu2+ and C-Y) and
reduced (Cu+ and C-Y). While the E00 of the C-Y � /C-Y couple (410mV, pH
7.0) has been known for many years, the E00 of the Cu2+/Cu+ redox couple
(159mV, pH 7.0) was resolved relatively recently (Wright and Sykes, 2001).
Each of the three enzyme forms has a distinct spectroscopic signature, allowing
them to be readily identified. The oxidised form of GalOD has an unusual
UV–vis spectrum (Figure 11A, black solid line) with strong absorption bands
near 450 and 800 nm, associated with the metalloradical complex. In contrast,
the semi-reduced form exhibits relatively weak absorption, and the fully reduced
form is colourless. GalOD catalyses the oxidation of galactose, a large number
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of primary alcohols, galactose-containing oligo/polysaccharides, glycolipids,
and glycoproteins with production of an aldehyde molecule and hydrogen per-
oxide. Although a broad range of substrates are utilised by the enzyme, the
oxidation is strictly regioselective (Rogers and Dooley, 2001).
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Fig. 11. (A) Spectroelectrochemical redox titration of GalOD (1.6mgml�1) in a capillary

gold electrode. Chronology of the experiment: initial +490mV (black solid line); �60mV

(black dashed line); +490mV (grey solid line); +640mV (grey dashed line); +840mV (grey

dotted line) with waiting time of 15–20min. Working potential referred vs. NHE. Repro-

duced from Shleev et al. (2005c) with permission from Elsevier.

(B) Cyclic voltammograms of GalOD (4mgml�1) on an aldrithiol-modified gold electrode.

The voltammograms were obtained before (solid line) and after addition of galactose with a

final concentration of 43mM (dotted line). Measurement performed in 100mM phosphate

buffer pH 7.3 containing 2mM hydroxymethylferrocene as mediator with a sweep rate of

20mV s�1. Reproduced from Shleev et al. (2005c) with permission from Elsevier.
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Extensive spectroscopic and structural analyses led to the development of a
catalytic mechanism of the enzyme. The enzyme follows a ping-pong mecha-
nism for oxidation of the substrate, when the substrate binds to the copper,
replacing a solvent molecule. Y-495 functions as a base for abstracting a proton
from the substrate followed by hydrogen atom abstraction by the cofactor
radical. A short-lived radical anion is formed as an intermediate and at the end
the aldehyde is released. Oxygen is reduced to hydrogen peroxide with
superoxide radical as a possible intermediate.
The interaction of the enzyme with mediators was studied in detail using

carbon electrodes. For efficient regeneration of GalOD ferrocene derivatives,
osmium complexes, tetracyanoquinodimethane (TCNQ), and hydride acceptors
have been used (Hale and Skotheim, 1989; Miyata et al., 1995; Yamaguchi et
al., 1995; Stigter et al., 1996; Petersen and Steckhan, 1999). The activity of
GalOD could be influenced by the applied potential when adsorbed on a
graphite electrode (Tkac et al., 2002). In contrast no mediated bioelectrocatal-
ysis of GalOD in the presence of substrate and mediator has been observed for
GalOD adsorbed on any modified gold surface. Mediated bioelectrochemistry
has been only shown for GalOD in solution using a PME (Haladjian et al.,
1994) with a gold working electrode and hydroxymethyl-ferrocene as mediator
(Figure 11B).
In spite of the surface exposure of the active site and efficient reaction of

GalOD with other redox proteins, direct evidence to prove DET between
GalOD and an electrode has been established very recently (Shleev et al., 2005c;
Tkac et al., 2005). The reduction of GalOD in a capillary gold electrode and
subsequent re-oxidation has been demonstrated, but the process is electro-
chemically irreversible and requires a long time (30–60min) to achieve equi-
librium after switching the working potential. An overvoltage of 350mV is
needed for re-oxidation to achieve the initial absorbance of oxidised GalOD
(Figure 11A). This behaviour can be ascribed to the strong interaction of
GalOD with bare gold.
To take into account the fact that DET for GalOD has been shown very

recently, only first- and second-generation biosensors based on GalOD have
been designed so far. For instance, different types of amperometric biosensors
based on a Clark-type oxygen electrode as well as various working electrodes
with adsorbed enzyme were constructed to measure galactose in different media,
such as blood, serum, and foodstuffs (Vrbova et al., 1992; Jia et al., 2003;
Sharma et al., 2004a, b).

3.3. T3 copper enzyme – tyrosinase

Tyrosinase (Tyr, monophenol, dihydroxyphenylalanine (DOPA):dioxygen ox-
idoreductase, EC 1.14.18.1) contains a coupled binuclear copper active site (the
T3 site) (Solomon et al., 1996). This enzyme catalyses both the ortho-
hydroxylation of monophenols (cresolase activity, Figure 9), and the two-
electron oxidation of o-diphenols to o-quinones (catecholase activity, Figure 9).
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Tyrosinase is widely distributed among eukaryota, and has also been identified
in eubacteria of the Streptomyces genus. In fungi and vertebrates, Tyr catalyses
the initial step in the formation of the pigment melanin from tyrosine. The
physiological role of Tyr in plants is to oxidise phenols and protect the plant
from pathogens or insects (Deverall, 1961). In insects, Tyr is thought to be
involved in wound healing and possibly sclerotisation of the cuticle (Solomon et
al., 1996).

E00 values of the active sites of Tyr from different sources were determined
and they varied from 120 to 600mV (e.g., Reiss and Vellinger, 1929; Ramos et
al., 2003; Makino et al., 1974). The crystal structure of sweet potato Tyr is
available (Klabunde et al., 1998), which will facilitate the understanding of the
function of this abundant enzyme. The two electrons required to reduce the
second oxygen atom to H2O are supplied by the substrate; thus, Tyr functions
as an internal monooxygenase (Figure 9) (Rodriguez-López et al., 1992), and
the reaction of oxygenation of the substrate to DOPA (Figure 9), is considered
to be the rate-determining step, followed by a rapid two-electron oxidation of
DOPA to the quinone. The DOPA quinone product then undergoes a series of
non-enzymatic polymerisation reactions to form the pigment melanin.
One of the first sensors based on immobilised Tyr on a pH electrode was

constructed as early as in 1989 for the detection of DOPA, tyrosine, isoprote-
renol, a-methyl-DOPA, dopamine, adrenaline, and noradrenaline based on the
cresolase and catecholase activities of the enzyme (Berenguer et al., 1989). Since
Tyr has been intensively studied due to the great interest in determining various
phenols and related compounds in both environmental and biological samples,
a great number of the papers describing first- and second-generation biosensors
based on Tyr deposited on the different supports (carbon and metal electrodes,
glass-plate support) have been published (Kotte et al., 1995; Hedenmo et al.,
1997; Rajesh et al., 2004). Different kinds of monomeric redox mediators as well
as redox polymers were used in these sensors, such as osmium complexes, tet-
rathiafulvalene, several quinoid redox-dye derivatives, hexacyanoferrate(II)-ion
doped conducting polypyrrole, to speed up the electron transfer between the
electrode and the product formed as result of the oxidation of the enzyme
substrate. Tyr was used either as a single sensing element or in combination with
other enzymes (most often Lc and peroxidase) for monitoring phenolic com-
pounds, lignin, catecholamines in clinical, pharmaceutical, and environmental
analysis (industrial wastes, pulp and paper, pharmaceutical antibacterial prod-
ucts, etc.) as well as for control of food quality (wine, tea, juice, and oil) (Cos-
nier and Innocent, 1993; Wang and Lin, 1993; Ortega et al., 1993, 1994;
Yaropolov et al., 1995; Marko-Varga et al., 1995, 1996; Puig et al., 1996;
McArdle and Persaud, 1993; Burestedt et al., 1996; Lindgren et al., 1996; Lutz
et al., 1995; Nistor et al., 1999; Önnerfjord et al., 1995; Campanella et al., 2001;
Streffer et al., 2001). The enzyme electrode is based on the use of immobilised
Tyr and the amperometric detection of the enzymatic product at approximately
200mV. For the detection various equipments were used which could be
roughly divided into the two types, namely batch mode and flow injection
systems.
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Due to all the difficulties encountered with Tyr-based electrochemical sensors,
such as electrode fouling, lack of both operational and storage stability, etc. a
DET connection between an electrode and immobilised Tyr is anticipated to
largely promote a better use of this enzyme in conjunction with biosensors. The
first publication on DET between Tyr and graphite electrode appeared in 1996
(Yaropolov et al., 1996). The authors described the electrochemistry of the
native, holo-, and apoenzyme-modified graphite electrodes using CV. The volt-
ammograms exhibited peaks with a mid-point redox potential (Em) of about
550mV (Figure 12A). That was very close to the E00 value of Tyr, determined
through redox titration to be about 600mV (Makino et al., 1974). In contrast,
no current peaks were observed in the CVs recorded for electrodes with ad-
sorbed apoTyr, which had negligible activity for catechol (Figure 12B). Thus, it
could be concluded that the electrochemical reaction occurs with the copper
ions of the holoenzyme and not with the protein component. Moreover, after
incubation of the enzyme-modified electrodes with benzoic acid, the current
peaks of the voltammograms disappeared (Figure 12A). No other redox trans-
formations of Tyr were observed as the electrode potential was cycled between
+950 and �50mV (Yaropolov et al., 1996). In the potential range where no
redox transformations were observed, adsorption of the protein caused a re-
duction of the capacitive current (Figure 12A), seen as a lower background
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current. At potentials more negative than 450mV, oxygen-containing surface
groups at the graphite electrode took part in redox transformations (Figure 12).
These gave rise to a significant background current depending on the sweep
rate, and interfered with those of the redox transformation caused by Tyr
(Yaropolov et al., 1996). Later, a paper describing DET reactions of Tyr
adsorbed at a silver electrode had been published (Ye and Zhou, 1997). It was
found that Tyr adsorbed on silver showed a quasi-reversible electrochemical
reaction, for which some kinetic parameters, such as heterogeneous ET rate
constant (ks) were calculated.
In summary, a mechanistic scheme of the DET reactions between Tyr as well

as between other proteins described above and electrodes is presented in
Figure 13A. The electrons are transferred from the electrode to the active site of
the adsorbed protein (either the T1 site of azurin, the T2 site of GalOD, or the
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T3 site of Tyr) with an electron-tunnelling distance in the range from 5 to 10
Å according to their structures.

3.4. ‘‘Blue’’ multi-copper oxidases

3.4.1. Ascorbate oxidase

Ascorbate oxidase (L-ascorbate:dioxygen oxidoreductase, EC 1.10.3.3) has been
obtained from different sources, such as plants, fungi, and eubacteria (White
and Krupka, 1965; Itoh et al., 1995; Mondovi et al., 1984; Solomon et al., 1996).
The plant AOs are homodimers and the bacterial AO is a monomer with a
significantly greater degree of glycosylation (11.2%) (Avigliano et al., 1983; Itoh
et al., 1995). Each subunit of the enzyme contains one T1 copper and one T2/T3
trinuclear cluster. AO is one of two multi-copper oxidases, which have been
crystallographically characterised (Messerschmidt et al., 1992). The 1.9 Å X-ray
structure of AO from Cucurbita pepomedullosa shows that each subunit is
composed of three domains showing similar b-barrel folding, distantly related
to the small blue single-Cu proteins plastocyanin and azurin (Messerschmidt et
al., 1989, 1992). Type 1 Cu is bound inside domain 3 by one cysteine thiolate,
one methionine sulphur, and two histidine residues, as in plastocyanin. The type
2 Cu and type 3 Cu form a trinuclear cluster at the interface between domain
1 and 3, each contributing four histidine Cu ligands. The two type 3 Cu ions and
the type 1 Cu are connected through a His–Cys–His stretch, which has been
suggested to provide a possible direct through-bond pathway for intramolecular
ET (Messerschmidt et al., 1989; Solomon et al., 1996).
AO is known to catalyse the oxidation of ascorbate to dehydroascorbate via

disproportionation of the semidehydroascorbate radical (Figure 9) (Solomon et
al., 1996). However, the physiological role of this process is unclear. Most of the
AO molecules present in the cells are associated with the cell wall (Reid, 1941;
Newcomb, 1951), and AO activity has been shown to be strongly correlated
with the rate of plant growth via cell elongation (Reid, 1941; Newcomb, 1951;
Lin and Varner, 1991; Esaka et al., 1992).
To the best of our knowledge the first publication describing DET reactions

of AO appeared in 1996 (Sakurai, 1996). CVs of cucumber AO at a gold elec-
trode modified with bis(4-pyridyl) disulphide, cationic bis(2-aminoethyl) disul-
phide, anionic 3,30-dithiodipropionic acid, and hydrophobic diphenyl disulphide
revealed E00 values of 369, 356, 345, and 323mV, respectively, being very close
to the E00 value of the T1 site (350mV) determined with potentiometric titration
(Kroneck et al., 1982; Kawahara et al., 1984). No direct evidence was presented
in the paper concerning the nature of the electroactive group of the enzyme. In
spite of the fact that other types of coppers (from the T2 and the T3 sites) were
supposed to have similar E00-values, it was suggested that the redox waves on
the CVs came from the T1 site of the enzyme. The authors concluded that the
T2/T3 cluster is more deeply buried inside the protein molecule as compared to
the T1 copper according to the crystal structure of AO (Messerschmidt et al.,
1992).
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In the same year the absence of any electrochemical activity of AO was shown
at graphite between pH 5.0 and 7.2 (Yaropolov et al., 1996). However, in
1998, Santucci and co-workers confirmed the possibility of DET between a
gold electrode and AO and extended previous data using CV and DPV
(Santucci et al., 1998). Under anaerobic conditions, the CVs of membrane-
trapped AO on a gold electrode in 50mM phosphate buffer, pH 7.0 (Figure 14),
showed well-defined electrochemistry for scan rates between 50 and 200mV s�1.
The anodic and cathodic peak currents were almost identical, with an intensity
ratio (ipa/ipc) close to unity. The linear dependence of the voltammetric
peak current on the square root of the scan rate (Figure 14, inset) indicates that
the redox process was diffusion controlled. The estimated Em value, 360mV,
was close to the value measured potentiometrically under similar solvent con-
ditions (Kroneck et al., 1982; Kawahara et al., 1984). The ks was calculated to
be 1.2� 10�4 cm s�1 at 251C, by assuming the number of electrons involved in
the ET process, n, to be equal to 1 and the diffusion coefficient, D, to be
3.0� 10�8 cm2 s�1.
The electrochemical behaviour of tributylmethyl phosphonium chloride

(TBMPC)-embedded T2-depleted (T2D) AO (Santucci et al., 1998) at a gold
electrode was similar to that of the holoprotein. The CVs had the same shape

Fig. 14. Cyclic voltammograms of AO embedded within a TBMPC membrane at a gold

electrode (50mM phosphate buffer, pH 7.0, at 25 1C). Scan rates were: 50mV s�1 (CV a),

100mV s�1 (CV b) and 200mV s�1 (CV c). Scans were typically recorded on the fifth cycle.

Inset: ip plotted against the square root of the scan rate. ESCE ¼ þ242mV vs. SHE. Re-

produced from Santucci et al. (1998) with permission from Portland Press on behalf of the

Biochemical Society.
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and intensity as those illustrated in Figure 14. The E00 values were also identical
with those of the holoprotein. Apparently, the removal of the T2 copper did not
influence the electrochemical behaviour. The TBMPC-embedded apo-AO, in
contrast, caused no electrochemical signals.
In spite of the well-pronounced DET reactions between AO and different

electrodes first- and second-generation biosensors based on AO are prevalent.
Several types of electrochemical sensors based on the pure enzyme or even tissue
homogenate were developed for the determination of ascorbic acid in medicals,
blood, and food (Matsumoto et al., 1981; Macholan and Chmelikova, 1986; Jin
et al., 1992; Campanella et al., 2004). Moreover, amperometric inhibitor bio-
sensors for determination of reduced glutathione as well as for monitoring of
organophosphorous pesticide were also designed (Rekha et al., 2000; Sezgintürk
and Dinckaya, 2004).

3.4.2. Bilirubin oxidase

Bilirubin oxidase (bilirubin:oxygen oxidoreductase, EC 1.3.3.5) is a multi-
copper oxidase catalysing the oxidation of bilirubin to biliverdin with the con-
comitant reduction of dioxygen to water (Figure 9). The catalytic site of BOD
also consists of four copper ions per molecule, which can also be classified into
three types, one type 1 (T1), one type 2 (T2) and two type 3 (T3) copper ions
(Solomon et al., 1996; Shimizu et al., 1999). It has been shown that the T1 site is
the primary centre, at which electrons are accepted from reducing substrates
(Solomon et al., 1996; Xu et al., 1996). Unfortunately, no crystallographic data
of BOD have been published so far. However, the biochemical, spectral, and
kinetic properties of the enzyme have been studied in detail (Guo et al., 1991;
Shimizu et al., 1999; Xu et al., 1996; Solomon et al., 1996). The ligands of the T2
and T3 coppers of the active site of BOD are the same as for AO, viz. six
histidines for the T2/T3 cluster. However, the ligands of the T1 copper depend
on the enzyme origin, e.g., histidines, cysteine, and methionine for Myrothecium
verrucaria BOD (Shimizu et al., 1999; Sakurai et al., 2003), and histidines,
cysteine, and phenylalanine for BOD from Trachyderma tsunodae (Hirose et al.,
1998). E00-values of the T1 site of the enzyme were determined and found to be
in the range from 490 to 700mV (Xu et al., 1996; Tsujimura et al., 2004). This
broad range of the E00-values can be probably explained by different axial
ligands (Met or Phe) as well as structures of the T1 sites of the enzyme from
different origins. Thus it is suggested here that BOD from different sources can
belong to the groups of low and high redox potential multi-copper oxidases in
compliance with a new classification of blue multi-copper oxidase proposed very
recently (vide infra) (Shleev et al., 2005c).
Investigations of DET between electrodes and BOD is a very important task

due to several reasons. First of all BOD has also important biochemical prop-
erties for biotechnological application, such as high activity, stability, and low
extent of glycosylation (Guo et al., 1991; Xu et al., 1996; Shimizu et al., 1999).
BOD has the ability of producing mediated bioelectrocatalytic currents for the
reduction of O2 to water near neutral pH (Tsujimura et al., 2003). A biofuel cell
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utilising BOD for the four-electron reduction of O2 can operate at neutral pH
(Tsujimura et al., 2003; Barton et al., 2001, 2002). BOD has accordingly been
utilised for the construction of a dioxygen biocathode operating near neutral
pH in a H2/O2 biofuel cell (Mano et al., 2002; Heller, 2004; Tsujimura et al.,
2001a), in glucose/O2 biofuel cells (Mano and Heller, 2003; Mano et al.,
2003b; Heller, 2004), and in a photosynthetic bioelectrochemical cell (Tsujimura
et al., 2001b). Moreover, several electrochemical biosensors were designed re-
sponding amperometrically to bilirubin based on BOD with and without ex-
ploiting any mediators (Wang and Ozsoz, 1990; Shoham et al., 1995; Zhang et
al., 2004).
A number of publications on mediated electrochemistry of the enzyme

have been published using different kinds of monomeric mediators as well
as redox polymers (Tsujimura et al., 2001a, b; Nakagawa et al., 2003; Mano
and Heller, 2003; Mano et al., 2003a). It was shown that the potential at
which the bioelectrocatalytic current for oxygen reduction starts to appear
exclusively depends on the E00 of the mediator employed. The magnitude of the
bioelectrocatalytic current systematically decreased with a decrease in the po-
tential difference between E00 (O2/H2O) and E00 of the mediator (Tsujimura et
al., 2001a, b; Nakagawa et al., 2003; Mano and Heller, 2003; Mano et al.,
2003a).
The possibility of DET between Myrthecium verrucaria BOD and carbon

electrodes under anaerobic and aerobic conditions has been reported very re-
cently (Tsujimura et al., 2004; Shleev et al., 2004a). In the presence of the
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enzyme substrate (molecular oxygen) a reduction current was recorded at BOD-
modified carbon electrodes (glassy carbon electrode (GCE), spectroscopic
graphite electrode (SPGE), highly oriented pyrolytic graphite electrode (HOP-
GE), and plastic formed carbon electrode (PFCE)) as a result of DET between
the electrode and the adsorbed enzyme (Tsujimura et al., 2004; Shleev et al.,
2004a). Some electrochemical parameters for the electroreduction of oxygen,
such as E00, the standard surface ET rate constant at E00, and the transfer
coefficient, were estimated (Tsujimura et al., 2004). CVs of a bare and a BOD-
modified SPGE under aerobic conditions at pH 4.0 are shown in Figure 15.
When adsorbed on SPGE, BOD largely decreased the overvoltage needed for
the electroreduction of molecular oxygen. As can be seen from the CV (Figure
15), the electrocatalytic current at the electrode modified with BOD starts at a
potential of about +800mV with a half-wave potential for oxygen electrore-
duction of about +700mV (pH 4.0), which is quite close to the redox potential
of the T1 site of the enzyme.

3.4.3. Ceruloplasmin

Ceruloplasmin (ferroxidase, iron(II):dioxygen oxidoreductase, EC 1.16.3.1) is
the most complex multi-copper oxidase in all respects (structure, function, and
catalytic reactions). One of the physiologically relevant reactions catalysed by
Cp is its ferroxidase activity, presented in Figure 9. Besides Fe2+, Cp is able to
oxidise an extensive group of organic compounds e.g., p-phenylenediamines,
amino-phenols, catechols, and 5-hydroxyindoles (Frieden and Hsieh, 1976).
Relatively recently, it has been found that human Cp exhibits an alkyl hydro-
peroxide peroxidase activity, which is independent of its oxidase activity
(Cha and Kim, 1999). Within the scope of this chapter it is not possible to
discuss and cover all properties and roles of such a complicated enzyme and the
reader is advised to read recent reviews and theses (e.g., Machonkin, 2000; Bielli
and Calabrese, 2002). However, some important aspects for a further electro-
chemical description are considered below.
Cp is a monomer with a significant amount of glycosylation (9–14%) (Solo-

mon et al., 1996). Human Cp was crystallographically characterised at a
resolution of 3 Å (Zaitsev et al., 1996). The structure of human Cp is far more
complex compared with other three-domain structures of other ‘‘blue’’ multi-
copper oxidases, such as AO or Lc. The molecule is composed of six compact
domains, with large loop insertions, and it contains six tightly bound copper
atoms. The three copper ions of the trinuclear cluster lie at the interface between
the first and last domains, 1 and 6, respectively, possessing ligands from each
domain, an arrangement also seen in the structures of AO and Lc (Messersch-
midt et al., 1992; Ducros et al., 1998; Piontek et al., 2002). The remaining three
copper atoms are mononuclear centres held by intra-domain sites; those located
on domains 4 and 6 have a typical T1 copper environment with a set of four
ligands, two histidines, one methionine, and one cysteine (T1A and T1B copper
sites), whereas the one (T1PR site) located in domain 2 has a different structure
in that it lacks the methionine, which is replaced in the amino acid sequence by a
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leucine residue, Leu 329 (Takahashi et al., 1984; Ortel et al., 1984; Messersch-
midt and Huber, 1990), analogous to the T1 site of some fungal Lcs (vide infra).
This residue is unable to coordinate metals, the centre is therefore a tricoor-
dinate T1 site. Another difference is that this site is not endowed with structural
elements able to bind substrates that have been found close to the other two
sites (Lindley et al., 1997). In the structures examined so far, the T1A centre and
the trinuclear cluster are held at a distance of 13 Å, prevented from coming in
contact by the protein moiety; however, the cysteine ligand of the T1 site is
flanked by two histidines, each bound to a copper atom of the trinuclear cluster.
This structural motif, His–Cys–His, was first noticed in the structure of AO
(Messerschmidt et al., 1989), than found in the crystal structure of Lc (Ducros et
al., 1998; Piontek et al., 2002), and also bacterial multi-copper oxidases (Grass
and Rensing, 2001; Enguita et al., 2003). The other two T1 sites (T1B and
T1PR) are located far from the T2/T3 cluster.
It was found that the T1A and T2B sites have different EPR parameters

(Gunnarsson et al., 1973), re-oxidation rates (Carrico et al., 1971; De Ley and
Osaki, 1975), and E00-values (Deinum and Vänngård, 1973). The E00-values of
two ‘‘normal’’ oxidase T1 copper sites were measured by anaerobic titration
procedures exploiting mediators as early as in 1973 and found to be 490 and
580mV (Deinum and Vänngård, 1973). However, it is still unknown which
value belongs to the T1A or the T1B site. As for the T1PR site, the value of its
E00 was estimated relatively recently and found to be very high, approximately
1000mV (Machonkin, 2000). This extremely high value of the E00 was found to
be the reason for the inability to oxidise this copper site.
The first report of DET processes involving Cp appeared in 1996 (Yaropolov

et al., 1996). Figure 15A shows CVs recorded for a bare spectroscopic graphite
electrode (curve 1) and for the same electrode modified with adsorbed human
Cp (curve 2). Small cathodic and anodic faradaic currents corresponding to a
reversible process can be seen with Em-values of approximately 340 and 410mV.
Besides, a small reduction peak in the CV of the Cp-modified electrode can also
be seen with an Ep of 600mV (Figure 16A). These redox potentials are more
negative than those of the redox potentials of the T1 copper sites of the enzyme
(490, 580, and �1000mV) (Deinum and Vänngård, 1973; Machonkin, 2000).
This difference was explained by a conformational transformation in the vi-
cinity of the copper ions during adsorption of the enzyme or an overvoltage of
the electrochemical redox reaction of the copper ions in the protein structure on
the graphite electrode (Yaropolov et al., 1996). However, the main evidence for
DET reaction was obtained using spectroelectrochemistry (Yaropolov et al.,
1996). The reduction of the prosthetic groups (copper sites) of Cp was per-
formed simultaneously as the absorbance spectrum was monitored in the region
450–700 nm in order to confirm the redox transition of Cp (Figure 16B). It was
found that the T1 coppers of Cp were reduced on a platinum electrode under
anaerobic conditions. The process was reversible and Cp could be re-oxidised by
saturating the system with oxygen (Figure 16B).
To the best of our knowledge there is no single publication describing any

successful work in the making of an electrochemical biosensor based on Cp,
possibly due to the complex structure of the enzyme and the broad variety of
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reactions catalysed by Cp. However, several attempts have been made in order
to create mediated reagentless enzyme inhibition electrodes based on the en-
zyme, and a few publications can be found in literature claiming the usefulness
of Cp for sensing metal ions (Daigle et al., 1998; Amiot et al., 2001).

3.4.4. Laccase

Laccase (benzenediol: oxygen oxidoreductases, EC 1.10.3.2) catalyses the
oxidation of ortho- and para-diphenols, amino-phenols, polyphenols, polya-
mines, lignins, and aryl diamines as well as some inorganic ions coupled to the
reduction of molecular dioxygen to water (Yaropolov et al., 1994; Solomon et al.,
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1996). The physiologically relevant reaction catalysed by Lc is presented in
Figure 9.
The enzyme exhibits a broad substrate specificity, which can be enhanced by

the addition of redox mediators. The efficiencies of these mediators have been
demonstrated in work presented in a number of publications (Yaropolov et al.,
1994; Call and Mucke, 1997). Due to the broad variety of reactions catalysed by
Lc, this enzyme holds great promise for many potential applications, such as
bioremediation (Mayer and Staples, 2002), green biodegradation of xenobiotics
including pulp bleaching (Call and Mucke, 1997; Balakshin et al., 2001), la-
belling in immunoassays (Zherdev et al., 1999; Kuznetsov et al., 2001), green
organic synthesis (Karamyshev et al., 2003), and even design of fungicidal and
bactericidal Lc preparations (Johansen, 1996). Based on the electrochemical
activity of Lcs from different sources on various types of electrodes, other
possible applications of the enzyme have been studied, e.g., development of
oxygen cathodes in biofuel cells (Tarasevich et al., 1979, 2002; Palmore and
Kim, 1999; Soukharev et al., 2004; Barton et al., 2002, 2004), and design of
different types of biosensors (Yaropolov et al., 1994, 1995; Marko-Varga et al.,
1995; Peter and Wollenberger, 1997; Smith et al., 1997; Szeponik et al., 1997;
Daigle et al., 1998; Minussi et al., 2002; Duran et al., 2002; Freire et al., 2001;
Haghighi et al., 2003; Gupta et al., 2004; McArdle and Persaud, 1993; Jarosz-
Wilkolazka et al., 2004a, b). Lcs are classified into two groups in accordance
with their source, i.e., plant and fungal. However, diphenol oxidases (Lcs) have
also been identified in bacteria (Givaudan et al., 1993; Martins et al., 2002) and
insects (Barrett, 1987).
The X-ray structures of Lcs isolated from several organisms have been de-

termined for e.g., Coprinus cinereus (Ducros et al., 1998), Trametes versicolor
(Piontek et al., 2002; Antorini et al., 2002), Pycnoporus cinnabarinus (Antorini et
al., 2002), Melanocarpus albomyces (Hakulinen et al., 2002), and bacterial
Lc from the endospore coat of Bacillus subtilis (Enguita et al., 2003). The fungal
Lc is a monomer, organised in three sequentially arranged domains and has
dimensions of about 65� 55� 45 Å (Piontek et al., 2002). Each of the three
domains has a similar b-barrel type architecture, related to the small blue
copper proteins such as azurin or plastocyanin. Although local structural
differences are apparent (e.g., in the loops organising and forming the substrate-
binding pocket), all of the Lc structures show a significant degree of overall
structural homology.
From the crystal structure of an enzyme/substrate complex, it is known that

the electron donor substrate binds in a small negatively charged cavity near the
copper T1 site (Piontek et al., 2002), which lies embedded in domain 3, about
7 Å below the surface of the enzyme. The T1 copper is the primary electron
acceptor site and it is connected to the trinuclear cluster by a His–Cys–His
tripeptide, which is highly conserved among ‘‘blue’’ multi-copper oxidases, such
as AO and Cp (Messerschmidt et al., 1989; Zaitsev et al., 1996). Moreover, for
all ‘‘blue’’ multi-copper oxidases the distance between the T1 site and T2/T3
cluster was found to be in the range from 12 to 14 Å (Messerschmidt et al., 1992;
Zaitsev et al., 1996; Ducros et al., 1998; Piontek et al., 2002). It is not aston-
ishing because it was previously discovered that the single characteristic that has
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obviously been selected in the evolution of the physiological electron tunnelling
in these oxidoreductases is the simple position of redox centres within 13–14 Å
of each other (Page et al., 1999), a value that could be compared with that of
e.g., sulphite oxidase for which a distance of more than 30 Å between the redox
sites has been determined (Kisker et al., 1997a; Feng et al., 2003).
Oxidation of simple organic substrates occurs via a ping-pong-type mecha-

nism (Petersen and Degn, 1978; Yaropolov et al., 1986, 1994; Solomon et al.,
1996). Substrates are oxidised near the T1 site, and the electrons are transferred
to the T2/T3 cluster, where molecular oxygen is reduced. Neither the mech-
anism of internal electron transfer nor the mechanism of dioxygen reduction to
water is fully understood for this enzyme. However, a number of mechanistic
schemes have been proposed, which are consistent with the kinetic and struc-
tural data currently available (Solomon et al., 1996; Lee et al., 2002).
The key characteristic of Lc is the standard redox potentials of its redox

centres; the T1, T2, and T3 sites. The value of the redox potential of the T1
Cu-site has been determined using potentiometric titrations with redox medi-
ators for a great number of different Lcs and varies between 430 (Rhus vercinif-
era) and 780mV (Call and Mucke, 1997; Xu et al., 1996, 1999; Reinhammar,
1972; Schneider et al., 1999; Koroleva et al., 2001; Shleev et al., 2004b). It has
been shown for some Lcs that T1 is the primary centre, at which electrons are
accepted from reducing substrates (Yaropolov et al., 1994; Solomon et al., 1996;
Xu et al., 1996). Moreover, the catalytic efficiency (kcat/KM) for some reducing
substrates depends on the redox potential of the T1 copper (Xu et al., 1996,
2000). This is the reason why Lcs with a high redox potential of the T1 site are
of special interest in biotechnology, e.g., for different bleaching (Paice et al.,
2002; Surma-Slusarska and Leks-Stepien, 2001; Balakshin et al., 2001), biore-
mediation processes (Wong and Yu, 1999; Mayer and Staples, 2002) and in
biofuel cells (Heller, 2004; Barton et al., 2004). This dependence of the catalytic
efficiency on the redox potential of the T1 site suggests that the rate-limiting
step (or at least partially limiting step) for some reducing substrates in the
catalytic cycle is the one-electron transfer from the substrate to the protein,
specifically the T1 site of the Lc (Xu et al., 2000). The catalytic cycle of Lc
‘‘starting’’ from the ‘‘native intermediate’’, the substrates are oxidised near the
T1 site, which then transfers the electron to the T2/T3 cluster, where molecular
oxygen is reduced. However, a slow decay of the ‘‘native intermediate’’ leads to
the ‘‘resting fully oxidised’’ form. In this form, the T1 site can still be reduced by
a substrate, but the electron transfer to the trinuclear cluster is too slow to be
catalytically relevant (for a full explanation see Solomon et al., 1996; Lee et al.,
2002).
It has been proposed (Shleev et al., 2005c) that all ‘‘blue’’ multi-copper ox-

idases can be divided into three groups depending on the E00-value of the T1
site: low, middle, and high potential enzymes. From an electrochemical point of
view based on the primary structures of the enzymes, it is possible to conclude
that the low redox potential enzymes (340–490mV) have methionine as an axial
ligand of the T1 site. The middle redox potential enzymes (470–710mV) have
leucine and high potential ‘‘blue’’ oxidases (730–780mV) have phenylalanine as
an axial ligand for the T1 sites. Currently, the big differences between the E00-
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values of the T1 site of ‘‘blue’’ multi-copper oxidases are not fully understood
from a biological point of view calling for further investigations (Solomon et al.,
2004). We would like to emphasise that the proposed classification of the ‘‘blue’’
multi-copper oxidases is based on their primary structures and the E00-value of
the T1 sites. The axial ligands cannot, however, affect so strongly the E00 of the
enzyme, as was previously shown using site-directed mutagenesis (Kojima et al.,
1990; Xu et al., 1998, 1999; Palmer et al., 2003). The difference found in this
case should not exceed 150mV. However, even with this knowledge, it is an-
ticipated that the new classification is valid only as a formal one and it might
help for further investigations of the ‘‘blue’’ T1 site containing redox proteins.
In contrast to the many studies on determining the E00 of the T1 site, the

redox potentials of the T3 sites of ‘‘blue’’ multi-copper oxidases were published
only in the 1970s by Reinhammar (Reinhammar, 1972; Reinhammar and
Vänngård, 1971). The redox potential of the T3 site was measured for two
different Lcs, viz. the low potential enzyme from Rhus vernicifera (450mV) and
the high potential enzyme from T. versicolor (785mV) (Reinhammar and
Vänngård, 1971). Moreover, only two publications give values on the redox
potential of the T2 site of Lcs, viz. for low and high redox potential Lcs from R.
vernicifera and Trametes hirsuta, respectively (Reinhammar, 1972; Shleev et al.,
2005a). Based on these data it was suggested that the E00-value of the T2 site
for both enzymes is close to 400mV (Shleev et al., 2005a, c). One should also
take into account that T2 and T3 coppers in multi-copper oxidases form in-
tegrated clusters and the given redox potentials may correspond to several redox
states of the T2/T3 cluster. Moreover, the E00-values were estimated under
anaerobic conditions, whereas that O2 binding to the T2/T3 cluster can change
the redox state of the copper ions in the course of the catalytic cycle of these
enzymes.
The first publications on DET for any large redox protein with enzymatic

activity were concerned with a high potential Lc from the basidiomycetes T.
versicolor (Berezin et al., 1978; Tarasevich et al., 1979). The authors of these
papers showed that in the presence of molecular oxygen a reduction current was
recorded at the Lc-modified carbon electrode due to DET between the electrode
and the adsorbed enzyme (similar CVs, as presented in Figure 15 for BOD).
A number of publications describing DET reaction between Lcs from various
sources and different types of electrodes have then been published (Yaropolov
et al., 1996; Thuesen et al., 1998; Santucci et al., 1998; Gelo-Pujic et al., 1999;
Johnson et al., 2003; Gupta et al., 2004; Christenson et al., 2004a). Direct and
indirect evidences for DET (Christenson et al., 2004a; Shleev et al., 2005c) as
well as kinetic parameters of the electroreduction for molecular oxygen at
carbonaceous electrode materials with adsorbed Lc have been reported
(Tarasevich, 1979; Lee et al., 1984; Bogdanovskaya et al., 1986).
The characteristics of the electroreduction of oxygen at Lc-modified graphite/

carbon electrodes depend on the origin and also on the amount of enzyme on
the electrode surface (Yaropolov et al., 1996; Tarasevich et al., 2001b; Shlev et
al., 2003; Shleev et al., 2005b). Laccases from different sources (from R. verni-
cifera and T. hirsuta) catalyse the heterogeneous electroreduction of oxygen in
very different potential regions. The pH dependence of the heterogeneous
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electrocatalytic currents for both enzymes adsorbed on electrodes was found to
be very similar to that obtained for the corresponding enzyme reactions in
homogeneous media (Yaropolov et al., 1996). The difference in the redox po-
tential of the T1 site of the two Lcs is most likely the major determinant of this
behaviour with a similar mechanism operating for both homogeneous catalysis
in solution and heterogeneous electrocatalysis at the electrode surface. A DET
process has been reported on the basis of small cyclic voltammetric peaks
observed for the high potential Lc from T. versicolor under anaerobic condi-
tions, see Figure 17 (Thuesen et al., 1998). The process was quasi-reversible with
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Fig. 17. (A) Cyclic voltammogram (second scan) of 2.5 pmol P. versicolor (T. versicolor) Lc

adsorbed onto a pyrolytic graphite electrode (30mM citrate, pH 3.31; ionic strength 0.1M

(NaClO4); scan rate: 1mV s�1). (B) The background-corrected signal. Reproduced from

Thuesen et al. (1998) with permission from Acta Chemica Scandinavica.
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the Em close to the redox potential of the T1 site of this Lc (ca. 780mV). Under
aerobic conditions a clear catalytic wave was shown commencing close to the
potential of the T1 site. A mechanism for the bioelectrocatalytic reduction of
oxygen by Lc adsorbed on carbon electrode materials has been proposed by
Tarasevich et al. (Tarasevich et al., 2001b). At potentials close to the steady-
state potential, the rate-determining step is proposed to be a concerted transfer
of two electrons to the oxygen molecule. In the region of polarisation, where the
current is essentially potential independent, the process is limited by the
formation of a ‘‘peroxide’’ intermediate.
Deeper studies of the mechanism of DET between low (R. vernicifera)

(Johnson et al., 2003) and high potential Lcs from different basidiomycetes
(Trametes hirsuta, T. ochracea, Cerrena maxima, C. unicolor, and Coriolopsis
fulvocinerea) and electrodes have been carried and some results have been pub-
lished (Shlev et al., 2003; Shleev et al., 2005a, b, c; Christenson et al., 2004a).
CVs using graphite electrodes modified with adsorbed Lcs were recorded in
order to provide unambiguous experimental evidence for direct heterogeneous
ET of these Lcs under anaerobic conditions. Osteryoung square wave
voltammograms (SWV) recorded using edge-plane highly ordered pyrolytic
graphite (HOPG) with and without Lcs entrapped between the electrode and a
dialysis membrane in 0.1M phosphate buffer solution at pH 6.5 show a single
wave only in the presence of the enzymes, centred around +800mV. The re-
corded faradaic process is very close to the potential of the T1 site and probably
only the relatively high background noise of carbon electrodes (high capacitive
currents) most likely prevents the observation of the same process by more
conventional CV measurements. These results are in good agreement with pre-
vious data concerning DET between BOD and spectroscopic graphite electrode
(Tsujimura et al., 2004; Shleev et al., 2004a).
It was also found that the half-wave potentials (E1/2) of the bioelectroreduc-

tion of oxygen as well as the steady-state potentials of the Lc-modified elec-
trodes were very close to the redox potentials of the T1 site of Lcs (Shleev et al.,
2005b). Moreover, the E1/2 of the bioelectroreduction of oxygen changed with
about 15mV/pH (Shleev et al., 2005b). A similar dependence was demonstrated
by Nakamura for the pH dependence of the potential of the T1 site for the low
redox potential Lc from R. vernicifera (Nakamura, 1958) and approximately
estimated by Reinhammar for the high redox potential Lc from Polyporus
versicolor (Reinhammar, 1972). Besides, the results obtained for BOD (see
above) showed that the E1/2 of the wave for catalytic oxygen electroreduction
changed with about 30mV/pH, whereas the E00 (O2/H2O) has a 60mV/pH
dependence.
All the experiments with carbon electrodes modified with Lcs confirm that the

T1 site is the primary electron acceptor from carbon electrodes during heter-
ogeneous reduction under both aerobic and anaerobic conditions. The mech-
anistic scheme of this process is presented in Figure 13B. The electrons are
transferred from the electrode to the T1 site of the adsorbed enzyme and then
through an IET mechanism to the T2/T3 cluster, where molecular oxygen is
reduced to water. Thus, to take into account the presented data for other ‘‘blue’’
multi-copper oxidases, for which an electrocatalytic current of reduction of
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oxygen with the redox potential close to the value of the T1 site was observed.
The mechanism of electroreduction of oxygen presented in Figure 13B was
extended to all ‘‘blue’’ multi-copper oxidases adsorbed on carbonaceous elec-
trodes.
In conclusion, the mechanism of DET between electrodes and ‘‘blue’’ multi-

copper oxidases associated with the reduction of molecular oxygen and oxida-
tion of substrates is not fully understood. The question is especially relevant for
electrochemical investigations of ‘‘blue’’ multi-copper enzymes on metal elec-
trodes, since in many cases the DET processes recorded with CV or other
voltammetric techniques do not coincide with the E00 values evaluated with
other techniques for the different copper sites identified crystallographically in
the protein structures. However, it is tempting and possibly too speculative, as
has been done in this contribution, based on summarising the current knowl-
edge to propose the mechanisms outlined in Figure 13 for the electrochemical
interaction between different electrode materials and copper-containing pro-
teins from different origins causing DET reactions between the electrode and
the protein.

3.4.5. Additional enzymes

Superoxide dismutase (SOD) is an enzyme protecting living organisms from
oxidative stress through scavenging superoxide anions (Fridovich, 1978). SOD
comprises a family of metalloproteins primarily classified into four groups:
copper/zinc-containing SOD (Cu/Zn-SOD), manganese-containing SOD
(Mn-SOD), iron-containing SOD (Fe-SOD), and nickel-containing SOD
(Ni-SOD). The Cu/Zn-SOD is invariably a dimer, and the Mn-SOD and Fe-
SOD have been isolated as either dimers or tetramers. In general, each subunit
bears a functional metal ion and there has been no evidence for a strong in-
teraction between individual functional metal centres. Due to both fundamental
and applied aspects of the bioelectrochemistry of SOD a considerable attention
has been paid to obtaining DET between SODs and electrodes. Fe-SOD and
Cu/Zn-SOD showed quasi-reversible CVs at mercaptopropionic acid SAM-
modified gold electrodes with E00-values of about 90 and 290mV and ks-values
of 35 and 65 s�1, respectively (Ge et al., 2003). The electrochemistry of Cu/Zn-
SOD adsorbed onto cysteine SAM-modified gold electrodes exhibited an E00

value of 257mV (pH 7.4) (Tian et al., 2002a, b) and recently the electrochem-
istry of Cu/Zn-SOD, Fe-SOD, Mn-SOD was investigated on mercaptoprop-
ionic acid SAM-modified electrodes revealing quasi-reversible CVs for all three
SODs with E00-values of 479, 332, and 422mV (pH 7) and ks-values of 1.1, 3.9,
and 1.9 s�1, respectively (Tian et al., 2004).
Mammalian cytochrome c oxidase, the terminal enzyme of the oxidative

phosphorylation is located in the inner mitochondrial membrane, where it
pumps protons against a concentration gradient from the matrix to the cytosol
to support the production of ATP. Beef heart cytochrome c oxidase has 13
subunits (MWE204 kDa) and contains four redox active sites, one binuclear Cu
site (Cua), haem a, and a haem a3-Cub binuclear site, where oxygen is reduced to
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water. Its natural electron donor is cyt c and in a number of publications
cytochrome c oxidase has been coupled with electrodes through the use of cyt c
acting as a mediator between the complex and the big cytochrome c oxidase and
the electrode (see e.g., Rhoten et al., 2000, 2002a, b; Katz et al., 2004; Katz and
Willner, 2003). DET between cytochrome c oxidase and an electrode was,
however, also demonstrated when introduced into a lipid bilayer put on top of
an octadecyl mercaptan-modified silver electrodeposited on gold electrodes
(Burgess et al., 1998).
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for azurin at 3Å resolution, J. Mol. Biol. 123, 35–47.

Agostinelli, E., L. Cervoni, A. Giartosio and L. Morpurgo, 1995, Stability of Japanese-
lacquer-tree (Rhus vernicifera) laccase to thermal and chemical denaturation: Comparison
with ascorbate oxidase, Biochem. J. 306, 697–702.

Aguey-Zinsou, K.-F., P.V. Bernhardt, U. Kappler and A.G. McEwan, 2003, Direct elect-
rochemistry of a bacterial sulfite dehydrogenase, J. Am. Chem. Soc. 125, 530–535.

Aizawa, M., 1991, Principles and applications of electrochemical and optical biosensors,
Anal. Chim. Acta 250, 249–256.

Albery, W.J., M.J. Eddowes, H.A.O. Hill and A.R. Hillman, 1981, Mechanism of the re-
duction and oxidation reaction of cytochrome c at a modified gold electrode, J. Am.
Chem. Soc. 103, 3904–3910.

Allendorf, M.D., D.J. Spira and E.I. Solomon, 1985, Low-temperature magnetic circular
dichroism studies of native laccase: Spectroscopic evidence for exogenous ligand bridging
at a trinuclear copper active site, Proc. Natl. Acad. Sci. USA 82, 3063–3067.

