Sensors 2003, 3, 128-145

Sensors

ISSN 1424-8220
© 2003 by MDPI
http://www.mdpi.net/sensors

DNA Electrochemical Behaviours, Recognition and Sensing by
Combining with PCR Technique
Yongkang Ye and Huangxian J u

Department of Chemistry, State Key Laboratory of Coordination Chemistry, Institute of Chemical
Biology, Nanjing University, Nanjing 210093, China. Fax: +86-25-3593593. Tel: +86-25-3593593

* Author to whom correspondence should be addressed. E-mail: hxju@nju.edu.cn

Received: / Accepted: / Published: 30 Jun 2003

Abstract: The electrochemical studies on the behaviors and recognition of DNA have
attracted considerable attention. DNA biosensors based on nucleic acid hybridization
process are rapidly being developed towards the goal of rapid and inexpensive diagnosis of
genetic and infectious diseases. This brief review focuses on the current state of the DNA
electrochemical sensors with emphasis on recent advances, challenges and trends. The
works on DNA electrochemical behaviors, recognition and detection in our group in the last
three years are also introduced.

Introduction

Nucleic acids have been extensively studied with a number of different techniques in last decades
due to their important roles in life. Since PaleCek discovered the electrochemical activity of nucleic
acids [1], the electrochemical studies on the behaviors and recognition of DNA have attracted
considerable attention, which have led to a series of voltammetric approach for rapid and inexpensive
assays of DNA concentration and changes in structure. In recent years, wide-scale genetic testing has
made the traditional methods, such as gel electrophoresis or membrane blots, inadequate to meet the
demand for detecting DNA sequence. Biosensors offer a promising alternative for fast, inexpensive
and simple nucleic acid assays. DNA sensors based on nucleic acid hybridization process have
promoted the advancement of the diagnosis of genetic diseases, the detection of infectious agents, the
measurement of differential genetic expression, forensic science, drug screening, and environmental
monitoring [2]. The DNA electrochemical sensors combine the analytical power of electrochemical
methods with the specificity of nucleic acid recognition process and thus have received considerable
attention in connection to the detection of DNA hybridization. This technique represents a new
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research field with many advantages such as low cost, simple design, small dimensions and low power
requirements [3]. Although systematic research in this field started only at the beginning of 1990’s,
several reviews have already discussed this topic [4-10]. Table 1 summarizes several parts involved in
the DNA electrochemical sensors.

Table 1. DNA sensors.

DNA Sensors

Cited References

Dropping mercury  11-13
Hangi
ging mercury 1404
Mercury drop
Mercury film 25,26
Mercury amalgam  27-29
Carbon paste 29-42
Graphite 23,43-52
Carbon- Carbon fiber 53-55
Electrode
) based Glassy carbon 56-71
materials .
Screen-printed 72-75
Pencil 76
Gold 77-96
Platinum 97,98
Silver 99-101
Indium tin oxide 102,103
C nanotube/nano-Au modified 57,61,62
Other 104-106
Covalently attachment 43,44,62,66,89,104
Probes ) 21,32,39,46-48,52,57,65,67,68,80,86,
) o Adsorption
immobilization 87,103,107
methods Sol-gel embedding 71
Self-assembled monolayer 77,78,82,84,85,96,108
14,19,21,22,28,29,31,34,35,39,42 .45,
Metal complexes 48,51,54,57,59-61,63,69,71,73,77,80,
82-86,88,90,92,97,102,107-110,113
Dyes and fluoresceins 44,47,78,79,81,106,111
Indicators Biomolecules (cytochrome c,
33,70,89,91,93,94,104,114,
enzyme)
] 11,12,17,18,20,30,40,43,49,52,58,62,
Pharmic molecules
87,105
Others 37,66,107
Sensors for DNA hybridization
Usage Sensors for DNA damage 15,16,21,32,51,73,115

Sensors for screening toxicants

112
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One main problem in detection of DNA hybridization at physiological levels is that the amount of
DNA to be detected is in the femtomolar or attomolar range, usually lower than the detection limit of
general analytical technique. There are two alternatives to solve this problem: to amplify the sample or
to amplify the signal. Obviously, it is difficult to detect electrochemically DNA at an attomolar level
by only amplifying the signal. Thus, the amplification of sample by the polymerase chain reaction
(PCR) is the best selection for this purpose. PCR technique stating with only one copy of a DNA
strand amplify exponentially the amount of DNA by repetitive cycles and thus can be used for the
detection of femtomolar or attomolar DNA by combining with the DNA electrochemical sensors.

