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1. Introduction

DNA biosensors are now recognized as unvaluable tools for detecting target genes
responsible for diseases, or pollution, in various fields (Fodor et al., 1991; DeRisi et al., 1997;
Landegren et al., 1998). Therefore, detection of DNA hybridisation is of significant scientific
and technological importance, as manifest, for example, from the growing interest in chip-
based characterisation of gene expression pattern and detection of pathogens. DNA
biosensors technologies are currently under intense investigation owing to their great
promise for rapid and low-cost detection of specific DNA sequences. These technologies
commonly rely on the immobilisation of a single-strand (ss) DNA probe onto optical,
electrochemical, or mass-sensitive transducers (Xu et al., 1995; Mikkelsen et al., 1996;
Okahata et al., 1992). There is still a crucial need to improve the sensitivity, selectivity and
rapidity of the DNA hybridisation detection. Among the possible strategies, a new artificial
Peptide Nucleic Acid (PNA), a highly specific probe, combined with the use of surface
science techniques to optimise the sensing layer as well as to detect biomolecular
recognition, open promising ways to win this biotechnological challenge. This chapter will
focus on these two novel aspects of DNA biosensors.

1.1 PNA versus DNA comparison

Peptide Nucleic Acid was first described by Nielsen’s group in 1991 (Nielsen et al., 1991).
Knowledge of the PNA structure is essential for understanding its remarkable hybridisation
behaviour and DNA recognition capacity (Figure 1).

PNA is an analog of DNA in which the entire negatively-charge sugar-phosphate backbone is
replaced with a neutral « peptide like » backbone consisting on repeated N-(2-aminoethyl)
glycine units linked by amide bonds (Figure 1). The four natural nucleobases (i.e., adenine,
cytosine, guanine, and thymine) come off the backbone at equal spacing to the DNA bases.

Source: Intelligent and Biosensors, Book edited by: Vernon S. Somerset,
ISBN 978-953-7619-58-9, pp. 386, January 2010, INTECH, Croatia, downloaded from SCIYO.COM

www.intechopen.com



324 Intelligent and Biosensors

Methylene carbonyl linkages connect the bases to the central amine of the backbone. Thus,
PNA contains the same number of backbone bonds between bases and the same number of
bonds between the backbone and the bases, as DNA. Such a structure offers a high biological
stability, as it is not prone to degradation by nucleases or proteases (Demidov et al., 1994).
Owing to its neutral backbone and proper interbase spacing, PNA binds to its
complementary nucleic acid sequence with higher affinity and specificity compared to
traditional oligonucleotides. It was shown (Egholm et al., 1993) that PNA hybridisation to
complementary oligonucleotides obeys the Watson-Crick base-pairing rules with the PNA
and DNA strands joined via hydrogen bonds (see Figure 1). The neutral backbone also
implies a lack of electrostatic repulsion between the PNA and DNA strands (compared to
that existing between two negatively-charge DNA oligomers), and hence a higher thermal
stability of PNA/DNA duplexes. It was also demostrated that the thermal stability of the
resulting PNA/DNA duplex is essentially independent of the salt concentration in the
hybridisation solution (Orum et al., 1995; Wang, 1998).

(ss)PNA oligomers exhibit superior hybridisation properties, as well as improved chemical
and enzymatic stability, compared to natural nucleic acids. For many applications, the
synthetic DNA mimic, PNA, could be advantageously used as a probe molecule, owing to
its unique physicochemical and biochemical properties. The unique structure and the
resultant hybridisation properties of PNA, open up many important biological and
diagnostic applications, not achievable with traditional oligonucleotides. In addition, the
different molecular structures of DNA and PNA (see Figure 1), offer a large set of chemical
signatures to be detected after hybridisation, thus allowing the use of label-free techniques
of detection. The chapter will explain why and how these unique properties of PNA may be
applied to DNA specific recognition.

Fig. 1. Schematic chemical model of PNA and DNA molecules, showing the different
backbone linkages, (Mateo-Marti et al., 2007).

When searching to optimise biosensors, it is crucial to characterise all steps of their
elaboration, as well as to detect, and possibly quantify, with the highest possible sensitivity
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and specificity, the reaction of molecular recognition onto the receptor. Of course, we are
talking about a characterisation at a molecular level, some properties being determining for
the biosensor parameters: the surface coverage, the orientation/conformation of the
adsorbed molecules, their spatial arrangement and, possibly, their charge. Since this chapter
is focused on PNA-DNA systems, most of the time involving rather short oligonucleotides,
surface science techniques are particularly well suited, though still rather seldom used in
this domain.