Ameyama, M., E. Shinagawa, K. Matsushita and O. Adachi, 1981, D-Fructose de-
hydrogenase of Gluconobacter industrius: Purification, characterization, and application
to enzymic microdetermination of D-fructose, J. Bacteriol. 145, 814–823.

Amine, A., J. Deni and J.-M. Kauffmann, 1994, Amperometric biosensor based on carbon
paste mixed with enzyme, lipid and cytochrome c, Bioelectrochem. Bioenerg. 34, 123–128.

Amiot, P.L.O., S. Howell, P.D. Lee and H. Rieley, 2001, Apparatus and method for sensing
metal ions, UK, WO 2001006235.

Ander, P., 1994, The cellobiose-oxidizing enzymes CBQ and CbO as related to lignin and
cellulose degradation – a review, FEMS Microbiol. Rev. 13, 297–312.

Andolfi, L., D. Bruce, S. Cannistraro, G.W. Canters, J.J. Davis, H.A.O. Hill, J. Crozier,
M.P. Verbeet, C.L. Wrathmell and Y. Astier, 2004, The electrochemical characteristics of
blue copper protein monolayers on gold, J. Electroanal. Chem. 565, 21–28.

Andreescu, D., S. Andreescu and O.A. Sadik, 2005, New materials for biosensors, biochips
and molecular bioelectronics. Biosensors and Modern Biospecific Analytical Techniques,
Vol. XLIV, Ed. L. Gorton, Elsevier, Amsterdam, pp. 285–327.

Direct Electrochemistry of Proteins and Enzymes 575



Angove, H.C., J.A. Cole, D.J. Richardson and J.N. Butt, 2002, Protein film voltammetry
reveals distinctive fingerprints of nitrite and hydroxylamine reduction by a cytochrome c
nitrite reductase, J. Biol. Chem. 277, 23374–23381.

Anthony, C., 1988, Bacterial Energy Transduction, Academic Press, San Diego.
Antorini, M., I. Herpoel-Gimbert, T. Choinowski, J.-G. Sigoillot, M. Asther, K. Winter-

halter and K. Piontek, 2002, Purification, crystallisation and X-ray diffraction study of
fully functional laccases from two ligninolytic fungi, Biochim. Biophys. Acta 1594,
109–114.

Armstrong, F.A., 1990, Probing metalloproteins by voltammetry, Struct. Bond. 72,
137–221.

Armstrong, F.A., 2002, Protein film voltammetry: Revealing the mechanisms of biological
oxidation and reduction, Russ. J. Electrochem. 38, 49–62.

Armstrong, F.A., N.L. Barlow, P.L. Burn, K.R. Hoke, L.J.C. Jeuken, C. Shenton and G. R.
Webster, 2004, Fast, long-range electron-transfer reactions of a ‘‘blue’’ copper protein
coupled non-covalently to an electrode through a stilbenyl thiolate monolayer, Chem.
Commun. (UK), 316–317.

Armstrong, F.A., H.A.O. Hill, B.N. Oliver and N.J. Walton, 1984, Direct electrochemistry of
redox proteins at pyrolytic graphite electrodes, J. Am. Chem. Soc. 106, 921–923.

Armstrong, F.A., H.A.O. Hill and N.J. Walton, 1988, Direct electrochemistry of redox
proteins, Acc. Chem. Res. 21, 407–413.

Armstrong, F.A. and A.M. Lannon, 1987, Fast interfacial electron transfer between cyto-
chrome c peroxidase and graphite electrodes promoted by amyloglycosides: Novel elect-
roenzymic catalysis of H2O2 reduction, J. Am. Chem. Soc. 109, 7211–7212.

Arnold, S., Z.Q. Feng, T. Kakiuchi, W. Knoll and K. Niki, 1997, Investigation of the
electrode reaction of cytochrome c through mixed self-assembled monolayers of al-
kanethiols on gold (111) surfaces, J. Electroanal. Chem. 438, 91–97.

Avigliano, L., P. Vecchini, P. Sirianni, G. Marcozzi, A. Marchesini and B. Mondovi, 1983,
A reinvestigation on the quaternary structure of ascorbate oxidase from Cucurbita pepo
medullosa, Mol. Cell. Biochem. 56, 107–112.

Ayers, A.R., S.B. Ayers and K.-E. Eriksson, 1978, Cellobiose oxidase, purification and
partial characterizarion of a hemoprotein from Sporotrichum pulverulentum, Eur.
J. Biochem. 90, 171–181.

Baeumner, A., 2005, Bioanalytical microsystems: Technology and applications. Biosensors
and Modern Biospecific Analytical Techniques, Vol. XLIV, Ed. L. Gorton, Elsevier,
Amsterdam, pp. 251–284.

Baker, E.N., 1988, Structure of azurin from Alcaligenes denitrificans. Refinement at 1.8Å
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2001a, Direct electron transfer in the system gold electrode-recombinant horseradish
peroxidases, J. Electroanal. Chem. 509, 19–26.

Ferapontova, E.E., V.G. Grigorenko, A.M. Egorov, T. Börchers, T. Ruzgas and L. Gorton,
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Direct electron transfer of cellobiose dehydrogenase from various biological origins at
gold and graphite electrodes, J. Electroanal. Chem. 496, 76–81.

Lindgren, A., T. Ruzgas and L. Gorton, 2001b, Direct electron transfer of native and mod-
ified peroxidases, research trends, Current Topics in Analytical Chemistry, Vol. 2, Ed.
R. Richard, Poojapura, Trivandrum, pp. 71–94.

Lindgren, A., T. Larsson, T. Ruzgas and L. Gorton, 2000a, Direct electron transfer between
the heme of cellobiose dehydrogenase and thiol modified gold electrodes, J. Electroanal.
Chem. 494, 105–113.
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Lindgren, A., T. Ruzgas, J. Emnéus, E. Csöregi, L. Gorton and G. Marko-Varga, 1996, Flow
injection analysis of phenolic compounds with carbon paste electrodes modified with
tyrosinase purchased from different companies, Anal. Lett. 29, 1055–1068.

Lindgren, A., M. Tanaka, T. Ruzgas, L. Gorton, I. Gazaryan, K. Ishimori and I. Morishima,
1999, Direct electron transfer catalysed by recombinant forms of horseradish peroxidase:
Insight into the mechanism, Electrochem. Commun. 1, 171–175.

E. E. Ferapontova et al.586



Lindley, P.F., G. Card, I. Zaitseva, V. Zaitsev, B. Reinhammar, E. Selin-Lindgren and K.
Yoshida, 1997, An X-ray structural study of human ceruloplasmin in relation to fe-
rroxidase activity, J. Biol. Inorg. Chem. 2, 454–463.

Lisdat, F. and I. Karube, 2002, Copper proteins immobilised on gold electrodes for (bio)an-
alytical studies, Biosens. Bioelectron. 17, 1051–1057.

Lojou, E. and P. Bianco, 2000, Membrane electrodes can modulate the electrochemical
response of redox proteins – direct electrochemistry of cytochrome c, J. Electroanal.
Chem. 485, 71–80.

Lopes, H., G.W. Pettigrew, I. Moura and J.J.G. Moura, 1998, Electrochemical study on
cytochrome c peroxidase from Paracoccus denitrificans: A shifting pattern of structural
and thermodynamic properties as the enzyme is activated, J. Biol. Inorg. Chem. 3,
632–642.
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Marko-Varga, 1995, Effect of different additives on activity of tyrosinase mixed into
carbon paste electrodes, Anal. Chim. Acta 305, 8–17.

Macholan, L. and B. Chmelikova, 1986, Plant tissue-based membrane biosensor for
L-ascorbic acid, Anal. Chim. Acta 185, 187–193.

Machonkin, T.E., 2000, Spectroscopic and biochemical studies of multicopper oxidases in-
volved in iron metabolism, Doctoral thesis, Stanford University, Stanford, CA, USA.

Makino, N., P. McMahill and H.S. Mason, 1974, The oxidation state of copper in resting
tyrosinase, J. Biol. Chem. 249, 6062–6066.

Malkin, R. and B.G. Malmström, 1970, State and function of copper in biological systems,
Adv. Enzymol. Ramb. 33, 177–244.

Malmström, B.G., 1990, Cytochrome oxidase: Some unsolved problems and controversial
issues, Arch. Biochem. Biophys. 280, 233–241.

Mano, N. and A. Heller, 2003, A miniature membraneless biofuel cell operating at 0.36V
under physiological conditions, J. Electrochem. Soc. 150, A1136–A1138.

Mano, N., J.L. Fernandez, Y. Kim, W. Shin, A.J. Bard and A. Heller, 2003a, Oxygen is
electroreduced to water on a ‘‘wired’’ enzyme electrode at a lesser overpotential than on
platinum, J. Am. Chem. Soc. 125, 15290–15291.

Mano, N., F. Mao and A. Heller, 2003b, Characteristics of a miniature compartment-less
glucose-O2 biofuel cell and its operation in a living plant, J. Am. Chem. Soc. 125,
6588–6594.

Mano, N., H.-H. Kim and A. Heller, 2002, On the relationship between the characteristics of
bilirubin oxidases and O2 cathodes based on their ‘‘wiring’’, J. Phys. Chem. B. 106,
8842–8848.

Marcus, R.A., 1993, Electron-transfer reactions in chemistry – Theory and experiment
(Nobel lecture), Angew. Chem. Int. Ed. Engl. 32, 1111–1121.

Marcus, R.A. and N. Sutin, 1985, Electron transfer in chemistry and biology, Biochim.
Biophys. Acta 811, 265–322.

Direct Electrochemistry of Proteins and Enzymes 587



Marko-Varga, G., E. Burestedt, C.J. Svensson, J. Emnéus, L. Gorton, T. Ruzgas, M. Lutz
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Yaropolov, A.I., A.N. Kharybin, J. Emnéus, G. Marko-Varga and L. Gorton, 1996, Elect-
rochemical properties of some copper-containing oxidases, Bioelectrochem. Bioenerg. 40,
49–57.

Yaropolov, A.I., V. Malovik, S.D. Varfolomeev and I.V. Berezin, 1979, Electroreduction of
hydrogen peroxide on an electrode with immobilized peroxidase, Dokl. Akad. Nauk.
SSSR 249, 1399–1401.

Yaropolov, A.I., A. Naki, G.S. Pepanyan, E.L. Saenko and S.D. Varfolomeev, 1986, Mech-
anism of laccase activation in pre-steady-state reaction stage, Moscow University Chem.
Bull. 27, 93–96.

Yaropolov, A.I., O.V. Skorobogat’ko, S.S. Vartanov and S.D. Varfolomeyev, 1994, Laccase.
Properties, catalytic mechanism, and applicability, Appl. Biochem. Biotechnol. 49,
257–280.

Ye, B. and X. Zhou, 1997, Direct electrochemical redox of tyrosinase at silver electrodes,
Talanta 44, 831–836.

Yeh, P. and T. Kuwana, 1977, Reversible electrode reaction of cytochrome c, Chem. Lett.
1145–1148.

Yu, A. and F. Caruso, 2003, Thin films of polyelectrolyte-encapsulated catalase microcrystals
for biosensing, Anal. Chem. 75, 3031–3037.

Yu, X., D. Chattopadhyay, I. Galeska, F. Papadimitrakopoulos and J.F. Rusling, 2003a,
Peroxidase activity of enzymes bound to the ends of single-wall carbon nanotube forest
electrodes, Electrochem. Commun. 5, 408–411.

Yu, X., G.A. Sotzing, F. Papadimitrakopoulos and J.F. Rusling, 2003b, Wiring of enzymes
to electrodes by ultrathin conductive polyion underlayers: Enhanced catalytic response to
hydrogen peroxide, Anal. Chem. 75, 4565–4571.

Zaitsev, V., I. Zaitseva, G. Card, B. Bax, A. Ralph and P. Lindley, 1996, The three-dimen-
sional structure of human ceruloplasmin at 3.0Å resolution, Fold. Design 1, S71.
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1. ELECTRON-TRANSFER PATHWAYS BETWEEN REDOX

PROTEINS AND ELECTRODE SURFACES

1.1. Introduction

A biosensor is defined as an analytical device consisting of a biological sensing
element either integrated within or in close vicinity of a transducer element
which transforms the selective information of the presence of an analyte of
interest into a quantifiable signal (Hall, 1992; Thevenot et al., 2001). A typical
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biosensor architecture comprises three features: a biological recognition element
which is usually immobilised on the surface of a suitable transducer for con-
verting the primary signal into a proportional change of a physical or chemical
property, and an amplification or processing element (Figure 1).
The design of appropriate sensor architectures for a given analyte depends on

the specific demands arising from the analytical problem, which has to be solved
such as selectivity, sensitivity, dynamic range, detection limit, response time,
precision, reproducibility, stability, and cost of the measurement.
The high selectivity and specificity of biosensors are realised by integration of

a biological recognition element within the sensing chemistry, thus providing an
intrinsic advantage by making use of the existing variety of complementary
biological recognition reactions. Usually, sensors based on catalytic biorecog-
nition elements (enzymes, cells, microorganisms, tissues) and sensors based on
affinity-based recognition elements (antibodies, antigens, receptor proteins such
as ion channel receptors, G-protein-linked receptors, receptors with single
transmembrane segments, synthetic receptors, and nucleic acids) are distin-
guished (Griffiths and Hall, 1993). As a matter of fact, sensors using catalytic
biorecognition elements posses an in-built signal-amplification ability concom-
itant with a regeneration of the active site of the biorecognition element after the
catalytic reaction. In contrast, affinity-based sensors are mainly restricted by the
equilibrium constant of the recognition reaction and have to be coupled with
suitable amplification strategies. However, since high affinity is a crucial pre-
requisite for a low detection limit affinity-based sensors often lack reversibility.
Therefore, most applied research was done in the field of immunosensors, es-
pecially miniaturised electrochemical immunosensors (Aguilar et al., 2002). The
application of enzymes for biosensors (Guilbault and Schmid, 1991; Bilitewski
et al., 2000; Chaubey and Malhotra, 2002) and the use of affinity-based sensors
(Scheller et al., 2002; Umezawa et al., 2002; Subrahmanyam et al., 2002) has
been extensively reviewed in detail over the past years. The sensitivity and the

transducer

analyte solution

amplifier
data acquisition

biological
recognition layer

complex analyte
mixture containing
proteins, interfering
compounds,
proteases etc.

specific activity,
selectivity, turn-over
rate, KM -value of the
biological recognition
element.

immobilisation
process, design
of the sensor
architecture

selectivity of the
transduction process,
background signal,
noise level, sensitivity.

Fig. 1. Schematic representation of a biosensor and the factors defining the sensor signal.
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detection limit of a biosensor is strongly dependent on the affinity or catalytic
properties of the sensing elements on the one hand, and the sensitivity of the
physical transducer on the other hand. In the case of an electrochemical trans-
duction scheme different techniques can be applied for quantifying the concen-
tration of the analyte of interest. Among these are potentiometric transducers
such as pH electrodes, potentiometric gas sensors, ion-selective electrodes, ion-
selective field-effect transistors (ISFET), and enzyme field-effect transistors
(ENFET) in which the variation of the activity of a potential-determining spe-
cies (e.g. H+, NH3, CO2, metal ions) caused by the biological recognition re-
action is determined. Here, the focus is directed towards electron-transfer (ET)
reactions subsequent to redox reactions catalysed by suitable redox enzymes. In
this case, the transducer is usually a noble metal or carbon electrode and often
dynamic voltammetric methods such as cyclic voltammetry (CV), differential
pulse voltammetry (DPV), and differential pulse amperometry (DPA) are used
to elucidate the chosen biosensor architecture and the properties of the immo-
bilised redox proteins (Armstrong, 2002). In addition, constant-potential ampe-
rometry is frequently used to obtain correlations between substrate
concentration and sensor output. Combination with spectroscopic techniques
(UV–vis, NMR, EPR) allows to obtain further information.
The most simple design of an amperometric biosensor is the direct measure-

ment of either an enzymatically generated product or of an ET mediator nat-
urally involved in the biocatalytic process. A typical example for this design is
the basic set-up of glucose sensors comprising the enzyme glucose oxidase as the
biorecognition element and recording either the enzymatically produced prod-
uct H2O2 or the decrease of the concentration of the co-substrate O2 for col-
lecting information about the glucose concentration in a sample (Clark and
Lyons, 1962; Guilbault and Lubrano, 1973). The corresponding glucose sensors
are typical examples of the so-called ‘first-generation biosensors’ (Updike and
Hicks, 1967; Harrison et al., 1988; Shimizu and Morita, 1990). However, since
this detection principle may lead to a poor reproducibility of the overall sensing
process due to varying O2 concentrations in the sample under investigation, the
application of artificial redox mediators was introduced in order to avoid the
interference-prone oxygen dependence. Moreover, it is essential to decrease the
unfavourable working electrode potential necessary for either the reduction of
O2 or the oxidation of H2O2. Sensors realising a design with artificial mediators
at known/constant concentration are addressed as ‘second generation biosen-
sors’ (Ianniello et al., 1982a; Kulys and Cenas, 1983; Cass et al., 1984; Umana
and Waller, 1986; Foulds and Lowe, 1988; Hill and Sanghera, 1990; Kajiya
et al., 1991). In second generation biosensors redox enzymes donate or accept
electrons to or from electrochemically active redox mediators having a redox
potential adjusted to that of the enzyme’s cofactor.1 Ideally the mediator is

1In biology, the term ‘prosthetic group’ or ‘coenzyme’ is used for tightly bound, specific non-polypeptide

units required for the biological activities of proteins. In bioelectrochemistry, the term ‘cofactor’ is often

used synonymously with the term ‘prosthetic group’ or ‘coenzyme’. This is even more problematic since

proteins containing more than one prosthetic group are usually called multi-cofactor proteins. In this

chapter, the term ‘cofactor’ was used exclusively for redox-active non-polypeptide substructures in an

enzyme which are tightly but not necessarily covalently bound within the protein. Free-diffusing co-

enzymes like NAD+/NADH are not included in this meaning of the term ‘cofactor’.
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otherwise inactive, i.e. highly specific only for the desired ET process between
the recognition element and the transducer. As a matter of fact, free-diffusing
low-molecular weight redox mediators are prone to leak from the electrode
surface thus imposing an overall decreased long-term operation stability to this
type of enzyme electrodes. This inherent problem, however, is not preventing
the successful application of such sensors in one-shot devices, an application
field which is especially important for self-monitoring of blood glucose levels
(Tang et al., 2001; Louie et al., 2000; Kost et al., 2000).
Another alternative approach is seen in immobilising the redox enzyme on a

suitable electrode surface in such a way that the protein-integrated redox site
can directly exchange electrons with the electrode (Armstrong et al., 1988; Frew
and Hill, 1988) avoiding any free-diffusing redox mediator (Kulys et al., 1980;
Lötzbeyer et al., 1996; Contractor et al., 1994; Schuhmann, 1995b; Khan, 1996;
Chaubey et al., 2000a). This sensor design was named ‘third-generation
biosensors’.

1.2. Marcus-theory of electron transfer

For a principal understanding of the ET processes underlying the functionality
of all amperometric biosensors the same theoretical background can be used as
it was developed for the elucidation of ET processes that play a vital role in a
variety of biological reactions or for artificial ‘donor–acceptor system’. These
donor–acceptor reactions can be very rapid, even when the reactants are sep-
arated over longer distances, e.g. by multi-step tunnelling processes (Winkler,
2000). The underlying principal mechanism was intensively investigated and
reviewed (Beratan and Skourtis, 1998). In the following, a brief summary of the
Marcus-theory of ET is presented.
Electron transfer is a radiationless electronic rearrangement occurring isoen-

ergetically: an electron moves from an initial state on an electrode or reductant
to a receiving state on another solvated species or on an electrode of the same
energy. A conventional theoretical description of the elementary reaction rates
is given in equation (1), the so-called single mode quantum mechanical treat-
ment of non-adiabatic ET theory according to Marcus, Levich, Jortner and
Gerischer (Marcus, 1965; Gerischer, 1961; Levich and Dogonadze, 1959; Bixon
and Jortner, 1968; Marcus, 1987, 1988; Marcus and Sutin, 1985; Jortner, 1980;
Heitele, 1993; Bixon and Jortner, 1986).

k ¼
2p

_2om

� V2 �
uþ 1

u

� �p=2

� exp½�Sð2uþ 1Þ� � IP½2Sðuðuþ 1ÞÞ1=2�. ð1Þ

In this equation, _om is the energy of the (protein/enzyme) mode that is
coupled to the ET process (the vibration that is physically transferring
the electron from the initial donor state to the final acceptor state). The term
u ¼ ½expð_om=kBTÞ � 1��1 reflects the thermal population of that mode. The
expression p ¼ �DG0=_om is the free energy gap of the reaction (the
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driving force) reduced by _om (to get rid of the unity). The electron–phonon
coupling parameter, S, corresponds to the reduced nuclear reorganisation
energy l ðS ¼ l=_omÞ, which can be viewed as a parameter that accounts
for the reorganisation of the donor and acceptor and their corresponding
surrounding in course of the ET process (changes of the internal geometry,
coordination, etc. of donor and acceptor due to the oxidation of the one
and reduction of the other. V is the two centre, one electron electronic inter-
action term that might be interpreted as the success probability of an ET-
transfer trial. IP is the modified Bessel function of order p, kB and _ are the
Boltzmann and the Planck’s constant (divided by 2p), respectively, and T is the
temperature.
A simplified expression of the basic rate constant is given by the typical

Marcus-equation (equation (2)), where non-adiabatic ET is described by the
Franck–Condon weighted density of states of the (protein/enzyme) mode:

k ¼
2p
_
� V 2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkBT

p
� exp½�ðDG0 þ lÞ2=4lkBT �. ð2Þ

The distance dependence of ET is reflected in the electronic interaction term V.
The ET rate decreases exponentially with increasing distance according to

V ¼ V 0 � exp½�bðr � r0Þ� ð3Þ

In equation (3), the distance between donor and acceptor is given by r and V0 is
the electronic coupling at nearest distance r0 between donor and acceptor and b
is a ‘material-constant’ reflecting the ET-properties of the medium between
donor and acceptor. For a given donor–acceptor distance a plot of ln k vs. DG0

is parabolic with a maximum rate at �DG0 ¼ l (Miller et al., 1984; McCleskey
et al., 1992, 1994), however, since for electrochemical biosensors one of the
ET partners in the overall rate is an electrode with a continuum of electronic
states in the so-called inverted region ð�DG04lÞ and/or transfer of charge
to the electrode may be diffusion limited, one would not expect the typical
decrease of ln k vs. DG0 in the inverted region for this type of heterogeneous ET
reactions.
In general, a complete mechanistic explanation of the overall rate of a bio-

sensors on the basis of the given equations is difficult due to the complexity of
the kinetic system with several ET reactions, enzyme kinetics, diffusion, het-
erogeneous ET reactions, etc. and the imprecise knowledge of the involved
parameters. There are different mechanisms for intra-molecular and inter-
molecular ET: direct or superexchange-mediated ET between cofactors, a hop-
ping mechanism from one cofactor via protein residues to another cofactor or
large, redox-dependent conformational changes could enable direct ET between
cofactor. In metallo-proteins, for example, ET can take place over very long
distances (up to 30 Å) at a tremendous rate (410 s�1). In biological systems, ET
often occurs along specific protein–protein complexes, such as in the respiratory
chain. These complexes need to be stable enough for a molecular recognition
process, but also labile enough to allow a fast overall electron flow. The electron
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exchange process is dependent on the surface structure of the proteins and the
molecular dynamics of protein–protein complexes. It seems that evolutionary
process of nature mainly relies on a close proximity between the involved redox
relays while tuning the energetic properties by means of the surrounding (pro-
tein) medium.
Summarising, ET is – according to Marcus theory – mainly regulated by

(Williams, 1989; Beratan et al., 1992; Moser et al., 1992; Winkler, 2000; Petrov
et al., 2001)

� the distance between the electron donor and acceptor,
� the driving force for the overall process,
� the reorganisation energy of the involved redox centers, and
� the intervening medium/the nature of the protein matrix.

1.3. Structural and ET properties of redox proteins

Enzymes are favoured as recognition elements in biosensors because they
provide a broad range of changes of physico-chemical parameters such as elec-
trons, protons, ions, mass, light, and heat during the enzymatic reaction
(Lowe, 1989), which can be detected using suitable transducer elements. General
properties of enzymes have been intensively discussed in Lippard and
Berg (1994) and Williams (2003). With the focus on ET reactions as basis of
sensor architectures, it is obvious in a general sense that ET reactions and
pathways in biology are involving a large variety of different types and classes
of proteins (Vervoort, 1991). Thus, in order to understand biological ET path-
ways which may eventually serve as models for the design of ET pathways in
biosensors, the specific features of ET pathways have to be elucidated (Brunori,
1994).
A large number of enzymes can catalyse redox transformations and these so-

called oxidoreductases are essential for fundamental biological reactions, such as
respiration, photosynthesis, metabolism, and cellular defence. In general, redox
proteins make use of either bioanorganic or organic prostethic groups, which
may be covalently bound or non-covalently fixed within the protein shell. Al-
ternatively, free-diffusing coenzymes are used as electron donors or acceptors
involving a simultaneous binding of substrate and coenzyme in the active site of
the enzyme. Oxidoreductases cover about 30% of nature’s enzymes. The redox
potentials of the cofactors (iron–sulphur clusters, hemes, quinones, etc.) are
confined to a relatively narrow potential window of 0 to �1V vs. NHE. The
formal potential of the cofactors integrated within the protein shell is dramat-
ically modulated by the protein side chains serving as ligands for the metal
complexes, by a change in the stereochemistry of the metal centre. In addition,
the whole protein structure influences the redox potential in analogy to the
influence of the solvent on redox potentials of redox species in solution by
factors, such as local hydrophilicity or hydrophobicity, steric blocking of coor-
dination sites, and hydrogen bridges. Metal ions located in the active centre of an
enzyme can change their reactivity in the presence of an external substrate during
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the catalytic process. In addition, metal ions induce the formation of a specific
tertiary structure of the protein and may help in the interaction between proteins
or stabilise them. The metal-binding part of redox enzymes is tailored for ex-
hibiting minimal structural changes in the protein following a change in the
redox state of the cofactor. However, some redox proteins (e.g. cytochrome cd1

nitrite reductase (Williams et al., 1997) exhibit dramatic conformational changes
induced by a change in their redox state which may be applied for an allosteric
regulation of the enzyme activity or to modulate the binding constant of the
product inside the active site to facilitate the completion of the catalytic cycle.

1.3.1. Small redox proteins

The so-called small redox proteins often serve as free-diffusing redox mediators
in biological systems assuring the function of ET chains by coupling membrane-
bound, and hence relative immobile redox proteins. Cytochromes are redox
shuttles containing at least one ferro-heme as a cofactor. They perform a variety
of different biological functions and are used physiologically in ET pathways,
e.g. in the respiratory chain in the mitochondria. During respiration cytochrome
c oxidase transports electrons from cytochrome c to water. Often multi-electron
redox reactions have to be coupled with the possibility to establish ET chains
using one-electron redox shuttles. For example, the reduction of one oxygen
molecule to two water molecules requires four electrons, while cytochrome c is
able to transfer only one electron at a time. The production of toxic radicals by
this incomplete reduction of oxygen is, however, avoided though the mechanism
is still not completely understood (Niki et al., 2003; Wei et al., 2004). The heme
group of cytochromes consist of Fe(III) coordinated to a porphyrin group. The
redox potentials of the Fe(III)/Fe(II) couples of different types of cytochromes
are significantly different despite their obvious structural similarities. These dif-
ferences are closely related to the nature of the active site of the cytochrome, such
as hydrophobicity, solvent accessibility, and nature of the protein side chains
with respect to their electrostatic and hydrogen-bonding interaction capability.
Small heme-containing proteins, such as cytochrome c, and microperoxidase
MP11 seem to be suitable redox proteins for the use in biosensors, however, their
ET capabilities with electrodes was shown to be highly dependent on electrode
surface modifications (see below). Myoglobin and haemoglobin, however, al-
though they had been demonstrated to exhibit direct ET with electrode surfaces,
show slow ET kinetics and were hence not applied in biosensors.
Blue copper proteins, such as azurins, plastocyanins, pseudo-azurins and

amicyanins, received their classification name because of their blue colour. They
have a closely fixed structure, and have similar copper coordination by two
histidine, one cysteine and one methionine residue. Their catalytic reaction is
pH sensitive because the acid-base properties of coordinating ligands can spe-
cifically change the redox potential of the protein (Chapman, 1991). These ET
proteins do not perform a significant structural change of the protein during
the ET process. Thus, they have a small reorganisation energy and consequently
high ET rates. Moreover, blue copper proteins have no cofactor that is
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associated with the copper centre, but residues of the protein matrix serve as
ligands to the metal centre. Interestingly, two distinct proteins, plastocyanin and
cytochrome c6, have identical purposes in the photosynthetic ET chain. Both
differ in composition and structure, but they posses very similar redox poten-
tials. Because their surface topology is similar and the involved parts of the
proteins in the ET reaction have similar positions, both can perform the same
biological function.

1.3.2. Redox proteins with tightly bound cofactors inside the protein shell

Redox proteins with tightly bound cofactors, such as flavins, quinones, hemes,
disulfide groups, or metal centres are frequently used in amperometric biosen-
sors. They are classified with respect to their cofactor which can be covalently or
non-covalently bound. There are, for example, five classes of flavoenzymes
which are defined by the mechanism of the ET with their substrate:
transhydrogenases, dehydrogenase-oxidases, dehydrogenase-monooxygenases,
dehydrogenase-electron transferases, and electron transferases. Often, the co-
factor of these enzymes are deeply buried within the protein shell leading to a
successful insulation of the cofactor from unwanted ET reactions. This is a key
feature of life, since potential differences necessary to perform metabolic re-
actions have to be prevented to get lost in thermodynamically driven down-hill
reactions under dissipation of the energy in form of heat.

1.3.3. Multi-cofactors redox proteins

Multi-cofactor redox proteins consist usually of more than one subunit with
different cofactors such as pyrrolo-quinoline-quinone (PQQ), flavin-adenine-
dinucleotide (FAD), nicotinamide-adenine-dinucleotide (NAD+), flavin-mono-
nucleotide (FMN) or heme. Following a primary redox conversion in the active
site of the enzyme leading to the oxidation or reduction of the substrate, the
primary cofactor is regenerated by a fast internal ET with the secondary cofactors
bound in the same or other subunits of the protein (Page et al., 2003). This fast
regeneration of the active site allows a high turnover rate and concomitantly
prevents the back-reaction of the product thus shifting the equilibrium of the
reaction to the product side. Moreover, the redox equivalents are made available
to specific partners in the overall ET cascade following a pre-defined pathway
thus preventing unfavourable loss of energy in unwanted side reactions. Obvi-
ously, one cofactor is used for the catalytic reaction with the substrate of the
enzyme, and the others serve as secondary electron acceptors or donors for
chanelling electrons along a pre-defined ET pathway.
Two possible mechanisms for the exchange of electrons can be assumed for

these multi-cofactor enzymes. The first is involving an ET pathway from one
cofactor to the next according to the differences in the formal potentials of the
involved redox centres (electron-hopping mechanism), while the second is as-
suming a direct ET between each of the cofactors with the electrode surface
(Figure 2).
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In general, it is assumed that multi-cofactor proteins follow an intra-molec-
ular ET pathway via the hopping mechanism schematically shown in Figure 2a.
In order to prove this assumption the ET properties in two different fumarate
reductases were investigated using square wave voltammetry (Jeuken et al.,
2002). To distinguish between the two mechanisms the ET rate was measured as
a function of the driving force, assuming that in the case of a direct non-
hopping ET the rate should increase with the applied potential of the working
electrode. In the case of the hopping mechanism, the overall ET rate is con-
trolled by the slowest rate in the sequence of ET reactions between the redox
partners in the electron-hopping chain. Hence, the ET rate should be inde-
pendent from the applied electrode potential. For fumarate reductase the ET
rate was found to be independent from the applied electrode potential. A com-
pilation of the specific characteristics of a number of multi-cofactor enzymes is
given in Table 1, possible ET pathways for some selected enzymes are dem-
onstrated in Figure 3 showing the differences of possible ET chains in depend-
ence from the number of involved cofactors, their orientation and their location
in the different subunits.

1.4. Immobilisation of proteins on electrode surfaces

Techniques for the preparation of biosensors are well established and are
mainly dealing with the fixation of the biological recognition element on the
transducer surface. Here, the focus is directed towards the fabrication of suit-
able biosensor architectures facilitating electrochemical communication be-
tween the immobilised redox proteins and the electrode surface. As a matter of
fact, the chosen immobilisation technique and its impact on the biological rec-
ognition element affects significantly the overall biosensor performance and
determines the selectivity, sensitivity, specificity, dynamic range, response time,
and reliability of the biosensor. Several techniques for the immobilisation
of redox protein on electrode surfaces are available and described in detail
(Murray, 1980; Bard, 1983; White and Turner, 1997; Stoecker and Yacynych,
1990; Barendrecht, 1990; Zhang et al., 2000). Possibilities to immobilise proteins
on electrode surfaces are schematically summarised in Figure 4.

EE

(b)(a)

Fig. 2. ET mechanism in multi-cofactor redox proteins. (a) a hopping mechanism, (b) non-

hopping mechanism.
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In general, one has to consider several factors before choosing an appropriate
immobilisation technique aiming on the preservation of a maximum of enzyme
activity and stability, a sufficient enzyme loading on the sensor surface, and a
proper design of the sensor architecture to enable a productive communication
between the biocatalytic recognition process and the transducer surface.

Table 1. Multi-cofactor redox enzymes summarising structural and ET properties

Analyte of

interest

Biological recognition element Subunits of multi-cofactor

proteins

References

(applications in

biosensors)

Quinoproteins (PQQ or derivatives; non-covalently bound) Laurinavicius et al.

(2002), Davidson

(2004), Oubrie

(2003), Ikeda and

Kano (2003), Jeuken

et al. (2002)

Ethanol,

higher

alcohols

Quinohemoprotein alcohol

dehydrogenases (QH-ADH)

Type III ADH: subunit 1:

PQQ (reaction with

substrate), heme c (electron

acceptor); subunit 2: 3 heme

c (electron acceptors);

subunit 3: no redox group

Davis et al. (1983),

Niculescu et al.

(2002), Ikeda et al.

(1993b), Yanai et al.

(1994),

Ramanavicius et al.

(1999), Toyama et al.

(2004), Razumiene et

al. (2003), Stigter et

al. (1997)

Fructose Quinohemoprotein fructose

dehydrogenase (FDH)

Subunit 1: PQQ (reaction

with substrate), heme c

(electron acceptor)

Ikeda et al. (1990),

Paredes et al. (1997)

Amines Quinohemoprotein amine

dehydrogenase

Subunit 1: CTQ (cysteine

tryptophylquinone)

(reaction with substrate);

subunit 2: 2 hemes c

(electron cceptors); subunit

3: no redox group

Fujieda et al. (2002),

Yamamoto et al.

(2001), Hyun and

Davidson (1995),

Bishop and

Davidson (1997)

Flavoproteins (FMN non-covalently bound, FAD covalently or non-covalently bound)

Succinate Succinate dehydrogenase (SDH) Subunit 1: covalently bound

FAD, three Fe-S clusters

Hirst et al. (1996),

Leger et al. (2001),

Pershad et al. (1999)

Fumarate Fumarate reductase (FR) Subunit 1: FAD; subunit 2:

three Fe-S clusters; subunit

3: two heme b

Jeuken et al. (2002),

Leger et al. (2001),

Heering et al. (1997)

Cellobiose Cellobiose dehydrogenase (CDH) Subunit 1: FAD (reaction

with substrate); subunit 2:

heme b (electron acceptor)

Fridman et al.

(2000), Larsson et al.

(1996), Lindgren et

al. (2000a), Lindgren

et al. (1999b), Stoica

et al. (2004)

D-gluconate D-gluconate dehydrogenase

(GADH)

FAD, heme c, Fe-S clusters; Ikeda et al. (1992,

1993a)

Sulfide Flavocytochrome c552 (FCC) Subunit 1: FAD; subunit 2:

cytochrome c

Kinnear and

Monbouquette

(1993)

S. Borgmann et al.608



Fig. 3. Schematic representation of selected types of multi-cofactor enzymes immobilised at an electrode interphase (a) and (b) flavohemoproteins

with one or two subunits, (c) quinohemoproteins.
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Fig. 4. Schematic representation of protein immobilisation techniques for the modification of transducer surfaces: (a) adsorbtion of proteins, (b)

cross-linking of proteins, (c) formation of self-assembled monolayers (SAM) and protein attachment on SAM, (d) covalent attachment of proteins

to the electrode surface or binding of proteins via biological recognition, (e) formation of redox polymers with entraped proteins by means of dip or

drop coating or electro-deposition, (f) layer-by-layer deposition.
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Proteins adsorb spontaneously on a variety of electrode materials with the
binding mainly depending on the interaction forces (Figure 4a). Adsorption is
mainly due to electrostatic, dipole–dipole, or hydrophobic interactions in ad-
dition to the formation of hydrogen bonds. As a matter of fact, the stability of
the obtained sensing layer is highly dependent on the ionic strength, the pH-
value, temperature, etc., and hence not clearly defined especially in complex real
samples. However, adsorbtion is a valid technique for first sensor tests, for one-
shot biosensors, or for sensors which have to be regenerated, e.g. by provoking
desorbtion of the adsorbed protein by means of pH changes or using electro-
lytes with high ionic strength. However, one has to take into account the fact
that proteins often denature when they are in direct contact with noble metal or
carbon surfaces.
To overcome problems of denaturation of proteins in direct contact with

metal surfaces a variety of layers which may separate the protein from the
transducer surface was developed. In this respect, self-assembled monolayers
(SAMs) have found wide application as interface layers between the electrode
surface and the enzyme, concomitantly allowing to covalently attach the pro-
teins to the SAM using specifically integrated functional head groups at the
monolayer (Wink et al., 1997). In addition, SAMs can be tailored with respect
to their surface charge to provide a surface with a certain degree of biocom-
patibility for in vitro or in vivo applications. Chemical self-assembly is used for
surface modification and functionalisation and occurs when alkanethiols or
related derivatives spontaneously chemisorb onto oxide-free metals (e.g. Au,
Ag, Hg) from liquid or vapour phase (Figure 4c). The formation of SAMs on
electrode surfaces proceed via a sequence of stages of different order from an
unordered physisorbed assembly via a stacked lying assembly to densely packed
phases with the alkane chains standing at a certain tilt angle to the surface plain
(Poirier, 1999). Surface stress, kinetics, and structure of alkanethiol SAMs were
monitored with ex situ STM imaging (Godin et al., 2004). Investigations on
SAMs on electrodes were reviewed in Finklea (1996). The overall formation of
SAMs is fast, relatively easy, and flexible with respect to further modification
reactions by means of adsorption or covalent binding of modifiers at suitable
head groups. A variety of biosensor architectures based on monolayers (Willner
et al., 1992; Willner and Riklin, 1994) or multilayers (Willner et al., 1993)
entrapping redox enzyme were described.
Covalent attachment of biomolecules on the electrode surfaces provides more

stable and better defined sensor architectures (Figure 4d). However, the elec-
trode surface needs to be activated and suitable functional groups for the secure
fixation of biological recognition elements have to be introduced to the surface.
Pt electrodes can be modified using condensation of functionalised silane de-
rivatives with the Pt-oxide layer at the electrode surface (Weetall, 1993) or with
cyanuric chloride followed by reaction with an alcohol or amine function (Cho
and Bailey, 1979; Ianniello et al., 1982b). Similarly, silicon wafers, glass sur-
faces, and indium-tin-oxide electrodes can be functionalised. Carbon surfaces
can be modified after chemical or electrochemical surface oxidation using
thionyl-chloride or carbodiimide activation of the surface carboxyl groups
(Bourdillon et al., 1980).
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Multi-layer films of organic compounds on solid surfaces allow fabrication
of multi-composite molecular assemblies of tailored architecture. Both the
Langmuir–Blodgett technique and chemisorption from solution were success-
fully used for electrode modification. Functionalisation of electrode surfaces
was reviewed in Willner and Katz (2000). Multi-composites make it possible to
combine two or more desirable properties, or to provide additional stability for
otherwise highly labile biomolecules or biomolecular assemblies. Higher device
functionality may arise from a combination of physical and chemical processes
such as electron or energy transfer and photochemical energy conversion. Such
devices require control of molecular orientation and organisation on the nano-
scale. Therefore, the controlled assembly of multi-component nanostructures is
of increasing importance, which may be achieved by sequentially depositing
monomolecular layers onto planar solid supports. Within the formed multilay-
ers, nanoscale arrangements of molecules can be controlled at least to a
certain extent. A layer-by-layer assembly (Figure 4f) allows the formation
of amperometric biosensors with controlled sensor architecture (Decher and
Hong, 1991; Decher, 1997; Lvov et al., 1993; Decher et al., 1994; Panchagnula
et al., 2004) which offers control over amount and spatial distribution of
the immobilised enzymes. Sufficiently stable films are obtained because of
electrostatic attraction between the layers. In thicker films and multilayers
only those molecules which are directly located in close proximity to the
electrode surface may be able for direct ET. Thus, strategies have to be de-
veloped allowing for addressing also enzyme molecules which are immobilised
outside the direct ET distance (Lvov and Möhwald, 1999; Panchagnula et al.,
2002; Lvov et al., 1998; Rilling et al., 1997; Wang and Hu, 2001; Loew et al.,
2004). For example, cytochrome c multilayers entrapped within polyelectrolytes
showed increasing redox current with the number of layers (Beissenhirtz et al.,
2004). The layer-by-layer technique offers a relatively simple approach for
surface modification with potentials for adapting it for miniaturised sensors and
automated sensor fabrication. In addition, depending on the composition of
the film interference-elimination layers can be implemented into the sensor
architecture.
The biological recognition of antibodies and antigens were not only success-

fully applied for immunological purposes, but also as an analytical tool in
biochemistry, e.g. for labelling of proteins, in enzyme immunoassays, or affinity
chromatography. Based on these techniques, it is possible for immobilising
enzyme molecules by using antigen–antibody recognition (Bourdillon et al.,
1993). Glassy-carbon electrodes, for example were modified with gelatine on
which rabbit-IgG-antibodies were adsorbed. An anti-rabbit-IgG-antibody-
glucose oxidase conjugate was bound to the first antibody layer resulting
in a functional glucose sensor (Bourdillon et al., 1994). Antigen–antibody
interactions can be even used for the construction of multi-layered elec-
trodes with up to 10 layers (Bourdillon et al., 1996). In general, the affinity
interactions are very strong (Ka (antibodies) ¼ 10�6 to 10�8M�1, Ka (biotin–
streptavidin) ¼ 10�15M�1). Hence, due to its very strong affinity constant es-
pecially biotin–streptavidin recognition was frequently applied for the immo-
bilisation of enzymes.
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For entraping of enzymes within a polymer film (Figure 4e) the pore size of
the polymer needs to be chosen large enough to allow the free diffusion of
substrates and products, but small enough to retain the enzymes within the film.
In addition, structural rigidity and flexibility of the polymer film determines the
properties of related biosensors. The entrapment of redox enzymes in polymers
is facilitated by chemical and/or physical interactions between the protein shell
and the polymer chains, however, the deposited polymer films form a diffusion
barrier thus usually prolonging the response time, shifting the linear measuring
range, and decreasing the sensitivity of the sensor. Dip coating followed by
cross-linking of the polymer layer using bifunctional molecules were applied for
incorporation of biomolecules into three-dimensional films with comparatively
high activity (Figure 4b) (DeSantis and Jones, 1999; Wong and Wong, 1992).
Cross-linking using, e.g. hexamethyl diisocyanate, glutaraldehyde (Chaubey
et al., 2000b) or poly(ethyleneglycol) diglycidylether reduces the leakage of the
biorecognition elements and may even stabilise the entrapped protein. Redox
polymer hydrogels (reviewed in Katakis and Heller, 1997) with entrapped redox
enzymes have been frequently used for the construction of the so-called rea-
gentless biosensors (for details see below). The hydrogel properties of the redox
polymer in general ensure a fast diffusion of substrates and products within the
film, and may provide an enzyme-friendly surrounding. Alternatively, electro-
chemically generated conducting and non-conducting polymers were used to
entrap biomolecules. A suitable precursor monomer, which can be electro-
chemically oxidised at the electrode surface under formation of a radical cation
within the diffusion zone in the front of the electrode surface, is mixed with the
biorecognition element. Film deposition is invoked by means of potential cy-
cling or the application of a sequence of potential pulses (Schuhmann et al.,
1997) is oxidised in the presence of a redox enzyme. First monomeric and
dimeric cation radicals are obtained which form oligomers via radical recom-
bination reactions. At a certain chain length, the oligomers become insoluble in
the used solvent and precipitate on the electrode surface. For example, poly-
pyrrole can be obtained by applying potentials greater than þ0:6V vs. SCE
using cyclic voltammetry or pulse techniques. Due to the electrochemical con-
trol of the polymer formation process, a pre-defined film thickness can be ob-
tained by adjusting the concentration ratio of the compounds, the applied
potential and/or the deposition technique. The film properties are dependent on
the used monomers, the polymerisation technique/rate, the electrode material,
the nature of the redox enzyme, the components and pH-value of the buffer. It
is important to choose a polymeric film that is compatible with the enzyme of
interest. For example, it is difficult to entrap positively charged enzymes within
polypyrrole films because of the electrostatic repulsion of the protein and the
overall positively charged polymer film. A large number of contributions in this
area was already published which had been comprehensively reviewed (Lorenzo
et al., 1998; Bartlett and Cooper, 1993; Schuhmann, 1995b; Trojanowicz and
Krawczyk, 1995; Cosnier, 1999) (Figure 4e). Non-conducting polymers,
e.g. poly(phenol), poly(phenylenediamine) (McMahon et al., 2004) and po-
ly(diamino benzene) (Geise et al., 1993) can be used to form self-limiting
thin hydrophobic and insulating films (Bruno et al., 1977) with extraordinary

Amperometric Enzyme Sensors based on Direct and Mediated Electron Transfer 613



size-exclusion properties (Bartlett and Caruana, 1992). Interestingly, the size of
the electrode surface seems to have an influence on the electrochemically in-
duced film formation process thus altering the film properties (McMahon et al.,
2004) and the observed size-exclusion effect (Bartlett and Caruana, 1992).

