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A biosensor is defined as “a device that uses specific biochemical signal
mediated by isolated enzymes, immunosystems, tissues, organelles or whole
cells to detect chemical compounds usually by electrical, thermal or optical
signals” [1]. A sensor comprises of at least two basic steps, first, target
January-February-2021 detection and second, signal transduction. The target detection element can
be a suitable chemical compound or biological molecules such as small
peptides, proteins, nucleic acids, carbohydrates etc. Ideally, this entity should
exhibit high level of affinity and specificity towards the analytes. For example,
antibodies are protein-based binding molecules that have long been used for
target recognition because they meet most of the above criteria. Signal
transduction elements are responsible for converting molecular recognition
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events into physically detectable signals such as, optical (e.g., fluorescence),

chemical, electrochemical, magnetic, thermal or mechanical changes.
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I. INTRODUCTION
Nucleic acid immobilization on the sensor surface in

surface-based nucleic acid sensors is the most

Single-stranded DNAs and RNAs are capable of

sequence-specific binding via base pair hybridization,
and have been proven to be useful for nucleic acid
detection [2, 3]. It is possible to evolve single-
stranded nucleic acids in test tubes that can bind to a
diverse range of analytes beyond DNA and RNA with
high affinity and specificity. Such nucleic acids are
known as aptamers that have shown great potential as
biosensing element [4]. Aptamers exhibit specific
three-dimensional structures that are important in
target recognition by means of molecular interactions
analogous to those operating in antibody-antigen

pairs [5, 6].

significant initial step that can play a key role in the
overall performance of the sensor. Ideally, nucleic
acids are to be immobilized onto the solid substrate in
such a way that a specific recognition signal can be
obtained only if they recognize their target probes via
specific hybridization interactions. The experimental
setup should be such that the various non-specific
interactions are largely cancelled out. Hence,
experimental conditions must be adjusted for every
application, and a large choice of immobilization
support and methods should be considered before the

most optimal arrangement can be identified. The
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means of immobilization could include primarily two
types, one, covalent binding via one end of the
nucleic acid molecule, e.g., binding of 5'-thiol-
modified DNA oligonucleotide onto gold surface via
gold-sulfur interactions [7], or binding of a 5'-amino-
modified DNA oligonucleotide onto an epoxy-
modified surface [8], and two, non-covalent binding
(e.g., affinity binding based on the strong avidin—
biotin system, where nucleic acid is biotinylated at its
5' end and the avidin is attached directly to carbon-

based surface [2].

Regarding transduction of the molecular recognition
event into an electronic signal, mostly the optical,
electrochemical, electrical, mechanical or thermal
[9-13] methods are applied in the current nucleic acid
sensors. While quite high sensitivity (femto molar to
atto molar range) [13, 14] in target detection has been
exemplified in optical/electrochemical transduction,
another approach for sensitivity enhancement, i.e., by
application of synthetic nucleic acid analogues like
peptide nucleic acid (PNA) [15] and locked nucleic
acid (LNA) [16, 17] probes, which are capable of
forming more stable duplexes than the DNA probes,
may also be explored. The unique physicochemical
nature of the peptidic, non-ionic backbone of PNA
has promoted the use of PNA oligomers as capture
probes in electrochemical, optoelectronic sensors, and

microarray based sensor [10, 18-21].

II. NANOSCALE NUCLEIC ACID SENSORS

In recent times, the emergence of nanoscale
technologies has led to the development of nanoscale
nucleic acid sensors that are suitable for in vitro
measurements using small amounts of sample and/or
in vivo intracellular measurements [22-25]. In typical
surface-based nanoscale sensor technologies, the large
surface area to volume ratio of the sensor unit can
assist in addressing a greater number of molecular