Our works in DNA analysis contain three parts: DNA electrochemical behaviors and concentration
determination, DNA biosensors for sequence detection and new method for DNA detection by
combining electrochemical method with PCR technique. This brief review focuses on the current state
of the DNA electrochemical sensors with emphasis on recent advances, challenges and trends. The
progress in this field made in our group in the last three years is also introduced.

Materials and Methods
Electrode Materials

Since the electrochemical activity of nucleic acids was discovered at mercury electrodes, the
electrochemical behaviors of DNA at mercury and mercury amalgam electrodes have been studied
systematically by Palecek’s group [7]. Many works have been carried out at various mercury
electrodes [11-29]. Recently, Palecek et al [27-29] introduced a new approaches in development of
DNA sensors by detecting hybridization and electrochemical signals of DNA and RNA at two
different surfaces: mercury or solid mercury amalgam electrode. Mercury electrodes have shown a
remarkable sensitivity for small changes in the DNA structure and produced an early evidence of DNA
premelting and ploymorphy of the DNA double helix. Up to now, carbon materials including carbon
paste, graphite, glassy carbon, carbon fiber, carbon nanotube and screen-printed electrodes been
widely used for the nucleic acid research and electrochemical detection due to their several advantages
such as easy handle, renewable, cheap, convenient and disposable in coming commercial uses [29-76].
Various metals or metal oxides such as gold [77-96], platinum [97, 98], silver [99-101] and indium tin
oxide [102,103] etc have also been used in this filed.

Probe and Its Immobilization

Single-strand DNA (ssDNA) and oligonucleotides are common probes used in DNA sensors.
Messenger RNA is commonly revere-transcribed into the more stable form of complementary DNA
(cDNA). Peptide nucleic acid (PNA) recognition layers have also been used for preparation of the
electrochemical biosensors [4,34]. The distances between the bases in the PNA are very similar to the
distances in DNA. The DNA electrochemical biosensors rely on the immobilization of a ssDNA,
oligonucleotides or PNA probe onto the electrode surface to recognize through base pairing the
complementary DNA strand or oligonucleotides in a sample solution. The distribution, packing density
and orientation of the attached probe may affect the performance of DNA biosensors. Several
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references review the design of DNA biosensors with aspect of transducer surface and probe
immobilization [8,116-124]. Immobilization methods vary depending on the kind of transducer surface
and the application. Some of the most representative immobilization techniques are covalent
attachment on a functional surface, adsorption on surface, embedding in sol-gel or polymeric matrix,
affinity immobilization and self-assemble monolayer method (see Table 1). Scheme 1 shows one
process of covalent attachment on a self-assembled thioglycolic acid (TGA) monolayer modified gold
electrode by using water soluble N-(3-dimethylaminopropyl)- N'-ethylcarbodiimide hydrochloride
(EDC) as a linker [125,126].

Electroactive Indicators and Labels

The formation double-stranded DNA (dsDNA) upon the DNA hybridization process is commonly
being detected in connection with the use of an appropriate electroactive hybridization indicator [38].
Many kinds of substances such as pharmaceutical molecules, cationic metal complexes, biomolecules
such as cytochrome ¢ and some enzymes, organic compounds such as dyes and fluoresceins, Cg
[66,107] and Doyle catalyst [37] can be employed as the electroactive indicators in monitoring the
hybridization events or DNA damage and give electrochemical signals for concentration detection and
study on the electron transfer mechanism. These indicators interact in a different way with ss and
dsDNA, which results in a change in the electrochemical response such as amperometric current,
electrode potential, Faradaic impedance or capacitance due to the indicator association with the surface
duplex. Recently, electrochemical enzyme-linked immunoassay has been used in a DNA hybridization
sensor [28].
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Scheme 1. Immobilization of ssDNA on TGA monolayer modified Au electrode and
hybridization of complementary target ssDNA.