1.2 Novel detection techniques for PNA-DNA-based biosensors

The unique properties of ssPNA and its physico-chemical differences with respect to DNA,
encourage the use of surface characterisation techniques for the detection of label-free
nucleic acid targets in biological samples. Under the term “surface” techniques, we will
include electrochemical, gravimetric techniques, Quartz Crystal Microbalance (QCM), as
well as specifically surface science characterisation techniques like X-ray Photoelectron
Spectroscopy (XPS), Reflection Absorption Infrared Spectroscopy (RAIRS), Surface Plasmon
Resonance (SPR), Surface Enhanced Raman Scattering (SERS) and Time-of-Flight Ion Mass
Spectrometry (ToF SIMS); for the first time, these techniques, rather original when applied
to PNA-DNA detection, will be gathered and compared in one chapter.

Electrochemical detection of DNA binding to DNA or PNA has been widely described in the
literature (Liu et al., 2005; Steichen et al., 2007; Fang et al., 2008) Cyclic Voltametry (CV), or
more sophisticated, Differential Pulse Voltametry (DPV), Electrochemical Impedance
Spectroscopy (EIS), conductivity changes may be used as sensitive transduction techniques.
The principles of these electrochemical techniques will be recalled; the advantage of using
redox markers or electroactive labels will be considered. Often associated with impedance
measurements, QCM, but also SPR, based on the detection of refraction index variations,
have been successfully used to identify DNA hybridisation in real time.

Less commonly used for PNA-DNA hybridisation detection, though very sensitive, are the
specifically surface science techniques, like XPS and RAIRS. XPS, though not applicable to
instant, on line detection, has been applied to the characterisation of PNA, and then PNA +
DNA layers, thus bringing valuable chemical information about the density/integrity of
these molecular layers at these two steps (Mateo-Marti et al, 2005; Mateo-Marti et al, 2007).
Surface infrared, RAIRS, whose sensitivity is enhanced on planar surfaces, is a new, very
easy to handle, chemical detection technique.

Major drawbacks of current well-standardized molecular biology techniques are their time
requirements for sample processing and amplification, risk of false positives from sample or
reagent contamination, heavy instrumentation, laboratory costs and need for labeling of the
analytes (Gau 2005). To overcome these drawbacks, a lot of research work is focussed on the
development of label-free DNA biosensors, which allow the direct detection, and specific
identification of point mutations in genes. Detection methods that avoid labeling of the
target molecule to be hybridised usually guarantee a higher accuracy of the measurements
(Buetow et al., 2001; Briones et al., 2005).

The PNA biosensor technology holds promises for rapid and cost-effective detection of
specific DNA sequences. A single-strand nucleic acid probe is immobilised onto optical,
electrochemical, or mass-sensitive transducers to detect the complementary (or mismatch)
strand in a sample solution. The response from the hybridisation event is converted into a
measurable signal by the transducer. We describe here the use of PNA as a novel probe for
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sequence-specific biosensors and highlight some of the advantages of using it as a
recognition probe.

This chapter presents a review of recent studies, focussed on PNA-DNA hybridisation
detection by using “chemical”, or purely “surface science” techniques; the latter provide
alternatives for optimizing nucleic acid-based sensors and expanding the range of detection
methods available; the conditions of their use for this specific application as well as a
comparison of their respective performances will be attempted and, moreover some
indications helping to choose the best technique for the best detection, depending on the
scientific case, will be suggested, based on the most recent literature survey.

2.Techniques and results

2.1 Surface spectroscopies

2.1.1 X-Ray Photoemission Spectroscopy (XPS)

XPS is one of the most universal techniques used for analysing surfaces from a chemical point
of view. The bases of the technique ly in Einstein’s discovery of the photoelectric effect,
whereby photons can induce electrons emission from a solid provided that the photon energy
(hv) is greater than the work function (the work function of a solid is defined as the minimum
energy required to remove an electron from the highest occupied energy level in the solid to
the vacuum level). The vacuum level may be used as an “energy zero”. Surface analysis by
XPS is accomplished by irradiating a sample with monoenergetic soft x-rays and analysing the
energy of the detected electrons. These photons have a limited penetrating power in a solid of
the order of 1-10 micrometers (Moulder, 1992) and, overall, the electron have a free path in
solids of the order of 5-10 nm which makes XPS a true surface sensitive technique. They
interact with atoms in the surface region, causing electrons to be emitted by the photoelectric
effect. The emitted electrons have measured kinetic energies (KE) given by:

KE= hv-BE-Qs

Where hv is the energy of the photon, BE is the binding energy of the atomic orbital from
which the electron originates, and Qs is the spectrometer work function.