recognition events occurring on the sensor surface
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that can result in rapid response, high sensitivity and
cost-effective performance of the sensor. Many types
of nucleic acid nanosensors have been developed and
used in a wide array of biomedical and clinical
applications [26, 27]. One example that deals with a
miniaturized surface-based nucleic acid sensor is the
cantilever array based sensor where the bending
motion of microcantilevers or nanocantilevers can be
used for real-time monitoring of nucleic acid
hybridization events occurring on the cantilever
surface, with high sensitivity even at the level of
detecting single base mismatches in the target DNA
sequences [28]. Another example of surface-based
nanosensor could be one that exploits nanoparticles
(NPs) as the basic sensor units. Nanoparticles, which
are functionalized with nucleic acid sequences, have
been used as probes in myriads of DNA detection
technologies in the last one decade [29-35]. Amongst
types the

nanoparticles have shown great potential in DNA

different of nanoparticles, gold
detection, which is reflected in a number of reports
that describe hybridization of target DNA molecules
immobilized gold

to  oligonucleotides onto

nanoparticles [36-41].

The basic principle of operation in most of the
surface-based nucleic acid nanosensors consists of
three main steps: 1) functionalization, i.e.,
immobilization of the nucleic acid sequences onto
suitable regions/positions of the sensor array, 2) target
recognition, i.e., bringing the analytes, here target
nucleic acid sequences, in contact to the sensor
probes, and let hybridization take place, 3) readout,
i.e., monitoring the recognition signal as a result of
hybridization, using fluorescence readout (as in case
of optical transduction), or temperature readout (as in
case of thermal transduction), or potential readout (as
in case of electrochemical transduction) or resistance
readout (as in case of nanomechanical transduction
using a piezoresistive cantilever sensor). There can

indeed be a number of other types of signal
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transduction strategies that can be applied in the

nanosensor technologies.

One major aspect of the miniaturized sensors is to
retain the ability of multi-analyte detection that
allows comprehensive analyses, such as a single
instrument for glucose, lactate, and potassium
detection. Technical developments in manufacturing
enabled the development of miniaturized integrated
biosensors for determination of glucose, lactate, and
urea in micro samples of undiluted whole blood or
plasma [26, 27]. The newest generation of biosensors
includes miniaturized multi-analyte immunosensor
devices with high-throughput capabilities and more
than 1000 individually addressable electrodes per
square centimeter. These instruments can detect
analytes present in the attomole range. Recently, an
impressive number of inventive designs of DNA
sensors that can detect the target DNA strands at the
femtomole to attomole range have been reported

[42-44)].

The nanofabrication techniques such as inkjet
printing, photolithography etc. have become almost
indispensable for functionalizing the sensor surface.
The inkjet deposition method has been found to be
useful for deposition of thiolated oligonucleotides
from aqueous buffer solutions onto the gold surface in
DNA microarray applications [45], and even for in
situ DNA synthesis on glass substrates [46]. Inkjet
dispensing technology has several advantages over
conventional syringe pump-based dispensers. First,
small droplets of nanolitre to picolitre volume can be
dispensed. In addition, because the technique is non-
contact, delivery of the droplet to a small specific
location is not limited by the mechanical size of the
tip. For example, a drop can be delivered into a 2 mm-
diameter well simply by ejecting the drop above the
well without the tip entering the well. The two most
common types of inkjet dispensing technologies are

first, piezoelectric dispensing that uses a piezoelectric
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crystal that is in contact with a glass capillary tube to
apply force to the fluid. Applying a voltage across the
crystal causes it to deform the wall of the capillary
with the subsequent ejection of fluid from the tip of
the capillary. This type of inkjet dispensing has been
used in the present thesis (see chapter 5). Another
type of inkjet dispensing technology couples the high-
resolution displacement capabilities of a stepper
motor-driven syringe pump with the high-speed
actuation of a microsolenoid valve. Photolithography,
also termed optical lithography or UV lithography, is
a process used in microfabrication to pattern parts of a
thin film or the bulk of a substrate [47]. The
technique uses light to transfer a geometric pattern
from a photomask to a light-sensitive chemical
"photoresist”, or simply "resist," on the substrate. A
series of chemical treatments then either engraves the
exposure pattern, i.e. where the sample is deposited,
into, or enables deposition of a new material in the
desired pattern upon, the material underneath the
photo resist. For example, in complex integrated
circuits, a modern complementary metal oxide
semiconductor (CMOS) wafer will go through the
photolithographic cycle up to 50 times for preparing
the sample.