On the other hand, the indicator-free [38] and label-free [76] methods have also been proposed.
These electrochemical biosensors can be used for direct monitoring of DNA hybridization without the
use of an external redox indicator.
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Detection of DNA Hybridization or Damage

The immobilized DNA probe can recognize its cDNA sequence due to the base pairing [8]. Thus,
the sensors may be conveniently used for monitoring DNA hybridization. The redox indicators or
intercalators used generally for DNA electrochemical biosensors cannot destroy the double-helical
structure of DNA, while the interaction of DNA with chemicals such as acids, radiation or
ultrasonication can result in various types of DNA mutation and damage and changes in DNA
structure, which may cause serious disturbance of the cell functions. The detection of such a process
usually requires a highly sensitive analytical technique. The sensitivity of electrochemical methods to
various kinds of DNA damage has been reported [127]. Palecek briefly reviewed the development of
DNA biosensors for the detection of DNA damage [5]. The changes in the redox signals of residues in
DNA immobilized at electrode the surface can be used as a sign of the damage of DNA base. The
damage of cDNA structure in solution by chemical agents will affect its hybridization with
immobilized ssDNA.

Discussion
DNA Electrochemical Behaviors and Concentration Determination

There have been many reports on the electrochemical study of DNA over the past few decades. The
studies of direct electrochemistry of DNA at mercury electrodes led to a deep understanding of DNA
double helix [18,19]. The main objects of this field were focused on the reduction of DNA at mercury
electrodes and the interaction between mercury electrode and native or denatured DNA. Different
pulse polarography, one of the most sensitive electrochemical methods, can sensitively reflect small
damage to the DNA double helix induced by physical and chemical agents. However, it requires tens
of micrograms of ssDNA and hundreds of micrograms of dsDNA, which is too low for the analysis of
plasmid or viral DNAs, oligonucleotides and other nucleic acid samples. The use of adsorptive
stripping voltammetry for the measurements of the reduction signals of adenine (A) and cytosine (C)
has improved the sensitivity by several orders of magnitude. Jelen et al. [16] studied the
electrochemistry of ssDNA by square-wave voltammetry (SWV) with an HMDE and developed an
adsorptive stripping SWV of DNA with a detection limit down to tens of nanograms per milliliter.
ssDNA produced a cathodic peak due to the reduction of adenine and an anodic peak due to the
oxidation of the guanine reduction product. Wang et al. [128] reported a method to quantitate
nanogram quantities of ss-DNA using adsorptive stripping potentiometry at electrochemically
pretreated carbon paste electrode (CPE). The cyclic voltammogram of 2 mg I'' ssDNA at the pretreated
CPE gave one anodic peak at about +1.05 V corresponding to the oxidation of the guanine residue.
Some techniques based on nucleotide acid-pretreated electrodes have been developed [129-132]. The
DNA-modified electrode can be used as a sensor for monitoring the DNA damage [36, 51, 112].

In our laboratory, a cyclic voltammetric study on the oxidation of DNA at a pre-electrochemically
oxidized glassy carbon electrode (GCE) was performed [133]. The pretreatment was carried out by
electrochemically oxidizing at +1.75 V (vs. SCE) for 300 s under stirring with followed by cyclic
sweep between +0.3 V and +1.25 V in pH 5.0 phosphate buffer until a steady-state current-voltage
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curve was observed. The electrode modification improved greatly the sensitivity for detection of
thermally denatured and acid-denatured DNA and resulted in a 10-fold increase in the current signal
(as shown in Figure 1). At the pretreated GCE the thermally denatured DNA and acid-denatured DNA
gave two well-defined oxidation peaks in the first anodic sweep at about +0.80V and +1.11 V, while
the response was very poor at the unpretreated GCE. The two anodic peaks at about +0.80 V and +1.11
V were corresponding to electrochemical oxidation of guanine (G) and A residues in denatured DNA
molecules, respectively. The native DNA almost did not appear any response. Thus the pretreated GCE
had a high sensitivity to the changes in DNA double helix. The electrochemical oxidation of denatured
DNA on pretreated GCE was an entirely irreversible process. Based on the two oxidation peaks a
convenient quantitation of low level of denatured DNA was proposed. The detection limits of
thermally denatured and acid-denatured DNA were 2.0 and 0.10 pg ml™ when the accumulation time
was 150 s at the potential of +0.3 V.