1.5. Design of ET pathways

Due to its outstanding properties especially its high stability, glucose oxidase is
often chosen as a biological recognition element for a primary evaluation of
envisaged sensor designs. After oxidation of b-D-glucose in the active site of the
dimeric enzyme the integrated cofactor flavine-adenine-dinucleotide (FAD) is
reduced to FADH2. The regeneration of the enzyme is achieved either by its
natural electron acceptor O2 (Gough et al., 1985; Strike et al., 1995; Wang and
Lu, 1998) or artificial free-diffusing redox mediators (Schlapfer et al., 1974;
Kulys and Cenas, 1983; Cass et al., 1985). The limitations of using either the
natural or artificial free-diffusing redox mediators are obvious since the avail-
ability of sufficient O2 at the measuring site or the leakage of artificial mediators
from the electrode surface have a severe impact on the sensor performance.
Thus, possibilities for controlling ET processes between immobilised redox en-
zymes and the electrode surface are fundamental presuppositions for the de-
velopment of biosensors with properties which can be optimised with respect to
the analytical problem in question. Besides the theoretical knowledge about
factors which may influence ET processes in sensor assemblies and the possi-
bility to immobilise the sensor components on the electrode surface, ET path-
ways between the immobilised oxidoreductase and the electrode surface have to
be designed. As a matter of fact, possible ET pathways have to be compatible
with the immobilisation procedure and the specific properties of the biological
recognition element. Moreover, rate-limiting steps of the overall reaction se-
quence have to be specified to select appropriate optimisation strategies. Be-
cause productive ET between a redox enzyme and an electrode mainly depends
on the distance between the involved redox couples (for details see above;
Marcus and Sutin, 1985), different sensor designs can be realised at various
levels of complexity (Figure 5) (Mehrvar and Abdi, 2004; Chaubey and
Malhotra, 2002).
In order to control the fabrication and later function of an amperometric

biosensor to its largest extent the development of the so-called reagentless bio-
sensors is of increasing importance (Schmidt and Schuhmann, 1996). A rea-
gentless biosensor does not depend on any free-diffusing component with the
exception of the analyte to be enzymatically converted. This implies that all
sensor components are securely immobilised on the transducer surface in a
carefully designed sensor architecture allowing productive interaction between
all sensor components. For the development of a reagentless biosensor the most
appropriate methods are the use of an enzyme with tightly bound redox centres
and an ET pathway either by direct ET or via securely immobilised redox relays.
As pointed out above, with respect to Marcus theory (Marcus and Sutin, 1985;
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Fig. 5. Schematic representation of possible biosensor architectures allowing for productive ET between the immobilised biological recognition

element and the electrode surface; (a) ET involving free-diffusing redox mediators, (b) direct ET from an oriented adsorbed redox enzyme, (c) direct

ET via SAM, (d) ET cascade via SAM architectures, (e) mediated ET within a multi-cofactor or mediator-modified enzyme, (f) mediated ET via a

redox polymer, (g) ET in a layer-by-layer assembly.
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Marcus, 1993) three major factors concerning the direct ET between two redox
sites call for careful consideration: the reorganisation energy qualitatively re-
flecting the structural rigidity of the redox compound in its oxidised and re-
duced form, the potential difference between the involved redox sites, and the
distance between the redox sites (Carter et al., 1995).
Direct ET between an enzyme, even immobilised in the first monolayer on the

electrode surface, and the electrode is normally very slow or even precluded due
to the effective kinetic barrier imposed by the deep encapsulation of the redox-
active cofactor and the active substrate binding site in the enzyme structure.
Thus, for an efficient ET involving most of the immobilised redox enzymes and
allowing fast ET kinetics, cascades of a sequence of ET reactions have to be
designed using additional, eventually tightly bound redox relays with a formal
potential, which is adapted to that of the redox species involved in the overall
ET process. Thus, the overall distance between the two redox sites is divided
into a number of shorter distances increasing the overall ET kinetics while
keeping the driving force constant.
The total efficiency of the ET cascade is dependent on the whole system

architecture. One option is to shorten the distance between the active site of the
redox enzyme and the electrode surface, however, the properties of the used
redox mediator, the electrode material, the type of enzyme, etc. all influence the
sensor properties in a complex way (Table 2).
In the case of mediated ET, redox mediators shuttle electrons between the

active centre of the enzyme and the electrode (Figure 6a). Mediated biosensors
are usually less susceptible to interferences because they can be operated at
moderate electrode potentials. The diffusional properties and ET rate of the
mediator is dependent on the size and shape of the mediator, the hydrophobic
and/or hydrophilic properties and the charge interaction of the mediator with
charged side chains at the protein shell of the enzyme. The use of free-diffusing
redox mediators opened the route for successful applications of amperometric
biosensors in single-use devices in combination with dissolved enzymes or
with enzymes immobilised using all possible immobilisation strategies. As free-
diffusing mediators among a large variety of other compounds ferrocene
derivatives, organic dyes, ferricyanide, Ru- and Os-complexes, and other com-
pounds have been used (Bartlett et al., 1991). The application of free-diffusing
redox mediators was intensively investigated in the last two decades and
comprehensively reviewed (Bartlett and Cooper, 1993; Schuhmann, 1995b;
Trojanowicz and Krawczyk, 1995; Cosnier, 1999).
A relatively easy method for integrating redox mediators is their mixing into a

carbon paste (graphite powder/oil) (Senda et al., 1986; Dicks et al., 1986; Wang
et al., 1990; Kulys et al., 1992; Kacaniklic et al., 1994; Hedenmo et al., 1997)
eventually together with the biological recognition element. In order to optimise
long-term stability and response time of the sensor, carbon pastes can be further
modified with additives. It can be assumed that mediator molecules dissolve
from the carbon paste into the overlying enzyme layer. If leakage from
the enzyme layer into the electrolyte solution is slow enough, a reservoir
with a steady-state concentration of mediator molecules is established close
to the electrode surface. The ET mechanism is then comparable to that of
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free-diffusing redox mediators, and the contamination of the sensor environ-
ment with mediator compounds cannot be excluded. Alternatively, the redox
mediators can be bound to the backbone of the immobilisation matrix by
covalent or coordinative bonds, or electrostatic forces. This is a basic archi-
tecture for the development of reagentless biosensors (see below) in which all
sensor components are securely fixed on the electrode surface (Schmidt
and Schuhmann, 1996; Heller, 1990, 1992) shown schematically in Figure 5f
(Gorton, 1995).

Table 2. Optimal properties of biosensor components and entire amperometric
biosensors

Characteristics of
an ideal redox
enzyme

Selective reaction with the desired analyte; redox potential of
the primary redox site in a suitable potential window; stable
at the working conditions of the sensor; sufficient long-term
stability; possibilities to introduce functionalities for
chemical modifications with redox compounds, binding or
cross-linking with the immobilisation matrix; tuneable
enzyme properties by genetic or chemical techniques; low
costs

Properties of an
ideal mediator

Reversible electrochemistry; stable in oxidised and reduced
form; no side reactions; redox potential adapted to the
enzymatic reaction; amenable for immobilisation on the
electrode; functional side chains for covalent binding to
polymer backbones, the protein shell, or the electrode
surface; low costs; non-toxic

Advantages of
mediated ET

Independence from molecular oxygen or the presence of
other natural electron acceptors or electron donors; working
potential defined by the formal potential of the redox
mediator; decrease of the influence of interfering compounds
by proper selection of the redox mediator; controlled
dependence from pH value

Properties of an
ideal
immobilisation
matrix

Secure fixation of redox mediators and redox enzymes at the
electrode surface; matching charge and hydrophobicity/
hydrogen-binding sites of the redox enzyme; flexible
backbone; suitable binding sites for mediators, spacers, or
redox enzymes; suitable environment for proteins
(amphiphilic); sufficient stability at the application site;
possibilities to address exclusively the electrode surface for
the deposition of the immobilisation matrix; optimisation of
matrix properties possible; biocompatible; low costs

Advantages of a
reagentless
biosensor
architecture

All compounds are securely fixed on the electrode surface; no
loss of valuable coenzymes or redox mediators; no toxic
effects of free-diffusing sensor compounds; ideal for
applications in vivo or in samples as implantable sensor

Characteristics of
an ideal biosensor

High selectivity; high sensitivity; low detection limit; fast
response time; sufficient long-term stability with respect to
the envisaged application; good bio- and/or environmental
compatibility; easy to use; low costs; self-calibrating
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Due to the electrochemical insulation of enzyme-integrated cofactors imposed
by the protein shell the observation of direct ET is restricted to either small
redox proteins or to specific classes of redox enzymes having their cofactor
located close to the protein surface (see Figure 7b). However, even then there is
a need for a proper orientation of the protein with the redox site pointing
towards the electrode surface (Figure 5b, c). Often, the number of proteins
being in direct ET distance can be evaluated by a sequence of measurements in
the absence and presence of a suitable free-diffusing redox mediator. The ratio
of the current is correlated with the ratio of enzyme molecules being in direct
and mediated ET communication with the electrode. Direct ET between redox
proteins and electrode surfaces has been investigated and comprehensively re-
viewed (Frew and Hill, 1988; Gorton et al., 1999; Ghindilis, 2000; Zhang et al.,
2000). It was in as early as 1972 that direct ET on Hg-electrodes was observed

EE EE

(b)(a)

Fig. 6. Dividing the overall ET distance between an immobilised enzyme and an electrode

surface by means of ET cascades; (a) ET cascade via a sequence of redox relays with de-

creasing redox potential, (b) ET cascade via self-exchange processes of redox relays at the

same redox potential.

(a) (b)

(c) (d)

Fig. 7. Schematic representation of ET possibilities between enzymes and electrodes, (a)

shuttle mechanism based on free-diffusing redox species, (b) direct ET of (redox-relay-

modified) redox proteins at a bare or monolayer-modified electrode, (c) electron hopping in a

redox-relay-modified polymer hydrogel, (d) ET via a conducting-polymer chain.
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with cytochrome c (Betso et al., 1972), but due to the denaturing of the ad-
sorbed cytochrome c the observed electrochemistry was not reversible. A similar
behaviour is observed for many other redox proteins adsorbed on bare metal
electrodes. Obviously, the binding forces leads to a significant distortion of the
three-dimensional structure of the protein which finally inactivate or denature
the enzyme. Reversible ET of cytochrome c was proved on tin-doped indium
oxide electrodes (Yeh and Kuwana, 1977) and using 4,40-bipyridyl as a pro-
moting monolayer on Au-electrodes (Eddowes and Hill, 1977). It was supposed
that the electroinactive promoter was adsorbed in the form of a monolayer on
the electrode surface. On the one hand, the promoter leads to an anisotropic
orientation of cytochrome c at the electrode surface, and on the other hand
serves as a protecting layer preventing denaturation of the protein. Other
promoters, such as imidazole, iodide, or thiophene have been used successfully.
Later, direct ET with a number of redox proteins such as among others
microperoxidase (Razumas et al., 1996; Lötzbeyer et al., 1994; Lötzbeyer
et al., 1997; Kranz et al., 1997; Ruzgas et al., 1999), cytochrome c peroxidase
(Armstrong and Lannon, 1987), or horseradish peroxidase (HRP) (Ruzgas
et al., 1995, 1996; Yao et al., 1995; Lindgren et al., 1999a, 2000b) was evaluated.
In order to define the distance between the electrode surface and a redox

protein and, moreover, to study interfacial ET properties of redox proteins
(Elatrash and Oneill, 1995; Bain et al., 1989) SAM spontaneously formed on
clean gold surfaces from solutions of thiol derivatives (Bain et al., 1989; Finklea,
1996) were investigated. Especially, due to the inherent possibility to modify
SAMs with a variety of head groups having different surface charges and/or
functionalities, covalent binding of molecules such as redox mediators or en-
zymes becomes possible (Richardson et al., 1995; Gooding and Hibbert, 1999).
The distance between the functional head groups and the Au surface, and hence
the distance over which ET processes have to occur, can be tailored by variation
of the chain length of the alkyl spacer (Smalley et al., 1995; Feng et al., 1997).
Moreover, SAMs are sufficiently stable against changes in temperature or pH
value as well as in a broad potential range (�1.4 to þ0:8V vs. SCE). Initially,
investigations about the direct ET between adsorbed or covalently linked cyto-
chrome c and electrode surfaces were performed (Armstrong, 1992). Due to the
fact that cytochrome c shows a positive charge accumulation in the vicinity of
its active heme site, negatively charged SAM head groups such as carboxylic
acid residues promote anisotropic binding of cytochrome c and hence the direct
ET between cytochrome c and an electrode (Tarlov and Bowden, 1991;
Collinson et al., 1992). Binding of small heme-containing redox proteins on
cystamine-modified Au-electrodes revealed close to reversible electrochemistry
for Fe3+/2+ and high electrocatalytic activity for the reduction of H2O2

(Lötzbeyer et al., 1997; Narvaez et al., 1997; Ruzgas et al., 1999). Even hemin
itself could be successfully tethered to a cystamine SAM (Lötzbeyer et al., 1995;
Chen et al., 2000).
However, due to the large size of the enzyme, direct electrochemistry between

HRP and SAM-modified Au-surfaces is unlikely. The overall ET distance can
only be decreased by attempting an anisotropic orientation of the protein prior
to covalent immobilisation with the active site exposed towards the electrode
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surface. One possible strategy is the covalent binding of the active centre of the
protein preferentially via a flexible spacer to the surface of a suitable SAM.
Subsequently, the reconstitution of the active holo-enzyme is achieved by
immersing the modified electrode in a solution containing the apoprotein.
Examples for this strategy are the reconstitution of holo-oxidases using
thiol-derivatised FAD (Willner et al., 1996, 1997a, b), PQQ-dependent de-
hydrogenases using PQQ-modified SAMs (Katz et al., 1994a, b), myoglo-
bin using monolayers of thiol-derivatised hemin, or HRP using a SAM with
diluted anchor groups to which hemin was bound via flexible spacer chains
(Zimmermann et al., 2000).
Another strategy to enable ET between immobilised redox proteins was seen

in dividing the overall ET distance by introducing an additional redox relay.
This strategy was already suggested by nature through the existence of multi-
subunit multi-cofactor enzymes. These enzymes posses an enzyme-integrated
ET pathway from a primary redox site, where the substrate is converted, to
additional redox sites located in the same or a different subunit of the protein
and finally to the target molecule. Usually, multi-cofactor proteins have more
than one subunit with different cofactors like PQQ and heme in e.g. D-fructose
dehydrogenase (Khan et al., 1991; Ikeda et al., 1991) and alcohol de-
hydrogenase (Gulcev et al., 2002; Ramanavicius et al., 1999) or FAD and
heme (in e.g. cellobiose dehydrogenase (Larsson et al., 1996; Gorton et al., 1999;
Lindgren et al., 2000a, 2001). The electrical ‘wiring’ to the electrode surface can
be realised using an internal ET via the natural secondary redox sites of the
protein and is shown in Figure 5e. Direct ET of quinohemoprotein alcohol
dehydrogenase (QH-ADH), a multi-subunit enzyme containing a primary PQQ
redox site which is connected via an internal ET pathway to four heme groups
(Marcinkeviciene et al., 1999), occurs via the oxidation of ethanol and an in-
termediate storage of electrons in the primary cofactor, PQQ. From there, a fast
inner-enzymatic ET to one or more heme c units, which are located in
close proximity to the protein surface, takes place enabling a good accessibility
for direct ET processes. In addition, it could be demonstrated that attractive
forces between polycationic polypyrrole chains and a negatively charged multi-
cofactor enzyme like QH-ADH allows direct ET from the enzyme’s active site to
the conducting-polymer backbone in the absence of any free-diffusing or pol-
ymer-bound redox mediator. The observed ET process occurs at the formal
potential of at least one of the heme sites (Ramanavicius et al., 1999) and the
extremely fast regeneration of the primary redox site was supposed to be re-
sponsible for the significant decrease of the affinity between ethanol and the
enzyme and the correspondingly increased linear detection range.
Using SAMs with differently charged head groups allowed for an oriented

adsorption of the enzyme prior to its covalent binding leading to a biosensor
architecture combining the advantages of an ET pathway via redox relays (inner
enzymatic ET of QH-ADH) with an optimised direct ET due to oriented im-
mobilisation of the enzyme (Schuhmann et al., 2000). Direct ET from multi-
cofactor enzymes to SAM-modified electrode surfaces was also described for
cellobiose dehydrogenase (Gorton et al., 1999; Lindgren et al., 1999b, 2000a)
even showing the backloading of the primary redox site during slow-scan cyclic
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voltammograms in accordance with the natural engineering principles of elec-
tron tunnelling (Page et al., 1999). The rate-determining step in a complex ET
cascade in reagentless biosensors is often the ET between the enzyme-integrated
primary redox relay and the ‘first’ polymer-bound redox mediator (see below).
Therefore, multi-cofactor enzymes should be well suited for fast ET in ‘redox
hydrogels’. Integration of PQQ-dependent enzymes such as PQQ glucose de-
hydrogenase was used successfully for fast responding glucose sensors with high
current densities (Ye et al., 1994; Niculescu et al., 2002).
A different approach to improve ET pathways between active sites of the

enzymes and the electrode surface is the chemical modification of the redox
enzyme itself (Figure 7b). Redox modification enables non-diffusional ET or
can be used in combination with a redox-relay modified matrix immobilised on
the electrode. By covalent attachment of electron mediators to suitable binding
sites at the protein periphery or the inner active site, ET distances are shortened
(Figure 5e). Electron hopping or tunnelling is enhanced, but often the enzyme
activity is decreased due to conformational changes after the modification.
Several strategies have already been applied for the covalent attachment of
redox relays for realising the so-called ‘electro-enzymes’ (Heller and Degani,
1988). As binding sites for the modification terminal side chains of the amino
acids at the outer protein shell (Schuhmann et al., 1991a; Ryabov et al., 1992;
Schmidt et al., 1993; Tsai and Cass, 1995) the cofactor of the enzyme (Riklin
et al., 1995; Katz et al., 1999), the active site of the protein preferentially in close
proximity to the redox-active cofactor (Degani and Heller, 1987; Heller and
Degani, 1988; Bartlett et al., 1987; Sampath and Lev, 1996) were investigated.
In addition, coordination chemistry offers a selective way for the attachment of
Ru- or Os-complexes via the exchange of labile ligands against histidine side
chains at the protein (Ryabova et al., 1999; Durham et al., 1990; Reiter et al.,
2001b). Besides the electrochemical investigation of free-diffusing ‘electro-
enzymes’, ferrocene-modified glucose oxidase was entrapped within a
polypyrrole film on an electrode. The successful ‘electrical wiring’ between the
immobilised enzyme and the electrode surface could be observed (Schuhmann,
1995a), however, the current was small due to the low concentration of redox
relays involved in the ET process. In order to increase the local concentration of
redox mediators within the immobilisation layer, additionally redox relays were
covalently linked to the polymer backbone.
Wrapping of enzyme molecules into a polymer network containing a high

concentration of redox mediators (Figure 7c) covalently attached to the pol-
ymer backbone was the basis for the development of reagentless biosensors
(Schmidt and Schuhmann, 1996; Heller, 1990, 1992; Andrieux and Saveant,
1992) (Figure 5f). The synthesis of the redox polymers can be done under
optimised conditions utilising, e.g. organic solvents or elevated temperature.
The generally used ‘redox hydrogels’ consist of a highly hydrophilic polymer
backbone such as poly(vinyl pyridine) (Degani and Heller, 1989; Gregg and
Heller, 1990; Leech et al., 1991; Doherty et al., 1991; Pishko et al., 1991; Calvo
et al., 1996), poly(vinyl imidazole) (Taylor et al., 1995; Larson et al., 1998),
poly(acrylic acid) (Kashiwagi et al., 1994), or poly(allyl amine) (Danilowicz
et al., 1998) to which redox mediators like Os-complexes or ferrocene
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derivatives are covalently bound. The ET process is dominated by an electron
hopping between neighbouring redox relays attached to the polymer film, al-
though often the rate-limiting step is the ET reaction between the cofactor
inside the protein shell and the closest redox relay at the polymer chain. The
preparation of this type of biosensors is usually done by dropping a mixture of
redox polymer, bifunctional crosslinker, and enzyme onto an electrode surface.
A well-adhering hydrophilic redox-polymer film is obtained, which swells when
the sensor is immersed into the buffer. The hydrogel provides an increased
flexibility of the polymer backbone which improves the ET rate, the diffusion of
the enzyme’s substrate and its reaction product within the polymer film, and the
mobility of the counter ions leading to a fast charge-transport through the film
(Aoki and Heller, 1993; Aoki et al., 1995). Although miniaturised biosensors
such as needle-type implantable glucose sensors (Csöregi et al., 1994a, 1995;
Yang et al., 1997; Abel and von Woedtke, 2002; D’Orazio, 2003) were realised
on the basis of redox hydrogels by manual dropping or dipping procedures, the
concepts of sensor miniaturisation, preparation of multi-sensor arrays, or mass
production, would benefit from a non-manual automated immobilisation tech-
nique that additionally ensures that the sensing chemistry is deposited exclu-
sively on the electrode surface. Conducting-polymer films as immobilisation
matrix for redox enzymes seem to be suitable because of their localised for-
mation exclusively on the electrode surface due to the electrochemical initiation
of the polymerisation process (Figure 7d). Monomers can either be modified
with suitable redox compounds prior to the electrochemically induced forma-
tion of the conducting-polymer film (Cosnier et al., 1985; Schuhmann et al.,
1991b) or by a heterogeneous polymer-analogue reaction (Schuhmann et al.,
1993, 1997; Hiller et al., 1996; Schuhmann, 1998) after the polymerisation.
An optimal immobilisation matrix for the development of ET pathways in

reagentless biosensors should combine advantages of conducting-polymer films
with the hydrogel characteristics of non-conducting redox polymer. This would
bring together a controlled and localised deposition of the polymer film with a
fast substrate and counterion diffusion, high flexibility and hence fast ET rates.
Following this idea, Os-complexes were covalently bound to a N-substituted
pyrrole derivative via long spacer chains and copolymerised with pyrrole under
simultaneous entrapment of a PQQ-dependent glucose dehydrogenase. The
spacer chain improves the flexibility of the polymer-bound redox relay. The
obtained glucose sensors showed a high sensitivity, although the limitation of
substrate diffusion was still high (Habermüller et al., 2000). A further improve-
ment of the ET rates of the Os-complex modified polypyrrole films was sug-
gested by introducing hydrophilic side chains at the polypyrrole backbone or at
the Os-complexes. As expected, due to the increased hydrophilicity and thus
improved swelling properties of the polymer film in aqueous solution, the
glucose-dependent currents were significantly enhanced (Reiter et al., 2001a;
Habermüller et al., 2003).
Another technique which allows to selectively address the electrode surface

for polymer film deposition, however, avoiding the complexity of the electro-
chemically induced formation of intermediate radicals involved in the formation
of conducting polymers, is the local precipitation of electrodeposition paints
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(EDP) by means of an electrochemically induced modulation of the pH value in
the diffusion zone in front of the electrode surface (Kurzawa et al., 2002).
Within this reaction zone in front of the electrode surface, which is defined by
the rate of water oxidation or reduction and the buffer strength of the elec-
trolyte, acidic or basic side chains at the EDP are protonated or deprotonated
leading to a loss of the ionic character of the polymer chains. This changes the
solubility of the polymer chains leading to their precipitation exclusively onto
the electrode surface. If an enzyme is simultaneously present in the EDP so-
lution, it is incorporated within the polymer film during its deposition on the
electrode surface. Due to the hydrogel properties of the EDP the swollen film
allows a fast diffusional mass transport of the enzyme’s substrate and product,
and may stabilise the enzyme. The synthesis strategy of EDP allows to func-
tionalise the polymer backbone with redox relays.
The principal architecture of layer-by-layer assemblies is shown schematically

in Figure 5g. Applying the stepwise layer-by-layer deposition of enzymes and
the covalent attachment of relay units, a more controlled superstructure can be
designed such as a multi-layer glucose oxidase electrode modified with (6-
ferrocenemethylamino)hexanoic acid (Willner et al., 1993). The number of pro-
tein layers correlate with the current response of the sensor implying that all
enzyme layers are electrically ‘wired’ with the electrode. These assemblies may
enhance the chemical stability of the redox enzymes. Layer-by-layer assemblies
can also be used for interference elimination by applying additional layers for
size exclusion or charge repulsion. Moreover, this technique allows to immo-
bilise different enzymes for coupled enzymatic reactions and may be used to
optimise bi-enzyme systems (Chen et al., 1998).
For several applications it would be advantageous to have biosensors that can

be turned on and off. In principle, two strategies are possible to change the
activity of a biological recognition element in a reversible manner. First, it
should be possible to prevent the cofactor of an enzyme to be regenerated, hence
switching the enzyme in an off-state. Although this approach seems to be fea-
sible, it was not demonstrated until now. Second, one may take advantage of
the fact that enzymes are in general labile molecules which are sensitive to their
environment. Therefore, reversible structural changes of photoisomerisable
molecules after exposure of light have been used to modulate the activity of
enzymes which were modified with photoisomerisable groups. In this case, the
activity of the enzyme may be influenced by light invoking changes of the
photolabile molecule leading concomitantly to conformational changes in the
three-dimensional structure of the enzyme. Following this strategy, glucose ox-
idase was modified with a nitrospiropyran derivative as a photoisomerisable
unit and transformed into a photoswitchable enzyme (Lion-Dagan et al., 1994).
A similar concept is based on the application of magnetic particles for mod-
ulating the activity of enzymes. In this approach, magnetic particles are func-
tionalised with a redox-relay unit, which can be controlled by an external
magnetic field (Figure 5d). The relay units are used to electrically ‘wire’ the
redox enzyme with the electrode surface thus being a part in the overall ET
pathway. Using the alternating position of an external magnet below and above
the electrochemical cell, the magnetic particles can be moved or removed, which
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enables or prevents the oxidation of the relay units and the following bioelectro-
catalysed oxidation.
If there is no direct enzymatic reaction available for the detection of the

desired analyte, it is possible to use consecutive enzymatic reactions in an am-
perometric biosensor to finally convert the information of a primary conversion
of the analyte into a terminal proportional redox reaction which can be used for
the detection of the analyte. The most simple approach is the coimmobilisation
of two or more enzymes within the immobilisation matrix by, e.g. cross-linking
procedures or coentrapment within a polymer layer. Mainly peroxidases and
H2O2 producing oxidases were combined with the aim to decrease the working
electrode potential of the amperometric biosensor (Ohara et al., 1993;
Vijayakumar et al., 1996; Leca et al., 1996). The primarily generated H2O2

diffuses in to the peroxidase where it is reduced at potentials of about �50mV
vs. an Ag/AgCl reference electrode either in a direct ET pathway between the
carbon electrode and the adsorbed peroxidase or by using a redox polymer
for electron transduction (Csöregi et al., 1994b; Mikeladze et al., 2002a, b).
Tri-enzyme electrodes were also successfully designed using acetylcholinest-
erase, choline oxidase, and HRP for the detection of acetylcholine (Garguilo
et al., 1993).

1.6. Optimisation of sensor architectures

A specific biosensor design is largely dependent upon the operation principle of
the transducer, the involved analytes and the working environment. In Figure 8,

Fig. 8. Model outlining the complex diffusion processes in an enzyme biosensor focusing on

the analyte and an interference compound, DS ¼ diffusion coefficient of substrate, DCoS ¼

diffusion coefficient of co-substrate (e.g. natural mediator), DP ¼ diffusion coefficient of

product, Kkat ¼ rate constant of enzymatic reaction, KET ¼ rate constant of ET, KET

Int ¼ rate constant of ET of interference oxidation.
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a simple model for the complex diffusion processes and reactions in an enzyme
biosensor is shown.
This model may help to understand the complexity of the processes involved

in order to find appropriate biosensor architectures and ET pathways for the
desired analyte. In the case of an enzyme biosensor, the amperometric signal is a
result of the ET rates originating from the complex kinetics induced by subst-
rate (and co-substrate) diffusion, enzymatically generated product formation,
mediating ET steps and the heterogeneous ET reaction from a mediator to the
electrode. Assuming diffusion-limited conditions, the current response is first-
order dependent on the bulk analyte concentration and the obtained steady-
state currents show a linear dependence for substrate concentrations lower than
the apparent KM-value. The rate-limiting step can also be the mass transport,
analyte consumption, or the ‘first’ ET from the cofactor inside the three-di-
mensional structure of the enzyme to the nearest redox mediator of an ET
hopping chain. In addition, the properties of a biosensor are determined by the
characteristics of the transducer, the nature, amount and specific activity of the
immobilised enzyme and the local concentration of the redox mediator within
the immobilisation matrix. Moreover, ET rates and diffusion constants of all
involved species including potential interferences, the ionic strength of the elec-
trolyte solution, its pH-value and the temperature influence the sensor signal.
A theoretical analysis of a reagentless amperometric biosensor assembly was

proposed (Calvo et al., 1993; Bartlett and Pratt, 1995). The internal diffusion of
the enzymatically produced product is bi-directional as well as the diffusion of
the natural electron acceptor, assuming that no limitation of the natural elec-
tron acceptor exists. The temperature at which the sensing device is operated
has an impact on all reaction rates including the enzyme kinetics, and accel-
erates transport processes due to its influence on the viscosity of the reaction
layer. Due to the complex reaction sequence of the enzymatic process, the
temperature effect on the overall biosensor current signal is different for the
analyte part and the interference part. This has been shown recently by using
electrically heatable glucose biosensors (Lau et al., 2004). Measuring the re-
sponses of the sensor by switching between at least two different temperatures,
enabled for compensating the effect on the sensor signal imposed by the pres-
ence of an interfering compound such as ascorbic acid. If a polymer film is used
as an immobilisation matrix in a specific biosensor architecture, the properties
of the deposited polymer film such as density, layer thickness, hydrophilic or
hydrophobic characteristics, swelling ability, pore size, etc. as well as the pol-
ymer properties themselves highly influence the final sensor characteristics.
Optimisation of biosensors includes the variation of several parameters of the
sensor architecture. The main parameters are summarised in Figure 9.
Based on the specific application and the properties of the sample solution an

appropriate biosensor architecture has to be designed focusing on each indi-
vidual component of the sensor architecture. In general, for the biological rec-
ognition element its accessibility is the most important factor thus enabling a
fast ET rate with the next element in the ET cascade. Thus, steric effects,
orientation, and distance dependence of the ET reaction has to be considered.
The chosen redox mediator should be stable under working conditions, be
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soluble in aqueous or organic solvents, and be inert to side reactions. In ad-
dition, it is important that they show a reversible electrochemical behaviour and
an appropriate redox potential. A low redox potential allows to avoid inter-
ferences, however, the sensor design is a compromise between low interfering
currents and high ET rates. Another important requirement for a redox me-
diator is to enable high ET rates with the enzyme on the one hand and with
neighbouring mediators of the same (or different) type on the other hand to
realise high substrate-dependent currents. Materials, size, shape, and methods
of sensor constructions need to be adapted to the desired ET pathway. In
addition, electrochemical pre-treatment such as repeated potential cycling may
sometimes improve specific sensor properties (Jaffari and Pickup, 1996). More-
over, the sensor architecture may involve additional enzymes for interference
elimination, enzyme amplifications cascades (Schubert et al., 1985; Scheller
et al., 1988; Pfeiffer et al., 1995), or enzyme-based competition reactions. Fur-
thermore, the used electrode may be tailored to enable redox amplification
using, e.g. interdigitated electrodes (Nice et al., 1993; Niwa, 1995) or SECM-
based amplification schemes (Zhao and Wittstock, 2004a; Niculescu et al.,
2004).
Classically, biosensor optimisation assumes linear independent parameters

which allow for optimising one parameter assuming the others are constant.
Beginning to design a new biosensor starts with the definition of the analyte of
interest followed by identification of the appropriate enzyme and immobilisa-
tion method. For a rational optimisation of the desired biosensor architecture
the main parameters influencing the ET pathway have to be elucidated. Var-
iation of parameters such as enzyme and mediator concentration, nature and,
deposition parameters of the immobilisation matrix leads to different substrate-
dependent currents and dynamic ranges. The design of the most efficient ET is
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redox potential
stability

redox mediator loading
concentration
reversibility
distance
redox potential
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electrode material
size
surface

matrix nature
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thickness
conductivity
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diffusion profile
swelling behaviour
hydrophilicity
hydrophobicity

 

Fig. 9. Specific properties of the different components needed for the development of an

optimised reagentless amperometric biosensor.

S. Borgmann et al.626



selected for further applications of the biosensor. With this partly rational ap-
proach a great variety of biosensors were developed and adapted to the specific
field of application. Physical, chemical, and mathematical analyses provide the
theoretical basis for this type of biosensor optimisation. However, in general, it
is not possible to reach the global minimum in the parameter space for all
parameters following the classical, rational optimisation strategy. Another pos-
sibility is based on a combinatorial approach for improving the optimisation
process for the design of biosensors using techniques adapted from high-
throughput screening (HTS). Combinatorial methods were introduced in elect-
rochemistry by Reddington et al. (1998) stimulating several other contributions
to this field (Liu and Smotkin, 2002; Jiang and Chu, 2002; Kulikov and Mirsky,
2004; Mirsky et al., 2004; Yudin and Siu, 2001). In the field of biosensor re-
search a combinatorial search for catalyst alloys for glucose oxidation was
performed on electrode arrays (Sun et al., 2001).
A fully automated screening method for finding optimised immobilisation

matrices for amperometric glucose biosensors was developed using a library of
cathodic electrodeposition paints (Reiter et al., 2004). This first approach to-
wards the development of a combined sensor preparation and characterisation
process in one screening procedure was made with the help of an electrochem-
ical robotic system using conventional microtiter plates as array format. The
corresponding automated system is compatible to other plate-based HTS tech-
nologies. Such a systematic screening of all involved biosensor components may
be additionally useful for a more detailed understanding of the complex inter-
action of different biosensor parameters and their impact on the developed
biosensor architecture (Figure 10).

Combinatorial Library of
Electro-Deposition Paints

Selection of “Hits” of
Electro-Deposition Paints

(1) Automated Pre-
Screening by means of an

Analyte Sensing Assay

Biosensor

Lead EDP

Potential Suitability
Optimized
Suitability

Best Suitability

(2) Automated Fine-Tuning of Electro-Deposition by
means of an Analyte Sensing Assay

Feedback

Fig. 10. Biosensor screening strategy using an automatic electrochemical robotic system for

sensor fabrication and evaluation.
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A combinatorial compound library can be rapidly screened for one or two
selected parameters such as maximal current or apparent Michaelis–Menten
constant (Ngounou et al., 2004). The hits are then selected with respect to a set
of chosen parameters and then collected in a sub-library, that is screened af-
terwards in more detail with respect to some or most remaining parameters to
obtain biosensors with the desired properties. Interesting parameters may be
response time, reproducibility, or long-time stability.

1.7. Enzyme microstructures

Great interest arose in recent years in biomedical, biotechnological, industrial,
and environmental fields on miniaturised multi-functional biosensing devices
for the rapid and simultaneous detection of several analytes in aqueous sample
solutions of minimised volumes. A number of strategies was suggested to es-
tablish the desired high-throughput microbiosensors (biochips) comprising of
an array of the relevant biological recognition elements, most often specific
enzymes, with closely spaced and individually addressable test sites each of them
targeting a different analyte. Exposing such arrayed multi-enzyme bioassays
once to a sample solution offers the opportunity to quickly screen for a set of
analytes.
Successful fabrication and application of enzyme-based biochips critically de-

pends on the capability to immobilise many of the active biocomponents in a
spatially accurate micropattern on suitable (disposable) surfaces as well as to
precisely read out the information that is generated locally by the interaction of
the immobilised enzymes with its target substrate (analyte) in the final detection
step (Gaspar et al., 2002). Current methodologies used for the formation of
enzyme microstructures in the geometries of patterned dots, lines, or grids include
for instance screen printing (Nagata et al., 1995; Sapelnikova et al., 2003; De-
quaire and Heller, 2002; Wang et al., 1996; Rohm et al., 1996), lithographical
photoresist/lift-off methods (Revzin et al., 2002; Di Fabrizio et al., 1996; Naka-
moto et al., 1988; Hanazato et al., 1989; Gernet et al., 1989), microcontact
printing (Rinaldi et al., 2004; Mrksich and Whitesides, 1995; Gooding et al.,
2003), photochemical activation of pre-immobilised coupling agents (Röhm et al.,
1995; Jimenez et al., 1997; Strike et al., 1994), microspotting through microarrays,
ink-jet printing or microdispensing (Yamada and Seki, 2004; Newman and
Turner, 1992; Johnson, 1991; Gaspar et al., 2001), electron beam patterning
(Glezos et al., 2002) and last but not least the locally performed electrochemical
deposition of polymers entrapping the enzyme during placement (Bourdillon
et al., 1993; Bartlett and Birkin, 1993; Schuhmann, 1995b; Kurzawa et al., 2002).
The way of electrochemically detecting the spatially confined interaction of

surface-attached enzymes on biochips and their targets can be divided into two
major classes: the application of carbon or noble metal microelectrode arrays
and methods involving local electrochemical measurement with a positionable
microelectrode that is scanned in close proximity above the enzyme-modified
surface. The latter has an advantage in that the surface to be micropatterned
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with enzymes need not necessarily be conductive and thin sheets of glass or
plastic can be used as carriers for the biological recognition elements. The use of
microelectrode arrays, on the other hand, requires, that the chosen enzymes
have to be immobilised on the electroactive surfaces of pre-fabricated arrays of
disk- or line-shaped microelectrodes, which have to be independently address-
able to enable the spatially resolved detection of enzymatically produced/con-
sumed species (Sandison et al., 2002; Hayashi et al., 2000; Matos et al., 2000;
Lenigk et al., 1999; Murakami et al., 1998; Frebel et al., 1997; Sangodkar et al.,
1996; Niwa, 1995; Dzyadevich et al., 1994; Wollenberger et al., 1994; Ross and
Cammann, 1994; Wang and Chen, 1994). Scanning electrochemical microscopy
(SECM), however, serves the ideal tool for the local electrochemical detection of
spatially confined processes on enzyme-containing microstructures (Wipf, 2003;
Horrocks, 2003; Shiku et al., 2002; Wittstock, 2003; Mirkin and Horrocks,
2000; Barker et al., 1999; Mandler et al., 1996; Bard et al., 1995a, b). In SECM,
a disc-shaped microelectrode, the so-called SECM tip, is scanned at close dis-
tance over the surface of interest using a high-precision positioning device for
tip movements while collecting topographic and electrochemical information at
the same time through the acquisition of the amperometric or potentiometric
response of the tip electrode as a function of position. It has been documented
in a number of recent publications, that the feedback and generator/collector
modes of SECM are well suited for studying enzymatic reactions at surfaces
(Niculescu et al., 2004; Kranz et al., 1997, 2004; Zhao and Wittstock, 2004a;
Csoka et al., 2003; Oyamatsu et al., 2003; Kurzawa et al., 2001; Horrocks et al.,
1993). SECM is the ideal tool for visualising and characterising the activity of
enzyme micropatterns. The SECM approach was successfully applied for high-
resolution electrochemical imaging in order to characterise the shape and size of
active domains of arrayed microspots of paramagnetic beads to which specific
enzymes were coupled (Wittstock et al., 2001; Zhao and Wittstock, 2004b; Zhao
et al., 2004; Wittstock, 2001). In addition, microscopic multi-enzyme grids on
gold surfaces that were fabricated by means of a flow-through microdispenser
and then visualised using SECM operated in the generator/collector mode
demonstrated the feasibility of this approach (Gaspar et al., 2001).

2. ET PATHWAYS IN RECOGNITION OF DNA HYBRIDISATION

An electrochemical DNA sensor comprises a nucleic acid recognition layer for
selectively detecting a specific DNA sequence under formation of complemen-
tary double stranded (dsDNA) in the recognition layer. The recognition layer
has to be immobilised at a suitable transducer surface enabling the transduction
of the complementary recognition process into a measurable signal (Figure 11).
Obviously, if an electrochemical transduction scheme is envisaged, some aspects
related with the design of electrochemical DNA sensors are similar to consid-
erations made above for the development and optimisation of enzyme-based
reagentless amperometric biosensors. Especially, ET pathways have to be de-
signed for coupling the information generated during the hybridisation of DNA
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to an electrode surface used as underlying transducer. Since genetic information
is stored in a huge library of different DNA sequences it is important to rapidly
detect various DNA sequences in a fast and reliable way, a task which is usually
accomplished by means of DNA microarrays. Thus, the main challenge in the
development of DNA microarrays is the fabrication of the recognition layer
which allows immobilisation of a large variety of different capture probes at
specific pre-defined sites at the transducer surface concomitantly enabling an
(amplified) signal transduction process to take place.
In the following, some important aspects in fabricating a variety of different

DNA recognition interfaces and the main approaches to the electrochemical
transduction of DNA hybridisation are summarised. (For general reviews on
DNA biosensors and DNA arrays also focusing on electrochemical detection of
hybridisation, see Gooding, 2002; Drummond et al., 2003; Kerman et al., 2004;
De-los-Santos-Alvarez et al., 2004a, b).
Successful recognition of a specific sequence of DNA requires a highly spe-

cific recognition layer. DNA biosensors exploit the ability of a single strand of
DNA (ssDNA) to recognise and hybridise with a complementary ssDNA at the
recognition interface. The strand of DNA which does the detection, which is
usually called ‘probe’ or ‘capture probe’, is immobilised at the transducer sur-
face. Exposure of the recognition surface to a sample containing single strands
of the complementary DNA, which is usually called ‘target’, will result in the
formation of the double-helical dsDNA through hybridisation. Factors that
influence the hybridisation efficiency were discussed in detail in Levicky et al.
(1998). The immobilised capture probe most frequently consists of an oligonuc-
leotide (ODN) with a length of about 15–50 bases. To a large extent the se-
lectivity, sensitivity, and reproducibility of a DNA recognition interface
depends on the strategy employed for immobilisation of the DNA probe
strands. After immobilisation, the probe strand needs to have sufficient flex-
ibility and space to enable coiling of the target around the probe. In general,
terminal modification of the chosen ODN chain is used to attach the probe on
the transducer surface using similar methodology as discussed for enzyme-based
biosensors above. The most frequently applied immobilisation principle is based

Fig. 11. Schematic representation of a complementary recognition of a (labelled) target

oligonucleotide (ODN) using an immobilised capture probe ODN at the transducer surface.

S. Borgmann et al.630



on utilising thiol-modified ODNs to bind the probes at a gold electrode surface
in a monolayer assembly. By means of a chemisorptive process, often by
additional simultaneous or subsequent immobilisation of short-chain alkyle
thiols as lateral spacers between the ODN probes (Takenaka et al., 2000; Wang
et al., 1997; Mascini et al., 2001), mixed SAM as recognition layer are generated
achieving a typical surface coverage of probe DNA in the order of 1012ODNs/
cm2. Other immobilisation procedures are covalent ODN binding to carbon,
indium-tin oxide, gold, and mercury electrodes (Thorp, 1998; Wang, 1999)
or electrical wiring of ODN probes to the transducer in a polymeric, three-
dimensional recognition layer (Campbell et al., 2002; Dequaire and Heller,
2002).
The principles of signal generation and transduction for electrochemically

visualising hybridisation events of DNA sensors are based either on catalytic
biorecognition processes (utilising enzymes or other means for intrinsic signal
amplification) or on affinity-based sensor architectures with specifically de-
signed ET pathways. An overview of different detection principles of electro-
chemical DNA sensors is given in Table 3. Some of these examples are described
in more detail in the following sections.

Table 3. Characteristics of electrochemical DNA sensors

Assay set-up ET-principle

Affinity-based detection principles
Unmodified ODN-probe; hybridisation of
unlabelled targets; addition of an
intercalating label

Direct detection of the intercalator
redox reaction

Unmodified ODN-probe; hybridisation of
unlabelled targets; addition of redox
labelled signalling ODNs to form a
sandwich structure

Direct detection of the signalling-
ODN redox reaction

Unmodified ODN-probe; pre-occupation
of probes with redox labelled signalling-
ODN; hybridisation of unlabelled targets

Direct detection of the decrease of
signalling-ODN redox reaction

Catalytic detection principles

Unmodified ODN-probe; hybridisation of
unlabelled targets; addition of enzyme-
labelled signalling ODNs to form a
sandwich structure with the probe-target-
complex

Electrical wiring the enzymatic
process to the electrode via polymer-
immobilised redox mediators

Unmodified ODN-probe; labelling of
target with enzyme; hybridisation of
labelled targets

(mediated) diffusion of enzyme
product to electrode; detection of the
product (mediator) redox reaction

Unmodified ODN-probe; hybridisation of
unlabelled targets

Direct detection of target-DNA
oxidation

Unmodified ODN-probe; hybridisation of
unlabelled targets

Label-free SECM detection
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2.1. Affinity-based recognition of dsDNA

2.1.1. Detection of dsDNA via intercalators

Early work on DNA hybridisation sensors concentrated on using redox indi-
cators to differentiate between single and double strands of DNA on the elec-
trode (Storhoff et al., 1998; Taton et al., 2000; Wang et al., 1999). A molecule
which predominantly associates with dsDNA but not with ssDNA is used as
reporter compound. If this so-called intercalator is redox active, an increased
electrochemical response is observed after hybridisation due to the favourable
integration of the intercalator into the double-helix structure (Figure 12). Var-
iants of this strategy have been demonstrated (Wang, 2002a, b; Patolsky et al.,
2001; Fritz et al., 2000; Palecek, 1960, 1988; Singhal and Kuhr, 1997; Jelen et al.,
2002). Despite its simplicity, excellent specificity and detection limits could be
achieved (Wang and Kawde, 2002; Gooding, 2002). A similar approach uses
intercalated redox molecules for detecting perturbations in base stacking. The
DNA base pair stack is assumed to mediate charge transfer between an inter-
calator bound at the top of the dsDNA and the electrode due to a long-range ET.
If the base pair stack is intact, current can flow taking advantage of the property
of dsDNA to mediate charge transport. Although mechanism and efficiency of
charge transfer along dsDNA is still under debate, it has been shown that
dsDNA can transfer charge over distances of up to 30 Å with sufficiently high
rates. As a matter of fact, the ET rate of the long-range ET is highly sensitive to
perturbations in the dsDNA structure (Boon and Barton, 2002).