I1I. PEPTIDE NUCLEIC ACID (PNA)

acid (PNA) is
synthesized polymer, invented by Peter E. Nielsen
Michael Egholm
(University of Copenhagen), Rolf H. Berg (Rise
National Lab) and Ole Buchardt (University of
Copenhagen) during the 1990s [15]. PNA is a DNA
analog in which a 2-aminoethyl-glycine linkage
the

Peptide nucleic an artificially

(University of Copenhagen),

generally replaces normal phosphodiester

backbone (Figure 1).
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Figure 1 : Chemical structures of Deoxyribonucleic
Acid (DNA) and Peptide Nucleic Acid (PNA)
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[15, 48]. A methyl carbonyl linker connects natural as
well as unusual (in some cases) nucleotide bases to
this backbone at the amino nitrogens. PNA is non-
ionic, achiral and is not susceptible to hydrolytic
(enzymatic) cleavage. PNAs are capable of sequence-
specific binding with complementary DNA as well as
RNA obeying the Watson-Crick base paring [49, 50].
Its hybrid complexes exhibit extraordinary thermal
stability and display unique ionic strength properties.
Although PNA was earlier considered to be primarily
a potential drug candidate for gene therapy, its other
possible uses have been envisaged and/or realized in
it can be used as a

recent times [51-53]. First,

molecular tool in molecular biology and
biotechnology [54-58]. For example, PNAs have been
designed for developing antigene and anticancer
drugs, modulating PCR reactions, detecting genomic
mutation or labelling chromosomes in situ [58].
Second, PNA can be used for diagnostics purpose
where short PNA probes can be employed as sensor

probes [59-62].

The stability of the
PNA-DNA/PNA-RNA/PNA-PNA duplexes has been

thermal
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investigated extensively by UV-visible absorption
spectrophotometry. The thermal melting temperature
(Tm), defined as the temperature at which 50% of the
complexes has been dissociated, gives a general idea
about the stability of these duplexes. Experiments
done with PNA sequences showed that the Tm values
are higher for PNA-DNA and PNA-RNA hybrids
than for either DNA-DNA or DNA-RNA duplexes.
On average, the Tm of a PNA-DNA duplex is 1°C
higher per base pair compared to the Tm of the
corresponding DNA-DNA or DNA-RNA duplex.
Generally a 10-mer PNA-DNA duplex has a Tm of
about 50 °C and a 15-mer PNA-DNA duplex has
about 70 °C [50, 63]. This observation of increased

thermal stability of the PNA hybrids, ie.,
PNA-PNA/PNA-RNA/PNA-DNA duplexes
compared to the corresponding

RNA-DNA/DNA-DNA duplexes could have origin in
the non-ionic nature of the PNA backbone, which
the
repulsion between the two strands in a duplex.
Within the PNA hybrids, the order of the thermal
stability of the found to be
PNA-PNA>PNA-RNA>PNA-DNA [20]. In contrast
to the DNA-DNA duplex, the stability of the
PNA-DNA hybrids is not significantly affected by

changes in ionic strength except in the limit of low

reduces destabilizing effect of electrostatic

duplexes is

ionic strength, i.e., when the salt concentration is few
mM, where the stability increases. The binding of
PNA to a corresponding complementary DNA
oligomer takes place in a sequence-specific manner,
which means that the thermal stability of a hetero-
duplex, where PNA is one of the components, can be
considerably lowered by the presence of imperfect
matches. Owing to the high sequence specificity of
PNA binding

incorporation of any mismatch in the duplex

to other nucleic acid strands,
considerably affects the Tm value of the hetero-
duplex. For example, a single base mismatch results in
the lowering of the Tm value by 15 °C and 11 °C in

case of the 15 mer PNA-DNA and DNA-DNA duplex,
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respectively. This property of PNA is responsible for
the
matches and mismatches offered by PNA probes, and

remarkable discrimination between perfect

makes PNA attractive as oligonucleotide recognition

elements in biosensor technologies [63].