1400 1200 1000 800 600 400 200
E/ mV vs. SCE

Figure 1. Cyclic voltammograms of 1.0 mg ml" native DNA (A), 1.0 mg ml" thermally
denatured DNA (B) and 0.30 mg ml™" acid-denatured DNA (C) at unpretreated GCE (dot line)
and pretreated GCE (solid line) in 0.1 mol I'' pH 5.0 PBS at 100 mV s™".

In view of the equal importance of the measurement of G and A groups or their ratio in DNA to the
determination of DNA concentration itself, a simple and reliable method for the simultaneous
determination of G and A in DNA was proposed by accumulating denatured DNA on the pretreated
electrode surface at a suitable potential (+0.3 V) or in open circuit [134]. The detection limits for
individual measurement of G and A were 4.5 and 4.0 ng ml”, respectively. The proposed method
could be used to estimate the G and A contents in DNA using the calibration graph obtained previously
for simultaneous determination of G and A (Figure 2) or a standard addition method. The detection
limits of G and A in DNA calculated were 0.1 and 0.2 ug ml™. The molar ratio of (G+C)/(A+T) for
HCI and HC1O4 denatured calf thymus DNA were 0.74 and 0.82, respectively, which coincided to the
standard value of 0.77.

The modification of GCE, carried out by electrochemically oxidizing at +1.80 V (vs. SCE) for 10
min in pH 5.0 PBS and followed with scanning the electrode in the potential range of 0.3 V —-1.3 V
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for 20 circles, resulted in the improvement of sensitivity for ssDNA detection for about 100 fold. The
modified GCE showed a high affinity towards ssDNA through hydrogen bond (specific static
adsorption). By means of adsorptive stripping voltammetry, the electrochemical detection of thermal
denatured DNA at electrochemically modified GCE was further developed (Figure 3) [135]. The

detection limit of thermally denatured DNA was ca. 0.2 ug ml™ when the accumulation time is 8 min
in open circuit in pH 5.0 phosphate buffer.
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Figure 2. Linear sweep stripping voltammograms at 100 mV s for the simultaneous
determination of G and A in acid-denatured DNA with increasing concentration from 0.50 to

25 pug ml™ at the accumulation time of 120 s at + 0.3 V. Inset: plots of the peak currents vs.
acid-denatured DNA concentrations.

16 F
<
= <
c =
g £
5 24t e
© 3

54

o

% 4% iz 16
ssDNA concentration / ug ml’
-32 C 1 1 1 1 1
1000 900 800 700 600
E/mV vs. SCE

Figure 3. Linear sweep voltammograms of ssDNA in 0.1 mol 1" pH 5.0 PBS at 100 mV s™'

with increasing concentration from 0 — 18.0 pg ml™ at a preconcentration time of 5 min with
stirring at open circuit. Inset: calibration plot.
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DNA Sensors for Sequence Recognition

The selection of a suitable molecular interface for detecting electrochemical transduction of a DNA
hybridization event is a key step in most DNA sensors design. The studies on the interactions between
DNA and other molecules provide an opportunity to employ these molecules as hybridization
indicators. Recently Palecek et al. extended the choice of hybridization surfaces and detection
electrodes [28,29,136]. Although label-free strategies for DNA recognition [137] and mediated
electron-transfer for DNA detection [138,139] have become a promising aspect, the study of DNA
hybridization biosensors using simple intercalators, threading intercalators or bisintercalators as redox
indicators is still an important area [11,12,17,59,62,78,79,80,85,87,92,107,110,140]. Besides the
intercalating, the interaction between DNA and electroactive indicator may involve the electrostatic
[30,78,79,91,107] or groove [110] mechanism.

0.6 1

Current / pA
= o o
w o w
1 1 1

o
()]
1

T T T T T T T
-150 -300 -450 -600
E/mV vs. SCE

Figure 4. Cyclic voltammograms of 1.0x10™ mol I"" NB in 0.01 mol I"' pH 7.4 Tris-HCI
buffer at bare gold (a), calf-thymus ssDNA (b) and dsDNA (c) modified gold electrodes at
400 mV s after soaked for 10 min.