2.1.2. Detection of dsDNA via signalling ODNs

Another possibility to detect hybridisation using an electrochemical transduct-
ion scheme has been proposed by Clinical Micros Sensors (CMS) (Figure 13). A
gold electrode is functionalised with the capture of DNA sequences that
are laterally separated by molecular oligophenylethinyl wires and insulating

e-target

intercalator

probe

e-

Fig. 12. Schematic representation of the detection of hybridisation of DNA using an inter-

calator selectively integrating into dsDNA.
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polyethylene glycol molecules. Once the target sequence from the sample is
captured, a signalling ODN carrying redox-active ferrocenyl residues hybridises
with a surmounting target sequence not involved in the association with the
probe (Umek et al., 2001; Yu et al., 2001). The specific monolayer architecture
with the capture probe embedded in an insulating monolayer containing a de-
fined number of molecular wires allows for electrochemical interrogation of the
ferrocene molecules at the signalling ODNs via the molecular wire while the
insulating monolayer prevents non-specific adsorption of signalling ODN.
A similar sandwich-type DNA sensor has been described even earlier by Ihara

et al. (1997). The main difference from the CMS approach is the use of a non-
passivated electrode surface thus not requiring the molecular wires within the
monolayer to enable ET reactions. Another approach using signalling ODNs as
reporter molecules for hybridisation has been described in Hartwich and Wieder
(2001). Unlabelled capture probes are immobilised at an electrode surface via
thiol functionalities. The immobilised capture probes are pre-occupied with
signalling ODNs carrying covalently attached redox moieties. In a chronoam-
perometric or chronocoulometric reference measurement, the signalling probes
located in close proximity to the electrode surface are quantified from the cur-
rent or charge transient. Complementary target sequences which may be present
in the sample displace the associated signalling probes resulting in decreased or
vanished electrochemical signal in a second measurement after hybridisation.

2.2. Amplified recognition of DNA hybridisation

2.2.1. Enzyme-amplified recognition of dsDNA

Low detection limits have been obtained using enzyme labels for detection of
DNA hybridisation (Delumleywoodyear et al., 1996; Caruana and Heller, 1999;
Campbell et al., 2002). A capture probe DNA sequence is immobilised within a

Fig. 13. Schematic representation of the detection of hybridisation of DNA using a fe-

rrocene-modified signalling ODN and ET via molecular wires integrated into an insulating

monolayer.
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polyacrylamide-based electron-conducting redox hydrogel on a carbon electrode.
The target DNA is labelled with peroxidase. The redox hydrogel enables mo-
lecular wiring of the DNA-bound peroxidase by a sequence of electron-hopping
steps with the electrode surface as described for reagentless enzyme sensors
above. After hybridisation, H2O2 is added which is subsequently reduced by the
peroxidase, which is by itself regenerated via ET from the redox hydrogel. Using
a peroxidase label it has been possible to detect as little as 20 molecules of
complementary DNA strands. In a similar sandwich-type mode a 38-base DNA
sequence has been immobilised within a conducting-polymer layer as capture
probe. After target hybridisation a signalling ODN being labelled with per-
oxidase is hybridised to a surmounting target sequence not involved in the as-
sociation with the probe. In this arrangement a target concentration of
20pmolL�1 in 15–35mL droplets has been detected (Zhang et al., 2002). Ob-
viously, the hybridisation of the signalling ODN in the sandwich configuration
brings the peroxidase label into ET distance with a pre-electro-deposited redox
polymer, thus allowing fast ET. Recently, Zhang et al. (2003) reported about a
major improvement of the peroxidase-amplified amperometric detection of DNA
hybridisation. They achieved the detection limit of DNA as low as 3000 DNA
copies in a 10ml droplet at a concentration of 0.5 fM.
Attaching an enzyme to the target strand of DNA followed by electrochemical

transduction has also been demonstrated using alkaline phosphatase as the bio-
catalytic recognition element (Bagel et al., 2000; Wang et al., 2002). Enzyme
labelling is combined with magnetic separation for improving selectivity. In this
multi-step assay, the biotinylated capture probe is attached to a streptavi-
din-coated magnetic bead. Alkaline phosphatase-labelled target strands are in-
troduced as sample, and after hybridisation a magnet is used to separate the
magnetic beads with the hybridised target from the sample solution. The enzyme-
labelled dsDNA is then incubated with substrate (4-amino-phenyl phosphate) for
20min and the obtained supernatant is placed in an electrochemical cell for
measurement. A different electrochemical assay for voltammetric enzyme-
amplified detection of DNA hybridisation has recently been described by
Nebling et al. (2004). The detection is based on an ultramicroelectrode array
manufactured in silicon technology. The 200mm circular array positions consist
of interdigitated gold ultramicroelectrodes with a distance of 800 nm embedded
in silicon oxide. Immobilisation of ODN capture probes at the interdigitated
gold electrodes is accomplished via chemisorption of the thiol-modified ODN.
The target strands are labelled with alkaline phosphatase. After hybridisation,
the enzyme label at the formed complementary dsDNA converts the electro-
chemically inactive substrate 4-aminophenyl phosphate into the active 4-hydro-
xyaniline that is diffusionally transported to the interdigitated electrodes. Redox
amplification (Figure 14) is achieved by a sequence of oxidation/reduction cycles
between the differently polarised fingers of the interdigitated electrodes.

2.2.2. Chemical amplification for recognition of dsDNA

A chemical amplification scheme has been reported using methylene blue as
intercalating compound (Singhal and Kuhr, 1997; Jelen et al., 2002). In contrast
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to previous approaches in which the intercalating compound exhibited a higher
affinity towards dsDNA, methylene blue shows a specific affinity towards ex-
posed guanine bases. Hybridisation prevents the interaction between guanine
and methylene blue leading to a decrease in the electrochemical signal which is
indicative of successful hybridisation. A similiar loss of the accessibility of
guanine bases for a redox mediator after hybridisation has been exploited using
[Ru(bpy)3]

3+ as free-diffusing redox mediator to oxidise the guanine bases
(Kerman et al., 2003; Armistead and Thorp, 2002; Yang et al., 2002; Yang and
Thorp, 2001). The reduced [Ru(bpy)3]

2+ complexes are reoxidised at the elec-
trode surface forming an electrochemically amplified catalytic cycle. As a matter
of fact, hybridisation prevents the reduction of the redox mediator and hence
lowers the catalytic current. The sensitivity of the method increases with the
number of guanine bases in the probe strand.
One of the key drawbacks of the concepts discussed above is the requirement

for an indicator or label to enable electrochemical communication with the
electrode surface, thus transducing the hybridisation event. Hence, recent de-
velopments are aiming on the transduction of hybridisation events avoiding
labelling of the probe strand, target strands, or the addition of labelled signal-
ling ODN. Direct oxidation of guanine at about 1V (vs. Ag/AgCl) has been
successfully employed for detecting hybridisation (Wang et al., 1998; Wang and
Kawde, 2001). The probe ODN, which is adsorbed onto a carbon electrode, is
modified by substituting guanine with iosine. Due to the fact that guanine
exhibits a lower oxidation potential, the oxidation signal of inosine is well
separated from that of guanine. Like guanine the iosine moiety binds to cyto-
sine, however, with reduced selectivity. Hybridisation with the target strand
brings guanine residues in contact with the electrode where they are detected
using constant current chronopotentiometry.

Fig. 14. Schematic representation of the detection of hybridisation of DNA using an enzyme-

labelled target strand and redox amplification at interdigitated electrodes.
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A promising label-free method resides on an electrostatic approach for vis-
ualising the status of surface-bound DNA probes (Turcu et al., 2004a, b). De-
tection of complementary DNA hybridisation is simply achieved through
coulomb interactions between a negatively charged, free-diffusing redox medi-
ator and the phosphate groups in the backbone of the immobilised DNA strands
verified by SECM. An ultramicroelectrode (the SECM tip) at working distances
of only a few electrode radii above the structure to be examined is kept at
sufficient constant cathodic potential for reducing [Fe(CN)6]

3+ under diffusion
control. Far above the sample surface, the amperometric tip current is controlled
by the diffusion of [Fe(CN)6]

3+ molecules towards the tip, which leads to a
steady-state current. However, after approach of the SECM tip into close prox-
imity of propane thiol-modified gold surface, consumed mediator molecules are
reconverted into their initial oxidation state leading to a distance-dependent
increase in the tip current. Above a DNA spot, the anionic phosphate groups
repel the tip-generated [Fe(CN)6]

3+ molecules leading to a local drop in the
observed cathodic tip current. Hybridisation increases the immobilised negative
charge at the surface, which leads to a further drop in tip current.

2.2.3. Bioelectronic hybrid devices for recognising DNA hybridisation

A silver deposition technique has been exploited for the construction of sensors,
in which hybridisation is the first step to form a bioelectronic hybrid that is used
as a switch in a miniaturised electronic circuit (Park et al., 2002). A small array
of microelectrodes with gaps of about 20mm width between the electrode leads
is constructed, and probe sequences are immobilised on the substrate between
the gaps. Target DNA is hybridised and a reporter ODN tagged with a gold
nanoparticle is hybridised to the probe-target complex to form a sandwich. The
gold nanoparticles are then developed in a silver plating solution for enhancing
the amount of metal deposition, leading finally to the precipitation of silver
metal onto the gold nanoparticles. The deposition of silver closes the electrical
connection between the two flanking microelectrodes, and target capture is
signalled by a sharp drop in the resistance of the circuit.

3. CONCLUSION AND OUTLOOK

After about four decades of development of amperometric biosensors, a variety
of techniques for a controlled modification of electrode surfaces with the re-
quired biological recognition elements together with all necessary compounds
needed for an efficient signal transduction have been developed. This broad
knowledge concerning sensor architectures, immobilisation schemes, design
of ET pathways, etc. opens the route to potentially adapt similar transduction
schemes to a variety of new applications in genomics and proteomics. As
a matter of fact, labelling with enzymes or redox reporters is a straight for-
ward approach, however, also label-free detection schemes involving fast and
carefully designed ET pathways may find application in new assays in which an
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easy to use and cheap equipment with a potential for parallelisation and min-
iaturisation is important. In addition, electrochemical robotics and electro-
chemical high-throughput screening will improve the impact, electrochemical
sensors will have on emerging assay technologies in future.

LIST OF ABBREVIATIONS

CV cyclic voltammetry
CDH cellobiose dehydrogenase
DNA deoxyribonucleic acid
DPA differential pulse amperometry
DPV differntial pulse voltammetry
ds double stranded
ET electron transfer
FAD flavin adenine dinucleotide
FCC flavocytochrome c552
FDH quinohemoprotein fructose dehydogenase
FMN flavin-mononucleotide
FR fumarate reductase
GADH D-gluconate dehydrogenase
HTS high-throughput screening
NAD+ nicotinamide-adenine dinucleotide
NHE normal hydrogen electrode
ODN oligodeoxyribonucleotide
PQQ pyrrolo-quinoline-quinone
QH-ADH quinohemoprotein alcohol dehydrogenase
SAM self-assembled monolayer
SCE standard calomel electrode
SDH succinate dehydrogenase
SECM scanning electrochemical microscopy
ss single stranded
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Hiller, M., C. Kranz, J. Huber, P. Bäuerle and W. Schuhmann, 1996, Amperometric bio-
sensors produced by immobilization of redox enzymes at polythiophene-modified elec-
trode surfaces, Adv. Mater. 8, 219.

Hirst, J., A. Sucheta, B.A.C. Ackrell and F.A. Armstrong, 1996, Electrocatalytic voltamme-
try of succinate dehydrogenase: Direct quantification of the catalytic properties of a
complex electron-transport enzyme, J. Am. Chem. Soc. 118, 5031–5038.

Horrocks, B.R., 2003, Scanning electrochemical microscopy, Encyclopedia of Electrochem-
istry 3, 444–490.

Horrocks, B.R., D. Schmidtke, A. Heller and A.J. Bard, 1993, Scanning electrochemical
microscopy. 24. Enzyme ultramicroelectrodes for the measurement of hydrogen peroxide
at surfaces, Anal. Chem. 65, 3605–3614.

Hyun, Y.L. and V.L. Davidson, 1995, Electron-transfer reactions between aromatic amine
dehydrogenase and azurin, Biochemistry 34, 12249–12254.

Ianniello, R.M., T.J. Lindsay and A.M. Yacynych, 1982a, Immobilized xanthine oxidase
chemically modified electrode as a dual analytical sensor, Anal. Chem. 54, 1980–1984.

Ianniello, R.M., T.J. Lindsay and A.M. Yacynych, 1982b, Differential pulse voltammetric
study of direct electron transfer in glucose oxidase chemically modified graphite elec-
trodes, Anal. Chem. 54, 1098–1101.

Ihara, T., M. Nakayama, M. Murata, K. Nakano and M. Maeda, 1997, Gene sensor using
ferrocenyl oligonucleotide, J. Chem. Soc. Chem. Commun. 1609–1610.

Ikeda, T. and K. Kano, 2003, Bioelectrocatalysis-based application of quinoproteins and
quinoprotein-containing bacterial cells in biosensors and biofuel cells, BBA-Prot. Pro-
teom. 1647, 121–126.

Ikeda, T., D. Kobayashi, F. Matsushita, T. Sagara and K. Niki, 1993b, Bioelectrocatalysis at
electrodes coated with alcohol-dehydrogenase, a quinohemoprotein with heme-c serving
as a built-in mediator, J. Electroanal. Chem. 361, 221–228.

Amperometric Enzyme Sensors based on Direct and Mediated Electron Transfer 643



Ikeda, T., F. Matsushita and M. Senda, 1990, D-fructose dehydrogenase-modified carbon
paste electrode containing para-benzoquinone as a mediated amperometric fructose sen-
sor, Agri. Biol. Chem. 54, 2919.

Ikeda, T., F. Matsushita and M. Senda, 1991, Amperometric fructose sensor based on direct
bioelectrocatalysis, Biosens. Bioelectron. 6, 299–304.

Ikeda, T., S. Miyaoka, F. Matsushita, D. Kobayashi and M. Senda, 1992, Direct bioelectro-
catalysis at metal and carbon electrodes modified with adsorbed D-gluconate de-
hydrogenase or adsorbed alcohol dehydrogenase from bacterial membranes, Chem.
Lett. 847–850.

Ikeda, T., S. Miyaoka and K. Miki, 1993a, Enzyme-catalysed electrochemical oxidation of D-
gluconate at electrodes coated with D-gluconate dehydrogenase, a membrane-bound
flavohemoprotein, J. Electroanal. Chem. 352, 267–278.

Jaffari, S.A. and J.C. Pickup, 1996, Novel hexacyanoferrate(iii)-modified carbon electrodes –
Application in miniaturized biosensors with potential for in vivo glucose sensing, Biosens.
Bioelectron. 11, 1167–1175.

Jelen, F., B. Yosypchuk, A. Kourilova, L. Novotny and E. Palecek, 2002, Label-free de-
termination of picogram quantities of DNA by stripping voltammetry with solid copper
amalgam or mercury electrodes in the presence of copper, Anal. Chem. 74, 4788–4793.

Jeuken, L.J.C., A.K. Jones, S.K. Chapman, G. Cecchini and F.A. Armstrong, 2002, Elec-
tron-transfer mechanisms through biological redox chains in multicenter enzymes, J. Am.
Chem. Soc. 124, 5702–5713.

Jiang, R.Z. and D. Chu, 2002, A combinatorial approach toward electrochemical analysis,
J. Electroanal. Chem. 527, 137–142.

Jimenez, C., J. Bartrol, N.F. de Rooij and M. Koudelka-Hep, 1997, Use of photopolymeriz-
able membranes based on polyacrylamide hydrogels for enzymic microsensor construc-
tion, Anal. Chim. Acta 351, 169–176.

Johnson, K.W., 1991, Reproducible electrodeposition of biomolecules for the fabrication of
miniature electroenzymic biosensors, Sens. Actuat. B-Chem. 5, 85–89.

Jortner, J., 1980, Dynamics of electron transfer in bacterial photosynthesis, Biochim.
Biophys. Acta 594, 193–230.

Kacaniklic, V., K. Johansson, G. Marko-Varga, L. Gorton, G. Jönsson-Pettersson and
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1. CATALYTIC REACTIONS IN ELECTROCHEMISTRY

Similar to homogeneous chemical electron transfer reactions, in electrode elec-
tron transfer, the product of the electrode reaction can be changed back into the
primary reagent by an essentially homogeneous volume reaction with a suitable
species present in solution. Such a process, the catalytic regeneration, well
known and often studied in electrode kinetics, is one type of electrochemical
catalytic reactions (Heyrovský and Kůta, 1965, pp. 380–393; Koryta, 1967;
Mairanovskii, 1968, pp. 17–26; Guidelli, 1971, pp. 266–273; Tur’yan et al., 1998;
Tur’yan, 1994). However, in the heterogeneous electrochemical systems more
common, and in practical applications more important, are those electrocat-
alytic processes, where the electrode reaction itself is accelerated by heteroge-
neous interaction of the reagent either with the material of the electrode itself or
with a catalytically active species, which is either adsorbed at the electrode
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surface, or in a mere time-limited contact with it. For specific catalytic activity
the working electrodes can have their surfaces specially modified. Various types
of such catalytic systems found applications in electroanalytical chemistry
(Mark, 1990; Banica and Ion, 2000; Bobrowski and Zarebski, 2000). Techni-
cally utilized electrocatalytic processes, e.g., in energy storage and conversion,
or in organic electrosynthesis, are hydrogen evolution, oxygen evolution, ox-
ygen reduction, or oxidation of organic molecules (Lipkowski and Ross, 1998;
Wieckowski et al., 2003). The International Society of Electrochemistry (ISE)
has been organizing since 1983, along with its general congresses, satellite
meetings on the ever-growing subject of electrocatalysis; the papers presented at
these meetings are published, as a rule, in special issues of Electrochimica Acta
(1984). The catalytic evolution of hydrogen at electrodes, one of the widely
studied electrocatalytic processes, can be catalyzed by a great variety of species,
among others, by peptides and proteins; when carried out on small laboratory
scale, it can become a useful way for studying physico-chemical properties of
the catalysts as well as for their sensitive quantitative determination. That as-
pect of the general electrochemical reaction of peptides and proteins is the
subject of the present chapter.

2. CATALYTIC HYDROGEN EVOLUTION AT ELECTRODES

2.1. Definition

Catalytic hydrogen evolution is an electrochemical phenomenon caused by
certain species – the catalysts, in presence of which in solution gaseous hydrogen
evolves at a cathode polarized to potentials less negative than in absence of the
species. The evolution of hydrogen is produced by cathodic catalytic current, of
intensity controlled by concentration of the catalyzing species, and at potential
given by kinetic efficiency of the catalyst. The catalytic current thus carries
information concerning the quality as well as the quantity of the catalyst. Cat-
alytic hydrogen evolution occurs at cathodes made of materials characterized by
definite hydrogen overpotentials – it actually consists in lowering the hydrogen
overpotential of the electrode. As mercury has of all metals the highest hydro-
gen overpotential, the phenomenon of catalytic hydrogen evolution has been
most conveniently studied with mercury electrodes (Heyrovský and Kůta, 1965;
Mairanovskii, 1968). The convenience is, moreover, augmented by easily at-
tainable high purity of mercury, by its chemical character of noble metal, by the
facility of precise reproduction of any kind of mercury electrodes and by ho-
mogeneity and isotropic atomic topography of the liquid mercury surface.
Various substances, among others also peptides and proteins, act as catalysts of
hydrogen evolution at mercury electrodes in the pH range mostly between 6 and
11 (Figure 1) (Brdička, 1933a), and owing to that activity they can be followed
and determined, even in high dilution. The advantageous properties, for study
of hydrogen overpotential and for practical utilization of its catalytic lowering,
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have been partly ascertained also with amalgam electrodes (Yosypchuk and
Novotný, 2002).

2.2. Non-catalytic hydrogen evolution at mercury electrodes

Most of the elementary steps of the electrochemical hydrogen evolution take
place at the electrode surface and in interaction with it – the whole process is a
typical heterogeneous reaction (Gerischer and Mehl, 1955). On the negatively
charged mercury surface the protons, dissociated from the acidic component
BH of the solution (BH in alkaline solutions can also be water molecule),

BHÐB� þHþ; (1)

get dehydrated and adsorb in the inner part of the double layer (symbolized by
subscript s) in close contact with the metal

HþÐðHþÞs: (2)

When the electrode potential is being made more negative, the protons undergo
gradual charge-transfer change into hydrogen atoms bound to the electrode
surface by sharing with it their single electrons. At sufficiently negative poten-
tial, the charge transfer to hydrogen is accomplished

ðHþÞs þ e� ! ðH�Þs; (3)

and two neighboring surface hydrogen atoms become free to combine with
hydrogen molecules, which are not attached to the electrode, and as such leave

Fig. 1. Polarographic catalytic waves of human serum. Curves: 1 – pure supporting elec-

trolyte, buffer 0.1M ammonia/ammonium chloride; 2 – the ‘‘presodium’’ catalytic wave, 400

times diluted human serum (A) in buffer 0.1M ammonia/ammonium chloride; 3 – 2-step

reduction of Co(III), 1 mM Co(NH3)6Cl3 in buffer 0.1M ammonia/ammonium chloride; 4 –

the catalytic double-wave in Brdička solution, 1mM Co(NH3)6Cl3+400 times diluted human

serum (A) in buffer 0.1M ammonia/ammonium chloride; recorded from 0V vs mercury pool,

200mV/abscissa. From Brdička (1933a), with permission of Coll. Czech. Chem. Commun.
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the surface

2ðH�Þs ! H2 " : (4)

According to conditions of electrolysis, the last stage of hydrogen evolution can
also occur, thus

ðH�Þs þHþ ! ðHþ
2 Þs; (5)

ðHþ
2 Þs þ e� ! H2 " : (6)

In either way, the net reaction is

2BHþ 2e� ! 2B� þH2 " : (7)

The half-wave potential of reduction of hydrated protons from aqueous so-
lutions of strong acids is �1.60V vs SCE, visibly starts gaseous hydrogen
evolving in bubbles already at potentials more negative than �1.5V (SCE).
Electroreduction of hydrogen ions from solutions of weak acids or other proton
donors occurs at more negative potentials, from aqueous alkaline solutions
hydrogen ions are reduced beyond the reduction of alkali metal cations (Hey-
rovský and Kůta, 1965). If some catalyst of hydrogen evolution comes into
contact with the negatively polarized electrode surface and initiates in some way
a catalytic path of hydrogen evolution, molecular hydrogen starts evolving on
the electrode catalytically at a potential less negative than normal.

2.3. The catalysts

The catalysts of hydrogen evolution are chemical entities able to transfer pro-
tons from a donor in the solution to the electrode surface (Stackelberg and
Fassbender, 1958; Stackelberg et al., 1958). They can either be (1) species
present in solution, by themselves electroinactive in a wide potential range,
which come into short or long contact with surface of negatively polarized
electrode and thereby accelerate the mechanism of hydrogen evolution (cf.
Figure 1, curve 2) or (2) products, stable or unstable, of electroreduction of
certain ions, molecules or transition metal complexes, which act catalytically
when generated at the electrode surface (cf. Figure 1, curve 4).
To the first category (1), belong, apart from some inorganic colloids, pre-

vailingly organic molecules or ions containing nitrogen atom with a free elec-
tron pair, alone or together with thiolic sulfur; high molecular ones are, in
general, more active. The catalytic currents produced by these catalysts occur as
a rule at fairly negative potentials; in the case of catalysis by proteins they have
been called for historical reasons ‘‘presodium currents’’ (coined by Brdička,
1936, p. 366), as in course of continuously increasing negative electrode po-
larization in a physiological solution, they appeared before the currents due to
electroreduction of sodium ions (Herles and Vančura, 1932; Heyrovský and
Babička, 1930).

M. Heyrovský660



In the second category (2), three cases of catalysts are to be distinguished: (a)
metals characterized by low hydrogen overpotential, such as elements of the
platinum group, of limited solubility in mercury – on electrodeposition from
their ions they form small islets at the electrode surface, which become centers
of hydrogen evolution; (b) organic molecules or ions of the first category but not
originally existing in solution and formed as intermediates or as final products
at the electrode surface in course of electrode reaction (Figure 2) (Heyrovský et
al., 1971); (c) reduced forms, stable or not, of various transition metal com-
plexes with particular ligands, which may be low- or high-molecular, see Figure
1, curve 4 (cf. Mader, 1971, p. 1062). The complexes may have to be synthesized
separately or they are formed spontaneously on addition of the particular cat-
ions and ligands into the solution; among their reduction products can be either
a low-valent catalytically active complex or a metallic deposit of hydrogen
overpotential lower than mercury, which acts as catalysts sub (2a). According to
conditions, the catalytic currents due to catalysts (2) can appear on the polar-
ization curve within a wide range of potentials. The currents due to catalysts (1)
and (2c) usually appear in two different potential ranges on one curve (Figure 3)
(Jurka, 1939); with some catalysts of category (1) and (2c) it can happen by
changing experimental conditions that the catalytic currents, originally occur-
ring in two different potential regions, merge into one (Calusaru, 1972). Some
compounds yield three separate catalytic hydrogen waves (Figure 4) (Ruttkay-
Nedecký and Anderleová, 1967; Mader, 1971). Application of hanging mercury

Fig. 2. Polarographic hydrogen evolution catalyzed by a reduction intermediate. Solution of

1mM p-aminoazobenzene in phosphate buffer of pH 7.5, 30% ethanol, in course of its 4-

electron reduction at the electrode appears p-aminohydrazobenzene in a limited potential

range as short-lived intermediate, which catalyzes hydrogen evolution; recorded from 0V vs

SCE. From Heyrovský et al. (1971), with permission of Coll. Czech. Chem. Commun.
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drop electrode to a study of catalytic system well known in polarography,
introduced another hydrogen catalytic evolution reaction in ‘‘peak P’’, occur-
ring at potentials around �1.2V (SCE); here hydrogen evolves on solid ‘‘active’’
cobalt, electrodeposited at about �1.0V (SCE) (Figure 5) (Anzenbacher and

Fig. 3. Electrocatalytic hydrogen evolution in two different potential regions on one po-

larographic curve. Curve 1 – 1.5mM CoCl2 in buffer 0.1M ammonia/ammonium chloride;

curves 2–9 gradual addition of dilute blood serum. Curves 2 and 3 show both catalytic

processes: the double-wave due to catalysis of cobalt–protein complex, and the more negative

pre-sodium catalysis; recorded from �0.8V vs Hg pool. From Jurka (1939), with permission

of Coll. Czech. Chem. Commun.

Fig. 4. Three different catalytic maxima (A, B,C) due to one compound. Polarographic

curves of 0.4mM CoCl2 in: 1 – 0.06M borax, pH 9.2; 2 – borate buffer, pH 7.7; 3 – 0.06M

borax+0.01mM thioglycolic acid; 4 – borate buffer pH 7.7+0.1mM thioglycolic acid; re-

corded from �0.75V vs SCE. From Mader (1971), with permission of Coll. Czech. Chem.

Commun.
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Kalous, 1972, 1973; Kadleček et al., 1975). The different kinds of catalytic
hydrogen currents can be distinguished, according to the mechanism of their
origin, by their different dependence on temperature (Kolthoff and Kihara,
1980).

Fig. 5. Catalytic peak ‘‘P’’ obtained in Brdička solution with HMDE. Voltammetric curves

of 1mM CoCl2 in buffer 0.1M ammonia/ammonium chloride+cysteine: 1 – 0.5 mM; 2

–1mM; 3 – 5 mM; 4 – 10mM; 5 – 20 mM; 6 – 30mM; 7 – 50mM; 8 – 0.1mM; recorded from

�0.8V vs SCE at scan rate 6.7mV/s. The zero current for each curve shifted upwards along

the ordinate. From Anzenbacher and Kalous (1972), with permission of Coll. Czech. Chem.

Commun.
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2.4. Mechanism of catalysis

On the microscopic solid metallic surfaces of catalysts deposited on mercury sub
(2a) the mechanism of electrolytic hydrogen evolution differs from that sche-
matically symbolized by equations (1)–(6), as the surface structure of each metal
on molecular level is different. For mercury surface, the mechanism of catalysis
by catalysts of group (1) and (2b, c) can be symbolized as follows. The catalyst
R, which is a slightly weaker base than B�, reacts invariably in its protonated
form

RþHþÐRHþ; (8)

the acid RH+ is then slightly stronger acid than BH, and the electroreduction of
proton from RH+

RHþ þ e� ! Rþ ðH�Þs (9)

occurs at a potential less negative than the proton reduction from BH.
According to conditions, the hydrogen evolution occurs either by reaction (4),

or by

ðH�Þs þRHþ ! ðHþ
2 Þs þR; (10)

ðHþ
2 Þs þ e� ! H2 " : (11)

The deprotonated catalyst R is then reprotonated by the excess of BH

Rþ BHÐRHþ þ B�: (12)

The net reaction of the catalytic process – either in the sequence
2� ð1Þ þ 2� ð8Þ þ 2� ð9Þ þ ð4Þ, or ð1Þ þ ð8Þ þ ð9Þ þ ð10Þ þ ð11Þ þ ð12Þ, is again
(7), the reduction of the acidic component of the solution.
As mentioned above, the catalyst has to contact the electrode surface – for the

category (1) and (2b, c) it means that it has to come sufficiently close to the
surface to allow reactions (9) and/or (10) to proceed. With many catalysts this
condition is fulfilled when they are formed at the electrode in adsorbed state
(Schmidt and Swofford, 1979; Leibson et al., 1989); especially with large mol-
ecules or ions this adsorption has to take place with favorable orientation of the
catalytically active site for all the elementary reaction steps to easily occur
(Paleček, 1986). On the other hand, strong adsorption may lead to high cov-
erage of the electrode surface and cause hindrance of the catalytic reaction.
Some sections of biomacromolecules have prevailingly hydrophobic, others
prevailingly hydrophilic characters; the hydrophobic parts, oriented toward the
mercury surface, are apt to adsorption, and in that way also prone to catalytic
activity. At any rate, the dependence of catalytic current on concentration of
catalyst (Figure 6) (Brdička, 1936) (cf. Figure 3) follows the course of Langmuir
adsorption isotherm (Brdička, 1947); of that curve only the initial part can be
approximated by linear dependence. Catalyst adsorption is hence an important
factor in catalysis (Kuznetsov, 1971; Kolthoff et al., 1978); beside other aspects,
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it can also be the cause of streaming of the solution in the vicinity of the
electrode, that sometimes accompanies catalytic current. Sudden change of ad-
sorption brings about sudden change of surface tension of mercury, that stirs
the mercury surface together with the adjacent solution, and enhances transport
of the electroactive species toward the electrode surface thereby increasing the
current (Stackelberg and Fassbender, 1958; Březina and Kůtová, 1965).
Electrocatalysis of hydrogen evolution is based on proton relay by the cat-

alyst from solution toward electrode – higher acidity of the solution leads to
higher catalytic current (Figure 7) (Knobloch, 1947). The effect of catalysis is
thus strongly dependent on pH of the solution, according to the pKA value of
the given catalyst (Millar, 1953b); as supporting electrolytes are therefore used
various buffers. The ‘‘presodium’’ catalytic currents measured in buffers of one
pH value are higher in ammonia buffers than in borate buffers, which in turn
are higher than in tris buffers (Kolthoff et al., 1975). Some buffer components
have the tendency to adsorb at the electrode, which may affect the heteroge-
neous catalytic reaction – this should be borne in mind while selecting the
buffer. Besides, with respect to the state of the electrode surface and of the
electrode double layer (Mairanovskii and Frumkin, 1963), all other components
of the solution and their concentrations as well as temperature, presence of
oxygen, rate of potential scan, etc., play an important role in changing, in
positive or negative sense, the heterogeneous reactivity of a given catalytic sys-
tem. Addition of calcium chloride to the solutions of protein catalysts, e.g.,
markedly increases the ‘‘presodium’’ currents (Kolthoff et al., 1975, 1978). The
catalytic activity is hence an individual property of each catalyst, widely var-
iable by experimental conditions. A common characteristic property of all cur-
rents due to catalytic evolution of hydrogen is their dependence on the buffering
capacity of the supporting solution – a 10-fold increase of concentration of the

Fig. 6. Dependence of polarographic ‘‘presodium’’ catalytic wave on concentration of pro-

tein. The white of egg diluted 10 times by physiological solution was added by 0.1mL to

10mL of buffer boric acid/carbonate of pH 10; curves recorded from �1.4V vs Hg pool,

200mV/abscissa. From Brdička (1936), with permission of Coll. Czech. Chem. Commun.
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buffer results in about 10-fold increase of the catalytic current, and vice versa –
a dilution leads to current decrease (Figure 8) (Knobloch, 1947).

2.5. Electrochemical techniques

Electrocatalytic reactions of hydrogen evolution can be followed by means of
various electrochemical techniques. With dropping mercury electrode (DME)
the usual polarographic methods are applied: apart from the common ‘‘mean
current – potential’’ curves also the ‘‘instantaneous current – time’’ curves on
single drops have been used (Kůtová and Březina, 1966; Mader, 1971). Besides
d.c. polarography also a.c. polarography is often applied – preferably with
distinction of phase of the measured current with respect to the polarizing
voltage; when the out-of-phase current is measured (Brabec, 1985), the method,
also called tensammetry, serves for the study of adsorption of the catalyst. For
the same purpose the electrocapillary curves are often measured (Stackelberg
and Fassbender, 1958; Kolthoff and Mader, 1969). Square-wave polarography
is also used, but mainly pulse polarography – normal or differential (Paleček
and Pechan, 1971). Some instruments enable the users to study the catalytic
hydrogen evolution by means of static mercury drop electrode (SMDE), (Senda
et al., 1976; Yamaguchi et al., 1986). With dropping electrodes the shape of the
catalytic curves depends strongly on the drop-time (Figure 9) (Kůtová and
Březina, 1966). The time factor is the main source of differences between po-
larographic and voltammetric curves of catalytic systems recorded with iden-
tical solutions (Kolthoff and Kihara, 1979a; Heyrovský, 2000).
With hanging mercury drop electrode (HMDE) the methods analogous to

polarography are common: d.c. voltammetry (Figure 10) (Březina, 1959) and

Fig. 7. Dependence of polarographic catalytic current on pH of the solution. Polarographic

curves of catalytic hydrogen evolution currents of 50mM nicotinic acid amide in buffer

solutions of pH varied from 7.54 to 4.35; recorded from �1.0V vs SCE. From Knobloch

(1947), with permission of Coll. Czech. Chem. Commun.

M. Heyrovský666



a.c. voltammetry (Kuznetsov et al., 1988), voltammetric tensammetry, square
wave-, normal- and differential-pulse voltammetry (Wang, 1994). Many of these
techniques can be applied with the use of mercury film electrode (Wang, 1985)
or with solid amalgam electrodes (Yosypchuk and Novotný, 2002). In volt-
ammetry, in general, it must be borne in mind that the shape of the catalytic
curve varies with the rate of potential scan: with slow scan rate the catalysts
generated in a slow process can become active, with fast scan rate the cata-
lytically active short-lived intermediates can affect the shape of the curve.

Fig. 9. Dependence of the shape of polarographic catalytic curves on drop-time. Solution of

0.008% g-globulin+1mM Co(NH3)6Cl3 in 0.1M buffer ammonia/ammonium chloride;

drop-time: 1 – 2.75 s; 2 – 1.7 s; 3 – 1.0 s; 4 – 0.55 s; 5 – 0.31 s; curves recorded from �0.8V vs

SCE, 200mV/abscissa. From Kůtová and Březina (1966), with permission of Coll. Czech.

Chem. Commun.

Fig. 8. Dependence of polarographic catalytic current on buffer capacity of the solution.

Polarographic curves of catalytic hydrogen evolution currents of 1mM nicotinic acid amide

recorded in gradually diluted phosphate buffer of pH 7.0, dilution by 1mM aqueous solution

of nicotinic acid amide in proportions indicated on each curve, so that the concentration of

catalyst remains unchanged; recorded from �1.0V vs SCE. From Knobloch (1947), with

permission of Coll. Czech. Chem. Commun.
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For highly sensitive analytical determinations the methods of cathodic strip-
ping or adsorptive stripping voltammetry (Wang, 1985) are used, in which the
initial phase of measurement consists in accumulation of the catalyst at the
stationary electrode surface under a suitable constant potential. The method of
adsorptive transfer stripping voltammetry (AdTSV) (Paleček and Postbieglová,
1986) allows transferring biomacromolecules, strongly adsorbed on the surface
of a stationary electrode, from minute volume of one solution, after rinsing, to
another supporting solution, for further study or determination.
The stationary mercury electrodes, in addition, offer another possibility: in

the method of constant current derivative stripping chronopotentiometry (or
chronopotentiometric stripping analysis, CPSA) they are polarized by current,
and their potential, or, in practice, the reciprocal of derivative of their potential
by time, is followed as a function of their potential.
In this method, the catalytic evolution of hydrogen, analogous to the ‘‘pre-

sodium current’’, appears on the (dE/dt)�1
�f (E) curve in the form of a sen-

sitive, well-developed signal, the so-called ‘‘peak H’’ (Tomschik et al., 1998).

3. CATALYSIS BY PEPTIDES AND PROTEINS

3.1. Introduction

Peptides and proteins can cause catalytic evolution of hydrogen on mercury
electrodes as catalysts of both categories (1) and (2c), provided they contain
catalytically active groups, or form catalytically active complexes with appro-
priate cations. Although the first experience with catalytic evolution of hydro-
gen on mercury electrodes was gained with the ‘‘presodium’’ current, the great
majority of results in research and in practical applications of electrochemical
activity of peptides and proteins have been based so far on hydrogen evolution
catalyzed by their complexes with cobalt ions. Only the renewed successful

Fig. 10. Comparison of polarographic (DME) and voltammetric (HMDE) curve of catalytic

current in Brdička solution. Solution of 5 mM cystine with 1mM CoCl2 in 0.1M buffer

ammonia/ammonium chloride, recorded from �0.6V vs SCE, 300mV/abscissa, scan rate in

both cases equal, 5mV/s; curves: 1 – polarographic; 2 – voltammetric. From Březina (1959),

with permission of Coll. Czech. Chem. Commun.
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attempts to catalyze hydrogen evolution by complexes of metals other than
cobalt and the recent discoveries, that CPAS method can yield the highly sen-
sitive ‘‘peak H’’, based on catalytic hydrogen evolution in absence of cobalt,
and that catalytic hydrogen evolution occurs also on solid amalgam electrodes
(Figure 11), have spurred new development of the specific field of peptide and
protein electrochemistry. At present, the basically inexpensive electrochemical
apparatus offers very sensitive methods for study and analysis of peptides and
proteins, and, as the scientific knowledge in the field of electrocatalysis of hy-
drogen evolution has been so far more or less one-sided, the subject is now again
wide open to fundamental research as well as to many-sided applications.

Fig. 11. Voltammetric catalytic curves on mercury and on solid amalgam electrodes. (A)

Comparison of protein-catalyzed evolution of hydrogen on HMDE and (B) on mercury

meniscus modified silver solid amalgam electrode. DCV, supporting electrolyte (SE) – 10mL,

1mM CoCl2 in 50mM borate buffer, pH 8.6; curves: (A) 1 – SE; 2 – SE+0.05mL: blood

plasma (diluted 1:500); 3 – SE+0.1mL blood plasma; (B) 1 – SE; 2 – SE+0.01mL blood

plasma; 3 – SE+0.02mL blood plasma; scan rate 10mV/s. From B. Yosypchuk and M.

Heyrovský, unpublished results.
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3.2. Catalytically active groups

The active groups responsible for catalytic hydrogen evolution are the same in
peptides as in proteins. The main difference between these two classes of com-
pounds is in their size and basic conformation, for the catalytic activity it
means, above all, in their adsorption properties. The proteins, due to their size
and structure, tend to be adsorbable more strongly and in different ways than
peptides, and hence their catalytic reactions are, on an average, more prom-
inent. However, complete coverage of the electrode surface, bringing about the
limit of concentration dependence of the catalytic current, is usually attained at
lower concentrations by proteins than by peptides.
In the absence of transition metal cations in solution, the centers catalytically

active in producing ‘‘presodium current’’ or ‘‘peak H’’ in weakly alkaline so-
lutions are nitrogen atoms bearing free electron pairs (not valid for nitrogens in
peptide bonds) (Millar, 1953a), whereby alkylated nitrogens tend to be more
efficient, especially when they are parts of aromatic systems (Stackelberg et al.,
1958). The free electron pair on nitrogen atom gets protonated by the acid
component of the solution, and the protonated nitrogen atom is attracted by the
negatively charged electrode surface, to which the proton is ultimately trans-
ferred. Other groups, like �SH, �OH or �COOH, in the molecule, may have,
according to their degree of dissociation, a secondary effect on the catalytic
reaction (Březina and Gultjaj, 1963), e.g., by affecting the orientation or con-
formation of the catalyst in contact with the electrode surface, or by assisting in
the proton transfer, but normally they cannot initiate appreciable catalytic re-
action in absence of the nitrogen group. Low-molecular thioacids without ni-
trogen, like thioglycolic, thiosalicylic or 3-mercaptopropionic acid, produce but
small catalytic currents at relatively high concentrations and in solutions of
increased ionic strength – catalytically active is here exceptionally the sole
thiolic group, and the negative charge on the dissociated carboxyl is screened by
cations of the supporting electrolyte (Mader, 1971).

3.3. Brdička reaction

Transition metal cations, which form complexes with peptides and proteins,
appear as important components of efficient catalysts of hydrogen evolution at
mercury electrodes (Dykhal et al., 2001); catalytically active are usually short-
lived reduction products of the complexes. Most thoroughly investigated in this
respect are the ions of trivalent and divalent cobalt, usually in ammonia buffer
solutions, in what has been known as Brdička reaction (Brdička, 1933a, b, c).
Later it was ascertained, that besides ammonia any other buffer of pH around 9
can be used (Kalous, 1956; Kolthoff et al., 1968); however, the catalytic currents
in buffers of equal pH value show certain specific differences.
Cobalt ions readily form complexes with cysteine and with other molecules

containing thiolic groups. Apart from the �SH groups, also the nitrogen
atoms contained in the ligands take part in formation of the catalytically active
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complexes with cobalt (Zikán and Kalous, 1966). If a compound such as
EDTA, which binds cobalt ions more strongly than the �SH groups of the
protein, is added to the solution, the hydrogen catalysis is suppressed (Figure
12) (Chmelař and Nosek, 1959). It was found that the catalytic activity increases
with increasing stability constants of the cobalt complexes with the thiols
(Březina and Gultjaj, 1963; Kadleček et al., 1978). The catalytic current of
hydrogen evolution appears in the potential region where the complexes of
both, cobaltic and cobaltous, ions are completely reduced, and hence their
catalytic activity is mutually comparable, with only minor differences. Similarly,
the molecules containing accessible disulfidic group, get it reduced to two thiolic
groups at potentials less negative than those where the catalysis of hydrogen
evolution begins, and so disulfides are twice more efficient catalysts than thiols.
It has been assumed, that the actual catalytically active species is the short-lived,
zero-valent cobalt complex with the thiol ligands, formed as the primary prod-
uct of electrode reaction (Shinagawa et al., 1962; Chmelař et al., 1963, Hey-
rovský and Kůta, 1965); however, that assumption need not be generally valid
(Mairanovskii, 1987).
The cathodic current due to catalytic reaction of the reduced cystine complex

with cobalt ions is about 500 times higher than the cathodic current due to
diffusion-controlled two-electron reduction of the disulfidic group of cystine of
the same concentration, but without cobalt (Brdička, 1933a). While cystine and
cysteine yield catalytic current with one maximum in Brdička Co(II) solution,
the typical shape of the protein response is catalytic ‘‘double wave’’, a curve
with two maxima, in Co(II) as well as in Co(III) solution; however, the exact
shape of the catalytic curve of proteins varies according to experimental con-
ditions (Kolthoff et al., 1974). By decrease of temperature, by addition of

Fig. 12. Effect of strong complexing agent on Brdička polarographic reaction. To 10mL of

1mM CoCl2 solution in buffer 1M ammonia/0.1M ammonium chloride containing 100

times diluted blood serum (curve 1) gradually added EDTA to concentration first 0.2mM

(curve 2) till 2mM (curve 8); curves recorded from �1.0V vs SCE, 200mV/abscissa. From

Chmelař and Nosek (1959), with permission of Coll. Czech. Chem. Commun.
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surfactants or by increase of ammonia concentration, the double wave changes
into a single maximum (Figure 13) (Marha, 1957; Lamprecht and Katzlmeier,
1961; Alexandrov et al., 1963). The occurrence of the two maxima in the double
wave has been tentatively explained either (a) by catalytic action of different
amino acids in the protein molecule (Müller, 1955), (b) by different tertiary
structure of proteins (Iwanow, 1961), (c) by two different cobalt complexes of
the protein (Mairanovskii and Mairanovskaia, 1961) or (d) by the protein cat-
alyst acting first in adsorbed and then in desorbed state (Berg, 1964, 1966; cf.
Mader and Veselá, 1977). In general, adsorption of the protein at the electrode
plays an important role in the mechanism of Brdička catalytic reaction (Senda
et al., 1976; Kolthoff et al., 1978). In the high-molecular proteins, the cobalt-
containing catalytically active groups must be localized near the surface of the
molecule, accessible to the electrode process (Kalous, 1971; Kuznetsov et al.,
1988). The occurrence of the double wave on the curves of the Brdička catalytic
reaction of proteins poses the practical problem of how to determine the wave
height (Figure 14) (Lewitová and Kalous, 1974).
Brdička reaction is hence a specific catalytic reaction of peptides and proteins,

which have the �SH and/or �S-S-groups in their structure. The essential role of
-SH in the reaction is beyond doubt: carboxymethylation of the sulfhydryl
group by iodoacetate leads to a complete loss of the catalytic activity of cysteine
(Brdička, 1938); on the other hand, a chemical introduction of thiol groups into
catalytically inactive gelatin makes this protein catalytically active (Brdička et
al., 1966). In a series of proteins tested by Brdička reaction the height of the
catalytic double wave increases according to their cystine/cysteine content:
pepsinobovine plasma albuminochymotrypsinoinsulinotrypsin (Millar,
1953a); for establishing a strict dependence of catalytic activity on the number
of �SH/-S-S-groups, the accessibility to the electrode surface of the disulfidic
groups ‘‘buried’’ in the protein structure has to be taken into account (Kalous,
1971).

