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Abstract

Recent advances in developing biosensors which are sensitive and specific have opened new opportunities for
DNA biosensors. DNA biosensors, based on nucleic acid recognition methods, are being developed towards the
assay of rapid, simple and economical testing of genetic and infectious diseases. Moreover, the detection of specific
DNA sequence is of significance in numerous areas including clinical, environmental and food analysis.
Advancements in technology like SELEX and SAM are being used to develop better detection methods (both Direct
and Indirect detection) for DNA Biosensors. Unlike enzyme or antibodies, nucleic acid recognition layers can be
readily synthesized and regenerated for multiple uses. DNA biosensors and gene chips are of major interest due to
their great potential for obtaining sequence-specific information in a faster, simpler and cheaper manner compared
to the traditional hybridization. Further, increase of interest to DNA based sensors can be expected in near future
together with a commercial production of these devices and their extensive use. However, basic research is still
necessary to improve the sensor technologies, sensing strategies as well as analytical instrumentations and

procedures.
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DNA Biosensors

Biosensors have become very popular from last 20 years. New
research and developments in the field of biosensor play important
roles in daily life. In recent years, biosensors have been increasingly
used for continuous monitoring of biological and synthetic processes
used in industrial and clinical chemistry. Biosensor is becoming
popular in the field of food analysis [1], bioterrorism [2,3],
environmental [2-4] and in the area of human health monitoring and
diagnostics [5-7].

In general, biosensor is small device employing biological
recognition properties for a selective bio-analysis [8-10]. Such devices
rely on the intimate coupling of a biological recognition element with a
physical transducer to convert the biological signals into an electrical
signal or other signals, proportional to the concentration of analytes
[11-16]. Biosensors eliminate the need of the sample preparation and
hence offer great promise for several on-site analytical applications of
rapid and low cost measurements [17].

A basic biosensor assembly includes a receptor, transducer and
processor. The sensing elements may be whole cells, antibodies,
enzymes or nucleic acids forming a recognition layer that is integrated
with transducer via immobilization by adsorption, cross-linking or
covalent binding. The transducers are based upon the parameters of
measurement. It may be amperometric (current measurement at
constant potential) [18], potentiometric (potential measurement at
constant current) [19], piezoelectric (measurement of changes in mass)
[20], thermal (measurement of changes in temperature) [21] or optical
(detect changes in transmission of light) [22]. The usual analytical
techniques require a number of steps, much labor, time and expensive
instruments whereas biosensors are quick, simple, economical and

may be used in small hospitals and laboratories of remote areas where
sophisticated instrument facilities are not available.

In recent years, nucleic acids have been extensively used into a wide
range of biosensors and bio analytical assays, due to their wide range of
physical, chemical and biological activities [23,24]. In nucleic acid
based biosensors, sensing elements are oligonucleotides, with a known
sequence of bases, or a fragment of DNA or RNA. Nucleic acid
biosensors are either based on the highly specific hybridization of
complementary strands of DNA/RNA molecules or play the role of a
highly specific receptor of biochemical/chemical species [25-28].
Nucleic acid biosensors are of major interest owing to their great
promise for obtaining the sequence-specific information in a faster,
simpler and cheaper manner compared to the traditional ones. Unlike
enzymes or antibodies, nucleic acid recognition layers can be readily
synthesized and regenerated for multiple uses. Nucleic acid biosensors
can be more sensitive and specific when combined with polymerase
chain reaction (PCR) methods (Bell and Ranford-Cartwright) [29,30].

DNA Hybridisation Biosensors

Complementary DNA base pairing is the basis for the bio-
recognition process in hybridization biosensors. Short, 20-40 base pair
highly target-selective single-stranded DNA segments are immobilized
on the electrode surface. The DNA fragments have to be immobilized
in a way that retains their stability, reactivity, accessibility to target
analyte and optimal orientation. An electrical signal is produced when
target DNA binds to the complementary sequence of the capture or
probe DNA in a process called hybridization. Ferrocenyl naphthalene
diimide (FND) is an example of an electrochemical indicator that
binds preferentially to the DNA duplexes and this results in an
electrochemical signal. Horseradish Peroxidase and alkaline
phosphatase are some other enzyme labels which are used as a measure
of hybridization. Colloidal gold has also been used as a hybridization
label. Like other complex biological macromolecules, the experimental
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conditions, such as temperature, ionic strength, and time allowed for
hybridization, have to be controlled in order to achieve high selectivity
and sensitivity.