The binding energy may be regarded as the energy difference between the initial and final
states after the photoelectron has left the atom. Hence it is clear that for a fixed photon
energy, photoemission from an atom which well-defined core levels (of particular binding
energy) will produce photoelectrons with well-defined kinetic energies varying
systematically from one element to another (Attard & Barnes, 1998). Because each element
has a unique set of binding energies, XPS can be used to identify and determine the
concentration of the elements in the surface layers. Variations in the elemental binding
energies (the chemical shift) arise from differences in the chemical potential and
polarisability of compounds. These chemical shifts can be used to identify the chemical state
of the materials being analysed. XPS is also a probe of the chemical environment or
oxidation state of surfaces species. The detection limit for surface impurities in XPS can, in
favourable circumstances, be less than 1% of a monolayer.

Structural-chemical differences between PNA and DNA molecule, encourage the use of XPS
surface to detect and quantify the hybridisation.

In the following example, ssPNA molecules on gold surfaces, were adsorbed from water,
forming a layer stable in the air, and showing efficient and specific ssDNA recognition
capability. The quality of the sensing PNA layer, and then, the biological activity of the
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SAMs of ssPNA and their interaction with complementary ssDNA have indeed been
investigated by XPS. Immobilisation of ssPNA (1uM) on polycrystalline Au layers was
performed at 22°C for 3.5 h in a humid chamber. After immobilisation, the gold samples
were rinsed in H>O at 22°C; at this optimal concentration, 1pM, PNA molecules realign their
molecular axes with the surface normal and form SAMs without the need of co-
immobilisation of spacers or other adjuvant molecules molecules (Mateo-Marti et al., 2005).
PNA hybridisation with 100uM ssDNA, 2005). Hybridisation with 100upM ssDNA target
solution was carried at 54°C for 1 h, in a buffer pH 7.2. Post-hybridisation washing was
performed. Finally, blowing helium gas dried the gold samples.

XPS was also performed to estimate the dynamic range of the recognition process of ssPNA
by ssDNA. For PNA concentrations ranging from 0.1 to 1 uM, an average increase of the
normalized N1s peak ranging from 2.6 to 3.2 times after hybridisation was observed. The
number of N atoms per ssPNA molecule is 64, versus 116 in the complementary DNA. An
enhancement of the N signal by a factor of 2.8 may thus be expected from an approximate
atom-counting model. A good agreement between the expected and obtained values
suggests that, under optimal conditions, the fraction of ssPNA hybridised with DNA target
is near 100%. This value is higher than that reported for DNA-DNA hybridisation measured
with the same technique (Casero et al. 2003, D.Y. Petrovykh et al.,, 2003). For PNA
concentrations higher than approximately 5uM, the surface is completely covered by ssPNA
and the photoemission signal does not change after hybridisation, indicating that the
bioSAM is not behaving as an active biosensor. It can be concluded that bioSAMs of ssPNA
offer optimal biosensor capacity when immobilised at concentrations of up to 1uM, thus
forming non dense sensing layers.

The P signal, related to the phosphate groups in the DNA backbone but absent in PNA,
together with an increase in the N signal detected after hybridisation, are the fingerprints of
the hybridisation of complementary ssDNA to bioSAMs of ssPNA, in the XPS detection
(Briones et al., 2004; Mateo-Marti et al., 2007). Moreover, the N(1s) core level peak was
analysed at high resolution to search for a chemical shift due to the PNA-DNA hybridisation
process. A spectral shift of 0.4 eV to higher binding energies, was indeed observed. The shift
of the N (1s) peak to higher energy values has been ascribed to the hydrogen bonds,
occurring in the hybridisation process, thus also constituting a fingerprint of the DNA to
PNA binding .

Silicon, that represents a remarkable compromise between stability, biocompatibility, and
maturity of the semiconductor processing technology, was also used for nucleic acid
biosensors, combined with XPS characterisation. Cattani-Scholz et al. reported a stepwise
functionalization of SiO-terminated Si surface by phosphonate and siloxane films modified
with polyethylene glycol (PEG) and PNA as selective probes for DNA. Hybridisation has
been characterised by XPS among others techniques; the biofunctional interfaces exhibit
good resistance against non specific interactions, having potential applications for
PNA/DNA microdevices. (Cattani-Scholz et al., 2008; Cattani-Scholz et al., 2009).