Our works studied the electrochemical interactions of methylene blue (MB) with yeast DNA in
solution [125] and nile blue (NB) with calf-thymus dsDNA in solution, ssDNA and dsDNA adsorbed
on gold electrodes [126]. The binding of NB with dsDNA in solution showed an electrostatic
interaction mechanism with the binding constant of (5.920.2)x10* mol™ 1in 0.01 mol I"" pH 7.4 Tris-
HCI, while an electrostatic interaction mechanism between NB and adsorbed ssDNA and an action
mechanism containing both electrostatic and intercalative bindings of NB to adsorbed dsDNA were
observed. The presence of adsorbed dsDNA resulted in a great increase in the peak currents of NB in
comparison with those obtained at a bare or ssDNA adsorbed gold electrode (Figure 4). The Langmuir
adsorption constants of NB at ssDNA/Au and dsDNA/Au electrodes were (1.630.2)x10° and
(4.2£0.6)x10° mol™ 1, respectively. The electron transfer rate constants of nile blue adsorbed on bare
gold and bound to ss- and dsDNA/Au electrodes were 1.440.1, 1.240.02 and 2.940.2 s, respectively.
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The difference between interactions of NB with adsorbed ss- and dsDNA could be used for
hybridization recognition of DNA. As an example, hepatitis B virus (HBV) DNA fragment was used
for the application study. The interactions between NB and covalently immobilized HBV ssDNA
fragment and its hybridization product showed the mechanisms similar to those of adsorbed calf-
thymus DNA. A slight increase of NB peak current was observed at HBV ssDNA/Au electrode when
comparing with that at bare gold electrode, while a great increase in both cathodic and anodic peak
currents was observed at HBV dsDNA/Au electrode. The cathodic peak current of NB at HBV
dsDNA/Au electrode increased by about 71% when comparing with that at HBV ssDNA/Au electrode.
As control, no increase in peak current of the voltammogram of NB was observable after the
covalently immobilized HBV ssDNA was treated with the same process in the hybridization solution
containing denatured calf-thymus ssDNA as a substitute for HVB cDNA. Thus, NB was demonstrated
to be a good electroactive indicator for recognition of DNA hybridization.

0.1F

Current / uA
(e
(e

1 " 1 " 1 " 1 "
-100 -200 -300 -400
E/mV vs. SCE

(=)

Figure 5. Cyclic voltammograms of 50 pmol 1" MB in pH 7.2 50 mmol I"' Tris + 20 mmol I
NaCl solution at bare gold (a, solid), SAM/Au (b, dash), ssDNA/Au (c, dot) and dsDNA/Au
(d, dash dot) electrodes at 100 mV s™.

Based on the significant increase in peak current of MB upon the hybridization of immobilized
ssDNA with ¢cDNA in the solution, another DNA electrochemical sensor for sequence detection and
monitoring hybridization of native yeast ssDNA was constructed (Figure 5) [125]. The interaction of
immobilized ssDNA and dsDNA with MB also resulted in a transition of electrode process from

diffusion-controlled to surface-controlled process. The adsorption constants of MB on ssDNA and
dsDNA modified gold electrode surface were found to be (3.3+0.3)x 10°> mol™ 1 and (6.610.4)x10° mol

'], respectively.

DNA Electrochemical Biosensors Combining With PCR Technique

PCR is a well-known technique for the amplification of sample. It allows enormous amplification of
any specific sequence of DNA with three steps: denaturation, primer annealing and elongation. The
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electrochemically enriched nucleic acids can be amplified with a subsequent PCR step and detected by
electrochemical methods. The sample preparation, PCR and detection modules can be integrated in an
efficient and easy to use device with low-price electrodes [54], which makes electrochemical
molecular methods more suitable for routine laboratory diagnosis or even decentralized models like
point-of-care diagnosis. This is made possible by the great advantage of electrochemical biosensors,
which, unlike many other types of biosensors, can be integrated in small and inexpensive devices
offering high sensitivity.
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Figure 6. AC impedance spectra of 8.0 X 10-4 mol 1-1 FcPF6 in 0.01 mol I-1 TE solution at
bare (a), TGA/Au (b), ssDNA/Au (c) and dsDNA/Au (d) electrodes.