Single-stranded, 15-40 bases long DNA or RNA oligonucleotide
sequences (aptamers) are rapidly screened in the SELEX (systematic
evolution of ligands by exponential enrichment) process for their
ability to selectively bind low molecular weight organic, inorganic or
protein targets. In solution, the synthetic nucleotide chains form intra
molecular interactions that fold the aptamers molecules into a complex
three-dimensional shape. The unique shape of the aptamer allows it to
bind tightly and selectively with its target molecule. Aptamers can
either bind to small sections of macromolecules, such as proteins, or
they can engulf a small molecular target.

Chosen aptamers after several cycles of SELEX can also be
chemically modified to increase their stability and affinity for a target
molecule. Aptamers are sensitive to their environment and have to be
protected from high temperatures and DNAase enzymes.

One design of a commercialized DNA biosensor is based on the
selective reaction between a DNA capture probe immobilized on the
electrode surface and target DNA in the sample.

The biosensor uses a sandwich type assay as shown in capture probe
(or probes) and an insulator component. The DNA capture probe is
immobilized on the gold using an alkane thiol linker that projects it
beyond a layer of shorter alkane thiols, which covers the self-assembled
monolayer (SAM) technology which is used to create the chemical
layer attached to the gold electrode (Figure 1). The monolayers are
mixed SAMs, each comprised of a sequence specific surface between
the DNA capture probes and thereby minimizes interference from
redox active materials in the sample and nonspecific adsorption, by
blocking their access.
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Figure 1: Self assembled monolayer.

Exposing electrode to the sample results in hybridization between
the capture probe and complementary strand of the target DNA
(Figure 2).
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Figure 2: Strand of the target DNA.

SPR-DNA Biosensor

Aptamers are short fragment of single-strand DNAs (ssDNAs)/
RNAs selected in vitro and can bind with a broad range of target
molecules like amino acids, drugs, proteins and other molecules with
high affinity and specificity. These aptamers are screened from
extremely complex libraries of nucleic acids through a process called
Systematic Evolution of Ligands by Exponential enrichment (SELEX).
Nakamura et al. developed a SPR bio-sensor based on screened DNA
aptamers having capability to bind micro-cystin very specifically.
Screening was done by the in vitro selection method of twelve rounds
and obtained a sorbent specifically suitable for micro-cystin detection.
The sensitivity and precision of micro-cystin detection was not as high
compared with the methods reported previously and can be further
improved by using high affinity aptamers.

Electrochemical DNA Biosensors

The detection techniques play very important role in design of
biosensors and are selected according to their specific application.
Among the various devices designed so far, electrochemical DNA
Biosensors have attracted more attention due to their high sensitivity
and rapid response. Electrochemical devices are very useful for
sequence-specific bio-sensing of DNA. The miniaturization of devices
and advanced technology make them excellent tool for DNA
diagnostics. Electrochemical detection of DNA hybridization usually
involves monitoring a current at fixed potential. Electrical modes were
developed for detection of both label-free and labeled objects [31-42].
The immobilization of the nucleic acid probe onto the transducer
surface plays an important role in the overall performance of DNA
biosensors and gene chips [43-45].

The immobilization step requires a well-defined probe orientation
and accessible to the target for hybridization. Depending upon the
nature of the physical transducer, various methods can be used for
attaching the DNA probe to the solid surface such as the use of
thiolated DNA probe for self-assembled monolayers (SEM) onto gold
transducers by covalent linkage to the gold surface via functional
alkanethiol-based monolayers. The other method of attachment of
DNA probe is to biotinylate DNA probe and attachment through
biotin-avidin interaction on electrode surface [30-32,46]. The avidin
modified polyaniline electrochemically deposited onto a Pt disc
electrode for direct detection of E. coli by immobilizing a 5’ biotin
labeled probe using a differential pulse volta metric technique in the
presence of methylene blue as a DNA hybridization indicator [14,31].
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Similarly, electrochemical DNA biosensor based on poly pyrrole-
polyvinyl sulfonate coated onto Pt disc electrode was also fabricated
using biotin-avidin binding [32].