2.1.2 Reflection Absorption Infrared Spectroscopy (RAIRS)

Infrared spectroscopy may also be employed to identify the chemical nature and
conformation of molecules adsorbed on surfaces. The fact that infrared spectroscopy
provides specific information on the types of bonds present in a molecule, is non-
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destructive, and does not require Ultra High Vacuum has made it a highly versatile
technique for surface analysis. Moreover, the majority of vibrations of functional groups
within adsorbed molecules generally occur above 800 cm-1. To characterise adsorption and
reaction phenomena occurring at the surface of a metal or of a semi-conductor, transmission
experiments are not relevant; they can be advantageously replaced by applying IR
spectroscopy in the reflection mode, where the sample is acting as a mirror, reflecting the
beam (Attard & Barnes, 1998). RAIRS uses infrared light to excite the internal vibrations of
the adsorbed molecules. The frequency of these vibrations can reveal the chemical groups
in the adsorbate, the adsorption geometry and the adsorption site occupied by the surface
molecule.

Classically, the general infrared selection rule states that for a vibration to be infrared
active, the electric dipole moment of the molecule must change during the vibration. While
for a molecule adsorbed on a metal surface, the interaction of the infrared radiation with the
adsorbate dipole is influenced by the dielectric behaviour of the metal. This gives rise to the
following selection rule for RAIRS:

‘ONLY VIBRATIONAL MODES WITH A DIPOLE MOMENT CHANGE NORMAL TO
THE SURFACE WILL BE OBSERVED’

An infrared spectroscopy experiment consists in measuring the differences between the
light intensity of the incident and transmitted beams of radiation in a particular frequency
region; for RAIRS the difference between light reflected on a clean and modified surfaces
will be measured. Because of the extremely highly inherent resolution of RAIRS (less than 4
cm!) inspection of the spectra for simple molecules yields unique information about the
chemical state and interactions, H-binding or charge transfer for example.

The different molecular structures of DNA and PNA offer a wide range of chemical
signatures to be detected only after hybridisation, thus allowing the use of RAIRS as
detection technique. Figure 2 shows, a comparison between PNA and PNA-DNA infrared
spectra on gold surfaces, some features are enhanced, and also, the characteristic bands of
DNA molecular groups, appear. These findings indicate the possibility to detect a
hybridisation process by IR (Mateo-Marti et al., 2007).

The various chemical functional groups present in each molecule, PNA and DNA have been
identified and associated to specific infrared features. Vibrational modes associated with
nucleobases (heterocyclic) and vibrational features associated with the backbone (CH;
alkane group, -O-ether functionality, NH-CO amide group). Regarding the nucleic bases,
the main features should appear in the following regions (Mantsch, 1996): the in-plane (ip)
double bond vibrations of the bases are located at 1780-1500 cm-!, base-deformation motions
appear at 1500-1250 cm-!, and out-of-plane (oop) base vibrations at frequencies lower than
1000 cm-! (see Figure 2).

Two features are specific fingerprints of the DNA, as no phosphate groups are present in the
PNA molecule. The appearance of two strong absorption bands, assigned to the phosphate
vibrations (antisymmetric POy stretching vibration at 1237 cm and symmetric stretching
vibrations at 1081 cm) can be clearly identified on the spectrum (see Figure 2). They are
reliable proofs of the PNA-DNA hybridisation process; phosphates, and their respective
infrared signals, should only be present when a nucleic acid has bound to the
complementary PNA molecule.
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Fig. 2. A comparison PM-RAIRS spectra of PNA and PNA-DNA after hybridisation process
(Mateo-Marti et al., 2007).

2.1.3 Surface Enhanced Raman Scattering (SERS)

Surface Enhanced Raman Scattering (SERS) is a particularly sensitive surface analytical
technique, taking advantage of the increased local field on nanostructured surfaces; the ideal
substrates are typically Au or Ag. Researches using SERS on nanostructured surfaces
and/or nanoparticles have given rise to spectacular results, in term of sensitive detection,
applied for instance to biosensors; examples of DNA hybridisation are not common due to
the difficulty to immobilise these probes on nanostructures in a controlled way.