As an attempt, our works used PCR method to amplify a sample containing short-strand HBV DNA
fragments. The ssdna pcr product was then immobilized on a self-assembled monolayer modified gold
electrode surface [126,141,142]. The binding of HBV ¢DNA with the immobilized ssDNA resulted in
the formation of dsDNA monolayer on the surface. The immobilization of ssDNA PCR product and
the surface hybridization of immobilized ssDNA with ¢cDNA could be characterized with ac
impedance and xps techniques [45]. The ac impedance spectra were shown in figure 6 [141]. The R;
values obtained at the four electrodes were very close. The value of R, at the ssdna/au electrode was
only half of those obtained at other electrodes. The interaction between fc" unit and DNA chain was an
electrostatic mechanism. Thus it was easier aggregated on immobilized ssDNA surface due to the more
naked negative-charged groups on the surface, resulting in a lower value of R, and a faster electron
transfer rate. After hybridization of immobilized ssDNA with cDNA, most of the negative charges on
DNA chain were buried in dsDNA helix, which made the electrostatic interaction between Fc+ and
DNA surface weaker. The Cd value obtained from the Rct and the characteristic angular frequency w*
at the TGA/Au electrode was slightly smaller than that at bare gold electrode, indicative of the
presence of TGA monolayer on the electrode surface. The Cd value at the ssDNA/Au electrode was
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obviously larger than other three systems because of more negative charges on the ssDNA/Au surface,
which possessed higher dielectric constant. The Cd value at the dsDNA/Au electrode was larger than
those at bare and the TGA/Au electrodes. The dsSDNA/Au electrode gave a smaller Cd value than the
ssDNA/Au electrode due to the burial of the negatively charged phosphate groups in dsSDNA helix.
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Figure 7. XPS spectra of TGA/Au (A) and ss-DNA /Au (B) from 0 to1200 eV.

The component of immobilized biomolecules on electrode surface can be analyzed with XPS
technique. The XPS spectra of the TGA/Au and ssDNA/Au electrodes were showed in Figure 7 [142].
The XPS spectra exhibited the peaks of C, O and S elements at the TGA/Au electrode and the peaks of
C, O, S, N and P elements at the ssDNA/Au electrode. The difference in peak intensity of S2p at the
TGA/Au and ssDNA/Au electrodes resulted from their different structures. At the ssDNA/Au electrode
(curve B) the peak of S2p was lower, which was attribute to the burying of S atom in DNA fragment.
The peak of P2p was the best evidence that ssDNA was covalently immobilized on the TGA self-
assembled monolayer gold surface. The peak of N element also indicated the presence of ssDNA on
the electrode surface. From the peak areas of curve 2, the molar ratio of N to O was calculated to be
1:1.82 which was near the theoretical value of 1:1.87 in the HBV ssDNA fragment.

The bindings of the electroactive indicators, ferrocenium [141] and [Os(bpy),ClL]" [142], to
immobilized ss and dsDNA showed different interaction mechanisms. As well known, the interaction
mechanism between electroactive indicator and DNA helix depends on its type and structure. An
electrostatic interaction of an electroactive indicator with ss or dsDNA makes its reduction at the
surface with negative charge more difficult, thus results in a shift of formal potential in negative
direction [80,83]. On the contrary, the intercalative interaction produces a positive shift of formal
potential of the intercalator [80,83]. Our works indicated the cationic Fc™ molecules electrostatically
associated with the anionic phosphate groups in DNA backbone. Furthermore, the electrostatic
interaction between Fc™ and the dsDNA/Au electrode was weaker than that between Fc' and the
ssDNA helix, which resulted in a decrease in the redox peak currents or the amount of Fc' cation
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electrostatically bound to the anionic DNA backbone upon the hybridization procedure [141].
However, [Os(bpy),Cl,]” showed the same E” value at ssDNA/Au electrode as that at dsSDNA /Au
electrode [142]. Thus, the binding properties of [Os(bpy).Cl,]” to immobilized ss or dsSDNA was not a
pure electrostatic or intercalative interaction. Motonaka et al [143] used different length DNA probes

to hybridize with their targets and studied the recognition of [Os(bpy)s]*™*"

ion to the hybridization
process. Their results showed that the osmium complex interacted to major or minor grooves of the
dsDNA helix. However, the change of peak potential upon the major or minor groove interaction has
not been reported. The same E” value might also resulted from the contrary changes produced by the
electrostatic and intercalative interactions. At present it was difficult to describe exactly the interaction

mechanism between [Os(bpy),Cl,]" and DNA helix due to the particularity of Os, py complexes.
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Figure 8. Anodic (A) and cathodic (B) differential pulse voltammograms of 8.0 x 10* M
FcPFs in 0.01 mol 1" TE solution at bare (a), TGA/Au (b), ssDNA/Au (c) and dsDNA/Au (d)
electrodes at 20 mV s™.