The discovery of carbon nanotubes (CNTs) in DNA analysis plays
an important role by development of electrochemical DNA biosensor.
CNT not only enables immobilization of DNA molecules but also used
as powerful amplifier to amplify signal transduction of hybridization.
CNT also works as novel indicator of hybridization. The application of
arrayed CNT into DNA chip require small amount of sample and
development of CNT based biosensor play major role on DNA based
diagnostics in hospitals or at home [47].

The knowledge of peptide nucleic acid (PNA) has opened a new
research area of DNA biosensors. PNA is a DNA mimic in which the
sugar phosphate backbone is replaced with a pseudopeptide. The
unique structural, hybridization and recognition features of solution-
phase PNA can be readily extrapolated onto transducer surfaces in
connection with the design of highly-selective DNA biosensors. Such
use of surface-confined PNA recognition layers imparts remarkable
sequence specificity onto DNA biosensors including detection of
single-base mismatches [45].

The hybridization is commonly detected by the increase in current
signal due to redox indicator (that recognizes the DNA duplex) or
from other hybridization-induced changes in electro chemical
parameters (e.g. conductivity or capacitance). New redox indicators,
offering greater discrimination between single strand (ss) and dsDNA
[27,29,33,34,36,37,48]. The use of an inter calator ferro cenyl
naphthalene di-imide that binds to the DNA hybrid more tightly than
usual inter calators and displays small affinity to the single-stranded
probe [49]. The electrochemical DNA biosensor may be labeled based
and lebeled free.

Label Based or Indirect Detection

In label based electrochemical biosensor specific organic dyes, metal
complexes or enzymes are used for hybridization detection. The use of
enzyme labeled probe offers great promise for electro chemical
detection of DNA hybridization [50]. On addition of substrate to the
enzyme modified electrode surface, the electrochemical activity of the
product simplifies the detection of hybridization [51-53].

Redox- active molecules such as dauno mycin, methylene blue
which is inserted between the dsDNA and gives signal which can be
used for hybridization detection [39,50]. Redox-active molecules based
two commercialized DNA chips have been introduced in molecular
diagnosis market in the trade name of eSensor TM produced by
Motorola Life sciences [25], Inc. and Genlyser TM by Toshiba [26].

Label Free or Direct Detection

Contrary to indirect detection techniques, where labeling is a
requirement to translate the hybridization event into a signal, in direct
detection techniques, a target molecule or any other object from the
system does not need to be labelled [39,40]. Although label-dependent
methods achieve the highest sensitivities, eliminating the labeling steps
simplifies the readout, the speed and ease of nucleic acid assays.

In a label-free method the immobilized probe recognizes a
complementary sequence if the target is present in the sample. Next,
the transducer converts the biological interaction into a measurable
signal, proportional to the degree of hybridization that is to the
amount of target molecule in the sample. Label-free strategies reduce

analysis times and cost. They are also free from un-favorable effects
from the labels, such as its instability and steric hindrances [54,55].

Recently, a new label-free electrochemical detection technique has
been developed which is faster and simpler [14,15,30,32,38]. It is
possible to exploit changes in the intrinsic electroactivity of DNA
(guanine oxidation peak of hybridization). To overcome the limitations
of the probe sequences(absence of G), guanines in the probe sequence
were substituted by inosine residues (pairing with C)and the
hybridization was detected through the target DNA guanine signal
[15,38]. Changes in the guanine oxidation, and of other intrinsic DNA
redox signals, have thus been used for detecting chemical and physical
damage. A greatly amplified guanine signal, and hence hybridization
response, was obtained by using the Ru (bpy)3 redox mediator. Direct,
label-free, electrical detection of DNA hybridization has also been
accomplished by monitoring changes in the conductivity of conducting
polymer molecular interfaces (DNA-modified poly pyrrole films).
Eventually, it would be possible to eliminate these polymeric interfaces
and to exploit different rates of electron-transfer through ss DNA and
ds DNA for probing hybridization (including mutation detection via
the perturbation in charge transfer through DNA). Although elctro-
chemical DNA biosensors based on the use of redox indicator provided
reliable and precise information in mutation detections redox probes
require high potential that are prone to interferences and often destroy
hybrid double strand structure. To overcome this problem, an
electrochemical DNA biosensor based upon the concept of metal
enhanced detection for the determination of Micro cystis spp. was
developed. The biosensor was constructed by immobilizing 17-mer
DNA on a gold electrode via avidin- biotin chemistry.