Fig. 13. Effect of surfactant on the Brdička polarographic double wave. Polarographic

curves of 5mL 1mM Co(NH3)6Cl3 in buffer 0.1M ammonia/ammonium chloride+0.75mg

serum albumin (curve 1),+0.5mM sodium oleate (curve 2); curves recorded from �0.95V vs

SCE, 200mV/abscissa, Smoler capillary. From Marha (1957), with permission of Coll.

Czech. Chem. Commun.
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On basis of rich experimental experience, a tentative complex scheme of the
mechanism of Brdička reaction was suggested (Mader et al., 1982). Theoretical
formulation of an equation for polarographic curve of Brdička catalytic current
was attempted first for low-molecular catalysts (Calusaru, 1966a, b); a theory of
Brdička catalytic current considering surface concentration of adsorbed pro-
teins was later developed for a simplified model, and verified experimentally at
the potential of �1.40V vs SCE, where hydrogen evolution is presumably cat-
alyzed by adsorbed zero-valent protein complex of cobalt (Senda et al., 1982).
The Brdička reaction between cobalt ions and �SH group is not the only way

how catalytic evolution of hydrogen can be generated on mercury electrodes.
Some organic thiocompounds, not containing thiolic or disulfidic groups, are
Brdička-active, the dithio- more so than the monothio- (Zuman and Kuik, 1958,
1959). In the high potential iron–sulfur proteins are neither free �SH groups
nor S-S- bonds, and still in Brdička solution they provide catalytic current of
hydrogen evolution (Feinberg and Lau, 1980). Imidazole and some of its de-
rivatives are the rare cases of organic molecules not containing sulfur, which
give catalytic Brdička reaction (Gudbjarnason, 1969). The presence of histidine
besides the �SH and �S-S-groups in the protein molecule supports its catalytic
activity (Lewitová and Kalous, 1974; cf. Gudbjarnason, 1969). If in the Brdička
solution cobalt is used in the form of its tris-ethylenediamine complex, the
catalytic wave of proteins has only one maximum, and its properties are slightly
different from the common standard (Ito, 1959, 1965). In heme-containing
proteins like cytochrome c or hemoglobin, the catalytic activity in Brdička
reaction is partly carried by the heme group (Ikeda et al., 1980a,b; Kinoshita et
al., 1980). Similar to the cobalt-induced catalytic currents, though weaker, are
currents produced in solutions of sulfur-containing peptides or proteins, on
addition of divalent nickel; also qualitatively the catalytic nickel effects differ to
some extent from those of cobalt (Paleček, 1956; Březina, 1960; Calusaru, 1967;

Fig. 14. Example of how to measure polarographic catalytic waves. Curves of 1mM CoCl2 in

buffer 0.1M ammonia/ammonium chloride (curve 1);+60 mM lysozyme (curve 2); like curve

1+80 mM ribonuclease A (curve 3); like curve 1+80 mM a-chymotrypsin (curve 4). As in

spectrophotometry, full shape of double wave supposed to be composed of two symmetrical

maxima. Curves recorded from �0.8V vs SCE, 200mV/abscissa. From Lewitová and Kalous

(1974), with permission of Coll. Czech. Chem. Commun.
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Kuik, 1971). Attempts to substitute cobalt in Brdička solution by ions of di-
valent copper, zinc or manganese, do not lead to catalytic hydrogen evolution
(Paleček, 1956; Senda et al., 1976).
Catalytic electrode reactions of serum proteins, more specific and more sen-

sitive (though more complicated) than the Brdička type, can be produced by
ethylenediamine complexes of trivalent rhodium (Alexander et al., 1977).

3.4. Peptides

The ‘‘presodium’’ catalytic effect of simplest peptides (dipeptides, tripeptides)
based on cysteine, in absence of transition metal cations in the solution, consists
mainly in a shift of the current due to reduction of the supporting solution, by
several tens of millivolts toward positive potentials. The extent of the shift is
individual for each peptide and depends on the size and concentration of the
peptide, on the solution pH and on the type of the buffer. The tripeptide mol-
ecules at higher concentrations yield a separate catalytic ‘‘wave’’ at the foot of
the shifted current – that is obviously the consequence of stronger adsorption of
the larger peptides at the electrode surface (Figure 15) (Mader et al., 2001). The
‘‘wave’’ changes more or less into the shape of a peak when recorded with the
differential pulse methods (DPP or DPV), or with the chronopotentiometric
method. Already with these simple catalysts the variability of their reactivity
according to experimental conditions is clearly expressed (Dorčák and
Šestáková, 2004). Much more pronounced difference and dependence on ex-
perimental conditions in catalytic ‘‘presodium’’ hydrogen evolution was dem-

Fig. 15. Polarographic ‘‘presodium’’ wave of peptide, separated out at the foot of shifted

catalytic current. Polarographic curves of borate buffer, pH 10.4 (lower curve), and of the

same solution containing 0.8mM reduced glutathione (upper curve). From Mader et al.

(2001), with permission of Coll. Czech. Chem. Commun.
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onstrated in a group of 10 nonapeptides, synthetic analogs of oxytocin and
vasopressin (Figure 16) (Mader et al., 1988). While solutions of vasopressin
derivatives yielded at micromolar concentration considerable catalytic maxima,
the maxima of the derivatives of oxytocin were less, and the carba-analogs of
oxytocin gave practically no catalytic current. With solutions of vasopressin was
observed for the first time the catalytic ‘‘peak H’’, by the method of constant
current chronopotentiometric stripping analysis (CPSA), allowing determina-
tion of vasopressin in nanomolar concentrations; that peak is considerably more
sensitive signal than the catalytic current obtained by the voltammetric methods
(Tomschik et al., 1998).
As both, oxytocin and vasopressin, contain cystine, they both produce cat-

alytic hydrogen evolution at mercury electrodes in cobalt-containing solutions,
after their disulfidic group gets reduced at the electrode (Sunahara et al., 1960),
and this reaction has been repeatedly practically utilized (e.g., Bartı́k et al.,
1971). Similarly, the Brdička reaction was used for determining peptide-like
compounds in urine of patients suffering from burns (Šafránková and Březina,
1962).
An important group of linear, cysteine-containing oligopeptides of the net

formula (g-Glu-Cys)n-Gly, where n ¼ 2 ! 11, are known as phytochelatins

Fig. 16. Differential pulse polarographic curves of ‘‘presodium’’ catalytic current of oxytocin

derivative. [2-O-methyl-tyrosine] oxytocin in 0.06M borax, pH 9.2; concentrations of peptide

in mM: 1 – 25; 2 – 50; 3 – 75; 4 – 100; E vs SCE. From Mader et al. (1988), with permission of

Coll. Czech. Chem. Commun.
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(PC); they are molecules carrying out heavy-metal detoxification in plants. The
PCs represent low-molecular members of a large system of polypeptides called
metallothioneins (MTs). The main family of metallothioneins consists of po-
lypeptide chains containing 61 amino acids of which 20 are cysteines, and their
function in nature is heavy-metal detoxification and metal metabolism in an-
imals (Stillman, 1995); the smaller PCs are known as plant MTs (Kotrba et al.,
1999). The chemical structure of MTs (and PCs) makes them efficient catalysts
of hydrogen evolution at mercury electrodes (Dorčák and Šestáková, 2004).
Responding to the high number of cysteines in the molecules the Brdička re-
action renders good services in analysis of MTs (Raspor and Pavicic, 1996;
Raspor et al., 2001). Recently, it was discovered that the CPSA ‘‘peak H’’
allows even more sensitive determination of metallothioneins without cobalt
ions, down to femtomolar level (Tomschik et al., 2000; Kizek et al., 2001). A
comparably high sensitivity can be reached by catalytic hydrogen evolution
when complexes of MTs with cisplatin are subjected to square wave cathodic
stripping voltammetry (El Hourch et al., 2003).
The catalytic evolution of hydrogen by insulin, a high-molecular peptide (or a

low-molecular protein, Mw 5730), containing three disulfidic groups of which
two are accessible to electroreduction (Stankovich and Bard, 1977), has been
often measured by Brdička reaction (Tropp, 1938; Kanner and Reed, 1939;
Kalous, 1956; Lamprecht and Katzlmeier, 1961; Zikán and Kalous, 1966, 1967;
Kalous, 1971; Lewitová and Kalous, 1974).

3.5. Proteins

Great majority of papers (well over 500), published so far on polarographic/
voltammetric reactions of proteins, deal with the catalytic evolution of hydro-
gen in presence of cobalt ions. That kind of analytical determinations, when
based on anodic stripping voltammetry, allow reaching concentrations down to
10�11M; a special procedure, utilizing the so-called ‘‘active cobalt’’, electrode-
posited at about �1.0V vs SCE (Anzenbacher and Kalous, 1973), goes even to
10�12M (Kolthoff and Kihara, 1977, 1979a, b). However, such determinations
are limited to sulfur-containing proteins. The recently introduced even more
sensitive method based on the CPSA ‘‘peak H’’ (Tomschik et al., 1998) is not
thus limited, and the topic is now open to further research. In the study of
electrochemical behavior of avidin and streptavidin, e.g., it came out that while
both proteins yielded the catalytic ‘‘peak H’’, only avidin gave the typical cat-
alytic Brdička double wave, a consequence that, unlike streptavidin, it contains
cysteine in the molecule (Havran et al., 2004).
By far, most of the papers published on Brdička reaction since its introduc-

tion in 1933 have been dealing with its application in medical diagnostics
(Brdička, 1937a, b, c, 1947, 1958; Březina and Zuman, 1958; Brdička et al.,
1965; Homolka, 1971). It was initiated by the discovery that cancerous blood
serum has a lowered ability to activate proteolytic enzymes by �SH groups
contained in blood (Waldschmidt-Leitz et al., 1937). Brdička has shown
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(Brdička, 1937c) that the difference between polarographic catalytic activity due
to the -SH contents of normal and cancerous serum is increased after alkaline
denaturation, and further he found (Brdička, 1939) that after deproteination by
sulfosalicylic acid (and filtration), the cancerous serum yields a higher catalytic
wave than the normal one. This, the so-called ‘‘filtrate reaction’’ (Figure 17)
(Kalous and Valenta, 1957), became the most frequently used diagnostic ap-
plication of polarography in the 1950–1960s (Kočent, 1958). Besides carcino-
matic diseases, the filtrate test of blood serum (or of blood plasma, Müller,
1955) gave an increase of catalytic current during inflammations, tuberculosis,
pneumonia, ulcers or necrotic processes; on the other hand, in case of liver
trouble the Brdička double wave is decreased when compared with normal
serum (Frank et al., 1956; Brdička, 1958; Brdička et al., 1965). Electrophoretic
analysis of the substances producing the catalytic ‘‘double wave’’ (Kalous, 1954,
1958) indicated that the main components are at least three proteinic com-
pounds of the character of mucoproteins or glycoproteins (Winzler, 1955); these
could be separated by paper electrophoresis and further individually investi-
gated (Kalous, 1959; Homolka, 1971). Used in tens of thousands of clinical tests
in global scale, the Brdička reaction proved to be a simple and reliable, though
nonspecific, indication of cancer, unable to catch the disease in its initial stage;
however, it served well in following the state of patient, especially during post-
operational stage (Balle-Helaers, 1956; Irmscher, 1958; Müller, 1963; Homolka,

Fig. 17. Brdička ‘‘filtrate test’’ as diagnostic tool. Comparison of polarographic (lower

curves) with voltammetric (higher curves, recorded by means of oscilloscope) records of

identical solutions of the Brdička filtrate test with blood sera of six patients preliminarily

diagnosed as: 1 – status febrilis; 2 – tumor hepatis susp.; 3 – ca. ventriculi susp.; 4 – normal; 5

– cirrhosis hepatis; 6 – arteriosclerosis. Preparation of filtrate: 0.4mL serum+1mL, 0.1M

KOH, after 45min+1mL 20% sulfosalicylic acid, after 10min filtration. Solution for elec-

trolysis: 0.5mL filtrate+5mL, 1mM Co(NH3)6Cl3 in 0.1M NH4Cl, 1M NH4OH. Curves

recorded from �0.8V vs Hg pool, in voltammetry scan rate �310mV/s. From Kalous and

Valenta (1957), with permission of Coll. Czech. Chem. Commun..
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1971; Puranen and Hokkanen, 1971; Siegel et al., 1976). Polarographic methods
were used in the study of protein content of body liquids other than blood
(gastric juice – Okajima and Sasai, 1953; sperm – Buruiana and Pavlu, 1957;
sweat – Jirka and Kotas, 1957; urine – Březina, 1963; saliva – Sanada and
Mishiro, 1966; review – Homolka, 1971; amniotic fluid – Caselli, 1980; vaginal
secretions – Velázquez et al., 1988).
Apart from human medicine the Brdička reaction found many other appli-

cations, e.g., in virology for testing purity of virus- from non-virus-proteins
(Figure 18) (Ruttkay-Nedecký, 1957, 1963; Ruttkay-Nedecký and Paleček,
1980), in molecular biology for determining proteins in presence of nucleic acids
(Berg, 1957; Vorlı́čková and Paleček, 1973), in microbiology for tracing pro-
teinase inhibitors of microbial origin (Kano et al., 1981), in general physiology
for comparing animal hemoglobin with human hemoglobin (Kuik and Kras-
sowski, 1987; Kuik, 1997), in marine zoology for research of proteins contained
in aquatic animals (Kikuchi et al., 1959), in research of nutrition for measuring
protein content in various kinds of milk (Nakanishi and Itoh, 1965). Heights of
the Brdička waves of native serum proteins were correlated with radiation sen-
sitivity of different animal species (Csagoly, 1959). Changes of mutual propor-
tion of the first to the second maximum in the Brdička double-wave under
different conditions were used in study of tertiary structure of proteins and
enzymes (Iwanow and Rachlejeva, 1964). In the Brdička reaction with nickel, an
analogy was found with the hydrogenase-catalyzed hydrogen bioproduction
(Banica, 1991). For applications of Brdička reaction see also Sequaris (1992) or
Brabec et al. (1996).
A sensitive detection of �SH and �S-S-groups in various organic compounds

was achieved by combining high-performance liquid chromatography with dif-
fererential pulse polarographic measurement of the Brdička catalytic current in
a flow-through cell (Qian et al., 1990).

Fig. 18. Utilization of Brdička reaction in virology. Comparison of polarographic curves of

Tobacco Mosaic Virus (TMV) with non-virus protein and their mixture. Solution 1mM

Co(NH3)6Cl3 in buffer 0.1M ammonia/ammonium chloride, pH 9.5, containing varied pro-

portion of non-virus protein to tobacco mosaic virus (TMV) protein in percentage (P);

T ¼ 0 1C; curves recorded from �0.8V vs Hg pool. Curves: 1 – P ¼ 1:00; 2 – P ¼ 0:75; 3 –

P ¼ 0:50; 4 – P ¼ 0:25; 5 – P ¼ 0:10; 6 – P ¼ 0:00; concentration of TMV protein 5.2mg/mL,

initial concentration of non-virus protein 0.052mg/mL. From Ruttkay-Nedecký (1963), with

permission of Coll. Czech. Chem. Commun.
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The reaction of catalytic evolution of hydrogen on mercury electrodes pro-
vides open possibilities for further development of sensitive methods of peptide
and protein detection and determination. An alkaline solution of guanidine
hydrochloride containing a low concentration of cobaltous chloride, e.g., allows
determination of human or bovine serum albumin in the concentration range
0.005–20mgL�1 by derivative linear scan polarography (Luo et al., 2003).

3.6. Changes of proteins

Various changes occurring with proteins in solutions are indicated by simul-
taneous changes of catalytic currents. Denaturation and proteolytic cleavage of
sulfur-containing proteins were followed by the Brdička reaction (Brdička and
Klumpar, 1937). In course of the denaturation process the thiolic and disulfidic
groups originally hidden inside the globular proteins come to the surface of the
macromolecules and can react with cobalt ions and/or with the electrode sur-
face, which results in an increase of catalytic current. The enzymatic cleavage of
proteins leads to formation in solution of higher number of catalytically active
fractions, which have higher diffusion coefficients than the original protein and
hence reach the electrode faster, the result being again an increase of catalytic
current. By means of Brdička reaction the process of salting-out of proteins can
be conveniently followed (Kalous and Štokr, 1955). Polarographic catalytic
currents were also used in a study of proteolytic action of trypsin on crystalline
bovine albumin in phosphate buffer containing divalent cobalt; the resulting
degradation products were studied, after separation by a sulfosalicylic filtrate, in
trivalent cobalt buffer solution (Müller and Yamanouchi, 1963). The well-
known reaction between avidin and biotin can be followed by a decrease of the
catalytic Brdička peak of avidin on addition of biotin (Havran et al., 2004).
Changes of the chronopotentiometric ‘‘peak H’’ indicate early stage of aggre-
gation of a-synuclein, which is an objective symptom of incipient Parkinson
disease (Masařı́k et al., 2004).

4. SUMMARY AND CONCLUSIONS

The catalytic hydrogen evolution on mercury electrodes, used from the 1930s
for study and analysis of peptides and proteins, was for several decades dom-
inated by the Brdička reaction, in solutions of cobalt ions. Although that re-
action provided and still provides useful services in many directions, its complex
mechanism has not been fully elucidated – further research on this problem can
bring important results for up-to-date applications. Besides this old topic, the
general reaction of hydrogen catalysis offers a vast field of other research pos-
sibilities: by changing the catalyzing complex, the composition of supporting
solutions and of experimental conditions, specific and sensitive electrochemical
reactions can be found for various kinds of peptides and proteins – some pre-
liminary results mentioned above indicate that the way in that direction is open.
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Another aspect is the search for new types and new materials for electrodes – the
solid amalgam electrodes, e.g., maintaining the important advantages of mer-
cury electrodes, can be used in special electrochemical sensors for specific needs
of protein sensitive and rapid control or determination. A promising trend in
electrocatalytic ways of following peptides or proteins is the introduction of
CPSA method, offering the very sensitive and specific ‘‘H peak’’, which is a
theme for a thorough systematic research. Distinct from optical methods, e.g.,
the methods based on electrolytic reactions provide information on heteroge-
neous reactivity of the studied species, which is essential in biochemical systems.
Electrochemistry, compared with other branches of physical chemistry, has
further the advantage of low-priced equipment, which is another factor for the
belief that the electrochemical approach will maintain its significant place in
biochemical and biophysical studies in general and in studies of peptides and
proteins in particular.

LIST OF ABBREVIATIONS

AdTSV adsorptive transfer stripping voltammetry
BH acidic component of solution
BSA bovine serum albumin
CPSA chronopotentiometric stripping analysis
Cys cysteinyl
DCV direct current voltammetry
DME dropping mercury electrode
DPP differential pulse polarography
DPV differential pulse voltammetry
Glu glutamyl
Gly glycyl
HMDE hanging mercury drop electrode
HSA human serum albumin
MT metallothionein
NPP normal pulse polarography
NPV normal pulse voltammetry
PC phytochelatin
R catalyst
SCE saturated calomel electrode
SMDE static mercury drop electrode
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Deutsch. Akad. Wiss. Berlin, Kl. Medizin Nr. 4, S.479.

Bobrowski, A. and J. Zarebski, 2000, Catalytic systems in adsorptive stripping voltammetry,
Electroanalysis 12, 1177.

Brabec, V., 1985, Polarography of cytochrome c in ammoniacal buffers containing cobalt
ions, The effect of the protein conformation, Gen. Physiol. Biophys. 4, 609.

Brabec, V., V. Vetterl and O. Vrana, 1996, Electroanalysis of biomacromolecules, Exper-
imental Techniques in Bioelectrochemistry, Vol. 3, Eds. V. Brabec, D. Walz and G.
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Brdička, R., 1958. Polarographische EiweiXreaktion und ihre Anwendungen, Z. Phys. Chem.,

Sonderheft, 165.
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gen an der stationären Tropfenelektrode, Coll. Czech. Chem. Commun. 24, 4031.

Březina, M., 1960, Influence of cobalt and nickel on the catalytic waves of proteins and of
some amino acids, Advances in Polarography, Vol. 3, Ed. I.S. Longmuir, Pergamon Press,
Oxford, 933.
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Paleček, E. and I. Postbieglová, 1986, Adsorptive stripping voltammetry of biomacromol-
ecules with transfer of the adsorbed layer, J. Electroanal. Chem. 214, 359.
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Velázquez, A., O. Hernández-Pérez, P. Gómez, G. Gallegos and A. Rosado, 1988, Brdička
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1. INTRODUCTION

Proteins greatly differ from nucleic acids in their functions, structures and
physical chemical properties. Nucleic acids store, replicate and transmit the
genetic information of cells. Proteins play much greater variety of roles: Some
form a large part of structural framework of tissues and cells; others carry out
transport and storage of small molecules. One of the most important protein
classes is the enzymes, the catalysts capable to promote enormous variety of
reactions determining essential pathways of metabolism. Antibodies and a
number of other important biological factors are proteins. Several thousand
kinds of proteins are contained in each cell. Compared to DNA, proteins are
extremely complex molecules in agreement with the multiplicity of their func-
tions. Since the 1950s great progress in protein chemistry and biology has been
done. Among the methods, which contributed to this progress are X-ray dif-
fraction analysis, nuclear magnetic resonance, electron and scanning force
microscopies, electrophoresis and isoelectric focusing, chromatography, etc.
(see Appendix for details). When searching biochemistry and protein textbooks
(Branden and Tooze, 1999; Campbell, 1995; Fersht, 1999; Lilley, 1995;
Mathews et al., 2000; Neurath, 1963; Stryer, 1988; Travers and Buckle, 2000),
electrochemistry can hardly be found among these methods. Why is it so? Is
electrochemistry of little use in the contemporary protein research? I do not
think so. Chapters 14–18 deal with progress and potentialities of electro
chemistry in the investigation of the direct electron transfer in proteins at
interfaces, and in attempts to contribute to immunoassays and development of
new platforms for highly parallel protein analysis. But can electrochemistry
contribute to the protein research also in other directions not covered in the
previous chapters of this book? I believe there are many possibilities to apply
electrochemical analysis and electrochemical approaches in protein research. To
realize these possibilities combination of some knowledge of the contemporary
biochemistry and electrochemistry is necessary.
At present time, synthetic oligopeptides are commercially available and also

larger polypeptides can be synthesized. Moreover, methods of protein engi-
neering producing recombinant wild-type and mutant proteins and their
domains are available. Particularly interesting appear mutant proteins with a
single amino acid exchange. Recombinant proteins have recently been applied
in the studies of the direct electron transfer of proteins, such as azurin (Fristrup
et al., 2001) or peroxidase (Ferapontova et al., 2002). On the other hand,
electrochemical studies of individual protein domains and mutants of proteins
not containing any center providing fast-reversible redox reactions practically
do not exist. In this chapter, I wish to deal with electrochemistry of proteins that
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do not offer fast-reversible electrochemistry. Special attention will be paid to
approaches, which can provide an insight into interfacial properties of specific
proteins and/or provide new tools for biomedicine or biotechnologies.

1.1. History

Electrochemical analysis of proteins was successfully applied in biochemistry,
pharmacy and medicine and particularly in clinical oncology research for
several decades around the middle of the 20th century (Brezina and Zuman,
1958) (See Chapters 20 and 18 for details). Later, the attention of electro-
chemists turned to direct electrochemistry of a limited number of redox-active
center-containing proteins (reviewed in Armstrong, 2002) and the potentialities
of the electrochemical methods as tools for analysis of the majority of proteins
important in molecular biology and biomedicine were neglected. At present,
electrochemistry of proteins is mainly oriented toward direct electrochemistry of
redox-active center-containing proteins offering fast reversible electrochemical
processes at solid electrodes (reviewed in Armstrong, 2002). Metalloproteins
represent a relatively large group of proteins but among metalloproteins only a
very small fraction fulfills the requirements for fast reversible electrochemistry
at solid electrodes. The problem is that the electrode should bind the protein in
an orientation suitable for fast electron transfer and that protein interaction
with the electrode surface should not result in denaturation of the protein mole-
cule. Moreover the protein binding should be sufficiently selective to prevent
binding of other molecules that may block the surface and interfere with the
protein analysis. The renewed interest in electrochemistry of proteins in general
is related to several factors, including development of new methods such as
adsorptive stripping and easy preparation of protein-modified electrodes
(Armstrong, 2002; Kuznetsov and Shumakovich, 1975; Kuznetsov et al.,
1977; Palecek and Postbieglova, 1986; Palecek et al., 1993b).

1.2. Protein adsorption and immobilization

Proteins adsorb ubiquitously on surfaces, including solid and liquid (mercury)
electrodes, after contacting of the protein aqueous solutions with the surface
(Hlady and Buijs, 1996; Hlady et al., 1999; Jackson et al., 2000; Roscoe, 1996).
Controlling the adsorption process to obtain well-defined and properly oriented
adsorbate, which retains its conformation and biological function, is of in-
creasing importance. Protein immobilization at surfaces and particularly at
electrodes is crucial in protein sensing, including the development of sensors for
DNA–protein and protein–protein interactions and in protein electrochemistry
in general. Similarly to nucleic acids (Chapter 3) covalent or non-covalent
binding can be used to immobilize the protein at the electrode surface. Protein
immobilization based on hydrophobic or electrostatic interactions and specific
ligand binding affinity has been applied. Such immobilization of proteins in-
volved either electrodes modified by special adsorbates or direct adsorption on
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bare electrodes. With commonly used bare metal electrodes such as mercury,
silver, gold and platinum no generally applicable method securing proper
orientation of protein molecules at the electrode surfaces is available and in
some cases protein unfolding at the electrodes was reported (Roscoe, 1996;
Scheller et al., 1975).

1.2.1. Modified electrode surfaces

1.2.1.1. Self-assembled monolayers. Since the pioneering work of Hill (Eddowes
and Hill, 1977) and Kuwana (Yeh and Kuwana, 1977) in 1977, noble metals,
such as gold and silver, modified with various adsorbates, or materials such as
carbon or metal oxides having natural functionalities have been increasingly
applied as electrodes for protein electrochemistry. Monolayers of thiol-
containing DNAs and proteins have been prepared at gold electrodes (Davis
et al., 1998, 2000; Friis et al., 1997; Herne and Tarlov, 1997; Jones et al., 1998;
Lewis et al., 1995; O’Brien et al., 2000a,b; Peterlinz et al., 1997; Prime and
Whitesides, 1991; Tarlov and Bowden, 1991). Recently, alkanethiols with hy-
drophobic, polar or electrically charged head (terminal) groups have been
increasingly applied to form self-assembled monolayers at gold electrodes to
create a specific adsorbate for immobilization of a given protein in a proper
orientation toward the electrode surface. In 1991, Tarlov and Bowden (1991)
were the first who used the SAM of alkanethiol with negatively charged head
group to immobilize cytochrome c at a gold electrode. Direct electronic com-
munication between the adsorbed protein and the electrode was detected by
cyclic voltammetry. The attachment of the protein was most likely due to ele-
ctrostatic interaction between its positively charged lysine residues and nega-
tively charged carboxylic group in the alkanethiol layer. This interesting system
was then characterized by a number of methods, including resonance Raman
spectroscopy and electroreflectance spectroscopy (Arnold et al., 1997; Avila
et al., 2000; Clark and Bowden, 1997; Collinson et al., 1992; El Kasmi et al.,
1998; Feng et al., 1995, 1997; Nahir and Bowden, 1996).

1.2.1.2. Carbon nanotubes. In recent years, the problem of synthesis of carbon
nanotubes (CNT) in large quantities has been solved (Ebbesen and Ajayan,
1992) and this materials have become commercially available. CNTs with dia-
meters in the range of 5–50 nm and lengths up to several micrometers represent
an attractive material with interesting mechanical, chemical, structural and
electronic properties (reviewed in Wang, 2005). CNT can be prepared by var-
ious methods, including carbon arc methods and chemical vapor deposition.
They can be divided into single- and multi-wall carbon nanotubes (SWCNT and
MWCNT, respectively). It was shown that CNT can be applied as an electrode
material and that proteins can be immobilized on/within opened nanotubes
without losing their activity (Davis et al., 1997; Wang, 2005; Kerman et al.,
2005). Particularly, with redox protein azurin well-behaved voltammetric re-
sponses were obtained (Davis et al., 1997). CNT posses a hollow core suitable
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for storing guest molecules, including nucleic acids and proteins (Wang, 2005).
The above-mentioned properties make CNT highly attractive materials for
electrochemical biosensors. CNT-based biocomposite electrodes (Rubianes and
Rivas, 2003; Valentini et al., 2003; Wang and Musameh, 2003) as well as CNT
screen-printed strip electrodes (Wang and Musameh, 2004) were prepared. New
bioelectronic protocols, based on the double-surface technique with magnetic
beads (Section 7.1.2), were recently described. In these protocols, CNT played a
role as carriers of a large number of enzyme molecules and as modifiers of the
glassy carbon electrodes allowing detection of DNA and proteins at z-mole
level. It can be expected that CNT will be increasingly applied in electrochemi-
cal analysis of proteins and in electrochemical biosensors.

1.2.2. Bare electrodes

1.2.2.1. Solid electrodes. Electrochemical studies of interfacial behavior of
proteins not containing redox centers at bare solid electrodes were thoroughly
reviewed by Roscoe (1996). At solid electrodes most of the electrochemical
studies dealt with proteins adsorption, surface coverage, charge density, etc.
Such investigations provided information on changes in protein conformation
at surfaces and on fouling of surfaces important for various practical industrial
and medical problems (Fuller and Roscoe, 1994). Under certain conditions,
adsorption of carboxyl groups of some proteins at platinum electrodes was
accompanied by electron transfer at anodic potentials (Roscoe and Fuller, 1992;
Roscoe et al., 1993). In 1980, it was shown by Brabec (1980) and Reynaud et al.
(1980) that tyrosine (Tyr) and tryptophan (Trp) residues in proteins are electro-
oxidizable at carbon electrodes. The indole ring of Trp is susceptible to
electrooxidation from its heteroatom (Brabec and Mornstein, 1980; Brabec and
Schindlerova, 1981a,b). Electrooxidation of tyrosine residues involves one ele-
ctron and single proton transfer (the electrode process is similar to the oxidation
of simple p-substituted phenols) (Reynolds et al., 1995). Voltammetric analysis
of proteins at carbon electrodes was not very sensitive yielding at relatively high
protein concentrations only poorly developed inflections and/or small peaks at
the voltammetric curves (Brabec, 1980; Brabec et al., 1996; Palecek et al.,
1993b). It was shown that the constant current chronopotentiometric stripping
analysis (CPSA) with sophisticated baseline correction is capable to produce
well-developed oxidation peaks of Tyr and Trp residues in peptides at nano-
molar concentrations (Cai et al., 1996; Tomschik et al., 1998 and references
therein). Similar sensitivities were obtained with square wave voltammetry in
combination with baseline correction (Palecek et al., 2004b; Masarik et al.,
2004; E. Palecek and M. Masarik, unpublished). Further increase in sensitivity
of the analysis of peptides and proteins was achieved by combination of glassy
carbon electrode with carbon nanotubes (Kerman et al., 2005).

1.2.2.2. Mercury electrodes. Once very popular, in the last three decades mercury
electrodes were little used in electrochemistry of proteins. With their extremely
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high hydrogen overvoltage and very high affinity for sulfur these electrodes offer
some possibilities not available with solid non-mercury electrodes. These include
the so-called Brdicka reaction in cobalt containing solutions (see Chapter 18) and
the polarographic pre-sodium wave of proteins (obtained with mercury dropping
electrodes) reviewed in Brezina and Zuman (1958), Heyrovsky and Kuta (1965)
and Palecek (1983). Both the Brdicka reaction and pre-sodium wave are due to
catalytic hydrogen evolution. D.c. polarographic pre-sodium wave was little used
for analytical purposes because it appeared at too negative potentials very close
to the background discharge and its shape was poorly developed and difficult to
measure. Recently, we have shown that using the CPSA a well-developed peak
can be obtained at very low peptide or protein concentrations at a hanging
mercury drop electrode (HMDE) (Masarik et al., 2004; Palecek et al., 2004b;
Tomschik et al., 1998). This peak appeared at highly negative potentials but in
the CP mode it was well separated from the background discharge; it was de-
nominated as peak H. Using this peak femtomoles of peptides and proteins were
determined (Kizek et al., 2001; Tomschik et al., 1998, 1999) without any baseline
correction. Taking advantage of such a high sensitivity of the electrochemical
determination, we attempted to use peak H for the analysis of several biologically
highly important proteins such as metallothionein (Kizek et al., 2001 and
references therein), a-synuclein (Masarik et al., 2004) (important in Parkinson
disease (PD)) (Dev et al., 2003a,b) (Section 5.2.1), tumor suppressor protein p53
(Palecek et al., 2004a; Soussi et al., 1994; Vogelstein and Kinzler, 1992), MutS
protein (Palecek et al., 2004b) (Section 7.2.1.1) acting in DNA repair (Biswas and
Hsieh, 1996; Scharer, 2003; Wu et al., 2004) and other proteins and peptides
(Section 3). In this chapter, we wish to show examples of utilization of elec-
trooxidizability of oligopeptides and proteins at carbon electrodes as well as their
electroactivity at liquid mercury and solid amalgam electrodes utilized in relation
to important biological problems.

2. ELECTROACTIVITY OF PEPTIDES AT CARBON AND

MERCURY ELECTRODES

Oligopeptides represent an important class of modulators of biological func-
tions. A number of peptides serve the classical biological role of hormones in the
endocrine system and of neurotransmitters and neuromodulators in the central
nervous system. Many diverse biological functions, including learning and
memory, blood pressure regulation, sexual maturation and reproduction, en-
zyme inhibition or thermal control, can be modulated and regulated by peptides
(Cai et al., 1996 and references therein). Owing to the biological importance of
peptides, there is a great interest in new effective approaches for their analysis,
and for probing peptide conformational properties and interactions.

2.1. Electrooxidation at carbon electrodes

About 10 years ago the electrochemical analysis of peptides was limited to cystine/
cysteine-containing peptides using the mercury electrode. Electrooxidation of
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Tyr and Trp residues at carbon electrodes was little used for this purpose
(Palecek, 1988). With proteins, best results were obtained with differential pulse
voltammetry (Brabec and Mornstein, 1980; Brabec and Schindlerova, 1981b).
This method, however, was not capable (a) to determine proteins at submicro-
molar concentrations and (b) to produce well-resolved peaks of Tyr and Trp.
We showed that CPSA at carbon electrodes yielded well-developed peaks for

very low concentrations of DNA and RNA (Wang et al., 1995), under condi-
tions where voltammetric methods produced no signals or only poorly developed
inflections (Chapter 3). Having in mind this experience we used CPSA to study
three biologically important peptides containing Tyr and/or Trp residues, that is
bombesin, luteinizing-hormone-releasing hormone (LH-RH) and neurotensin.
The above peptides were adsorbed and accumulated at carbon paste electrode

(CPE) and determined at low solution concentrations by CPSA. Well-separated
oxidation peaks of tyrosine (peak Y at about 0.55V) and/or of tryptophan
residues (peak W at about 0.7V against Ag/AgCl/3M KCl) were obtained.
Neurotensin and bombesin containing only Tyr or only Trp, respectively, pro-
duced single peaks at the corresponding potentials, while LH-RH, which con-
tains both Tyr and Trp residues, produces two well-resolved peaks (Figure 1).
Using CPSA, these peptides were determined down to nanomolar concentra-
tions at short accumulation times. Under the same conditions no voltammetric
responses were observed. After 10min accumulation, the CPSA detection limit
for bombesin was 0.2 nM. The electrode with the adsorbed peptide could be
washed and transferred into the blank electrolyte to perform CPSA. In this way,
interferences of a number of low-molecular-mass substances (which were not
strongly attached to the electrode or removed from it by washing) were avoided.
We found that instead of CPSA square-wave voltammetry with baseline
correction can be used.
CPSA was also used to study [Lys8]-vasopressin and angiotensin II at CPE

(Tomschik et al., 1998). Both peptides contain a single tyrosine residue which is
oxidized at CPE close to +0.6V (against Ag/AgCl/3M KCl electrode, in 0.2
sodium phosphate, pH 7.0) producing peak Y; in vasopressin this peak was by
about 15mV more positive than in angiotensin II. Similar results were obtained
also with proteins such as insulin (Wang et al., 1996) lysozyme, bovine serum
albumin (L. Havran, S. Billova, E. Palecek, unpublished), avidin (Havran et al.,
2004), a-synuclein (Masarik et al., 2004), etc. but with some proteins containing
both Tyr and Trp residues it was difficult to obtain two well-separated peaks.
We have found that efficient baseline correction incorporated in instruments
containing CP mode represents the main factor securing the high sensitivity in
protein analysis. In agreement with this finding square wave voltammetry with
baseline correction provided equal sensitivity in the analysis of proteins.

2.2. Electroactivity of peptides at mercury electrodes

The same two peptides were studied by CPSA at HMDE. In 0.2M sodium
phosphate, pH 7.0, 1 mM [Lys8]-vasopressin yielded peak S at �0.56V, related
to the presence of cystine in the peptide (Figure 2C). Under the same conditions,
no peak S was observed with angiotensin II not containing any cystine/cysteine

Electroactivity of Proteins 695



residues. Vasopressin but not angiotensin produced catalytic hydrogen reduc-
tion signals in media with cobalt ions (Figure 2A) as well as in media not
containing any transition metal ions (Figure 2B, peak H).
Electroactivity of peptide nucleic acid (PNA) involving nucleic acid bases was

summarized in Chapter 3. So far no reports have been published on the ability
of PNA to catalyze the hydrogen evolution. Our preliminary results (L. Havran
and E. Palecek, unpublished) suggest that PNA does not produce the Brdicka’s
signal in cobalt containing solution. On the other hand, PNA end-labeled with
cysteine yields distinguished peak H as well as the Brdicka’s double peak (see
also Section 6.2).

2.2.1. Peak H

2.2.1.1. [Lys8]-Vasopressin and angiotensin II. Angiotensin II and [Lys8]-vaso-
pressin were investigated by CPSA at HMDE in 0.2M ammonium phosphate,

Fig. 1. (A) Linear-sweep voltammetric, (B) differential pulse voltammetric and constant cur-

rent chronopotentiometric (CP) stripping responses of 3.5mM (a) bombesin, (b) neurotensin

and (c) LH-RH at the pretreated carbon paste electrodes (CPEs). Accumulation (2min at

0.1V) and stripping in 0.2M phosphate buffer (pH 7.0); electrode pretreatment: 1min at 1.5V

in 0.5M Na2CO3; TRACELAB parameters: 20mV s�1 scan rate (A); pulse height 25mV;

drop time 0.5 s; scan rate 5mV s�1 (B); 5mA stripping current (C). Y refers to tyrosine and W

to tryptophan. Adapted with permission from Cai et al. (1996). Copyright 1996 Elsevier.
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Fig. 2. CPSA signals of [Lys8]-vasopressin measured at HMDE: (A) peak of cobalt (Co) and

catalytic peaks a and b yielded by the peptide in the presence of cobalt ions (Brdicka’s

solution), (B) catalytic peak H yielded in the absence of cobalt (pre-sodium wave) and (C)

reduction peak S of HgS/disulfide bonds. Chronopotentiograms of 1mM vasopressin were

measured in (A) 0.1M NH4Cl, 0.1M NH4OH, 1mM [Co(NH3)6]Cl3 (tA ¼ 60 s,

EA ¼ �0:6V, I ¼ �10mA); (B) 0.2M ammonium phosphate buffer, pH 7.8 (tA ¼ 60 s,

EA ¼ 0V, I ¼ �20mA); and (C) 0.2M sodium phosphate buffer, pH 7.0 (tA ¼ 300 s,

EA ¼ 0V, I ¼ �0:2mA). Adapted with permission from Tomschik et al. (1998). Copyright

1998 Wiley-VCH.
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pH 7.8 in absence of cobalt ions. [Lys8]-Vasopressin (1 mM) yielded a symmet-
rical peak close to �1.7V, well separated from the background (Figures 2B and
3). Vasopressin (1 nM) produced at 5min accumulation time still a well-
developed peak, without any baseline correction (Figure 3). This peak, which
was produced also by other peptides and proteins, was denominated as ‘‘peak
H’’ because of its High sensitivity, catalytic Hydrogen evolution and Heyrov-
sky. In fact, it was Heyrovský and Babicka (1930) who started the history of the
electrochemical analysis of proteins in 1930 when they published their paper on
the so-called d.c. polarographic pre-sodium wave. CPS peak H probably reflects
similar electrode processes as the pre-sodium wave but this peak is better
developed, allowing the determination of nanomolar and subnanomolar con-
centrations of peptides and proteins (Havran et al., 2004; Kizek et al., 2001;
Masarik et al., 2004; Tomschik et al., 1998). Several factors contribute to the
better sensitivity of the CPS peak H as compared to d.c. polarography in cobalt-
containing solutions (Brdicka protein waves) and in absence of cobalt (pre-
sodium wave): (i) In CPSA more negative potentials can be reached (Heyrovsky
and Forejt, 1953; Kalvoda, 1960) than in voltammetry and polarography.
Reaching the highly negative potentials is necessary to obtain a well-developed
peak H which in voltammetric and polarographic measurements is too close to
the background discharge (Figure 3B); (ii) Strongly adsorbed peptides and
proteins can be accumulated at HMDE (or at other stationary or solid mercury-
containing electrodes, such as solid amalgam electrodes). Using the adsorptive

Fig. 3. (A) CPSA peaks H and H1 of vasopressin at concentrations of (1) 5 nM; (2) 10 nM;

(3) 20 nM; (4) 30 nM; (5) 40 nM; (6) 50 nM, (7) 60 nM, (8) 70 nM; (9) 80 nM; E, background

electrolyte; tA ¼ 60 s. Inset (B) LSV and (C) CPSA response of 1 nM vasopressin accumu-

lated for tA ¼ 300 s; in LSV, scan rate 0.1V s�1; in CPSA, I ¼ �5mA; for other details see

Figures 4A, B. Adapted with permission from Tomschik et al. (1998). Copyright 1998 Wiley-

VCH.
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stripping greatly increases the sensitivity of the determination as compared to
the polarographic methods; (iii) efficient baseline correction incorporated in
chronopotentiometric instruments can improve the peak shape at very low
protein concentrations. This is usually not necessary because the sensitivity of
the CPS peak H is very good even without the baseline correction.

In addition to [Lys8]-vasopressin (Figures 2B and 3), we also investigated
under the same conditions angiotensin II. No catalytic hydrogen reduction
signal was obtained with the latter peptide suggesting that the presence of
cystine/cysteine residues might be necessary for the appearance of peak H. We
considered such a conclusion as premature (Tomschik et al., 1998). We there-
fore tested several peptides not containing cysteine residues, including angio-
tensin II (Table 1) under different conditions, including different pHs and
compared their behavior with that of cysteine-containing peptides, including
Lys8-vasopressin.

2.2.1.2. Peak H is affected by peptide cysteine residues. We confirmed our pre-
vious results showing inactivity of angiotensin at pH 7.8 and we observed no
peak H at higher pHs, where vasopressin showed peak H (V. Dorcak, un-
published). Slight decrease of pH from 7.8 resulted, however, in an appearance
of peak H of angiotensin II (Figure 4). This peak was substantially smaller and
appeared at more negative potentials (by about 300mV) than that of vaso-
pressin. These differences might be related to different adsorption of thiol-
containing peptides, capable to form Hg–S bonds at the mercury surface.
Generally, all tested peptides (Table 1) produced peak H at acid pHs but sub-
stantial differences between the groups of peptides with and without cysteine
were observed in their electrochemical behavior. At alkaline pHs, all peptides
not containing cysteine residues did not show any peak H. Under the same

Table 1. Peptides A, containing and B, not containing cysteine residues

Peptides M.W. Sequences

A [Lys8]-Vasopressin 1056.2 Cys-Tyr-Phe-Gln-Asn-Cys-Pro-
Lys-Gly-NH2[–S-S– 1-6]

SS38 1152.2 Asn-Arg-Cys-Ser-Gln-Gly-Ser-Cys-
Trp-Asn[–S-S– 3-8]

SH38 1154.2 Asn-Arg-Cys-Ser-Gln-Gly-Ser-Cys-
Trp-Asn

B Angiotensin I 1296.5 Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-
His-Leu

Angiotensin II 1046.2 Asp-Arg-Val-Tyr-Ile-His-Pro-Phe
Bradykinin 1060.2 Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-

Arg
[Met(O)5]-
Enkephalin

589.7 Tyr-Gly-Gly-Phe-Met(O)

a1-Mating Factor 1684.0 Trp-His-Trp-Leu-Gln-Leu-Lys-
Pro-Gly-Gln-Pro-Met-Tyr
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conditions, all cysteine-containing peptides produced well-developed peak H
(Figures 2B–4, Table 1). On the other hand, at neutral and weakly acidic pHs all
peptides, regardless of the presence or absence of cysteine residues in their
molecules, displayed peak H (Figure 4, Table 1). We analyzed a number of
peptides and proteins using peak H and found that under suitable conditions all
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Fig. 4. CP responses of [Lys8]-vasopressin (- - - - - -) and Angiotensin II (––––––) in McIlvain

buffer (. . . . . . ) at pH 7 and 8. (A) 0.1mM [Lys8]-vasopressin (- - - - - -) and 0.5 mM
angiotensin II (––––––) in 0.2MMcIlvaine buffer, pH 7.0. (B) 0.1 mM [Lys8]-vasopressin (- - -

- - -) and 1.0 mM angiotensin II (––––––) in 0.2M McIlvaine buffer, pH 8.0. Conventional

AdS with HMDE, accumulation time 60 s, accumulation potential �0.1V, stripping current

�5mA (V. Dorcak and E. Palecek, unpublished).
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of them displayed peak H (V. Dorcak and E. Palecek, unpublished). Similar
results were obtained with wild type (not containing cysteine) and cysteine-
containing mutant of a-synuclein (Section 3.2.1). It, thus, appears that peak H
might be the first electrochemical signal, which on one hand can be used for the
determination of peptides and proteins regardless of their amino acid compo-
sition and on the other hand, it can be used for fast differentiation between
peptides and proteins with and without cysteine residues.