Based on the decrease in the redox peak currents of Fc¢' upon hybridization of immobilized HBV
ssDNA fragments with HBV ¢cDNA fragments, a sequence detection method for about 10* copies
(about 1.7 x 10° mol or 0.7 fg) of original genomic HBV DNA fragments was proposed [141]. As
shown in Figure 8, the anodic peak currents of FcPFs at bare gold, TGA/Au, ssDNA/Au and
dsDNA/Au electrodes were 3.86, 4.54, 16.18 and 6.60 pA, respectively, while the cathodic peak
currents were 6.61, 7.45, 24.24 and 16.41 pA, respectively. The hybridization of the immobilized
ssDNA with cDNA resulted in the decreases of anodic and cathodic peak currents by 59.3% and
32.3%, respectively. As control, no observable change in peak currents was observed after the
covalently immobilized HBV ssDNA was treated with the same process in the solution containing
denatured calf-thymus ssDNA or yeast DNA samples, indicated that they did not hybridize with the
immobilized HBV ssDNA.

Following the further treatment of the electrode with HVB ssDNA fragments the redox peak
currents of [Os(bpy).Cl>]" continuously increased and the peak potentials retained at constant values
(Figure 9) [142]. The peak currents of [Os(bpy),Cl>]" at HBV ssDNA/Au electrode increase slightly in
comparison with those at bare gold electrode, indicating a very weak binding of the complex to ssDNA
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fragment. However, the peak currents of [Os(bpy),Cl>]” at HBV dsDNA/Au electrode obtained with a
hybridization process between immobilized HBV ssDNA fragment with its cDNA obviously
increased. When comparing with those at bare gold electrode, the anodic and catodic peak currents at
HBV dsDNA/Au electrode increase by about 23% and 25%, respectively. The enhancement of peak
currents indicated more [Os(bpy),Cl,]" molecules were preconcentrated on the dsSDNA/Au electrode
surface due to the binding interaction between [Os(bpy),Cl>]" and immobilized HBV dsDNA. These
results indicated the combination of DNA electrochemical biosensors with PCR techniques provided a
platform for electrochemical sequence detection of very low content of DNA.
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Figure 9. Cyclic voltammograms of 0.50 mM [Os(bpy),Cl,]" at bare gold (a), HBV
ssDNA/Au (b) and HBV dsDNA/Au (c) electrodes and at HBV ssDNA/Au electrode treated
with calf-thymus ssDNA (d) at 400 mV s™".

Conclusions

Based on the highly specific affinity interaction between immobilized DNA probe and the target to
form a stable double helix and the advantages of rapid, convenient, cheap and miniaturization
characters, the DNA electrochemical biosensors have received considerable attention and become an
important research field. In recent decades their research has made a marvelous progress. However, the
commercialization of this field has not been sufficiently developed. Before the DNA electrochemical
biosensors become commercially available and widely used, a great deal of basic research will be
necessary to improve the DNA sensor technologies [7]. Firstly, the fundamental studies on the
mediated and electron transfer theory and new sensing principles will direct the DNA sensing design
strategies. Secondly, the development of fast, reliable and biocompatible DNA sensing interface is the
base of the application. Thirdly, association with other technologies such as immunological and DNA
microarrays and chips etc will provide us further bio-information on the interaction between DNA and
proteins or drugs, multiple DNA sequences and so on. The amplification methods such as PCR have
been used to amplify the target DNA [54,72,74,81,87,104,111]. With this technique an approach for
sensitive detection of femtogram original genomic target DNA can be achieved [126,141,142]. For the
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practical requirements of genetic diagnosis and routine applications of DNA electrochemical

biosensors in medical, environmental and forensic sciences, an on-line or in-situ miniaturized and

easy-to-use new technologies combining with bio/medicine-statistics will be the major research

projects of this field.
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