Applications of DNA Biosensors

The detection of specific DNA sequence is of significance in many
areas including clinical, environmental and food analysis [7,23,24]. The
analysis of gene sequences and the study of gene polymorphisms play a
fundamental role in rapid detection of genetic mutations, offering the
possibility of performing reliable diagnosis even before any symptoms
of a disease appear. In environmental and food areas the detection of
specific DNA sequences can be used for the detection of genetically
modified organism (GMO) or pathogenic bacteria.

DNA biosensors and gene chips are of major interest due to their
tremendous promise for obtaining sequence-specific information in a
faster, simpler and cheaper manner compared to the traditional
hybridization [25,26]. Recent advances in developing such devices
opens new opportunities for DNA diagnostics. DNA biosensors, based
on nucleic acid recognition processes, are rapidly being developed
towards the assay of rapid, simple and economical testing of genetic
and infectious diseases. Unlike enzyme or antibodies, nucleic acid
recognition layers can be readily synthesized and regenerated for
multiple use. DNA sensors can be made by immobilizing single
stranded (ss) DNA probes on different electrodes using electro active
indicators to measure the hybridization between DNA probes and
their complementary DNA strands [27-29].

The current method for the identification of specific DNA sequence
in biological samples are based on isolation of double stranded (ds)
genomic DNA and further polymerase chain reaction (PCR) to
amplify the target sequence of DNA. The PCR products can be
subjected to electrophoresis or may beads or bed onto a suitable
membrane and exposed to a solution containing DNA probe
(Southern Blot). The DNA probe is either chemically or enzymatically
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labeled with radioactive material, chemilumnophore or ligands such as
biotin etc. as the nucleic acid itself has not able to provide any signal.
Recent advances in the field of bio molecular techniques can be used to
fabricate new generation miniaturized biosensor.

Conclusions and Future Prospects

From the first discovery of electrochemistry of nucleic acids by
Palecek at the end of the 1950’ [51], huge progress can be observed,
particularly at the development of electrochemical DNA biosensors
based on the nucleic acid as bio-recognition element. Different types of
electrodes immobilized with specific probes can be used to detect the
presence of complementary target sequence by hybridization
technique. Besides the different immobilization methods, electro active
hybridization indicators (metal complexes, dauno mycin, methylene
blue, etc.) and different conducting polymer based nano composites
are also used for development of electrochemical biosensors.

SPR, Quantum-Dot and piezoelectric biosensors are the emerging
area of molecular diagnosis. The Intelligent opto sensors interfacing
based on universal frequency-to-digital converter has opened new
opportunities for development of DNA biosensors [52]. Some success
has been achieved in the commercialization of optical fiber sensors.
However, they still suffer from competition with other mature sensor
technologies and new ideas are being continuously developed and
tested not only for the traditional measurements but also for new
applications [53,54].

The use of DNA bio strip and biochip technologies eliminates the
role of PCR. Future biosensors will require the development of new
reliable devices or the improvement of the existing ones in order to
allow superior transduction, amplification, processing, and conversion
of the biological signals. Nanotechnology is playing an important role
in development of efficient biosensors for the toxin detection. Different
types of nano materials (nanoparticles and nanotubes) with different
properties have been used. They offer exciting opportunities to
improve the performance of electo-chemical biosensors for the
detection of micro cystins.

Efficient biosensors will not necessarily function as a stand-alone
detector, but will form an integral part of an analytical system.
Compact and portable devices will constitute another future area of
intensive multidisciplinary sensor research. Further, increase of
interest to DNA based sensors can be expected in near future together
with a commercial production of these devices and their wide use.

However, basic research is still necessary to improve the sensor
technologies, sensing strategies as well as analytical instrumentations
and procedures.
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