Electrochemical signals of some small peptides and phytochelatin peptides
(and their complexes with cobalt (II)) due to the catalytic hydrogen evolution
were studied (Dorcak, 2004; Dorcak and Sestakova, 2005; Mader et al., 2001).
In small peptides, only a shift of the background discharge to positive potentials
but no distinguished differential pulse polarography (DPV) peak was observed
under the conditions where cysteine-containing peptides produced peak H
(Dorcak, 2004).

3. ELECTROACTIVITY OF PROTEINS

In this chapter, electroactivity of proteins will be considered only in relation to
their natural amino acid composition. Electroactivity of non-protein groups in a
number of conjugated proteins, including metalloproteins will not be included
as it is covered in Chapters 15–17. Below interfacial properties and electro-
activity of two well-known proteins, that is avidin and streptavidin will be
discussed as examples of potentialities of electrochemical analysis of proteins
not undergoing reversible redox processes at bare electrodes.

3.1. Electroactivity of avidin and streptavidin

Avidin is a 66 kDa basic glycoprotein, with an isoelectric point of 9.5 (Green,
1975) and extremely high affinity for biotin (vitamin H, dissociation constant is
�10�15M) (Green, 1963, 1975). The bacterial protein streptavidin has a similar
affinity for biotin (10�14M) (Green, 1990). In contrast to avidin, streptavidin
does not contain any cysteine residue (Buckley et al., 1991) (Table 2), while
avidin contains two cysteines forming a disulfide bond. Both proteins are func-
tionally and structurally related. They consist of four identical subunits, formed
by an eight-stranded, antiparallel, up–down b-barrel, bearing an active binding
site for biotin (DeLange and Huang, 1971; Hendrickson et al., 1989; Livnah
et al., 1993; Pugliese et al., 1993; Weber et al., 1989). Both proteins have been
extensively used in biotechnologies. Biotin, coupled to a target molecule, is
usually linked to (strept)avidin labeled with some reporter group. Depending on
its nature, this group is subsequently detected by means of various methods,
such as immunoassay (Heitzmann and Richards, 1974; Rappuoli et al., 1981),
immunohistochemistry (Bayer et al., 1987), DNA hybridization (Diamandis
and Christopoulos, 1991), flow-cytometry (Finn et al., 1984), radiometry
(Blanco and Dixon, 1986), electron microscopy (Spiegel et al., 1982), etc.
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Eletrochemical methods were used in studies of (strept)avidin–biotin binding
using solid (mainly carbon) electrodes (Athey et al., 1993; Gonzalez-Garcia
et al., 2000; Kuramitz et al., 1999, 2000a,b; Sugawara et al., 1994, 1995, 1996a,b,
1997; Tanaka et al., 1999). To monitor the (strept)avidin–biotin binding, biotin
derivatives with an electroactive redox markers, such as daunomycin (Sugawara
et al., 1995), Nile Blue A (Sugawara et al., 1996b), colloidal gold (Gonzalez-
Garcia et al., 2000) or mediators (Kuramitz et al., 1999, 2000b; Sugawara et al.,
1996a), e.g. dopamine (Kuramitz et al., 1999) and thiourea (Kuramitz et al.,
2000b) were used. (Strept)Avidin–biotin binding was recently applied in DNA
hybridization and protein sensors (Chapters 3–5 and 11). In the literature, both
avidin and streptavidin were frequently claimed to be electroinactive species (e.g.
Steiger et al., 2003; Sugawara et al., 1994, 1996a). Such a claim was at variance
with our experience showing that proteins containing tyrosine and/or tryptophan
produce oxidation signals at carbon electrodes, while proteins containing cysteine
residues are electroactive at mercury electrodes. We, therefore tested electroac-
tivity of avidin and streptavidin at carbon and mercury electrodes (Figure 5).
Electrochemical investigation of avidin and streptavidin at carbon and mer-

cury electrodes showed (Havran et al., 2004) (in contrast to the generally
accepted belief about electroinactivity of these proteins, Steiger et al., 2003;
Sugawara et al., 1994, 1996a) that both proteins produced electrochemical re-
sponses at these electrodes. Both avidin and streptavidin produced oxidation
signals at carbon electrodes due to Tyr and Trp residues (Brabec and
Mornstein, 1980). At HMDE these proteins yielded a CPS peak H (Kizek
et al., 2001; Tomschik et al., 1998, 2000) at highly negative potentials. In ad-
dition avidin but not streptavidin produced at alkaline pH a peak at about
�0.6V (peak S) (Figures 2B and 5B) related to the formation of avidin com-
pound with the electrode mercury. Characteristic (Brdicka’s) catalytic signals of
avidin in the cobalt-containing solutions (Ruttkay-Nedecky and Anderlova,
1967), reviewed in Brezina and Zuman (1958) and Palecek (1983), were obtained
by DPV (Figure 6A). The introduction of the derivative pulse polarography in
the analysis of proteins more than 30 years ago (Palecek and Pechan, 1971;
Palecek et al., 1977) significantly increased the sensitivity of the polarographic

Table 2. Comparision of avidin and streptavidin properties

Property Avidin Streptavidin

Subunits 4 4
Molecular weight of tetramer 66 000 60 000
Amino acid residues 128 159
Cysteine 2 0
Methionine 2 0
Tryptophan 4 6
Tyrosine 1 6
Isoelectric pH 9.5� 6.1�

Glycosylation Yes� No�

�From Ref.: Green, 1990
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Fig. 5. Comparison of a.c. voltammetric behavior of avidin, avidin–biotin complex and

biotin. (A) Out-of phase a.c. voltammograms of 15 mM avidin (solid line) and its complex

with 60mM biotin (dotted line) at HMDE. Iav corresponds to current of avidin and Iav–b
current of avidin–biotin complex. (B) In-phase a.c. voltammograms of (a) 15mM avidin and

its complexes with (b) 15, (c) 30 and (d) 60 mM biotin at HMDE. Inset: Dependence of peak S

height on concentration of biotin in avidin–biotin complex (current value of 15 mM avidin

with 60 mM biotin (1:4) was taken as 100%). Adsorptive transfer stripping a.c. voltammetry

(AdTS a.c.V) in 0.1M NH4ClþNH4OH (pH 9.5) (dotted line). Instrument settings:

tA ¼ 1 min, f ¼ 230Hz, amplitude ¼ 50mV, phase angle: (A) 901, (B) 01. Other details as in

Figure 1. Adapted with permission from Havran et al. (2004). Copyright 2004 Wiley-VCH.
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analysis of proteins in cobalt-containing solutions. Recently, AdTS, DPV
(Figure 6A) and chronopotentiometric (CP) signals (Figure 6B) of 1 mM avidin
at HMDE were compared. Both techniques produced characteristic catalytic
protein signals but the peaks yielded by AdT CPSA were better separated and
better developed (Figures 6A and B). In our work with other proteins, we
obtained better results with CPSA as compared to DPSV; a more systematic
study would be, however, necessary to find out under which conditions and for
what reasons one of the techniques is superior to the other.

3.1.1. Avidin– biotin binding

As a result of biotin binding, avidin signals underwent changes related to
the formation of avidin–biotin complex. The oxidation signals (obtained at
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Fig. 6. Comparison of avidin BCR measured by (A) AdTS DPV and (B) AdT CPSA. Peak of

cobalt(II) reduction (Co) and peaks a, b yielded by avidin in the presence of cobalt ions

(Brdicka reaction) (straight line). 1mM avidin or streptavidin (dash line) were adsorbed at

HMDE and measured in Brdicka solution – 0.1M NH4ClþNH4OH with 1mM

[Co(NH3)6]
3+ (pH 9.5). AUTOLAB settings – AdTS DPV: pulse amplitude 50mV, scan

rate 10mV s�1, initial potential 0V, tA ¼ 1 min; AdT CPSA: tA ¼ 1 min, I ¼ �5mA.

Adapted with permission from Havran et al. (2004). Copyright 2004 Wiley-VCH.
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pyrolytic graphite electrode) as well as catalytic Brdicka’s signals (Figure 7), and
peak H decreased (Havran et al., 2004), while peak S increased (Figure 5B) due
to biotin binding.

3.1.1.1. Catalytic hydrogen evolution responses. Avidin (1mM) was titrated with
biotin in a test tube and the avidin catalytic responses were measured by AdT
CPSA in (Brdicka) cobalt-containing solution. The titration curve showed an
equivalence point corresponding to binding of a single biotin per avidin mole-
cule (Figure 7). In this point, the height of the more negative peak b decreased
to 16% of the original peak of avidin (with no bound biotin) while peak a
completely disappeared. This steep decrease in both peaks was clearly related to
the formation of the avidin–biotin complex. The same equivalence point was
obtained when peak H was measured in sodium tetraborate (pH 9.5, in the
absence of cobalt) (Havran et al., 2004).

To understand the changes in the electrochemical behavior of avidin on
binding a single biotin molecule, avidin structure and properties should be
considered. Avidin structure is well understood and it is known that binding of
a single biotin has little effect on the avidin structure. Avidin–biotin complex is
more stable than avidin itself; the complex shows higher stability toward both
chemical and thermal denaturation conditions. Assuming that, similarly to
some other proteins (Section 3.2), avidin may undergo at the mercury surface a
limited unfolding, which results in stronger adsorption of its molecule at the

0 2 4 6 8
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100%

peak b
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r

Fig. 7. Titration of avidin with biotin as measured by BCR. Dependence of avidin peaks a

and b heights on concentration of biotin in avidin–biotin complex. 1mM avidin was incu-

bated with different concentrations of biotin – 250 nM, 1 mM, 4 mM in Eppendorf tubes, r,

molar ratio of biotin/avidin. Avidin or avidin–biotin complexes were adsorbed at HMDE

and measured by AdT CPSA in Brdicka solution. AUTOLAB settings: tA ¼ 1 min,

I ¼ �5mA. Other details in Figure 6. Adapted with permission from Havran et al. (2004).

Copyright 2004 Wiley-VCH.

Electroactivity of Proteins 705



surface, explanation of the observed changes can be sought in changes of the
interfacial properties related to the solution stability of the protein (Figure 8).

3.1.1.2. Adsorption/desorption and peak S. AC voltammetric (ACV) phase-out
measurements showed that the avidin–biotin complex was adsorbed in a wide
potential region less firmly than avidin alone (Figure 5A). Avidin remained
adsorbed at HMDE even at potentials around �1.5V in contrast to avi-
din–biotin, which gave no evidence of its presence on the surface at these
potentials. The surface unfolding of avidin could not be very large because
unfolding of this protein by thermal denaturation induced very large changes in
its electrochemical behavior (Section 3.2.2) (not observed in the adsorbed native
avidin).

When phase-in mode of ACV or CV were used, avidin produced peak close to
�0.6V (peak S, Figure 5B). Under the same conditions streptavidin did not

Fig. 8. Interfacial behavior of avidin and its complex with biotin at the mercury electrode. At

potentials more positive than peak S, � (Figure 5) avidin molecules are either chemisorbed

via cystine/cysteine residues or undergo strong hydrophobic interactions with the hydro-

phobic mercury surface through its biotin-binding pocket. In avidin–biotin complex, the

biotin-binding pocket is shielded by the bound biotin preventing the hydrophobic adsorption

via this pocket and shifting the equilibrium in favor of the chemisorption (indicated by an

increase of peak S, Figure 5). Around �0.6V the Hg–S bond is reduced, followed by re-

orientation of the molecules. At negative potentials of the BCR, � (Figures 6 and 7) Hg–S

chemisorption is absent and the adsorption of the avidin–biotin complex is much weaker

than that of avidin (which still can be adsorbed via the hydrophobic pocket). Thus, the larger

number of avidin molecules adsorbed at the surface at negative potentials yield higher BCR

(Figures 6 and 7) than the smaller number of weakly adsorbed and probably randomly

oriented avidin–biotin molecules. See the text for more details. Adapted with permission

from Havran et al. (2004). Copyright 2004 Wiley-VCH.
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yield such peak while bovine serum albumin (BSA) displayed a CV peak, which
was smaller and broader than that of avidin. Avidin peak S height was strongly
dependent on accumulation potential EA showing a maximum at +0.13V. This
dependence suggested that peak S is related to formation of a compound with
the electrode mercury. When the potential was scanned in the negative direction
the Hg–S bond was reduced probably according to the earlier suggested mech-
anism for this type of protein reactions (Havran et al., 2004; Heyrovsky et al.,
1994, 1997; Honeychurch, 1997):

RSHg� e� ! RS� þHg;

RS� þH ! RSH:

The results so far obtained did not allow us to decide whether the disulfide
group in avidin was reduced or remained unbroken (Havran et al., 2004). The
ability of avidin to form a sparingly soluble mercury compound is potentially
useful for a highly sensitive determination of avidin by the cathodic stripping
voltammetry.

Titration of 15mM avidin with biotin resulted in a linear increase of this peak
up to 4 equivalents of biotin (Figure 5B), showing, thus, a dependence strongly
different from those of the catalytic Brdicka peaks (Figure 7) and peak H
(Havran et al., 2004), in which a decrease of the signals with an equivalence
point corresponding to 1 biotin per avidin molecule was observed.

3.1.2. Interfacial behavior of avidin and avidin– biotin

To explain the complicated behavior of avidin and its complexes with biotin at
the mercury electrode a tentative scheme was offered (Havran et al., 2004). It
was assumed that at potentials more positive than those of peak S, adsorption
of avidin and its biotin complex involved both physical and chemical forces. In
the physical adsorption of the positively charged avidin molecules, hydrophobic
interactions prevailed while electrostatic interactions at the positively charged
surface did not contribute to adsorption of this protein. The hydrophobic bio-
tin-binding pocket of avidin (Livnah et al., 1993), known to be partially ac-
cessible to the solvent (Pugliese et al., 1993), was probably strongly attracted to
the hydrophobic mercury surface. Such a strong adsorption could be facilitated
by the partial unfolding of the protein at the electrode surface. It could thus be
expected that hydrophobic adsorption and chemisorption (involving cystine/
cysteine residues) of the avidin molecules would prevail. On the other hand, in
the more stable avidin–biotin the protein unfolding at the surface would be
more limited and the hydrophobic pocket would be shielded by the strongly
bound biotins preventing strong hydrophobic interactions with the surface in
most of the adsorbed molecules. Thus, in the population of the avidin–biotin
molecules, Hg–S chemisorption would prevail. When scanning potential in the
negative direction, the prevalence of the chemisorbed molecules would result in
a higher peak S (Figure 5B).
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After the reduction of the HgS bond reorientation of the avidin molecules (at
potentials more negative than peak S) could take place as indicated by peak 1
(Figure 5A). Assuming that the avidin–biotin molecules had little chance to get
adsorbed via the hydrophobic pocket, their adsorption at negative potentials
would be much weaker than that of avidin. Actually, ACV indicated less firm
adsorption of avidin–biotin complex and around �1.5V very little adsorption
of this complex took place (Figure 5A). Catalytic (Brdicka’s) peak b appeared at
these potentials (Figures 2B and 3) and its decrease on biotin binding (Figure 3)
could be due (i) to smaller number of avidin–biotin molecules at the negatively
charged electrode as compared to the number of avidin molecules and (ii) to a
different orientation of the protein molecules (remaining at the surface) not
favorable for the catalytic hydrogen evolution (Figures 6 and 8). The results
suggested that binding of a single biotin to avidin was sufficient for affecting the
adsorption strength and orientation of avidin at the negatively charged ele-
ctrode surface.

3.1.3. Concluding remarks

Avidin and streptavidin are electroactive species producing electrochemical
signals at carbon (Havran et al., 2004) and mercury electrodes (Figures 5–7).
Binding of biotin resulted in changes of avidin electrochemical signals. In spite
of a large amount of the electrochemical literature on avidin(streptavidin)–
biotin systems, such changes have not yet been reported (Steiger et al., 2003;
Sugawara et al., 1994, 1996a). The tryptophan-containing biotin-binding pock-
ets of avidin and streptavidin form a ‘‘hydrophobic box’’. Binding of biotin to
avidin or streptavidin decreased accessibility of Trp residues to the solvent and
consequently also to the electrooxidation on the PGE. Thus, a decrease of the
oxidation peak (Havran et al., 2004) could be expected. On the other hand, the
increase of peak S (Figure 5B) and the decrease of catalytic signals at more
negative potentials (Figures 6 and 7) could hardly be understood without con-
sidering orientation of the protein molecule at the surface and eventually some
changes in the protein folding at the interface. A decrease in peak H after biotin
binding (Havran et al., 2004) was in agreement with the suggested scheme
(Figure 8).
The above data may be of importance in biotechnologies. For example, avi-

din-labeled DNAs in biosensors could be detected without using any additional
label, such as enzyme–avidin conjugates. Particularly interesting appear the low
detection limits obtained with peak H (Sections 2.2 and 5.2.1). Difficulties with
the mercury electrodes in sensors might be overcome by using solid amalgam
electrodes (Jelen et al., 2002; Mikkelsen and Schroder, 2003; Yosypchuk and
Novotny, 2002).

3.2. Native, mutant and denatured proteins

It is well known that protein conformation is closely related to the protein
function. An exchange of a single amino acid can induce great changes in the
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protein conformation and its biological activity. For example, a specific point
mutation can transform the tumor suppressor function of the protein p53 into a
cancer-enhancing function (Soussi et al., 1994; Vogelstein and Kinzler, 1992).
Therefore, fast and sensitive methods for detection of mutation and confor-
mational changes in proteins are sought. It was perhaps Ruttkay-Nedecky et al.
(1977, 1984), who performed first electrochemical studies of mutant proteins.
They studied polarographic and voltammetric behavior of the tobacco mosaic
virus (TMV) and its coat protein (Brabec, 1985; Ruttkay-Nedecky, 1964, 1971;
Ruttkay-Nedecky and Anderlova, 1967; Ruttkay-Nedecky and Bezuch, 1971;
Ruttkay-Nedecky and Vesela, 1977; Ruttkay-Nedecky and Palecek, 1980;
Ruttkay-Nedecky and Brabec, 1985; Ruttkay-Nedecky et al., 1977). They
showed a good sensitivity of the d.c. polarographic Brdicka’s catalytic responses
(BCR) for the mutant proteins with exchanged cysteine residues and for the
TMV degradation and its protein denaturation (see below for details).
Later, it was shown by means of an integrated optical technique that a neu-

tralizing mutation (glutamic acid to glutamine) in either of two different
positions (15 or 48) of the soluble fragment of cytochrome b5 resulted in vastly
different adsorption properties in the mutated proteins (Ramsden et al., 1995).
The protein adsorption was affected by the properties of the surface. Adsorp-
tion to a highly negatively charged surface was fully reversible and adsorption
to a neutral phospholipid bilayer was very slow and practically irreversible; a
highly positively charged surface acted as a sink, i.e. adsorption was limited
only by transport rate. It can be expected that electrochemical methods, which
are capable to provide data on electron transfer and adsorption of proteins at
different surfaces charged to various potentials, might reflect changes in protein
interfacial properties resulting from their mutations and from their conformat-
ional changes in solution. These methods appear potentially useful tools of
protein analysis. So far, however, they have been little used in studies of
mutated proteins.
Recently, surface exposed cysteines were engineered in the structure of re-

combinant horseradish peroxidase (HRP) (Ferapontova et al., 2002). Recom-
binant forms of HRP with either streptavidin or histidine tags at the protein
C-terminus with additional cysteine residues in positions 57, 48, 89 and 309 were
prepared. The effect of the mutations on the direct electron transfer between a
gold electrode and the enzyme was studied. Adsorptive immobilization of
recombinant HRPs on pre-oxidized Au electrode provided a stable current re-
sponse to H2O2, due to its biocatalytic reduction. Introduction of cysteine or the
histidine tags in the C-terminal of the enzyme resulted in an increased efficiency
of the electron transfer due to favorable proton and electron transfer pathways.

3.2.1. Changes in protein catalytic responses due to single amino acid exchange

3.2.1.1. Catalytic hydrogen evolution in cobalt-containing solutions. Ruttkay-
Nedecky et al. (1984) studied BCR of the whole virus TMV-Vulgare and its
protein by d.c. polarography. The coat protein (17.5 kDa) of all TMV strains
and mutants contain a single cysteine residue in position 27, which is specifically
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masked in the protein structure. This cysteine becomes accessible due to the
protein denaturation but it does not depend on the integrity of the virus particle.
It was found that BCR of isolated protein of TMV-Vulgare were identical with
those of the mutant TMV-483 (histidine instead of glutamine in position 9). On
the other hand, BCR of TMV-Ni-2068 mutant, containing additional cysteine
residue (instead of tyrosine in position 139), were twice as much intensive as
compared to TMV-Vulgare.

Wt a-synuclein does not contain any cysteine residue and accordingly this
14 kDa protein did not produce any BCR (M. Masarik, T. M. Jovin and
E. Palecek, unpublished). We measured cysteine-containing mutants A18C and
A140C by CPSA in 1mM [Co(NH3)6]

3+, 0.1M NH4Cl–NH4OH, pH 9.5. In
this medium, A140C displayed well-developed BCR signal (Figure 9) similar to
those produced by other cysteine-containing proteins (Section 3.1). In contrast,
the other cysteine-containing mutant, A18C did not show any BCR under the
same conditions (Figure 9). Wt a-synuclein is considered as a natively unfolded
protein. Recently, the presence of some ordered structure in the wt protein was
reported (Maiti et al., 2004). There is, however, no information available about
the ordered structure in the A18C and A140C mutants. Usually, the differences
in the BCR of e.g. native and denatured proteins, were explained as being due to
burying of some cysteine residues in the folded molecule. If the studied mutants
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lack any ordered structure, then the difference in their electrochemical responses
can hardly be due to different accessibilities of the cysteine residues in the
protein molecules. Studies of wt and mutant a-synucleins in denaturing solvents
might help to find the reason for different electrochemical behavior of these
proteins.

3.2.1.2. Catalytic hydrogen evolution in absence of cobalt (peak H). TMV-
Vulgare and its mutant TMV-Ni-2068 were studied by d.c. polarography in
20mM sodium carbonate, pH 10.5 (Ruttkay-Nedecky et al., 1984). In this me-
dium, TMV-Ni-2068 (containing additional cysteine) produced a pre-sodium
wave, while TMV-Vulgare showed no response. It was concluded that the
additional cysteine residue in the protein was responsible for the observed pre-
sodium wave and generally that the d.c. pre-sodium wave is caused by cysteine
residues. Considering our results obtained with peptides such as angiotensin and
vasopressin (Section 2.2.1.1), we may expect that the appearance of the pre-
sodium wave (and also of peak H) of TMV-Vulgare protein will depend on the
ionic conditions and particularly on pH. Pre-sodium wave/peak H of TMV-
Vulgare protein might appear at more acid pHs. We showed that peptides not
containing cysteine produced peak H at neutral and acid pHs but not at alkaline
pHs (Section 2.2). Wild-type a-synuclein, the protein, which does not contain
any cysteine residue (Section 5.2), produced peak H (at neutral pH) suggesting
that the presence of cysteine residue in the protein molecule is not a necessary
condition for the catalytic hydrogen evolution at the mercury electrodes
(Masarı́k et al., 2004).

We used wild-type (wt) a-synuclein (Section 5.2.1) and its mutant proteins:
A53T, A18C and A140C, in which non-polar alanine (A) was replaced by polar
threonine (T, in position 53) or by (polar) cysteine (C) in positions 18 or 140.
Peak H was measured by CPSA of all four proteins at 150 nM concentration
and peaks differing in their heights and peak potentials were obtained (Figure
10). The presence of cysteine residue in the protein molecule greatly affected the
protein electrochemical behavior (J. Dvorak, T. M. Jovin and E. Palecek, un-
published). Peaks of A18C and A140C were higher and appeared at less neg-
ative potentials than the peak of the wt protein (Figure 10). Such differences in
the synuclein signals were in agreement with the influence of the presence of
cysteine residue in peptide molecules (Section 2.2) and could be owing to a
strong effect of the –SH group on the protein adsorption at the mercury surface.
It is interesting that the position of the cysteine residue induced a large dif-
ference in the peak potential of cysteine-containing mutants. Surprisingly, also
A53T peak H differed from that of the wt protein, suggesting that it is not just
the cysteine residue whose presence can affect the electrochemical response of
the protein.

The observed differences in the electrochemical behavior of wt and mutant
proteins with only single amino acid exchange per molecule are very encour-
aging. Studies of such protein molecules may be of great importance not only
from biological point of view. Such studies may also help to understand better
the interaction of proteins with surfaces and particularly with electrodes and
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contribute to elucidation of undergoing processes responsible for the electro-
chemical protein responses. While the above results have only preliminary
character, we have good reasons to believe that electrochemical methods are
capable to recognize mutant proteins from their wt forms. In addition to the
above synuclein mutants, we are currently studying other proteins, such as wt
and mutants of the tumor suppressor protein p53. Similarly to the above results,
we are observing differences in the electrochemical behavior of wt and mutant
p53 proteins (L. Havran, S. Billova and E. Palecek, unpublished). Our results
suggest that mercury electrodes are more sensitive to tiny differences between wt
and mutant proteins than carbon electrodes.

3.2.2. Denatured proteins

Proteins can be denatured by changing their chemical or physical environments.
Heating, adding a chemical denaturant such as guanidium chloride or urea,
changing pH or using high pressure are the most common methods (Fersht,
1999). Small protein may denature reversibly, regaining their native structure
when returned to conditions favoring folding. Many larger proteins denature

Fig. 10. CPS peaks H of 150 nM wild type (wt) and mutants of a -synuclein. Wt (––––––) and

A53T (- - - - - -) do not contain cysteine while A18C (. . . . . .) and A140C (––––––) do. Tris-

(2-carboxyethyl) (1mM) phosphine, hydrochloride was added to keep the proteins in a re-

duced state. AUTOLAB: Stripping current was �3mA and measurement was performed in

electrochemical cell in 0.2M sodium phosphate, pH 7.2. (J. Dvorak, M. Masarik and E.

Palecek, unpublished).
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irreversibly. After removing the denaturation conditions, they often aggregate
and precipitate. The protein-denatured state is not a single fixed state. It is a
collection of states of very similar energies that are in rapid equilibrium with
one another. Optical methods give indication of residual secondary structure.
Notation ‘‘D’’ is frequently used for the denatured state in contrast to the
unfolded state in the presence of the denaturation conditions (denominated as
‘‘U’’). The highly unfolded state in concentrated denaturant such as urea
resembles the random coil the most.
Different responses of native and denatured proteins were observed by d.c.

polarographic methods already several decades ago (Brezina and Zuman, 1958)
(Chapters 1 and 18). Later, several authors showed that at least with some
proteins partial or full protein unfolding might take place at the electrode sur-
face (Scheller et al., 1975; Honeychurch, 1997; Roscoe, 1996). Such ‘‘surface
denaturation’’ can be influenced by various factors, such as the ionic conditions
and particularly by specific adsorption of anions on negatively charged mercury
surfaces (Razumas et al., 1989), hydrophobicity and electric charge of the sur-
face, etc. Results from a number of authors suggest that extensive surface de-
naturation of many proteins is improbable: (i) polarography and voltammetry
was successfully applied to studies of denaturation and renaturation of some
proteins (Ruttkay-Nedecky et al., 1984), (ii) enzymatic activity of the protein at
the mercury electrode was reversibly switched on and off depending on the
electrode potential (Santhanam et al., 1977) and (iii) a-helix and b-structure of
polylysine were recognized by a.c. polarography and the helix–coil transition
was followed by a.c. polarography (Scheller and Jehring, 1972; Scheller et al.,
1973).
The question of the protein surface denaturation was discussed by Honey-

church (1997). To overcome the difficulty with contradictory data, he suggested
that only small protein molecules such as those studied by Scheller et al. (1975)
(e.g. insulin, ribonuclease A and lysozyme) undergo extensive surface denatur-
ation, while larger proteins adsorb only via a small part of the molecule and the
rest of the protein is preserved. It was shown, however, that a relatively small
TMV protein (17.5 kDa) produced very different electrochemical signals in its
native and denatured forms (Section 3.2.1) both at the mercury (Ruttkay-
Nedecky et al., 1984) and carbon electrodes (Brabec, 1985). The difference
between the native and denatured protein was particularly striking at the drop-
ping mercury electrode. Native TMV-Vulgare protein yielded BCR at about
�1.55V while the denatured protein produced much higher signal at potentials
by about 100mV more negative (Ruttkay-Nedecky, 1971; Ruttkay-Nedecky
and Bezuch, 1971; Ruttkay-Nedecky and Palecek, 1980). Such a striking dif-
ference suggests that conformations of native and denatured proteins differ not
only in solution but also at the electrode surface. Brabec measured BCR of
cytochrome c using derivative and normal pulse polarography (DPP and NPP,
respectively) as well as phase-sensitive a.c. polarography. He found that in the
characteristic double wave more negative wave B was sensitive to the denatu-
rant-induced protein unfolding. DPP and d.c. polarographic waves B rose with
increasing concentration of urea or sodium perchlorate in parallel with ab-
sorbance change of the protein solution suggesting that both polarographic
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methods reflected conformational changes of cytochrome c induced in solution
by the denaturant. On the other hand, NPP (i.e. the technique working with
large voltage excursions during the drop life time) showed under the same
conditions significant dependence of BCR on the initial potential (Ei). At Ei less
negative than �1.0V (against Ag/AgCl sat. KCl reference electrode) high wave
B (characteristic for unfolded cytochrome c) was observed. It was concluded
that cytochrome c undergoes surface denaturation in a wide range of potentials
around the potential of zero charge but not at more negative potentials of the
polarographic BCR. These results corresponded well with that of DPP and NPP
investigations of dsDNA (Palecek, 1974), which showed dependence of the
DNA NPP signals on Ei suggesting DNA surface denaturation around �1.2V
(Chapter 3). On the other hand, DPP (working with small voltage excursion
during the drop life time) reflected changes in DNA structure in solution,
showing no secondary changes in the DNA structure at the electrode surface.
In principle, any biomacromolecule possesing an ordered structure has to

undergo at least a small structural change in the segment adhering to the sur-
face, when it is adsorbed. The problem of the protein surface unfolding
(surface denaturation) can be compared to the surface denaturation of DNA
(Chapter 3). DNA can be completely unwound at the electrode surface or its
denaturation can be negligible, depending on the ionic conditions, material and
potential of the electrode and the mode and rate of the potential scanning.
Conditions preventing or stimulating of dsDNA unwinding at mercury ele-
ctrodes were already described. In contrast analogous conditions, which could
be valid for all proteins can be hardly found. On the other hand, it should be not
difficult to find conditions for a certain individual protein under which the
surface unfolding is minimized or maximized.
Using AdT CPSA or DPSV, we have analyzed native and denatured forms of

two proteins greatly differing in their structures: (i) avidin possesing a very
stable conformation in its native state (Section 3.1) and (ii) natively unfolded a-
synuclein (Section 5.2). Denaturation of avidin resulted in an increase in peak H
height accompanied by a striking shift to negative potentials (by almost 70mV)
and change in the shape of this peak (Figure 11). Under the same conditions,
also a great increase of peak S and a slight shift of its Ep to negative potentials
was observed. In contrast to large differences between Brdicka DPV signals of
native and denatured avidin, the signals of native a-synuclein and its cysteine-
containing mutant on one hand (Figure 10) and the same proteins exposed to
denaturation conditions on the other hand were almost identical (M. Masarik
and E. Palecek, unpublished) in agreement with the reported lack of ordered
structure in native a-synuclein (Section 5.2). The behavior of native and de-
natured avidin shown in Figure 11 agrees well with the electrochemical behavior
of denatured ssDNA and native dsDNA at moderate ionic strengths and
neutral pH. At mercury and carbon electrodes ssDNA displayed higher volt-
ammetric or chronopotentiometric signals than dsDNA. In contrast to DNA,
we cannot expect the same behavior in all proteins and perhaps not even with
avidin; different experimental conditions and different electrochemical methods
may affect the protein adsorption and orientation at the surface and produce
different electrochemical responses. Particularly, the catalytic responses may
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depend not only on the amount of protein adsorbed at the electrode surface but
also on the protein ability to catalyze the hydrogen evolution. This ability can
be influenced by number of factors, including the distance of the catalytic site
from the electrode surface, character of the neighboring amino acids, etc.

3.3. Voltammetric and polarographic signals of some proteins in presence of

guanidine

In addition to BCR, peaks H and S yielded by some proteins at mercury
electrodes, a new protein signal at negative potentials was reported (Luo et al.,
2003). BSA and human serum albumin (HSA) but not lysozyme produced
polarographic and voltammetric signals at �1.78V in the presence of 0.8 mM
CoCl2 and 0.2M guanidine hydrochloride and 0.2M NaOH at mercury elec-
trodes. The voltammetric peak was linearly proportional to the albumin
concentration in the range of 5mg–20 mgmL�1. The nature of the observed
signals was unclear. The authors claimed that these signals cannot be due to the
catalytic hydrogen evolution because of lack of proton donors in 0.2M NaOH.
They did not consider, however, that under the given conditions protonated
guanidine forming a complex with the protein might serve as a potential proton
donor.
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Fig. 11. AdT CPSA of native (solid line) and thermally denaturated (dashed line) avidin.

2.5mM (40mg/mL) avidin was adsorbed on HMDE from 3mL drop. Protein-modified

HMDE was transferred in 2mL of 0.2M acetate buffer, pH 5.0 (dotted line). AUTOLAB,

stripping current �5mA, accumulation time 60 s (V. Dorcak and E. Palecek, unpublished).
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4. REDOX STATES OF PEPTIDES AND PROTEINS

Two cysteine (Cys) residues in various parts of the polypeptide chain can be
oxidized to form a disulfide bridge, provided these residues are adjacent in the
three-dimensional structure of a protein. Disulfide bridges are usually not found
in intracellular proteins. The reduced state of these proteins is frequently as-
sociated with their biological activity, such as their sequence-specific DNA
binding. Therefore, fast methods capable to recognize reduced and oxidized
states of proteins are sought.

4.1. Electroreduction of disulfide bonds

Electrochemical methods are potentially useful for this purpose. Several reviews
on adsorption and reduction of proteins as well as on their ability to catalyze
hydrogen evolution at mercury electrodes were published (Banica and Ion,
2000; Dryhurst et al., 1982; Honeychurch, 1997; Palecek, 1983). The reduction
of disulfide bonds of proteins at mercury electrodes will be here briefly sum-
marized; more details can be found in a review by Honeychurch (1997).
Detailed studies of electrochemical reduction of cystine in aqueous solution at
mercury electrodes are available (Fedurco et al., 1993; Heyrovsky et al., 1994,
1997; Monterroso-Marco and Lopez-Ruiz, 2003). Reduction of the disulfide
bond in longer peptides and proteins is, however, more complicated and less
well understood (Palecek, 1983). The possibility of the reduction of the disulfide
bond was considered in early papers concerning the protein d.c. polarographic
catalytic waves (Brezina and Zuman, 1958). D.c. polarographic waves due to
reduction of the disulfide bond in proteins were shown by Cecil and Weitzman
in 1964 (1964; Weitzman, 1965) in all studied proteins containing the disulfide
groups (i.e. in serum albumin, chymotrypsin, trypsin, ribonuclease and insulin)
at acid pH. Similar signals were obtained with linear sweep voltammetry (Lee
et al., 1970; Stankovich and Bard, 1977) and DPP (Palecek et al., 1977). DPP
peaks were much better developed than the d.c. polarographic waves obtained
under the same conditions. Cecil and Weitzman (1964) pointed out that the
accessibility of the disulfide groups to electroreduction depended on protein
conformation.
Stankovich and Bard (1977) studied in detail insulin and proposed a mech-

anism of its electrochemical behavior at HMDE. They showed that two acces-
sible disulfide bonds were broken, while the third one, which was folded in the
hydrophobic pocket, remained intact. Reoxidation of the reduced species to
parent occurred only at short times; at longer times reoxidation of only one
disulfide group was possible. The reformation of the reduced disulfide groups at
short times was possible presumably because the protein conformation was
partially maintained at the surface by Hg–S interactions and intramolecular
hydrogen bonding. To achieve the reoxidation, the sufhydryl groups (formed
originally due to the electroreduction) had to remain in close proximity (on the
short time scale) to allow reformation of the disulfide group. This behavior of
insulin consisted with that of urease, in which its enzymatic activity was
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destroyed and restored upon oxidation and reduction of the enzyme
(Santhanam et al., 1977). Cecil and Weitzman (1964) observed an additional
d.c. polarographic wave at about �1.2V, which they explained by the reduction
of the protein in a second adsorption layer. Later, cyclic voltammetric studies
suggested involvement of a solution species rather than an adsorbed one. Stud-
ies of BSA showed electrochemical behavior in principle similar to that of
insulin. Containing 17 disulfide bonds and one sulfhydryl group, 69 kD BSA is a
more complicated protein than 5.7 kD a insulin with three disulfide bonds. A
model of BSA mercury electrode interaction involved adsorption of BSA with
strong interaction of several of the exposed disulfide bonds with the electrode
surface, while BSA structure was maintained by internal disulfide bonds and
intramolecular hydrogen bonding. After the electroreduction of the exposed
disulfide at least some sulfhydryl groups remained in a close proximity to
reform upon electrooxidation.

4.2. Electrochemical analysis of reduced peptides and proteins

In spite of the above promising results, to our knowledge no attempt was done
to develop electrochemical methods useful in determination of the peptide and
protein redox states. Such methods, even if they can be applied only to a limited
number of proteins, may be very useful in the analysis of many DNA-binding
proteins, oncoproteins, etc., which keep their specific biological activities only in
their reduced states. Electrochemical analysis of oxidized (disulfide bond con-
taining) proteins is relatively easy. On the other hand some precaution is nec-
essary when working with intracellular proteins in their reduced state, which
easily oxidize on air. These proteins are routinely kept frozen (usually at �701C)
in the presence dithiothreitol (DTT), 2-mercaptoethanol or other sulfur-
containing reducing agents interfering with the protein analysis at mercury
electrodes. To develop a method for the analysis of the redox states of such
proteins, it was, therefore, necessary first to find the procedures, which would
prevent protein oxidation during the sample handling, without the addition of
the reducing agents interfering with the electrochemical analysis.
We started our work with peptides commercially available in their reduced

and oxidized states. We used peptide SS38 (Table 1) and its reduced form SH38
for a systematic study of their electrochemical behavior. From our current
investigations a complex picture of the interfacial behavior of these peptides and
some specific proteins emerged (V. Dorcak, L. Havran, M. Brazdova and
E. Palecek, unpublished). Among the studied electrochemical signals we ob-
served the most striking difference between the reduced and oxidized peptides in
their peak H (Figure 12). A measure of 1 mM reduced peptide yielded at rel-
atively short waiting a very high peak H at about �1.69V as compared to its
oxidized form, which produced about 20-fold smaller peak H at slightly more
negative potentials. Oxidation of SH38 resulted in an expected decrease of peak
H. Few microliters of the sample corresponding to 3 pmol of the peptide sufficed
for the analysis. The reasons for such a great difference in the ability of the
reduced and oxidized peptide to catalyze the hydrogen evolution at the mercury
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electrode surface are not completely clear. We observed a striking dependence
of these signals on the accumulation potential (V. Dorcak and E. Palecek,
unpublished). It is not excluded that under the given conditions the reduced
peptide is able to form an ordered, compact layer at the surface, which is a
better catalyzer of the hydrogen evolution.

5. AGGREGATION OF PROTEINS

A number of human diseases is associated with protein misfolding that result in
malfunctioning of the cellular machinery (Dobson, 1999; Kruger et al., 2000).
Recently, great attention has been focused on a group of diseases where proteins
convert from their normally soluble forms into insoluble fibrils (Serpell, 2000;
Serpell et al., 2000; Weinreb et al., 1996; Weller, 2001). The final forms of such
aggregates often have a well-defined fibrillar nature known as amyloid. (This
term was originally used to discuss proteinaceous aggregates because some of
their properties resembled those of starch/amylose.) The group of about 20
diseases includes Alzheimer’s and PDs, Creutzfeldt–Jakob’s diseases, etc. Each
disease is associated with a particular protein and aggregates of this protein are
thought to be the indirect or direct origin of the pathological conditions. The
first phase of amyloid formation seems to involve soluble oligomers resulting
from relatively non-specific interactions (Bucciantini et al., 2002; Dobson, 2003;
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Fig. 12. AdT CPSA of reduced SH38 (solid line) and oxidized SS38 (dashed line) peptides

(Table 1). Peptide (1 mM) was adsorbed on HMDE from 3mL drop. Peptide-modified HMDE
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Lashuel et al., 2002; Schlunegger et al., 1997). The earliest species visible by
atomic-force or electron microscopy resemble small bead-like structures often
described as amorphous aggregates or micelles. They are thought to assemble
into mature fibrils perhaps by lateral association and structural reorganization.
Interestingly, the ability of polypeptide chains to form amyloid structures is not
limited to the relatively small number of disease-associated proteins. Formation
of fibrils was observed with many other peptides and proteins such as lysozyme,
myoglobin and also with homopolymers such as polylysine and polythreonine
(Dobson, 2001, 2003; Schubert et al., 2000).

5.1. Parkinson’s disease (PD)

Although, clinical symptoms of PD were first described about 200 years ago,
reports on possible parkinsonian syndromes dates back to thousands of years
(Goedert, 2001; Uversky et al., 2001). PD is the second most common neuro-
degenerative disease, which is characterized by a loss of dopaminergic neurons
in the substantia nigra. Some surviving nigral dopaminergic neurons contain
cytosolic filamentous inclusions known as Lewy bodies (LBs) and Lewy neurites
(LNs) are also involved in pathogenesis of Alzheimer’s disease and multiple
system atrophy (Goedert, 2001). The major fibrillar material of LBs and LNs
was shown to be a-synuclein (Spillantini et al., 1997, 1998). Recent studies
indicate that a-synuclein is a key player in the pathogenesis of several neuro-
degenerative disorders (Uversky, 2003).

5.2. a-Synuclein (ASyn)

ASyn was first described in 1988 as a neuron-specific protein localized to the
nucleus (Maroteaux et al., 1988). Amino acid sequence of this protein possesses
a high degree of conservatism. The primary sequence of the human 14 kDa
ASyn is composed of 140 amino acids (aa) (Table 3). It can be subdivided into
three regions: (1) Residues 1–60 form the N-terminal region. It contains four 11-
aa imperfect repeats with hexamer motif (KTKEGV). (2) The central region
includes the highly amyloidogenic NAC sequence (residues 61–95) containing
two additional KTKEGV sequences. (3) The C-terminal region, which is
constituted by residues 96–140, is enriched in acidic aa residues and prolines,
suggesting disordered conformation. Three highly conserved Tyr residues are
located in this region.
ASyn is highly expressed in various parts of the brain. Natively, it is unfolded

but undergoes aggregation leading to fibrillar structures (Uversky, 2003). Ag-
gregation of ASyn can be induced in vitro in different ways and it is promoted
by a variety of conditions that generate oxidative stress and by mutations in the
ASyn gene (Kruger et al., 1998; Polymeropoulos et al., 1997; Zarranz et al.,
2004). Aggregated ASyn exhibits a number of different morphologies depending
on the aggregation incubation time and solution conditions, with mature
amyloid fibrils constituting the main morphology in fully aggregated solutions
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in physiological buffers (Conway et al., 2000; Ding et al., 2002; Dobson, 2003;
Hoyer et al., 2002, 2004; Lashuel et al., 2002; Uversky, 2003). ASyn aggregation
in vitro is commonly studied by several methods such as CD spectroscopy,
fluorescence measurements (Thioflavin T binding), electron microscopy and
atomic force microscopy (Harper and Lansbury, 1997). Recent reports suggest
that the toxicity of amyloidogenic proteins may lie in the soluble oligomeric
intermediates rather than in insoluble fibrils (Hardy and Selkoe, 2002; Kayed
et al., 2003). Studies of ASyn aggregation in vitro are associated with the hopes
for better understanding, diagnosing and therapy of the PD (Caughey and
Lansbury, 2003; Goedert, 2001).

5.2.1. Electrochemical analysis of a-synuclein

ASyn does not contain any redox-active center for reversible electrochemistry.
Moreover, it does not contain any cystine or cysteine residues producing signals
at mercury electrodes (Sections 2.2 and 3) nor tryptophan oxidizable at carbon
electrodes (Section 2.1). Among 140 ASyn amino acids only 4 are tyrosines
(Table 3). Possibilities of electrochemical analysis of this protein are thus rather
limited. Nevertheless, we tried to investigate an ability of ASyn to catalyze
hydrogen evolution at mercury electrodes and oxidizability of tyrosine residues
at carbon electrodes. First we tested HMDE in connection with various
methods of electrochemical stripping analysis, such as linear sweep voltammetry
(LSV), square wave voltammetry (SWV) and constant current
chronopotentiometry (CP) at HMDE at 60 s accumulation time (tA) to detect
2 nM ASyn in 50mM sodium phosphate (pH 7.0) (M. Masarik et al., 2004).
Best results were obtained by CPSA; no baseline correction was necessary to
obtain a well-developed peak H. As expected, even at three orders of magnitude
higher concentrations, native ASyn produced no BCR in a cobalt containing
solution at the HMDE (no cystine/cysteine residues are contained in the protein
molecule). At ASyn concentrations about 100-fold higher than those required
for peak H an oxidation peak of tyrosine (Y) residues was observed at the
carbon paste electrodes (CPE) at +0.8V both by CPSA and SWV stripping
analysis. In both cases baseline correction was necessary to obtain a well-
developed peak.