Detection of DNA by SERS may also take advantage of the electrostatic interactions
generated when the oligonucleotides interacts with PNA; this enables the binding of
positively charged nanoparticles bearing a SERS reporter molecule for instance. In Fabris et
al. study (Fabris et al., 2007), DNA was hybridised to PNA immobilised on slides, leaving a
negatively-charged surface; immersion in a solution of positively-charged Ag Nanoparticles
(NPs), and then in a solution of rhodamine SERS reporters, leads to intense SERS signal,
attributed to the specific PNA-DNA interaction. Note that addition of non-complementary
ssDNA, at the initial step, leaves the PNA layer unmodified, thus not binding nanoparticles;
a resulting none or quasi no SERS signal has been observed (see Fig. 3).

Another way to detect DNA hybridisation by SERS was recently described by Fang et al. It
consisted in using ordered arrays of silicium nanostructures, coated with gold or silver as
SERS substrates; the latter were functionnalised with PNA and submitted to target DNA.
Thanks to the affinity of the DNA phosphate groups towards Zr#* cations, these
oligonucleotides, immersed in zirconide chloride, were bearing Zr cations and this only on
PNA-duplex; after incubation in Rhodamine B that reacts with Zr cations, the hybridisation
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Fig. 3. General scheme of the assay, PNA in green and complementary DNA in blue. SERS

signals from PNA slides hybridised with ssDNAc (blue) or ssDNAnc (red) (Fabris et al.,
2007).

could be detected by SERS (Fang et al., 2008a), with a detection limit of 1x10-12 M. Of course,
the sensitivity increases with the oligonucleotide length due to the higher amount of
phosphate groups. Note that all Raman measurements were obtained in the air, after sample
rinsing; this appears not to perturbate the data. The selectivity of this assay was checked by
testing a single base mismatched DNA; no signals were observed in that case.

This method, enabling sensitive SERS detection, is applicable to other biological recognition
systems, but our purpose is to show here the interest of using neutral PNA as the specific
probe for DNA; commercial PNA-slides now even exist (Ujihara et al., 2005).

2.1.4 Time-of-Flight lon Mass Spectrometry (ToF SIMS)

Worth mentioning are some recent studies, using ToF SIMS, an ultra sensitive surface
analysis technique to detect unlabeled DNA targets on PNA microarrays (Arlinghaus &
Kwoka, 1997; Brandt et al., 2003). The experiment consists in bombarding the sample with
an ion beam that induces molecular fragments and/or ions from the topmost surface layer
to desorb. They are then detected by a ToF mass spectrometer. In Arlinghaus et al. work,
ToF-SIMS was used to monitor the amount of immobilised PNA on platinum-coated silicon
chips, and thus check the sample reproducibility. These chips were then hybridised and
analysed for phosphorous signal; a peak was observed in the case of complementary
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nucleotides and no peaks at the non complementary spot, demonstrating the successful
selective hybridisation. The method takes advantage of its great sensitivity to PO,-and POs-
fragments of the phosphate ions present on DNA (and not on PNA).

2.2 Optical and gravimetric techniques

2.2.1 Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance (SPR) is a surface analysis technique that measures changes in
the refractive index that occur upon adsorption on a gold film.
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Fig. 4. Principle of Surface Plasmon Resonance Spectroscopy, a label-free detection
technique (Brandt & Hoheisel, 2004).

The first commercial instrument was launched in 1990 by Biacore to assay molecular
recognition on a planar surface; since that date the sensitivity and handling have been
improved and adapted to specific cases making the technique very powerful in a wide range
of applications, food or environmental monitoring, detection in medicine for example
(Homola, 2003; Karlsson, 2004).

DNA hybridisation to PNA probes, immobilised on a planar gold surface, may be measured
by using Surface Plasmon Resonance (SPR). In the latter case, DNA binding to PNA induces
a change in the refractive index, proportional to the mass uptake on the chip surface and
enabling a real-time monitoring of the hybridisation process (Jensen et al., 1997). A small
review of some PNA-based biosensors has been recently published, presenting some
examples of biosensors using labels or not, and showing the interest of using these DNA
mimics (Brandt & Hoheisel, 2004; Corradini et al., 2004); they report in particular that PNA
monomers may be modified by adding a chiral center to enhance their mismatch recognition
sensitivity by SPR (Corradini et al., 2004); also, instead of using the direct grafted PNA
format, PCR products may be attached to the SPR sensor surface, followed by PNA
oligomer hybridisation leading to highly efficient PNA hybridisation; this has been
attributed to the better accessibility of PNA probes to the immobilised PCR, compared to
that of DNA oligonucleotides (Feriotto et al., 2001).