The PNA strands can form both antiparallel and
parallel duplexes with complementary PNA and DNA
sequences. While the antiparallel duplexes normally
exhibits greater stability compared to the parallel
duplexes, the parallel PNA-PNA duplex is still
considerably more stable than the corresponding
antiparallel DNA-DNA duplex [64]. It has been
observed that the Tm values corresponding to
antiparallel PNA-PNA, PNA-DNA, and DNA-DNA
duplexes Tm(PNA-PNA) >
Tm(PNA-DNA) > Tm(DNA-DNA).

follow an order

In general, PNA contains an achiral backbone and
does not show any circular dichroism (CD) response.
However, PNAs with certain modifications of the
backbone, e.g., attachment of L-lysinyl amide to the
carboxyl terminal of the PNA backbone that leads to a
helical structure of all the duplexes that contain PNA
as a component [65], are capable of exhibiting CD
The CD spectra of DNA-DNA
the antiparallel PNA-DNA
PNA-RNA duplexes appear more or less similar. This

characteristics.

duplexes and and
suggests that the base pair geometry of antiparallel
right-handed PNA containing helices is not much
different from that found in a B- or an A-form DNA
helix. In contrast, the spectra of parallel PNA-DNA
and PNA-RNA duplexes deviate more from the
DNA-DNA spectrum, which suggests a different kind

of base stacking.

IV. PNA-BASED BIOSENSORS

Application of PNA as a sensor probe in nucleic acid

sensor technologies holds great promise for rapid
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(since formation of PNA-DNA duplex is faster than
formation of DNA-DNA duplex) and cost-effective
detection (since lesser amount of sample is needed
due to high sensitivity in PNA-based measurements)
of specific DNA sequences. Usually, single-stranded
PNA (ssPNA) probes are immobilized onto the
transducer surface by chemical means, e.g., gold-
sulfur bond formation for immobilization of thiolated
ssPNA probes onto the gold surface. Once the PNA
sensor probes can detect the complementary (or non-
complementary) target nucleic acid strands in the
sample solution, the response from the hybridization
event or a lack of it is converted into a useful
electronic response by the transducer. Some of the
important strategies where PNA has been used as a
novel sensor probe for sequence-specific detection of

the target nucleic acid strands are described below.

Surface Plasmon Resonance Spectroscopy

The nucleic acid hybridization events and related
mismatch analysis can be studied using surface
plasmon resonance (SPR) spectroscopy [66]. BIAcore
is the company that successfully utilized SPR for real
time biomolecular interaction analysis and therefore
the method itself is nowadays commonly termed as
BIAcore technique [67]. The real-time interactions
are monitored on a sensor chip, which constitutes the
core part of a BlAcore instrument. The probe
molecules are attached directly to the surface of the
sensor chip prior to an experiment, the analyte
solution is flown in the cell containing the sensor
chip, and the recognition events are detected. Surface
plasmon resonance arises when light is reflected
under certain conditions from a conducting film at
the

refractive index - in case of nucleic acid sensing, the

interface between two media of different

conducting film is usually a thin gold coating and the
two media are a glass slide (onto which the gold
coating is deposited) and the nucleic acid film formed

onto the gold coating. SPR causes a reduction in the
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intensity of the reflected light at a specific angle of
reflection. This angle varies with the refractive index
close to the surface on the side opposite from the
reflected light (sample side). SPR response values are
expressed in resonance units (RU) and one RU is

equivalent to 0.0001o0.

The first report by Jensen et al. in 1997 on detection
of PNA-DNA and PNA-RNA hybridization using
SPR showed that the system can differentiate
between a complementary and a non-complementary
oligonucleotide sequence [20]. The sensor chip used
in this case was a thin gold film covered with a layer
of dextran and containing streptavidin chemically
coupled to the dextran layer. Biotinylated PNA
molecules were immobilized on the surface by means
of strong coupling between biotin and streptavidin.
The amount of bound substance (complementary as
well as various non-complementary DNA and RNA
oligonucleotides) was measured as a function of time
when a solution containing the target strands was
flown over the chip surface. In this way, the
association kinetics could be studied. The dissociation
was subsequently studied by washing the surface with
the

dependence of the mass decrease due to removal of

appropriate buffer and monitoring time
the dehybridized target strands from the sensor
surface. Assuming a two-state model, A + B 000 AB,
where A and B are reactants, analysis of the
hybridization kinetics was carried out. The PNA
surface could be regenerated by removing the
remaining hybridized products with HCL Thus,
consecutive hybridization events could be detected

with the same immobilized PNA layer.