5.2.1.1. Peak H of native a-synuclein. ASyn (150 nM) was analyzed by conven-
tional CPSA without stirring to compare it with AdT CPSA, performed under
the same conditions. The resulting peaks with identical peak potential (Ep)
differed only slightly in their heights suggesting that AdT can be used in the
analysis of native ASyn (M. Masarik et al., 2004). The concentration depend-
ence of the native ASyn peak H between 10 and 1000 nM at tA 60 s produced a
curve typical for adsorption processes with a linear calibration up to 175 nM
ASyn. At higher concentrations the peak area did not change, indicating full
coverage of the electrode. The peak potential was shifted with increasing con-
centration of ASyn to more positive values. ASyn (400 pM) adsorbed from a
5 mL drop yielded a well developed peak H at tA 10min showing thus the ability
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of AdT CPSA to detect ASyn down to 2 fmol, i.e. 30 pg. At least three factors
contributed to this high sensitivity: (i) the catalytic hydrogen evolution process,
(ii) adsorptive accumulation of the protein, and (iii) transfer of the adsorbed
ASyn layer to a blank electrolyte which enabled the use of microliter volumes of
the analyte.

5.2.1.2. Oxidation of native a-synuclein at carbon electrodes. ASyn (250 nM) in
0.2M acetate buffer (pH 5.0) at tA 60 s produced CPSA and SWV responses,
which changed into well-developed peaks Y after baseline correction. Square

Table 3. Amino acid composition of a-synuclein

Amino acid residue No. of residues Percent content

Ala(A) 19 13.6
Arg(R) 0 0
Asn(N) 3 2.1
Asp(D) 6 4.3
Cys(C) 0 0
Gln(Q) 6 4.3
Glu(E) 18 12.9
Gly(G) 18 12.9
His(H) 1 0.7
Ile(I) 2 1.4
Leu(L) 4 2.9
Lys(K) 15 10.7
Met(M) 4 2.9
Phe(F) 2 1.4
Pro(P) 5 3.6
Ser(S) 4 2.9
Thr(T) 10 7.1
Trp(W) 0 0
Tyr(Y) 4 2.9
Val(V) 19 13.6

Number of amino acids: 140, molecular weight: 14460.1, theoretical pI: 4.67.
Tyrosines(Y) are shown in bold.
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From: http://us.expasy.org/sprot/
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wave voltammetry of 250 nM ASyn in AdS and AdTS modes yielded almost
identical ASyn oxidation signals (Figure 3B) suggesting that the transfer meth-
od (medium exchange, ex situ measurements) is suitable for synuclein studies at
both mercury and at carbon electrodes.

5.2.2. Aggregation of a-synuclein

In vitro aggregation of ASyn was induced by stirring at 371C employing the
same solution conditions as in Antony et al. (2003). First, the electrochemical
responses of native ASyn (Masarı́k et al., 2004) were compared with those
obtained after a time interval in which both CD spectra and Thioflavin T
fluorescence showed significant changes in ASyn responses (Antony et al.,
2003). Peak Y of 3.5 mM aggregated ASyn was by 9% smaller than that of the
native protein and the peak potential of the aggregated protein was slightly
shifted to less positive values (Masarı́k et al., 2004). Under these conditions, the
carbon electrode was close to full coverage, suggesting that the difference in the
peak heights of native and aggregated. ASyn was not simply due to slower
transport of the aggregated molecules to the electrode surface. The observed
decrease in peak Y height and Ep was small but significant and appeared po-
tentially useful for studies of the transition between native and fully aggregated
states of ASyn. However, this method did not offer any special advantage over
the currently used methods used in the studies of the ASyn aggregation.

5.2.2.1. Peak H. Substantially greater differences between native and aggre-
gated ASyn were observed with HMDE (Masarı́k et al., 2004). Aggregated
ASyn yielded no peak H up to about 100 nM concentration in contrast to a
well-developed peak produced by 2 nM native ASyn. Peak H of 150 nM ag-
gregated ASyn was by about 77% smaller and its Ep was slightly less negative
(about 4mV) than peak H of native ASyn. These results showed that the peak H
reflected aggregation of ASyn with a substantially greater sensitivity than peak
Y showing thus greater potentialities for studies of ASyn aggregation.

5.2.2.2. Early stages of a-synuclein aggregation. The first stage in the process of
amyloid formation is particularly important because: (i) This step in the ag-
gregation pathway determine the rate of nucleation and thus the length of the
lag-time, which is regarded as a key factor for the age of onset of the related
disease (Harper and Lansbury, 1997). (ii) Recent studies have indicated that
small, soluble oligomers of amyloidogenic proteins and peptides may possess a
higher toxicity than the mature fibrils (Bucciantini et al., 2002; Kayed et al.,
2003). Methods commonly used to follow amyloid formation exhibit high sen-
sitivities for the fibrillar aggregates, but not for pre-fibrillar oligomers.

We were interested in whether our electrochemical methods would be able to
detect any change in interfacial properties of ASyn in the time intervals where
fluorescence and CD measurement showed no changes. In our first experiments,
we observed a small decrease of peak Y (exceeding only slightly the experimental
error) 24 h after initiation of the aggregation (Masarı́k et al., 2004). On the other

E. Palecek722



hand, under the same conditions peak H decreased by about 41% with a con-
comitant >30mV shift in Ep to less negative values (Figure 13). Our further
work showed significant changes in the height and Ep of peak H within first
hours of the ASyn incubation (M. Masarik, T. M. Jovin and E. Palecek, un-
published). These results suggest that peak H reflects processes occurring in the
initial lag phase (nucleation), such as the accumulation of pre-fibrillar oligomers.
This assumption is supported by our preliminary results, which show different
time courses in pre-aggregation changes in peak H, induced by low molecular
mass substances known to influence the time course of ASyn aggregation.

To our knowledge, our work represents the first case when aggregation of the
amyloidogenic protein is traced by methods of electrochemical analysis. At
partial electrode coverage, these methods can reflect large changes in molecular
mass of the analyzed protein caused by the aggregation because the electro-
chemical signal is affected by the rate of transportation of the molecule to the
electrode surface. At the end of the aggregation process, when very large ag-
gregates are formed, the electrochemical signal may greatly decrease and even
disappear. On the other hand, significant changes in Ep of peak H in the early
stages of aggregation are unexpected. They might be due to changes in better
ability of the oligomers to catalyze the hydrogen evolution. A detailed expla-
nation of the interfacial behavior of the oligomers does not appear possible
without a better understanding of the catalytic process responsible for peak H.

5.2.3. Hydrogen evolution catalyzed by a-synuclein at mercury electrodes

Using ASyn peak H we obtained sensitivity by several orders of magnitude
higher as compared to peak Y at carbon electrodes. No baseline correction was
used for peak H and the method was not optimized to obtain the highest
sensitivity of the ASyn determination. High sensitivity of peak H is related to
catalytic nature of the electrode processes at mercury electrodes (Tomschik
et al., 2000). It is well known that reduction of protons occurs at mercury
electrodes with the highest overvoltage of all metal electrodes. Proteins ad-
sorbed at the mercury surface are able to reduce this overvoltage, giving rise to
electrochemical signals much higher than any signals due to usual diffusion-
controlled processes (Banica and Ion, 2000; Palecek, 1996; Tomschik et al.,
1998). The protein binds protons, which enter the electrode reaction. Detailed
schemes of the hydrogen evolution catalyzed by proteins and other compounds
was proposed by several authors (Banica and Ion, 2000; Heyrovsky and Kuta,
1965; Mairanovskii, 1968). In principle, they postulated that the electron uptake
by protonated catalyst BH+ produced a radical BHd, followed by the evolution
of hydrogen, and by regeneration and protonation of the catalyst through the
reaction with the buffer acid component. Protonated amino groups were sup-
posed to be involved in the protein catalytic reaction (Brezina and Zuman, 1958;
Heyrovsky and Kuta, 1965; Palecek, 1983). Our preliminary results suggest that
other groups might also be involved (V. Dorcak, M. Masarik and E. Palecek,
unpublished).
We showed that 400 pM ASyn can be determined in 5 mL volume at moderate

accumulation times (e.g. tA ¼ 600 s) corresponding to 30 pg of the protein
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(Masarı́k et al., 2004). This was, however, not the highest sensitivity, which can
be achieved by this method. Our preliminary results suggest that optimization
of the conditions, especially by decreasing the pH of the background electrolyte,
will allow detection of even lower ASyn concentrations and lower ASyn
amounts. Aggregation can also be traced by monitoring A280 of soluble material
after ultracentrifugation of the ASyn sample. Using peak H very small amounts
of ASyn sediments as well changes in ASyn concentration in the superantant
can be analyzed to complement the data obtained by spectrophotometry. In
other cases, when the high sensitivity of the determination is not necessary,
other electrochemical methods besides CPSA might be used to study ASyn
aggregation but the measurements will require higher ASyn concentrations.

6. SIGNALS OF THIOLATED OLIGODEOXYNUCLEOTIDES IN

COBALT-CONTAINING SOLUTIONS

6.1. Thioalkanes and thiolated ODNs at gold and mercury electrodes

Self-assembled monolayers (SAMs) of thiolated ODNs (HS-ODN) were
observed at gold electrodes and studied in detail by atomic force microscopy,
electrochemical and other methods (Wackerbarth et al., 2004a,b) (reviewed in
Tarlov and Steel, 2003) (Chapters 3 and 15). In DNA sensors, they were
frequently used in combination with redox indicators due to the lack of ele-
ctroactivity of DNA at gold electrodes. SAMs formed by various thioalkanes
were studied at mercury electrodes (Brucknerlea et al., 1995; Finklea, 2000;
Slowinski et al., 1997; Stevenson et al., 1998) offering defect-free atomically
smooth mercury surface, which is ideal for SAM formation. To our knowledge,
no report was published about SAMs formed by HS-ODNs at mercury ele-
ctrodes. Recently, we have observed formation of HS-ODN SAMs at mercury
electrodes and we found that these ODNs are electroactive, displaying different
signals in various media (E. Palecek and V. Ostatna, unpublished). We have
also found (Ostatna et al., 2005) that these ODNs produce several specific
voltammetric signals in cobalt-containing solutions not observed in absence of
cobalt (Figure 14).

6.2. Thiolated ODNs in cobalt-containing solutions

We studied the voltammetric behavior of thiolated ODNs in Brdicka’s cobalt-
containing solutions suitable for electrochemical analysis of cysteine-containing
peptides and proteins (Sections 2.2 and 3). Using DPV adsorptive transfer
stripping (ex situ), a number of thiolated and unmodified ODNs were measured.
Most measurements were performed with a 21-mer ODN, HS-(CTT)7, which
was attached to HMDE and the DNA-modified electrode was immersed in the
cobalt-containing empty background electrolyte (Ostatna et al., 2005). This
ODN produced several DPV signals (Figure 14); two of them, that is peak 3 and
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a less negative peak 2 increased with increasing buffer concentration suggesting
that these peaks are due to the catalytic hydrogen evolution. These peaks have
thus similar character as the polarographic and voltammetric signals of
cysteine-containing peptides and proteins in the same medium. Usual back-
ground electrolyte containing 1mM [Co(NH3)6]

3+, 0.1M NH4Cl, 0.1M
NH4OH, pH 9.5 was used but similar results were obtained also in 1mM
[Co(NH3)6]

3+, 0.1M borate buffer, pH 9.2; in the latter medium the HS-ODN
signals were much smaller. Peak 3 of submicromolar HS-(CTT)7 was much
higher than the BCR of about 10-fold more concentrated cysteine-containing
peptide (Ostatna et al., 2005). Peak 3 appeared at less negative potentials than
the peptide peaks what made thus possible to measure the HS-ODN and pep-
tide signals separately. HS-(CTT)7 was measured also at solid amalgam elec-
trodes, which produced signals similar to those obtained with HMDE. The
above new possibility to measure signals of thiolated DNA in the media suitable
for protein analysis appears promising for the development of electrochemical
sensors for DNA–protein interactions (Section 7.1.1.3), which may find use in
biomedicine and proteomics.
We also measured peptide nucleic acid end-labeled with three cysteine res-

idues (Cys-PNA) at HMDE in 1mM [Co(NH3)6]
3+, 0.1M NH4Cl, 0.1M

NH4OH, pH 9.5. In this medium, Cys-PNA yielded responses typical for pro-
teins and peptides (Figure 15). The detection limit of Cys-PNA at moderate
waiting times was in the range of tens of picograms per milliliter (around
10 fM). Unmodified PNA did not produce similar signals. It is interesting that
the potentials of the Cys-PNA catalytic signals (Figure 15) are very similar to
peptide and protein signals but differ greatly from those of HS-ODN (Figure
14). Is it because the cysteine moiety plays a critical role? Further studies of
Cys-PNA, Cys-DNA and HS-ODNs may help to understand better the
catalytic processes of these substances as well as peptides and proteins at mer-
cury electrodes.

7. DNA–PROTEIN INTERACTIONS

In organisms, a large number of proteins are able to bind DNA. It was
estimated that typically 6–7% of an eukaryotic genome and 2–3% a prokaryotic
genome encodes DNA-binding proteins (Luscombe et al., 2000). DNA-binding
proteins play a central role in many aspects of genetic activity in an organism,
such as transcription, replication, DNA repair, rearrangement, packaging, etc.
It is, therefore, extremely important to investigate the processes of DNA–
protein binding and the nature of complexes formed between DNA and pro-
teins. In comparison to DNA and RNA, proteins are much less regular and
therefore understanding them is more difficult. In the past two decades, we
witnessed a great expansion in high-quality structures of DNA-binding proteins
(Luscombe et al., 2000). These structures and particularly those of their com-
plexes with DNA have provided valuable insights into the principles of binding,
including how specific nucleotide sequence is recognized by the protein and
how DNA structure is usually modified on protein binding. On the basis of a
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structural analysis of 240 DNA–protein complexes contained in the Protein
Data Bank (PDB), the DNA-binding proteins were classified into eight different
structural/functional groups, further sub-classified into 54 structural families. In
addition to the high resolution X-ray crystal analysis, a number of methods
have been used in studies of DNA–protein interactions. On the other hand,
application of electrochemical analysis to studies of DNA–protein interactions
was until very recently almost completely missing. Considering that both DNA
and proteins are electroactive and can be analyzed with high sensitivity,
application of electrochemical analysis in DNA–protein analysis appears
natural and very promising.

7.1. Electrochemical analysis of DNA– protein interactions

The lack of electrochemical papers on DNA–protein interactions have been
caused by several factors, such as (i) absence of sensitive determination of
proteins not containing groups undergoing fast electron transfer at gold elec-
trodes, (ii) difficulties with protein detection by the so-called single-surface
techniques, mostly used in the electrochemical DNA hybridization sensors
(Palecek and Fojta, 2001; Palecek et al., 2002; Popovich and Thorp, 2002;
Wang, 1999), (iii) lack of commercially available proteins binding specifically to
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CysGlyCysGlyCysAla-CTTCTCC-NH2) at two concentrations: (1) 500 pgmL�1, (2)

180 pgmL�1 in 0.1M ammoniacal buffer +1mM Co3+ (pH ¼ 9:5). Adsorbed from 5mM

sodium phosphate, pH 7.0 with stirring. AUTOLAB I str ¼ �2mA, tA ¼ 7 min (L. Havran P.

Nielsen and E. Palecek, unpublished).
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DNA and/or problems with compounds present usually in solutions in which
such proteins are stored, etc. Similarly to sensors for DNA hybridization, the
sensors for DNA–protein interaction can be based either on the single surface
technique, in which the DNA–protein interaction and detection of this
interaction is performed at the same surface, i.e. at the electrode, or on the
double surface technique. In the latter technique, the DNA–protein interaction
is performed at one surface while the detection is done separately on the de-
tection electrode. Recently, first papers have appeared based on both of
these approaches (Boon et al., 2002a; Kerman et al., 2005; Masarı́k et al.,
2004; Palecek et al., 2004b). They will be briefly reviewed in the following
paragraphs.

7.1.1. Single-surface techniques

7.1.1.1. Changes in DNA signals at mercury electrodes. In principle, interaction
of DNA with proteins introducing changes in DNA, such as strand breaks
induced by nucleases, can be easily followed by electrochemical methods. For
example, cleavage of supercoiled DNA by deoxyribonuclease I in solution and
at mercury surface was investigated by a.c. voltammetry (Fojta et al., 1999).
Introduction of a single break into the DNA molecule resulted in a specific
signal (Chapter 3). This signal was used to study kinetics of the DNA cleavage.
Compared to the cleavage in solution, the kinetics of cleavage of DNA ad-
sorbed at the surface suggested restricted accessibility of the surface-confined
DNA. Cleavage of immobilized DNA was affected by the electrode charge. At
positively charged electrode the enzymatic reaction was inhibited in its initial
stage, while moderately negative electrode charges stimulated the DNA
enzymatic cleavage.

7.1.1.2. Changes in DNA and protein oxidation signals. Recently, Kerman et al.
(2005) used single-walled carbon nanotube (SWCNT)-modified screen-printed
carbon electrodes (SPCE) to monitor interaction the Escherichia coli single-
strand binding (SSB) protein with DNA. SSB is a homotetrameric protein
(4� 18:8 kDa) playing an important role in DNA recombination, replication
and repair (Chase and Williams, 1986). This protein binds selectively to single-
stranded DNA and facilitates DNA unwinding by helicases (Meyer and Laine,
1990). Each monomer of SSB contains 4 tyrosine and 3 tryptophan residues,
oxidizable at carbon electrodes (Section 2.1). DNA was bound to the SWCNT-
SPCE via its end amino link and the DNA-modified electrode was immersed
into the SSB solution (10–50mgmL�1). Binding of SSB to single-stranded DNA
resulted in an appearance of the protein oxidation signal at about 0.55V and in
a decrease of the DNA guanine signal. No protein signal resulted from inter-
action of double-stranded DNA with the SSB solution.

7.1.1.3. Protein-induced changes in DNA charge transfer at gold electrodes. An
interesting approach in studies of DNA–protein interactions, developed by
Barton et al., is based on dsDNA-mediated charge transport (Boon et al.,
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2002b) (Chapter 3). It was shown that binding of a base flipping enzyme,
MHhaI to dsDNA greatly decreased the signal of DNA-bound daunomycin
suggesting that this protein binding disturbed the integrity of the base stack
because of base flipping (Rajski et al., 1999). Using a DNA repair enzyme
(MutY, Section 7.2.1) binding to 8-oxoG:A and G:A mismatches, an attempt
was made to use this approach in the detection of single base mismatches in
DNA (Boon et al., 2002b). However, no data consistent with the base flipping
by MutY were found. On the other hand, the same group later showed (Boon
et al., 2003) that [4Fe4S] cluster, contained in MutY, can be utilized in the
detection of MutY-DNA interactions (Boon et al., 2003). Although, not de-
tectable in the absence of DNA, the DNA-bound MutY displayed a reversible
couple on cyclic voltammograms at gold electrodes. This method required
enzymes with a prosthetic group capable of undergoing a redox process under
certain conditions and a rather high concentration of MutY (0.8mM) was
necessary to obtain measurable signals (Boon et al., 2003).

7.1.1.4. Changes in catalytic signals of thiolated DNA at mercury electrodes. The
ability of peptides and proteins to produce signals due to the catalytic hydrogen
evolution, such as peak H and BCR in cobalt-containing solution (Sections 2
and 3), as well as stripping currents related to the reduction of the HgS bonds
offer great potentialities of the mercury electrodes in investigation of DNA–
protein interactions. High sensitivity of peak H was utilized in the analysis of
DNA–protein interactions by DST (Section 7.1.2).

Our preliminary results suggest that using mercury electrodes with immobi-
lized thiolated ODNs, it might be possible to follow not only the cysteine-
containing proteins (yielding the BCR) but also interactions of DNA with
proteins not containing any cysteine/cystine residues, such as histones and pro-
tamines. This means that it might be possible to follow both sequence- and
non-specific electrostatic DNA–protein binding. Histones mediate the folding
of DNA in most of the eukaryotic cells (Wolffe, 1995; Zlatanova and Leuba,
2004). Histones can be removed from DNA by high salt concentrations,
suggesting that major interactions between histones and DNA are electrostatic
in nature.

We mixed 1 mM HS-(TTC)7 with equimolar concentration of histone H2A
either at low or high NaCl concentrations and after short incubation, the
HMDE was immersed in the mixture for 60 s and washed. The modified
electrode was then transferred into an empty cobalt-containing background
electrolyte to perform DPV measurement. The experimental arrangement was
similar to that in Ostatna et al. (2005) (Section 6.2) but the electrolyte pH was
7.5. The catalytic signals of thiolated ODN were less intensive but qualitatively
similar to those obtained at pH 9.5. Incubation of DNA with histone at low
(50mM) NaCl concentration resulted in a strong decrease of peak 3 of
HS-ODN (Figure 16). No decrease of this peak was observed when this incu-
bation was performed at 1M NaCl, not favoring histone-DNA binding. This
method appears more sensitive, than those discussed above in Sections 7.1.1.1
and 7.1.1.2.
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7.1.2. Double-surface techniques

Binding of practically any protein to DNA (or RNA) can be detected by elect-
rochemical DST (Palecek, 2004; Palecek et al., 2002). For example, DNA can be
easily bound to the magnetic beads (Chapter 3) interacted with the protein fol-
lowed by washing, dissociation of the bound protein and electrochemical detec-
tion (Figure 17) at mercury (e.g. using peak H) or at carbon electrodes (provided
the protein contains oxidizable tyrosine or tryptophan residues). High sensitivity
of peak H makes mercury electrodes particularly attractive for the protein
detection but using carbon electrodes, in combination with efficient baseline
correction, can be advantageous in sensors not requiring top sensitivity of the
protein determination. Both types of electrodes were used in studies of MutS
protein interaction with DNA aimed to detection of the DNA point mutations.

7.1.2.1. Binding of MutS proteins to DNA containing single base mismatch. MutS
protein plays an important role in the DNA repair system in prokaryotic and
eukaryotic cells (Jiricny, 1998, 2000; Jiricny et al., 1988; Lamers et al., 2000;
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Fig. 16. AdTS DP binding histone to DNA. Voltammograms of thiolated oligodeoxynuc-

leotide and its complexes with H2A histone in 0.1M NH4Cl, 0.1M NH4OH with 1mM
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Tris, 1mM EDTA, pH 7.5 were prepared and adsorbed at the HMDE (tA ¼ 120 s). Other

details as in Figure 14A (V. Ostatna and E. Palecek, unpublished).
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Obmolova et al., 2000); it recognizes unpaired and mispaired bases in duplex
DNA and can be used for detection of point mutations in vitro (Behrensdorf
et al., 2002; Bi et al., 2003; Palecek et al., 2004b; Sachadyn et al., 2000; Su et al.,
2004). Recently, we have shown that small amounts of this protein can be
detected electrochemically at mercury and carbon electrodes without any labe-
ling (Palecek et al., 2004b). Using peak H, tens of attomoles of this protein were
detected. The sensitivity of the determination at carbon electrodes was by more
than three orders of magnitude lower. By combining high sensitivity of peak H
with DST, we proposed a method for the determination of DNA point mu-
tations (Chapter 3). We used biotinylated DNA duplexes attached to magnetic
beads and interacted the immobilized DNA with MutS protein. The amount of
the bound protein was detected on HMDE using peak H. DNA single base
mismatches and insertion/deletions were detected in this way. Picogram
amounts of MutS were determined by CPSA after MutS releasing from the
beads. This highly sensitive label-free detection of MutS opened the door to
development of DNA chips for a high through-put electrochemical determina-
tion of point mutation in genomic DNAs and supported the recent tendencies to

Fig. 17. Label-free assay of DNA–protein interaction using the double-surface technique.

Biotinylated double-stranded DNA was immobilized on streptavidin-coated magnetic beads

and interacted with the protein. After the magnetic separation, the protein was released from

DNA and determined at mercury or carbon electrode. Using MutS protein, this method was

used for the determination of the DNA point mutation (Palecek et al., 2004b).
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complement optical detection (Heller, 2002) in DNA hybridization sensors by
simpler and less expensive electrochemical methods (Palecek and Fojta, 2001;
Popovich and Thorp, 2002; Umek et al., 2000; Wang, 1999). Moreover, these
methods represent a new approach in the analysis of NA–protein interactions
applicable to a large number of NA-binding proteins.

8. INTRODUCTION OF ELECTROACTIVE MARKERS TO PROBE

THE PROTEIN STRUCTURE

When analyzing proteins by electrochemical methods the measured signals can
be affected by changes in proteins conformation resulting from the interaction
of the protein molecule with the electrode surface (Section 3). Moreover, studies
of changes in protein conformation in vivo are difficult and electrochemical
approaches for such studies have not been elaborated. To overcome these dif-
ficulties it would be convenient to use a chemical, reacting under mild condi-
tions with exposed groups in a protein and introducing an electroactive marker
to the protein molecule. Once the electroactive marker is covalently bound its
presence in the protein molecule can be detected electrochemically (after protein
isolation) and eventually also in situ by other methods. In fact, site-specific
chemical modification has been frequently applied in characterization of pro-
teins (Chen and Chen, 2003; Kuyama et al., 2003; Kyte, 1995; Mardanyan et al.,
2001; Murphy et al., 2002). The number of chemical probes of the protein
structure, reacting with proteins in aqueous solutions under mild conditions, is
however rather limited.
Earlier, we applied osmium tetroxide complexes with nitrogen ligand (Os,L)

in chemical probing of the DNA structure (Chapter 3). Os,L reacted selectively
with pyrimidine bases in single-stranded and distorted regions in DNA but not
with intact double-stranded DNA regions (Palecek, 1992a). Os,L reaction in-
troduced an electroactive marker in DNA producing several distinguished
electrochemical signals at the mercury and carbon electrodes. Some Os,L com-
plexes such as osmium tetroxide, 2,20-bipyridine (Os,bipy) easily penetrated into
cells recognizing local changes in the DNA structure (Palecek, 1992b, 1994).
Moreover, Os,L-modified DNA was strongly immunogenic making thus pos-
sible to prepare specific antibodies for studies and localization of changes in
DNA structure in cells (Palecek, 1992b, 1994; Palecek et al., 1993a). We as-
sumed that having a similar reagent for investigating the protein structure
would be of tremendous significance. Earlier it was shown that complex of
osmium tetroxide formed with tryptophan derivatives (Deetz and Behrman,
1980) bis(pyridine) osmate esters similar to thymine-Os,py compounds. We,
therefore, attempted to use Os,L complexes and particularly Os,bipy for chemi-
cal modification of peptides and proteins.
Modification of several Trp-containing peptides with 2mMOs,bipy resulted in

characteristic electrochemical signals at mercury (Billova et al., 2002) and carbon
electrodes (S. Billova and E. Palecek, unpublished) (Figure 18). These signals
were similar to those produced by Os,bipy-modified oligodeoxynucleotides and
ssDNAs (Chapter 3). In contrast, peptides not containing Trp did not yield such
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signals. Trp-containing proteins yielded practically the same signals as Trp-
containing peptides (S. Billova and E. Palecek, unpublished). In cysteine-
containing peptides and proteins, Os,bipy modification resulted in a decrease or
disappearance of the BCR in cobalt-containing solution, suggesting that Os,bipy
modification resulted in a deep oxidation of the sulfhydryl group in the cysteine
residue (S. Billova and E. Palecek, unpublished). Os,bipy-modified peptides were
also investigated by capillary zone electrophoresis (CZE) and matrix-assisted
laser desorption-ionization–time-of-flight mass spectrometry (MALDI–TOF
MS) (Sedo et al., 2004). Formation of a stable complex of Os,bipy with
tryptophan residues was observed with both techniques. MALDI–TOF MS
showed the formation of a product with characteristic osmium isotopic pattern
(Figure 19). Oxidation of methionine and cysteine side chains to methionine
sulfone and cysteic acid, respectively was detected by CZE and confirmed by
MALDI–TOF and Post-Source Decay (PSD) mass spectra. Derivatization of
peptides resulted in specific shifts of molecular weights of the peptides and their
fragments as detected by PSD. Because not all natural amino acids were
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contained in the above peptides, Os,bipy modification of avidin (i.e. of the pro-
tein in which all 20 natural amino acid residues are contained) was investigated.
Avidin is a glycoprotein displaying exceptionally strong binding properties

toward biotin (Green, 1975) (Section 3.1). There are three tryptophan residues
(Trp 70, Trp 97, Trp 110) in the binding site for biotin involved in biotin-binding
(Lindqvist and Schneider, 1996). More than 40 years ago it was shown that
modification of these Trp residues with oxidation reagent N-bromosuccinimide
led to a loss of 90% of the initial biotin-binding activity (Green, 1963). Avidin
modification with the Trp-specific reagent 2-hydroxy-5-nitrobenzyl bromide
(Gitlin et al., 1988) yielded similar results. To find out whether Os,bipy will show
the same specificity toward accessible Trp residues, avidin was treated with the
Os,bipy before and after biotin binding. Likewise the Os,bipy-modified Trp-
containing peptides (Figure 18), the Os,bipy modified avidin yielded at mercury
and carbon electrodes characteristic electrochemical signals (S. Billova and E.
Palecek, unpublished). When avidin was pre-incubated with biotin, Os,bipy
failed to modify the protein as detected by absence of the Os,bipy response at
about –1.2V at HMDE and at �0.53V at PGE, reflecting a protection of the
Trp residues by biotin and suggesting that except for Trp residues no other
amino acids outside the binding site were responsible for electrochemical signals
of modified avidin (Scheme 1). Neither biotin nor unmodified avidin produced
any voltammetric signal characteristic of the protein–Os,L adduct at mercury or
carbon electrodes (Scheme 1). Moreover, as with N–bromosuccinimide and 2-
hydroxy-5-nitrobenzyl bromide, biotin–binding activity was lost. It may be thus
concluded that in proteins containing usual amino acids, only Trp residues form
a stable adduct with Os,bipy, which is responsible for the electrochemical signals
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shown in Figures 1 and 2. Oxidation of cysteine residues to cysteic acid by
Os,bipy results in a decrease or disappearance of the BCR (Sections 2.2 and
3.1.1.1) but not in production of any Os,bipy signal.
Lysozyme is a small protein (Mw 14,388Da) with enzyme activity, splitting

the peptidoglycan (the major structural element of the cell wall of Gram-
positive bacteria) containing 6 Trp residues. Native and denatured lysozyme
(denaturation by 6M guanidinium chloride at 251C) were modified by 2mM
Os,bipy and the samples were measured by AdTS SWV at PGE. Both native
and denatured lysozyme produced SWV peak at about �0.55V characteristic
for Os,bipy-modified proteins. The peak of denatured lysozyme was about twice
as high as that of the native protein, suggesting that protein denaturation re-
sulted in exposition of some Trp residues for the chemical reaction (S. Billova,
unpublished). Similar results were obtained also with other proteins in their
native and denatured forms at carbon and mercury electrodes.

8.1. Concluding remarks

Trp containing peptides and proteins can be modified by Os,bipy under con-
ditions close to physiological. This modification results in formation of a stable
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Os,bipy adduct with Trp residues (Figure 18), which can be sensitively detected
by electrochemical and mass spectrometric methods. Os,bipy treatment results
also in oxidation of cysteine and methionine residues but this oxidation does not
result in any stable Os-containing adduct nor in formation of any specific
electrochemical signals. Cysteine oxidation can be, however, followed by a
decrease or disappearance of the Brdicka’s catalytic signals. The extent of
modification of Trp-residues depends on the protein conformation showing
greater modification of denatured proteins as compared to native ones.

9. SUMMARY AND CONCLUSION

Electrochemistry of the proteins is not limited to conjugated proteins containing
redox centers, which enable fast reversible electrode processes. All proteins and
peptides so far tested possessed an ability to catalyze hydrogen evolution at
mercury electrode and provided analytically useful signals. Low concentrations
of the proteins can be determined by constant current chronopotentiometric
stripping analysis (CPSA) producing peak H at highly negative potentials. This
peak sensitively reflects changes in protein conformation related to protein ag-
gregation, denaturation and appears potentially useful in studies of mutant
proteins. Cysteine-containing proteins produce in cobalt solution characteristic
catalytic signals discovered 75 years ago by Brdicka and another signal (peak S)
around �0.6V (against SCE) due to reduction of the Hg–S bond (formed at less
negative potentials). Both peak S and Brdicka’s signals usually require higher
protein concentrations than CPSA peak H. Information about the protein ad-
sorption can be obtained by a.c. impedance measurements at atomically smooth
mercury surface.
Tyrosine and tryptophan residues in peptides and proteins can be oxidized at

carbon electrodes. Using CPSA or square wave striping voltammetry in com-
bination with efficient baseline correction well-developed peaks can be ob-
tained. Oxidation of tyrosine or tryptophan residues at gold electrodes has not
been reported.
The above methods were applied to study avidin and streptavidin, the proteins

used in biotechnologies in connection with the ability of these proteins to strongly
bind a low molecular mass compound biotin. In contrast to previous reports on
electroinactivity of these proteins, the above-mentioned proteins produce reduc-
tion signals at mercury and oxidation signals at carbon electrodes. These signals
changed stoichiometrically with the biotin binding. Studies of free and biotin-
bound avidin provided a complex picture of their interfacial properties.
Peak H is produced both by cysteine-containing peptides and proteins as well

as by those in which cysteine residue was absent. The presence of cysteine,
however, strongly influences the height and potential of peak H and its
dependence on pH. Peak H is highly sensitive to the peptide redox state. It
appears potentially useful in the analysis of intracellular proteins, whose
biological activity is usually connected with their redox state.
Aggregation of ASyn is involved in Parkinson’s and Alzheimer’s diseases.

Such aggregation can be induced in vitro and followed by various methods, such
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as circular dichroism, fluorescence of thioflavin T and atomic force microscopy.
ASyn aggregation was studied by electrochemical methods at mercury and
carbon electrodes. It was found that using CPSA peak H ASyn could be de-
termined at subnanomolar concentrations. ASyn aggregation can be traced
both at mercury and carbon electrodes. In contrast to the oxidation signals at
carbon electrodes, peak H is more sensitive to ASyn aggregation. Using this
peak early changes in ASyn properties, preceding its aggregation were detected.
Neither CD nor fluorescence measurements uncovered such changes. Three
mutant ASyn proteins produced different heights and potentials of their peaks
H.
Thiolated oligodeoxynucleotides (HS-ODN) produce signals in cobalt solu-

tions suitable for protein analysis; these signals appear at less negative poten-
tials than those of cysteine–containing peptides and proteins and can be utilized
in studies of DNA–protein interactions.
DNA–protein interactions have been studied by a number of various methods

but only recently attempts have been made to apply electrochemical methods in
this field. Newly designed methods can be divided (similar to the DNA hy-
bridization sensors) in two groups: (a) one in which DNA–protein interaction
and its detection is performed at one (electrode) surface (single-surface tech-
nique, SST) and (b) another one in which protein interaction with immobilized
DNA is performed at one surface such as magnetic beads, and the detection of
the DNA–protein interaction is detected at another surface – the detection
electrode (double-surface technique, DST).
Among three SST methods, one is based on changes in charge transfer in

double-stranded DNA caused by protein binding. This method is limited to
proteins which flip-out a DNA base from the duplex or to conjugated proteins
with electroactive groups producing reversible redox signals at gold electrodes.
Another method from the SST group is based on oxidation signals of DNA
(Chapter 3) and proteins (Sections 2.1 and 3) at carbon electrodes. Finally, the
last method in this group is taking advantage of catalytic currents of proteins
and thiolated DNAs at mercury electrodes. This method appears most sensitive
among the SST methods.
In DST methods, DNA is immobilized at magnetic beads capturing the

DNA-binding protein. The captured protein can be detected at carbon or mer-
cury electrodes due to its electroactivity (Sections 2.1 and 3). Detection based on
the CPSA peak H is the most sensitive one. Alternatively, the protein can be
immobilized on the beads and captured DNA can be detected similarly as in the
DNA hybridization sensors (Chapter 3).
Both proteins and DNA can undergo denaturation at the electrode surface.

DNA-surface denaturation was observed on negatively charged electrodes; the
potential range was limited to a narrow region at pHs close to neutral. In
contrast to DNA, no simple rules can be expected for surface conformational
changes of proteins due to their complexity and conformational variations. It is
shown in this Chapter that electrochemical methods are capable to reflect con-
formational changes related to denaturation, aggregation, mutation, etc. in a
number of proteins, suggesting that under the given conditions only limited
surface denaturation could take place.
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To eliminate the effect of protein adsorption and surface denaturation on the
electrochemical responses of proteins chemical probes of the protein structure
can be used. The chemical should react with a protein under mild conditions
and introduce in solution a covalently bound electroactive label to accessible
groups in the protein. Alternatively, a chemical can be used reacting specifically
with some amino acid residues (such as Tyr, Trp or Cys) responsible for specific
electrochemical signal. Changes in this signal can be then used to make con-
clusion about accessibility of the given residues in the protein. The appearance
and properties of the signal of the electroactive marker in proteins modified in
native and denatured states can provide information about changes in acces-
sibility of the aa residues in the protein. It is shown that osmium complexes with
nitrogen ligands (Os,L), such as 2,20-bipyridine react covalently with tryptophan
residues in peptides and proteins and produce signals at carbon and mercury
electrodes. The electrochemical detection of osmium–Trp adducts can be com-
bined also with mass spectrometry and other methods. It can be expected that
modern electrochemical methods will soon gain importance in the protein re-
search and particularly in proteomics because of their sensitivity, small re-
quirement for the amount of the analyte and their abilities to reflect changes in
protein conformations and various protein interactions. Moreover, these tech-
niques are relatively simple and inexpensive, and can be miniaturized and
adapted for parallel protein analysis.

LIST OF ABBREVIATIONS

aa amino acid
a.c. alternating current
ACV a.c. voltammetry
AdS adsorptive stripping
AdTS adsorptive transfer stripping
Asyn a-synuclein
BCR Brdicka’s catalytic response
CNT carbon nanotubes
CP constant current chronopotentiometry
CPE carbon paste electrode
CPSA constant current chronopotentiometric stripping analysis
CV cyclic voltammetry
d.c. direct current
DME mercury dropping electrode
DPP differential (derivative) pulse polarography
DPV differential (derivative) pulse voltammetry
DST double-surface technique
ds double-stranded
HMDE Hanging mercury drop electrode
HRP horseradish peroxidase
HSA human serum albumin

Electroactivity of Proteins 739



LSV linear sweep voltammetry
NPP normal pulse polarography
ODN oligodeoxyribonucleotides
PNA peptide nucleic acid
SAM self-assembled monolayer
SCE saturated calomel electrode
ss single-stranded
SST single-surface technique
SWV square wave voltammetry
tA accumulation time
Trp tryptophan
Tyr Tyrosine
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APPENDIX
Methods in Proteomics

Sabina Billová and Emil Paleček

The completion of the DNA sequences of more than 260 organisms including
the draft sequence of the human DNA provides us an abundance of information
about the structure of individual genes of an organism, about its genome. Re-
grettably these data are insufficient to say anything about the structure, func-
tion and regulation of gene products in a cell, tissue or organ. The reason is that
a gene can undergo splicing and that assorted products of this splicing can be
moreover variously post-translationally modified. This leads to the production
of not a single but many proteins of assorted composition and function.
To describe the protein complement of genome Wilkins et al. (1996) in-

troduced first at the Meeting on Two-Dimensional Polyacrylamide-Gel Electro-
phoresis organized in Sienna in 1994 the word ‘proteome’ (Hochstrasser, 1998). It
has spread worldwide and given rise to a new discipline ‘proteomics’. Proteomics
can be defined as the large-scale study of protein properties (expression level,
post-translational modification, interactions, etc.) that would help us to under-
stand complex biological processes occurring at a molecular level, their heter-
ogeneity in various cell types and their alternation in disease states (Blackstock
and Weir, 1999). Just a possible application of obtained information in medicine
mainly for early detection of diseases and their ‘tailor-made’ therapy evokes the
enormous interest of scientists and pharmaceutical companies in proteomics.
This can be seen from the continuously increasing number of publications related
to this field (Anderson and Anderson, 1998; Blackstock and Weir, 1999; Figeys,
2003; Hochstrasser, 1998; Huber, 2003; Chambers et al., 2000; Kellner, 2000;
Morrison et al., 2003; Pandey and Mann, 2000; Patterson and Aebersold, 2003;
Resing and Ahn, 2005; Wilkins et al., 1996; Zhu et al., 2003).
Over the years of its existence, proteomics has achieved the extensive tech-

nology development which has contributed to its expansion and splitting into
several spheres including profiling, functional and structural proteomics. Pro-
filing proteomics includes the study of the proteome and the comparative
changes in the proteome. This means the identification of proteins present in a
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biological sample and proteins differentially expressed between various samples.
Functional proteomics deals with the discovery of protein functions at the
proteome level and structural proteomics investigates the three-dimensional
(3D) structure of proteins, protein complexes and small-molecule–protein com-
plexes (Figeys, 2003).
To study a wealth of genome expressed proteins from all the above-

mentioned visual angles the following techniques are used: (1) protein separation
and (2) protein identification and characterization. The traditional tool capable
of separating more than 1000 proteins in a single gel is two-dimensional
gel electrophoresis (2-DE). With this technique, proteins are first separated in
one direction by their charge in the isoelectrofocusing (IEF) step and then sep-
arated in the orthogonal direction by their molecular size using denaturing po-
lyacrylamide gel (Chambers et al., 2000). 2-DE enables to obtain information
about the expression levels of a proteome under various conditions but on the
other hand, it is a time-consuming and laborsome approach that handicaps
scarce and hydrophobic proteins and has difficulties with reproducibility. In
recent years, also other protein separation methods such as liquid chromatog-
raphy (LC), high-pressure LC (HPLC) and capillary electrophoresis, have been
successfully used and even have started to gain ground (Hochstrasser, 1998).
Multidimensional LC is more amenable to automation and allows the detection
of many proteins that previously were not visible on 2-DE gels (Cottingham,
2004).
One of the most widely employed methods of identifying and characterizing

proteins including their post-translational modifications is mass spectrometry
(MS). In this technique, either proteins excised from the 2-DE gel and conse-
quently digested with protease, such as trypsin, or LC fractions containing
already digested proteins are converted into gas-phase ions. Created ions are
then separated and detected based on their mass-to-charge ratios (m/z) (Yates,
2000). Several types of MS techniques have been developed for this purpose.
However, two of them, matrix-assisted laser desorption ionization (MALDI)
and electrospray ionization (ESI) are preferred. These techniques differ in the
process of ion formation. While ESI achieves ionization by spraying a sample
solution through a charged needle at atmospheric pressure toward the inlet of
the mass spectrometer, in MALDI ions are created by emission of short laser
pulses at the sample co-crystallized with a matrix and deposited on a sample
plate. To separate ions of particular m/z value, these MS techniques use various
mass analyzers. MALDI ion sources are most commonly coupled with time-of-
flight (TOF) analyzers, whereas ESI is normally coupled with ion-trap or triple-
quadrupole spectrometer (Patterson and Aebersold, 2003). Both MALDI and
ESI have a great potential for proteomics. This resides in their high sensitivity
and suitability for automatization. Their possible connection with chromato-
graphic methods allows high-throughput and on-line sequential analysis of
peptide or protein mixtures (Zhu et al., 2003). Various combinations of the
above-mentioned methods were applied for two kinds of protein profiling
strategies: ‘‘top-down’’ and ‘‘bottom-up’’ proteomics. While the former anal-
yzes intact proteins the latter analyzes peptides in proteolytic digests (Resing
and Ahn, 2005).
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Most of 3D protein structures are obtained by means of X-ray crystallo-
graphy, nuclear magnetic resonance (NMR) and computer structure prediction
based on sequence homology with proteins of known 3D fold. X-ray crystallo-
graphy determines the protein structure by formation of a crystal from the
protein solution and by passing X-rays through it. Produced diffraction pat-
terns are then analyzed. In NMR, the protein sample is placed in a strong
magnetic field and exposed to electromagnetic radiation of a specific frequency.
Its response to radio waves is recorded. In both cases, 3D protein structures are
proposed from the measured spectra. The main goal of all structural techniques
is to construct 3D molecular models of proteins and protein complexes with
other metabolites, which faciliate a design of pharmacological agents against
precisely chosen and well-characterized protein receptors (Stolarski, 2003).
One of the key approaches of proteomics research is bioinformatics that

enables experiments done in real laboratory to be projected and completed by
experiments done using computer. This means bioinformatic tools aid to moni-
tor and quantify the separation of complex protein samples, to identify and
characterize the separated proteins, to compute proteins structure and to trans-
late DNA code into probable polypeptide chains. Moreover, they allow building
protein databases that are the core of proteome research. Such databases are
applied for example for the comparison of mass spectra of proteins digested with
virtual enzymes in the virtual laboratory with mass spectra of proteins digested in
real laboratory or for the function prediction based on 3D structure modeling of
proteins belonging to known families (Hochstrasser, 1998).
Despite of the ingenuity of all the above-mentioned technologies their ap-

plication in proteome studies is limited. The methods are pretentious to sample
purity and demand on powerful, expensive equipment and qualified staff. They
are also time consuming. Present estimates of the number of genes in the human
genome that are expressed in a particular cell type reach 20,000–25,000. To
identify such abundance of proteins, some of them critical for disease treatment,
could take a long time. Hence, methods providing only restricted information
but less money- and time-consuming and applicable to sample screening might
have been used for preliminary structure and function determinations. As a
most perspective, it seems to be therein an electrochemical analysis exceeding
the other detection methods in simplicity, high sensitivity and relatively low
costs.
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1. INTRODUCTION

The early investigations up to the end of the 19th century established that pro-
teins are a class of complex compounds, having both basic and acidic properties,
made up of many different constituents, often associated with other compounds
such as carbohydrates and nucleic acids. The quiescent period in protein research
in the beginning of the 20th century was interrupted by the impetus given by
electrophoretic, ultracentrifugal, X-ray and chromatographic analysis, which led
to the studies of physical and chemical properties of proteins such as their quan-
titative amino acid composition as well as size, shape and charge distribution
(Neurath and Bailey, 1953). Around 1930, the first X-ray photographs of silk
fibroin and keratin fibers were published (Neurath and Bailey, 1954) but the
arsenal of methods of the protein chemistry was still rather limited.
The beginning of protein electrochemical analysis dates back to the end of the

1920s that is to the time less than a decade after the invention of polarography
by Jaroslav Heyrovský (1922, 1923, 1924a, b). Application of polarography as
the first automatic recording instrument, in the analysis of proteins thus rep-
resented a welcome extension of this arsenal. In 1930, basic information about
the biological importance of proteins was available but the biological function

PERSPECTIVES IN BIOANALYSIS, VOLUME 1

ISSN 1871-0069 DOI: 10.1016/S1871-0069(05)01020-7

r 2005 Elsevier B.V.

All rights reserved

755



of nucleic acids was not recognized. In spite of the discovery of the genetic role
of DNA by Avery et al. in 1944 (Avery et al., 1944), in 1950 it was still believed
by many scientists (Haurowitz, 1950) that proteins can ‘‘self replicate’’ thus
playing the genetic role, nowadays assigned to nucleic acids and particularly to
DNA. The primary structure of nucleic acids was assumed to be a monoto-
nously repeated ‘‘statistical tetranucleotide’’ composed of four different bases.
Naturally, such a monotonous primary structure could not contain any com-
plicated information. In contrast, the biological importance of proteins was
greatly appreciated among the scientists at the same time. Taken together,
around 1930, the chemistry and biology of proteins was more advanced than the
chemistry and biology of nucleic acids, but in both cases new methods were
sought at that time.
Electrochemistry of proteins was initiated in J. Heyrovský’s laboratory by his

co-workers, Herles, Vančura and Babička (Heyrovský, 2004). Using polaro-
graphy, they discovered a new phenomenon, manifested by the ability of proteins
to catalyze hydrogen evolution at the dropping mercury electrode (Heyrovský and
Babička, 1930a,b; Herles and Vančura, 1932). The next important milestone was
the observation of R. Brdička (1933a,b,c) who demonstrated that proteins are able
to produce a characteristic catalytic double-wave in ammoniacal cobalt solutions.
The ability of polarography to detect and determine cysteine-containing proteins
became widely used during the next decades. Developed analytical procedures
were frequently connected with the name of its inventor. Applications of Brdička’s
catalytic wave dominated the polarography of proteins for several decades
(Březina and Zuman, 1958; Homolka, 1971; Paleček, 1983; Sequaris, 1992; Brabec
et al., 1996) and their impact is summarized below.

2. ELECTROCHEMISTRY OF PROTEINS

2.1. Early history

Probably the first instance, when a change in the current–voltage curves ob-
tained by a microelectrode in the presence of proteins was reported was the
observation by Herles and Vančura (1932) that addition of proteins to a so-
lution of sodium chloride results in an increase in cathodic current at negative
potentials. As the increase occurred at a potential, just before by some 0.3V
more positive than the potential at which sodium ions are reduced, the wave-
shaped increase in current was denoted as a ‘‘pre-sodium wave.’’ Some details of
the road to their discovery has recently been discussed elsewhere (Heyrovský,
2004).
Heyrovský and Babička (1930a, b) and Babička (1930) observed that with the

increasing concentration of the protein, the peak current of this wave reached a
limiting value. When the current–voltage curves were recorded in ammonium
chloride instead of sodium chloride the waves were more pronounced, the authors
concluded that the wave was due to a reduction of hydrogen ions and that the
presence of proteins caused a decrease in hydrogen overvoltage.
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Brdička (1936) has shown that in the electrode process preceding an electrode
uptake, the ammonium ions acted as proton donors and can be replaced by
other sources of hydrogen ions, such as an acid component of a buffer. Cur-
rents, which correspond to a reduction of hydrogen ions at potentials that are
more positive than those of the reduction of hydrogen ions originating from the
buffer used, are called ‘‘catalytic currents.’’ The catalytic currents observed in
buffered solutions in the presence of proteins were observed at pH>7. Their
height was observed to decrease with increasing pH, as the concentration of the
acid form acting as a proton donor decreased and at pH>12 they were no more
measurable. At pHo7, the catalytic wave is superimposed by the current of
reduction of hydrogen ions from the buffer used.
Waves of the type observed in the presence of various proteins have been

subsequently described as ‘‘pre-sodium,’’ even when they appeared at potentials
that are more positive than those of the hydrogen ion from the buffer, rather
than those at which sodium ions are reduced. The height (limiting current)
of ‘‘pre-sodium’’ waves increased with the increasing buffer capacity. Addition
of some heavy metal ions, such as Co (II) resulted in an increase in the height of
the ‘‘pre-sodium’’ wave. The occurrence of these waves in unbuffered solutions
such as those of sodium or potassium chloride has been attributed to the role of
protein as a buffer. The exact nature of processes involved in ‘‘pre-sodium’’
waves is uncertain, but a role of -SH and protonated amino groupings has been
indicated. Whereas the role of the -SH groups (and possibly S–S groups after
their reduction) may be predominant, the role of nitrogen-containing groups in
processes involved in ‘‘pre-sodium’’ wave has been demonstrated by a decrease
of this wave after catalytically active insulin was gradually acetylated.
Brdička (1933a) observed a much more pronounced change in current–voltage

curves, if the buffer solution (usually an ammonia-ammonium chloride buffer)
contained some cobalt salt, either in the oxidation state two or three. The details
of the accidental discovery have recently been discussed by Heyrovský (2004).
In ammoniacal solutions of Co (II) ions the catalytic effect of proteins resulted

in two increases on the current–voltage curve in the shape of a double wave.
Which functional groups of proteins are responsible for each of these current
increases is not known with certainty, but the role of the presence of thiol groups
seems essential. Proteins, which do not contain an SH and/or an S–S grouping,
like gelatin, do not yield this characteristic double wave. The catalytic current in
the presence of proteins is about 500 times higher than the diffusion controlled
limiting current, corresponding to the electroreduction of cobalt ions.
Simple thiols, cysteine, cystine and some thiol or S–S groups containing

polypeptides also yield catalytic waves (Brdička, 1933b; Stern and Beach, 1940;
Page, 1948; Page and Waller, 1949; Fraser et al., 1947; Tachi and Koide,
1951a, b). 2, 3-Dimercaptopropanol shows catalytic waves also in solutions of
nickel, arsenic, bismuth and iron ions (Zuman and Zumanová, 1956). Com-
pounds in which the thiol group is alkylated do not yield the catalytic wave
(Trkal, 1952). Nevertheless, catalytic waves of these low-molecular-mass thiols
have a shape of a single, rounded increase in current that occurs in the potential
range, where the second catalytic wave of proteins is observed. Cystine is reduced
at potentials more positive than that at which the catalytic current is observed.
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The cleavage of the S–S bond in cystine yields two cysteine molecules. Conse-
quently, at equimolar concentrations cystine yields a catalytic current that is twice
as big as that observed in the presence of cysteine.
For proteins, the heights of catalytic waves in the presence of Co (II) and Co

(III) are comparable, but in presence of cystine the catalytic waves in Co (III)
solutions are much smaller than those in the presence of Co (II), which forms
weaker, labile complexes with ammonia than Co (III). Thus in mixtures of
proteins and cystine, recording of current–voltage curves in solutions of Co (III)
enables the determination of proteins in the presence of simpler thiol com-
pounds (Brdička, 1933c). This approach was used in following the hydrolysis of
proteins. Alternatively, comparison of catalytic waves in ammoniacal solutions
containing Co (II) and Co (III) enabled determination of cysteine and cystine as
products of the hydrolysis of proteins (Stern et al., 1939).
At a given concentration of Co (II) or Co (III) in an ammoniacal buffer of

chosen composition, the catalytic waves increase with increasing concentration of
the protein and both catalytic currents reach at sufficiently high concentration
of the protein a limiting value (Brdička, 1947). At low concentrations of proteins
the more positive wave is higher than the second (both measured from the lim-
iting current of the reduction of the cobalt ions), but above a certain concen-
tration (called crossing point) the more negative catalytic current is higher (Tropp
et al., 1939; Tropp and Herrbach, 1944). Both catalytic currents and the crossing
point depend on the nature of the protein. In general, the higher the catalytic
currents, the larger is the number of sulfur-containing groups in the given protein
(Millar, 1951, 1953). At a given composition of the NH3-NH4

+ buffer and at a
given concentration of the protein, both catalytic waves increase with increasing
concentration of cobalt ions (Brdička, 1947).
The dependence of catalytic currents of proteins on pH is complex and is not

yet completely understood. At least two factors are involved: the variation in
composition of the complex of Co ions with ammonia and the acid–base prop-
erties of the thiol group. When the pH-dependence was followed in buffers, where
the analytical concentration [NH3]+[NH4

+] was kept constant and the pH-varied
by a variation of the ratio [NH3]:[NH4

+], the plot of the catalytic current as a
function of pH passed through a maximum. The pH, at which this maximum was
observed, varied (Millar, 1951, 1953) from pH 9.3 for chymotrypsin to pH 10.25
for pepsin. It can be assumed that the decrease in the catalytic current toward
lower pH-values reflects the decrease in concentration of free NH3. This results in
a shift in composition of the ammoniacal complex of cobalt. The decrease of the
catalytic current at pH higher than that at which the maximum height was ob-
served can be attributed to increasing concentration of the thiolate form (which is
assumed not to be catalytically active) as well as to a decrease in concentration of
NH4

+ ions, which are the proton donors in the catalytic process. The catalytic
waves in solutions of Ni (II) ions are generally lower than those in Co (II)
solutions and show similar dependences on concentration of the protein or of the
metal ion. Due to their lesser sensitivity, the waves in Ni (II) solutions are less
frequently used, even when the catalytic waves of low-molecular-mass thiols in
the presence of Ni (II) ions have recently been extensively investigated (Banica,
1991; Ion et al., 1998; Banica and Ion, 1998, 2000).
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2.2. Catalytic hydrogen evolution at mercury electrodes

2.2.1. Analysis of proteins

The catalytic waves of proteins do not allow the determination of individual
electroactive proteins, when present in a mixture. Hence, reported applications of
catalytic waves were restricted to analyses of samples containing a single kind of
protein. Since various kinds of proteins yield – at a given concentration – catalytic
waves of different heights, such waves can be used for analyses of mixtures of
proteins only, if the ratio of concentrations of individual components remains
practically constant. Even in such a situation an electrophoretic pre-separation is
advised. To eliminate contributions of effects of low-molecular-weight thiols to
measured catalytic waves, the use of ammoniacal solutions containing cobalt (III)
are preferred.
An example of the uses of catalytic waves for following concentration changes

of a single protein is the selection of optimal conditions for the precipitation of
serum globulin (Schmidt, 1940a). For serum of healthy patients, the optimum
conditions for precipitation of globulin were found in the presence of 0.5% acetic
acid. Under optimum conditions the double wave was lower in the serum of
cancer and arthritis patients than in the serum of healthy ones. To determine
globulins in intraocular fluids, they were first separated by precipitation using
saturated ammonium sulfate. The resulting precipitated globulin was then dis-
solved in an ammoniacal solution of cobalt (II) (Franta and Gosman, 1933).
Proteins in tears were determined (Balı́k and Hradecký, 1953) after transfer on to
a chromatographic paper, elution with physiological solution and dilution of the
eluate with an ammoniacal cobalt solution. Addition of thrombin to fibrinogen
resulted (Jühling et al., 1938, 1939; Lyons, 1945) in an increase in catalytic waves,
due to an increased number of accessible thiol groups. Fibrinogen B yielded a
higher catalytic current than fibrinogen A. Catalytic waves were used for deter-
mination of proteins in wool (Marron and Routh, 1944), milk (Stamberg and
Bailey, 1942; Gál, 1954), beer (Sandegren et al., 1949), plants (Tropp and Stoye,
1942) and in the bee-toxin (apitoxin) (Fassbender, 1944).
The pre-sodium wave was also used to estimate the content of proteins in the

serum of healthy individuals (Babička, 1930; Gawalowski and Gosman, 1932)
and patients suffering from syphilis (Gawalowski, 1932), in cerebrospinal liquor
(Taussig et al., 1937, 1938; Seuberling, 1937), saliva (Monnier and Besso, 1954),
egg white (Hata and Matsushita, 1951a), beer (Salač, 1936) and plants (Babička,
1934).

2.2.2. Denaturation of proteins

Denaturation processes of proteins that result in liberation of additional thiol
groups accessible to the catalytic evolution of hydrogen can be followed using
polarographic catalytic waves in ammoniacal buffer solutions. When serum is
added to an alkaline solution, the height of the catalytic wave increases with
increasing reaction time, until it reaches a height that is about 100% higher than
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the initial value. After a prolonged contact time a slow and small decrease takes
place (Brdička and Klumpar, 1937). Denaturation in the presence of hydro-
chloric acid occurs much slower. Similar changes in the height of the catalytic
current with time was observed, when the serum was treated with proteolytic
enzymes, such as pepsin.
Samples taken from reaction mixtures containing various albumins isolated

from plasma, kept at pH about 13, have shown an increase in catalytic currents
that followed first-order kinetics (Müller et al., 1952). Similar approach was used
in following an alkaline denaturation of ovalbumins (Hata and Matsushita,
1951b), serum albumins and serum globulins (Elpiner, 1949; Sasai and Egawa,
1950) as well as in the investigation of protection of serum proteins against
denaturation in the presence of germanin (Jı́rovec and Wenig, 1943). Similar
protection against denaturation was observed, when a small amount of formal-
dehyde was added to the serum, before the alkali hydroxide was added. On the
other, when formaldehyde was added after addition of the base to serum, a
normal increase in the catalytic wave with time was observed (Suolahti and Laine,
1941). Addition of formaldehyde to a solution of pseudoglobulin in a borate
buffer pH 7–9.5 resulted in a decrease of the catalytic wave after transfer into an
ammoniacal cobalt solution. The rate of decrease in the height of the catalytic
wave increased with increasing concentration of the added formaldehyde, with
increasing pH and with increasing temperature (Fiala, 1943).
The addition of urea at concentrations higher than about 1.7M resulted in a

decrease in catalytic waves recorded in the presence of albumins, globulins and
fibrinogens obtained from plasma and serum of horses (Tropp and Geiger,
1942). When the resulting solution was dialyzed, urea was removed and the
height of the catalytic wave returned to the value before the addition of urea.
When serum albumin or globulin was treated for 30min with a solution of
1.7–8.5M urea, the reaction mixture deproteinated with sulfosalicylic acid and
in the filtrate treated with an ammoniacal cobalt solution, the catalytic wave
increased with increasing concentration of urea. When the protein was first
treated with sulfosalicylic acid, precipitated protein filtered off and the urea was
added only to the filtrate, oppositely a decrease of the catalytic wave was re-
ported (Elpiner, 1949).
With increasing temperature, the height of the catalytic wave of serum in

ammoniacal cobalt solution gradually increased. This increase continued until a
temperature was reached, at which the protein coagulated. This coagulation was
accompanied by a sharp decrease in the height of the catalytic wave (Jı́rovec and
Wenig, 1943; Sasai et al., 1953). After addition of germanin, coagulation was
prevented and only at a higher temperature a slight decrease was observed in the
height of the catalytic wave (Jı́rovec and Wenig, 1943). The dependences of the
heat induced denaturation on the concentration of protein and added urea were
also reported (Tropp and Stoye, 1942; Jühling et al., 1938, 1939).
When solutions of proteins were exposed to ultrasound, deproteinated using

sulfosalicylic acid and filtrated, the height of the catalytic wave in the filtrate
increased with the duration of sonication (Elpiner, 1951). Irradiation by UV-
light resulted in the denaturation of studied proteins, manifested by an initial
increase in the height of the catalytic wave. After a prolonged time-period of
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irradiation, when coagulation of denatured proteins took place, the catalytic
currents gradually decreased (Wenig and Jı́rovec, 1938; Schmidt, 1940b). Al-
bumin was denatured faster than globulin (Schmidt, 1940b). On the other,
irradiation of proteins by X-rays up to 100,000R did not result in any change in
the height of the catalytic current (Heeren and Seuberling, 1940).

2.2.3. Cancer research

Differences in the activity of thiol groups in enzymatic processes in normal and
canceromatic sera lead Brdička (1937a, b, c, d, e, 1938a, b, c, d, e, 1947) to ap-
proach the distinguishing of these two types of sera using polarography. Initial
studies based on comparison of catalytic waves in ammoniacal cobalt solutions in
the presence of sera indicated insufficiently small differences between catalytic
currents obtained in normal and carcinomatic sera (Brdička, 1947). Somewhat
larger differences between the behavior of normal and carcinomatic sera were
observed, when the rate of alkaline denaturation of sera or their proteolytic
cleavage with pepsin was followed (Brdička, 1947). In the sera of patients in
advanced stages of cancer, the catalytic waves of the products of denaturation or
proteolysis were on an average by 10–30% lower than those obtained from sera
of healthy patients. Such differences were not striking and, moreover, lower
waves were observed also in the sera of patients suffering from various diseases
accompanied by fever. Such observation indicated that in serum proteins of pa-
tients suffering from cancer is present a lower number of accessible cystine and
cysteine residues. Such interpretation was supported by polarographic and
spectrophotometric determinations of cystine in products of acid hydrolysis of
sera. In these approaches it was essential to keep the dilution of sera and all
components of the polarographed solution constant (Brdička, 1939).
The plot of the dependence of catalytic currents on serum concentration has

namely a different shape for normal and carcinomatic sera. At a sufficiently
high concentration of the serum, the catalytic wave obtained with carcinomatic
serum can even become higher than in the presence of a normal one (Brdička,
1938a, b, c, d, e; Moravek et al., 1938). An attempt has been made (Witwicki and
Zylo, 1955) to distinguish carcinomatic from normal sera based on this differ-
ence. The above discussed total protein reaction yielded – based on analyzed
sera of several hundreds of patients – positive results for 90% of sera with
diagnosed cancer. Nevertheless, the test gave positive results also for numerous
sera of patients, suffering from inflammatory diseases as well as patients with
fever and for about 10% of healthy individuals (Brdička, 1938b, d; Abel, 1940;
Albers, 1940; Felkel, 1938; Griessmann et al., 1938; Chytrek, 1940; Klatt et al.,
1941; Meyer-Heck, 1939; Poli, 1939; Rush et al., 1940; Walker and Reimann,
1939; Wedemeyer and Daur, 1939).
Limited specificity of the total protein test led Brdička (1947) to investigate

the differences in the height of catalytic waves, obtained after alkaline dena-
turation of the protein-containing sample. After the denaturation in 0.1M
KOH was carried out at 251C for a chosen time-interval (e.g., 45min), the
hydrolysate was treated with sulfosalicylic acid. The precipitated albumins and
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globulins were removed by filtration and the clear filtrate was added to an
ammoniacal solution of cobalt (III). The height of the catalytic double-wave
was measured from the limiting current of cobalt (best recorded in the absence
of protein). For calibration of the experimental set-up used, the height of the
catalytic wave was measured using at least 30 sera of clinically healthy patients.
The temperature at which the denaturation is carried out (Bartı́k, 1953;
Bartı́k and Zwick, 1952) as well as the duration of denaturation (Bartı́k et al.,
1954) and amount of sulfosalicylic acid (Kalous, 1955) have to be carefully
controlled.
The reliability of the filtrate test was verified based on experiments with more

than 20,000 sera and was found positive in more than 90% of patients with proven
cancer. It is unreliable only in cases of small, not metastazing skin cancers. In some
cases involving inflammatory and feverish conditions the test also gave positive
results, but such cases can be diagnostically eliminated or ruled out by repetition
of the filtrate test after some time-intervals. The test was found also useful for
confirmation of the success of chemotherapy, irradiation or surgical treatments
(Březina and Zuman, 1958; Müller, 1963; Homolka, 1971; Brdićka et al., 1965). A
standardization of the test was proposed (Kalous and Pavlı́ček, 1963). The anal-
ysis of plasma instead of serum was also recommended (Podroužek, 1948). The
increase of the catalytic active component in the sulfosalicylic acid filtrates after
alkaline denaturation of the protein-containing sample was attributed to an in-
crease in mucoproteins (Kalous, 1955, 1958, 1960, 1966; Kalous and Pavlı́ček,
1962). Numerous modifications of the protein filtrate test and clinical experiences
with its clinical applications are discussed in some detail in the monograph by
Březina and Zuman (1958) where further references are included.

2.2.4. Proteolysis and immunochemistry

The catalytic waves in ammoniacal cobalt solutions were used for following the
reaction of proteases (Podroužek, 1943; Abderhalden et al., 1945). The method
was used for following the presence of cleavage products of proteins in mammal
milk during menstruation (Podroužek and Jonáš, 1945). Polarographic inves-
tigation of auto proteolysis of sera of patients suffering from pernicious anemia
occurs slower than the sera of healthy individuals (Janoušek et al., 1955b). In
cases of histamine-resistant achylia the activity of pepsin in serum is by
35–100% lower than in normal sera (Janoušek et al., 1955a). The increase in the
catalytic wave due to proteolysis was used for evaluation of activities of various
preparations of pepsin (Brdička and Klumpar, 1937; Hrdý, 1950) and trypsin
(Štokrová, 1954).
The antigen–antibody interaction was followed polarographically by meas-

uring a decrease in the reduction wave of an azoprotein in the presence of
antiserum (Breyer and Radcliff, 1951, 1953). By the investigation of interaction
of low-molecular-weight antigens (haptens) with antiserum, it was possible to
follow interactions of antibodies with a hapten containing 2, 4-dinitrophenol
(Zikán, 1966). In the determination of equilibrium a polarographically active
hapten bound to an antibody was followed, as it was displaced by an excess of
an electroinactive hapten (Schneider and Sehon, 1961).
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2.2.5. Adsorption of proteins

Presence of adsorption of surface-active species, such as proteins, can be man-
ifested on current–voltage curves obtained with mercury electrodes in five dif-
ferent ways:

(1) As mentioned above, the current due to catalysis of the reduction of hy-
drogen ions in the presence of proteins – both in the ‘‘pre-sodium’’ wave and
the catalytic waves in ammoniacal cobalt solutions – reaches with increasing
concentration of the catalytically active species to a limiting value. This
indicates that the process is heterogeneous, occurs at the electrode surface
and depends on the surface area of the electrode. This is interpreted as due
to the adsorption of the electroactive species at the electrode surface.

(2) In some solutions, application of a voltage is accompanied by a movement
of the electroactive species in the solution in the vicinity of the electrode.
This results in these solutions a transport of the electroactive species to the
electrode surface by convection, in addition to the transport by diffusion.
This increased transport of the reducible or oxidizable species to the elec-
trode surface results in such solutions with a steep increase in current, ter-
minated at a certain potential. These phenomena are described as
‘‘streaming polarographic maxima.’’ When the goal of a given experiment
is to measure exactly the limiting current – as it is in analytical applications
of polarography and its congeners – such maxima are unwanted. They can
be suppressed by addition of solutions of surface-active agents, very often by
a dilute solution of gelatin. For the same purpose some manmade polymers
can be added. Nevertheless, such polymers, like Triton-X, are adsorbed only
over a certain potential range, whereas gelatin offers the advantage to be
adsorbed over a wide range of potentials. Furthermore, gelatin is adsorbed
at the electrode surface in such a way that it prevents the streaming phe-
nomena, but affects very little the transport of the electroactive species by
diffusion through the adsorbed layer of gelatin at the electrode surface. It
may be envisaged that adsorbed gelatin forms around the electrode a kind of
netting, through which transport of electroactive species by diffusion is little
hindered. Alternatively, the suppression of streaming maxima by surface-
active species depends on the concentration of the added soluble surface-
active substance in the investigated solution. The degree of suppression of
streaming maxima can be therefore used for determination of the total
amount of surface-active substances in a given sample. If the only surfactant
present is a protein, the suppression of the maximum current can be used for
estimating the concentration of such protein.

(3) For complex proteins containing an electroactive center, a situation can
arise that in the protein molecule adsorbed at the electrode surface, the
electroactive center is located in a position that is too far from the electrode
surface to allow a sufficiently rapid electron transfer from or to the electrode
from the electroactive center. In such cases a direct oxidation–reduction
interaction between the protein and the electrode is prevented. A typical
example of such behavior is that of cytochrome c, in which the hemin is not
readily involved in an oxidation–reduction process. To obtain information
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about oxidation–reduction properties of such unreactive proteins, it is nec-
essary to use mediators. Mediators are low-molecular-weight compounds,
which can undergo reversible oxidation–reduction processes within the
needed potential range. Such mediators are involved in oxidation–reduction
process with the investigated protein in some distance from the electrode
surface. Product of the oxidation or reduction of the mediator is then
transported by diffusion to the electrode surface where it is reduced or
oxidized. The current flowing in such process can then be recorded as a
function of the applied potential.

(4) Another way in which an adsorption of proteins at the electrode surface is
manifested, is by a change in the charging current, that is the current needed
to charge the electrode at a given potential. Such adsorption phenomena can
be followed by comparing the current–voltage curve in blank supporting
electrolyte with that after addition of the protein (Doss and Gupta, 1952,
1954; Doss and Kalyanasundaram, 1951, 1952). More accurate and quan-
titative information can be obtained by measuring differential capacity or
more conveniently using AC polarography (in these applications denoted as
‘‘tensammetry’’) (Gupta, 1954; Berg and Gollmick, 1966; Breyer, 1958;
Breyer and Radcliff, 1954; Breyer and Bauer, 1963).

(5) Adsorption of a species that is neither reduced nor oxidized in the inves-
tigated potential range, such as a protein, can be followed by evaluating
changes in current–voltage curves of some electroactive compound (Reilley
and Stumm, 1962; Heyrovský and Kuta, 1965). The interpretation of
changes of limiting currents of reduction of metal ions in the presence of
proteins (Tanford, 1951, 1952a, b; Kačena, 1954; Zumanová et al., 1957) is
complicated by a possible formation of complexes of metal ions with pro-
teins. The principles, on which the latter two approaches are based, have
recently been discussed by Zuman and Rusling (2002).

2.3. Voltammetry at solid electrodes

Electrooxidation of proteins, such as lysozyme, ribonuclease, concanvalin A
and bovine serum albumin was observed by Brabec (1980), Brabec and
Mornstein (1980a, b) and Reynaud et al. (1980). The studied proteins produced
oxidation signals in the vicinity of 0.7–0.8V at neutral pH at carbon electrodes.
The observed signals were assigned to irreversible oxidation of tyrosine and
tryptophan residues in the proteins. In some proteins containing both amino
acid residues (e.g. lysozyme) two separated signals were observed. Usually, only
poorly developed peaks were obtained at micromolecular protein concentra-
tions. An increase in these peaks was observed as a result of the treatment of the
protein with various denaturation agents (Brabec, 1980; Ruttkay-Nedecký and
Brabec, 1985). Voltammetry was applied to investigate accessibility of try-
ptophan and tyrosine residues. More details concerning protein oxidation at
carbon electrodes are given in Chapter 19.
Noble metals such as gold, silver and platinum modified with various ad-

sorbates have been increasingly applied as electrodes in protein electrochemistry
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since the end of the 1970s. The interest of electrochemists turned also gradually
to a relatively small group of conjugated proteins containing redox centers
providing fast reversible electrode processes (Chapters 14 and 15, pp. 16–17).

3. SUMMARY AND CONCLUSIONS

Initial steps of polarography of proteins started in Heyrovský’s laboratory in
Prague (Czechoslovakia) on the turn of the 1920s and 1930s by the discovery of
the ability of proteins to catalyze hydrogen evolution at mercury electrodes
(Chapter 18). Poorly developed pre-sodium wave, attributed to this catalysis
occurring at negative potentials close to the background discharge was, how-
ever, of little analytical use. In 1933, R. Brdička observed new catalytic currents
in ammoniacal buffers containing cobalt ions. Brdička’s characteristic protein
double wave was much better developed than the pre-sodium wave; the double
wave soon became a subject of numerous research papers, many of them related
to medical problems particularly to cancer. At the present time, a renewed
interest in the pre-sodium wave can be seen because the application of the
constant current chronopotentiometry in combination with HMDE trans-
formed the poorly developed pre-sodium wave into a well-developed peak ca-
pable to detect nanomolar and subnanomolar concentrations of peptides and
proteins (Chapter 19). In 1980, it was shown by Brabec and Reynaud et al. that
tyrosine and tryptophan residues in proteins are oxidizable at carbon electrodes.
The interest of electrochemists has recently been turned (as mentioned above) to
a group of conjugated proteins containing redox groupings that facilitate rapid
reversible electrochemical processes, which are discusses in this Volume in
Chapters 14–17. In parallel with the increased interest in solid electrodes, mer-
cury electrodes were less applied in protein studies in spite of a number of
advantages, including smooth surface, high hydrogen overpotential, excellent
reproducibility, etc. At present it appears that these electrodes may find their use
in proteomics and biomedicine (Chapter 19).

ACKNOWLEDGMENTS

The authors are indebted to Dr. Z. Pechan for his help in the preparation of the
final version of the manuscript. This work was supported by grant COST OC
D21-002 to E. P.

REFERENCES

Abderhalden, E., R. Adberhalden and J. Klumpar, 1945, Application of polarographic
method in the detection of protease activity, especially that of protective proteinase (in
German), Fermentforschg 17, 600.

Abel, W., 1940, Comments to polarographic carcinom reaction (in German), Chirurg
12, 585.

Polarography of Proteins: A History 765



Albers, D., 1940, Testing of the polarographic Prague cancer reaction (in German), Biochem.
Z. 306, 236.

Avery, O.T., C.M. Macleod and M. McCarty, 1944, Studies on the chemical transformation
of pneumococcal types, J. Exp. Med. 19, 137.
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Heyrovský, J., 1922, Electrolysis with the dropping mercury cathode (in Czech), Chem. Listy

16, 256.
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Heyrovský, M., 2004, Early polarographic studies on proteins, Electroanalysis 16, 1067.
Homolka, J., 1971, Polarography of proteins, analytical principles and application in bio-

logical and clinical chemistry, Methods of Biochemical Analysis, Vol. 19, Ed. D. Glick,
Wiley, New York, 435.
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Janoušek, S., K. Herfort and J. Škachová, 1955a, The relationship between gastric pepsin
and serum pepsinogen (in Czech), Čes. Gastroenterolog. Výživa 9, 113.
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373.

Sandegren, E., H.S. Suominen and D. Ekstrom, 1949, Polarographic estimation of proteins
in the brewing process, Acta Chem. Scand. 3, 1027.

Sasai, T. and M. Egawa, 1950, Polarographic studies of serum protein. I. On the Brdička
denaturation test, Bull. Inst. Chem. Res. Kyoto 21, 26.

Sasai, T., M. Egawa and M. Oka, 1953, Polarographic studies on the essential factor of
blood-liability tests, especially of the heat-coagulation tests (The cobalt, cadmium and
Weltmann tests), Bull. Inst. Chem. Res., Kyoto Univ. 31, 1.

Schmidt, H.W., 1940a, Polarographic establishment of optimal conditions for precipitation
of serum globulin (in German), Biochem. Z. 305, 422.

Schmidt, H.W., 1940b, Polarographic studies of the relationship between irradiation by UV
and concentration of proteins (in German), Biochem. Z. 306, 167.

Schneider, H. and A.H. Sehon, 1961, Determination of the lower limits for the rate constants
of a hapten-antibody reaction by polarography, Trans. NY Acad. Sci. 24, 15.

Sequaris, J.M., 1992, Analytical voltammetry of biological molecules. Comprehensive An-
alytical Chemistry. Vol. 27, Analytical voltammetry, Ed. J. Svehla, Elsevier, Amsterdam,
115.

Seuberling, O., 1937, Polarographic investigation of the liquid cerebrospinalis (in German),
Klin. Wochschr. 16, 644.

Stamberg, O.E. and C.H. Bailey, 1942, The effect of heat-treatment of milk in relation to
baking quality as shown by polarograph and farinograph studies, Cereal Chem. 19, 507.

Stern, A. and E.F. Beach, 1940, Microdetermination of homocystine in pure solution with
the dropping mercury electrode, Proc. Soc. Exp. Biol. Med. 43, 104.

Stern, A., E.F. Beach and I.G. Macy, 1939, Polarographic microdetermination of cystine in
protein hydrolysates, J. Biol. Chem. 130, 733.
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Heyrovský, 2–4, 8

Hg–S bond 86, 127, 699, 707, 716

Hg–S chemisorption 707

HgS/disulfide bonds 697

high-density arrays 252

high-density microarrays 252

histidine tags 709

histones 84, 85, 121, 730

HMDE 79, 80, 83–85, 90, 91, 93, 99–107,

110–112, 114, 116, 117, 127, 130, 150,

393, 396–398, 401, 404–407, 409, 410,

414, 703, 704, 715

hole injection 497

homeland security 252

HOMO 487, 511

hopping 489

horseradish peroxidase (HRP) 183, 291, 294,

518–519, 709

HPLC 406

HRP 524, 526, 530–533, 535–538

HS-ODNs 127, 725

human 719

human DNA 149

Human Genome Project 3

human genomes 3

human lipoprotein lipase (LPL) gene 358

human serum 659, 662

human serum albumin (HSA) 715

hybridisation 251, 629–636

hybridisation reaction 283, 284

hybridisation transduction 298, 310

hybridization 7, 336, 395, 486, 510

hybridization efficiency 125

hybridization of the analyte DNA

196, 198

hydrazine 393, 401, 415

hydrogel, surface 279, 283

hydrogels 613, 618 , 622, 623, 634

hydrogen bonding 96, 134, 145, 716

hydrogen evolution 658–671, 673–677,

679

hydrogen overvoltage 79, 398

hydrogen peroxide 406

hydrogenase 521

hydrolysis 250

hydrophobic pocket 706

hydrophobicity 713

5-hydroxyindoles 566

hydroxyl radicals 405

hydroxymethyl-ferrocene 558

hypochromic effect 348

hysteresis 19

immobilisation 253, 599, 607, 608, 610, 612,

614, 616, 617, 619, 622, 624, 627, 630, 631,

634, 636

immobilization, DNA probe 280–283

immobilization 177

immobilize 394

immobilized DNA 6, 114, 120, 126, 129, 130,

151

immunoassays 452, 690, 701

immunochemical methods 389

immunochemistry 762

immunosensors 453, 455, 457, 459, 461, 463,

465, 467, 469, 471, 473, 475

impedance 18, 22–23, 45, 55, 83, 123, 147,

262, 264

Subject Index 781



impedance spectroscopy 205, 225, 248, 252,

393

impedimetric biosensing 262

in situ 487, 489, 490, 493–495, 497, 502,

505, 510

in situ electrochemical detection 406

inaccessibility of the reduction sites 96

indicator, redox 281, 284–288

indicator-free approach 287

indicators 79, 181

indium tin oxide (ITO) 78, 395

inherited diseases 412

inosine 287

insertions/deletions 390, 411

insoluble product 205

insulin 695, 713, 716, 717

integrated circuits 257

integrity of base-pair stacking 144

interactions 691, 716

intercalated DM 144

intercalation 410

intercalative binding 409

intercalators 6, 115, 122, 143, 238,

239, 252, 284, 285, 287, 409, 410,

412, 632

Interdigitated electrode arrays (IDAs)

262

interdigitated electrodes 248

interdigitated fingers 250

interdigitated gold array 472

interfacial behavior 693, 706

interfacial capacitance 493, 495, 498, 507,

508

interfacial electron transfer resistance 209,

222

interfacial properties of the electrode 205

internal standards 253

ion-channel 189

ion-gating effect 264

ionizing radiation 9, 391

iron 405, 406

iron-sulfur protein 503

irreversible 78, 80, 109, 132

irreversible opening of dsDNA 109

irreversible reduction 91

isoproterenol, 559

isotopic pattern 734

ITO 80, 86, 124, 130, 140, 141, 403, 414

ITO electrodes 88, 124, 138, 150

kinetics of phase transitions 17, 26, 28, 31,

33, 58

label 293

label enzymes 250

label-free 185, 248, 333

label-free detection 261, 262

label-free DNA probe 334

label-free immunosensors 469

label-free impedance 264

labelling and electrochemical detection

284

laccases 466, 519, 568, 571

lactate dehydrogenase 521

Langmuire type adosorption 28, 31, 34, 37,

42

layer-by-layer 395, 415

Lc (laccase) 524, 552, 559, 566, 569, 572

lead sulfide 216

levofloxacin 414

Lewy bodies 719

Lewy neurites 719

LH-RH 696

lift-off process 257

lignin peroxidase 520

linear (lin) DNA 396, 397, 399

linear sweep 393

linear sweep voltammetry (LSV) 107

linker 144, 148

lipid bilayer membranes 414

lipid membranes 189

liposome tags 222

liposomes 184, 189

long-range electron transfer 199

low-density arrays 252

low-density electrical microarrays 248,

253

low-density microarray 254

LPL gene 363

LSV 75, 78, 105, 112, 113

lumazine 414

LUMO 487, 509

luteinizing-hormone-releasing hormone

(LH-RH) 695

lycorine 414

lysozyme 695, 713, 719, 736, 764

[Lys8]-vasopressin 695, 697, 700

magnesium 333

magnetic beads 292, 372, 373, 375, 376,

412

magnetic particles 212, 220, 230, 233

magnetic particles, with nucleic acid-

functionalized 197

Subject Index782



magneto-mechanical deflection 197

major and minor grooves 346, 399

malignant transformations 387

manganese peroxidase 520

Marcus theory 602, 604, 614

mass spectrometric 390

mass spectrometry 398, 416

mass-spectrometric techniques 388

matrix-assisted laser desorption-

ionization–time-of-flight mass

spectrometry (MALDI–TOF MS) 734

maximum residue limit (MRL) 269, 271

MC 401, 407

ME 396, 405, 415, 416

mechanism 664

mechanism of DNA surface deconformation

113

mediated electrical contacting of a redox

enzyme 204

mediatorless 465

medical diagnosis 247

medium exchange 394

medium-density microarray 248

melting temperature 121, 126, 145, 283

mercaptoethanol 526, 546, 549

2-mercaptoethanol/cysteamine 550

mercaptopropionic acid 503, 529, 544, 574

mercaptosuccinic 556

mercaptoundecanoic 529

6-mercapto-1-hexanol/6-amino-1-

hexanethiol 550

11-mercapto-1-undecanamine 547

11-mercapto-1-undecanol 546

mercaptoundecanol- 545

11-mercapto-1-undecanol/11-mercapto-1-

undecanamine 547

mercury 78–80, 389, 396, 409, 692, 713, 737

mercury and carbon electrodes 738

mercury dropping electrodes 78

mercury electrodes 7, 18, 21, 23, 51, 58, 74,

79–84, 86, 87, 89–92, 97, 99, 101, 103, 104,

108, 109, 112, 114–117, 120, 124, 127, 128,

131, 132, 150, 401, 693, 708, 712, 725

mercury film 398

mercury film electrodes (MFE) 23, 396

mercury surface 705

metabolic activation 406

metabolic carcinogen activation 395, 415

metabolically activated carcinogens 386

metabolites 433, 434, 438, 441, 443, 448

metal chelates 409

metal ion/DNA interaction 332

metal microrods 215

metal sulfide 218

metallization 373

metallointercalator 394, 399

metalloporphyrins 409

metalloproteins 691

metallothioneins 676

methionine 734

methylamine dehydrogenase 521

methylene blue (MB) 126, 142, 285

a-methyl-DOPA 559

metronidazole 414

MFE 398, 410

Mg2+ complex 334

microarray-based methods 129

microarrays 248–251

microelectrodes 416

microfluidics 264

microorganisms 252

microperoxidase 520

microprocessor-controlled 250

microrods 215

microstructures 628, 629

mifepristone 414

milk 759

minor groove 409

mismatch 393

mismatched DNA duplexes 411

mispaired bases 732

mitomycin C (MC) 393

mitoxantrone 414

Mo-pterin 518

MoCo, 539, 546

modified DNA 403

modified screen-printed carbon electrodes

729

molecular wire 389

molecular-beacon 182

monolayers 487, 488, 495, 498, 500, 503,

692

mononucleotides 492, 493, 495, 497

monothioglycerol 545

multi-cofactor enzymes 606–609, 615, 620,

621

multi-copper oxidases 562

multichannel electrochemical readout

250

multiplexed 16 channel potentiostat 271

multiplexing 264

multiplied immunoassay 455

Subject Index 783



mutagens 387, 415

mutant proteins 690, 711

mutants 710

mutants of a -synuclein 712

mutated proteins 709

mutations 386, 411, 415

MutS protein 694

myoglobin 3, 719

N-glycosylases 386

N-hydroxysulfosuccinimide (NHS)

NA oxidation 79

NA–protein interactions 733

nagalamycin 346

nanoparticles 85, 122, 131, 151, 184,

369–377, 379

nanotechnology 369

nanowires 369, 371, 373, 381

naphthalene diimide 346

1-naphtol 131

native 6, 9–10, 391

native DNA 4, 6

native dsDNA 5, 11

negative control 253

negative differential resistance 489

negatively charged surface 709

neurodegenerative diseases 131, 132

neurodegenerative disorders 719

neurotensin 695, 696

nitrate reductase 523, 541, 553

nitrocellulose (NC) 88, 129, 130

nitrogen ligands (Os,L) 739

nitrous oxide reductase 551

nogalamycin 347

non-catalytic 659

non-covalent DNA interactions 389, 390,

407

non-specific adsorption 179

non-specific DNA 128

noradrenaline 559

normal pulse polarography (NPP) 7, 10, 95,

713

NP labels 218

NPP 104–105, 107, 713

nuclease P1, 388

nucleases 386

nucleation 20, 26, 28, 31, 33, 34, 37, 39, 40,

42, 51, 57

nucleic acid samples 75

nucleic acids 18, 19, 21, 23, 36, 51, 52, 57, 58,

79, 86, 91, 196, 207

nucleic acids hybridization 197

nucleic acids, proteins 248

nucleobase adducts 433, 441, 448

nucleotide sequence determination

122

nucleotide sequencing of genomes 150

Nyquist plots 206

o-diphenols 558

8-OG 389–390, 393, 401, 403, 406, 411

o-quinones 558

ODN-DM 144

ODNs 84, 85, 99, 117, 119–123, 125, 127,

128, 136, 137, 140–142, 144, 145, 147, 148,

399, 412, 414

oligodeoxynucleotides 76, 88, 93, 128

oligodeoxyribonucleotides (ODN) 75, 395

oligonucleotide 630

oligonucleotide microarrays 251

oligonucleotides 10, 40, 48, 53, 55, 56, 281,

486, 492–498, 510, 630

oncology 691

open circular (oc) 396–397, 399

open circular (oc) DNA 103

opening of the dsDNA 103, 107

optical detection of DNA 196, 227

optical roughness 23, 24, 34

optimum hybridization (H) surface

128

ORIGIN 251

Os(III/II) couple 139

Os,bipy 132, 133, 135, 136

Os,bipy modification 735

Os,bipy-modified pyrimidines 132

oscillographic polarography at controlled

a.c. 74, 105

oscillographic polarography 6, 8–11, 75, 77,

391

oscillopolarograms 4

oscillopolarographic indentation 94

osmium 124, 133–135, 150, 393, 404

osmium complexes 558, 739

osmium isotopic pattern 734

osmium tetroxide 132, 134, 135, 137, 391,

412, 736

osmium tetroxide complexes 393, 733

osmium tetroxide, 2,20-bipyridine (Os,bipy)

292, 733

osmium-modified DNA 80, 131

overpotential 488, 489

oxidase 519, 546, 548, 553, 554, 574

Subject Index784



oxidation 75, 79, 80, 84, 86–89, 96, 114,

123, 127, 130, 132, 137, 139, 141, 150, 721,

734

oxidation of guanine 87

oxidation peaks 695

oxidation signals 74, 86, 87, 89, 96, 737

oxidative damage 403

oxidative DNA damage 386, 388, 410

oxidized peptides 717

oxidoreductases 604, 614

8-oxoguanine (8-OG) 386

oxygen 406

oxygen electroreduction 466

oxygen reduction at platinum electrode 18,

56

p-aminophenol 250, 456

p-aminophenyl phosphate 250, 266, 456

p-APP 271

p-cresol 535

p-cresolmethylhydroxylase 541

p-phenylenediamines 566

Parallel Affinity Sensor Array system

(PASA) 269

Parallux-b-lactam 260

Parkinson’s disease (PD) 694, 719, 737

particle tolerant 252

partly covered surfaces 81

pathogens 253

PCR 132, 133, 139, 149, 362

PCR primer 363

peak 1 397

peak 2 391, 397, 410

peak 3 392, 396, 397, 410

peak CA 398

peak H 668, 675, 676, 679, 680, 694, 696,

697, 699, 705, 708, 711, 714, 720, 722,

723, 730, 737

peak II 94–97, 107, 391

peak P 662, 663

peak III 93, 95–97, 103, 107, 391, 396

peak S 708, 737

peanut peroxidase 520

pencil lead 279

penicillin G (PenG) 269, 271

pepsin 758, 760–762

peptide conformational properties 694

peptide nucleic acid (PNA) 80, 180, 280, 726

peptide-modified HMDE 718

peptides 694

peroxidase 559, 690

pesticides 413

phase transitions 20, 21, 26, 28, 31, 33, 34,

36, 57, 493

phenothiazine 414

photochemical 401

photocurrents 234, 236

photoelectrochemical effect 235

phytochelatin 701

piezo-electric crystal 249

piezodispensing 249

piezoelectric spotting 266

plants 759

plasmid DNAs 100, 101, 116, 117

platinum 391, 403, 692

platinum complexes 397, 401

platinum electrodes 78, 79, 693

PNA 76, 84, 85

point mutations 131, 137, 142, 151, 411, 732

point of care diagnosis 247, 252

polarographic 385, 391, 396

polarographic reducibility 11

polarography, normal pulse (NPP) 1, 2,

7, 77, 95, 103, 105, 755, 756, 761,

763–765

polished electrode 399

pollutants 387, 393, 407, 409, 415

poly(A) 10

poly(C) 9

polychlorinated biphenyls 401, 414, 415

polycyclic aromatic hydrocarbons 386, 415

polylysine 713, 719

polymerase 204, 232

polymerase chain reaction (PCR) 76, 253,

285, 364

polymeric films 393

polymorphisms 286

polynucleation 26, 28

polynucleotide molecules 111

polynucleotides 75, 87, 91, 94, 95, 97, 109,

110, 399

polypyrrole 187, 299–301, 303, 305, 307–315,

319–324, 332

polypyrrole-modified electrodes 404

polythreonine 719

portable devices 252

position-specific current responses 251

position-specific electric responses 250

positive control 253

postlabeling 388, 398

potential-dependent unwinding 390
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