Quartz crystal microbalance (QCM)

The quartz crystal microbalance (QCM) can be used
to monitor a change in mass (mass uptake and/or mass
loss) deposited on a surface, in form of a change in the

resonance frequency of a quartz crystal as a result of
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the mass change per unit area of the surface. The
applications of QCM can be wide-ranging, starting
from gas adsorption/desorption to deposition of
biomaterials in the monolayer and sub- monolayer
regimes. This mass measuring method is applied in
the area of biochemistry and biotechnology, such as
for studying hybridization of nucleic acids, protein—
DNA and protein-protein interaction on the surface
[19, 68, 69]. The first report about the study of PNA-
DNA hybridization using the QCM biosensor and
PNA as the sensor probes comes from the work of
Wang et al. [70], which showed that the system could
differentiate between complementary and non-
complementary oligonucleotides. A fast and sensitive
detection of mismatched sequences is possible by
monitoring the frequency vs. time response of the
PNA-based QCM sensor. The PNA molecules used in
the above- mentioned study contained a cysteine
attached to the PNA strand with the help of an
ethylene glycol unit and a PNA monolayer could be
formed onto the gold-coated quartz crystal surface
using this thiol-PNA construct [70]. The immobilized
PNA  probes exhibited

specificity and gave rise to rapid hybridization with

remarkable  sequence
the target oligonucleotides sequences. Such level of
mismatch sensitivity of the PNA-based QCM sensors
can be of great importance for diagnostic applications,
particularly for genetic screening and diagnosis of

malignant diseases.

MALDI-TOF mass spectrometry

Matrix Assisted Laser Desorption/Ionization (MALDI)
— Time-of-Flight (TOF) mass spectrometry (MALDI-
TOF-MS) has been used extensively in PNA-based
diagnostic research in the last one decade [71-73] to
study  discrimination  of nucleotide
polymorphisms (SNPs) in DNA sequences [74]. PNA-
based MALDI-TOF-MS is a strategy that exhibits

versatility and rapid analysis capability that are

single

desirable for high throughput genotyping. MALDI-
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TOF-MS has evolved into an accurate, sensitive, and
rapid method for molecular weight and sequence
determination of peptides, proteins and small DNA
fragments [74]. This provides a straightforward, rapid
and accurate method for specific detection of SNPs in
amplified DNA [74, 75]. The detection of multiple
PNA
hybridization probes is also possible by using a direct
MALDI-TOF-MS analysis method. In this case, the

show peaks

point  mutations using  mass-labeled

mass spectra of distinct masses
corresponding to each allele present, and in this way a
mass spectral ‘fingerprint’ of each DNA sample can be

obtained.

Electrochemical measurements

The use of PNA as recognition probe for detection of
target nucleic acid strand wusing electrochemical
means has been reported as early as in 1996 by Wang
et. al. [11]. Their method consisted of four steps: PNA
probe immobilization onto the transducer surface
(here, a carbon paste electrode), hybridization,
indicator  binding, and chronopotentiometric
transduction. The hybridization experiment was
carried out by immersing the electrode into the
stirred buffer solution containing a desired target,

followed by measurement of signal.

The applications of PNA probes using various
strategies as discussed above indicate that it is a novel
class of alternative nucleic acid with wide range of
Their  highly
interactions with DNA and RNA and their chemical

biological applications. specific
and biological stability make them promising both as
therapeutic lead compounds and agents for diagnostic
applications. PNA has a unique position compared to
many other nucleic acid derivatives, and could make
an impact, particularly in the establishment of assay
procedures for robust routine applications in
biosensor technology. Its application as a recognition

molecule has already led to promising developments
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in many areas of chemistry, biology, and

biotechnology.
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