However, the SPR detection sensitivity often needs to be enhanced by incorporating labels
or using a second hybridisation (sandwich format). Using Au Nanoparticles labels, Yao et al.
report a very high sensitivity of the SPR technique in DNA hybridisation, down to the
femtomolar level (Yao et al., 2006). Another example is reported by Su et al. who describe a
method relying on the use of charge neutral peptide nucleic acids as capture probes and
polymer-modified DNA as targets: protonated aniline monomers, that do not adsorb on
neutral PNA (Fan et al., 2007a), are first adsorbed to the DNA molecules; polymerisation
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into polyalinine then occurs and, enhanced refractive index changes are observed when this
DNA-polyalinine hybridises to PNA (Su et al., 2008); the lowest concentration of DNA,
detectable in this way by SPR, was 0.1 pM which is close to that attained by fluorescent
methods (Will et al., 1999).

More recently, a Localised Surface Plasmon Resonance (LSPR)-based label-free biosensor
utilising gold-capped nanoparticles, modified with DNA probes, was developed. The
optical properties of gold nanoparticles, measured from the absorbance strength, are
modified upon DNA hybridisation. The LSPR-based biosensor was made of a gold-coated
glass substrate on which 100 nm silica nanoparticles were deposited and then capped with
gold leading to a full and homogeneous layer of nanoparticles; the SPR absorbance, at ca 537
nm, increased upon increasing the adsorbed molecular layer, e.g. upon DNA binding to
PNA probes; this system permitted to reach a limit of detection equal to 0.7 pM target DNA,
with a good sequence selectivity (Endo et al., 2005).

Interestingly, the kinetics and affinity constants of the DNA-DNA and PNA-DNA pairings
were compared, using chromophore-labeled oligonucleotides and SPR detection; the two
systems, where the probes were surface-attached via biotin-avidin linkages, showed similar
affinity constants, 2 to 3 x 107 M-1, but PNA-DNA binding showed some deviation from the
classical Langmuir DNA-DNA model; this was interpreted by a first binding of DNA to
uncharged PNA followed by a rearrangement on the surface; this simply underlines, that by
using an uncharged oligonucleotide, important changes in the structure/conformation of
the duplex may occur and change the kinetics of the hybridisation reaction (Kambhampati
et al., 2001).

Surface Plasmon Fluorescence Spectroscopy (SPFS) is another derivative of SPR, which we
will not detail in this chapter; let’s just mention that this technique was applied to detect
PNA-DNA hybridisation and characterise the kinetic parameters of this system. The authors
confirm possible structural changes of PNA-DNA duplexes after hybridisation, strongly
influenced by the ionic strength of the solution (Liu et al., 2006).

2.2.2 Quartz Crystal Microbalance (QCM)

Quartz Crystal Microbalance (QCM) technique measures, in real time, changes in mass of
the surface of a resonating quartz, by monitoring its resonance frequency; it gives
information similar to that obtained by SPR, but also, it provides precious data about the
kinetics of interaction and about the structure of the adsorbed layer by measuring
dissipation energy. Obtaining these complementary sets of information is unique and
permits valuable discussions about correlating the reactivity/sensitivity of a sensor to the
immobilisation method for example (Ho0k et al., 1998).

F. Hook et al. developed a QCM-based PNA-DNA sensor, showing the interest of
measuring the frequency and dissipation changes simultaneously for studying various ways
of immobilising PNA probes (Hook et al., 2001). The authors immobilised PNA probes in
two different ways, either directly to the gold quartz via a thiol function, or on an
intermediate biotin-avidin layer. Interestingly, responses observed upon DNA hybridisation
were different: thiol-PNA forms a rigid structure with essentially no affinity toward
complementary DNA, while biotin-PNA, bound to a 2D arrangement of streptavidin, forms
a flexible layer with a high affinity to complementary DNA. Note that a single mismatched
DNA was also recognised, but to a lesser extent and overall, its binding was reversible
conversely to that of the fully complementary oligonucleotide. Eventually, the authors
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compared the PNA-DNA and DNA-DNA layers, by measuring the changes in frequency
and dissipation when binding DNA; it appears that biotin-DNA forms a more expanded
layer than biotin-PNA, with very little dissipation change upon DNA hybridisation (see the
AD = f(Af) curve, fig. 5); biotin-PNA forms a flexible but less expanded layer, with higher
dissipation change upon DNA hybridisation; this difference is obviously related to the
interactions between charged or uncharged oligonucleotides.
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Fig. 5. AD versus Af curves for biotin-DNA and biotin-DNA binding to streptavidin,
followed by DNA hybridisation, from (Hook et al., 2001).

The high sensitivity of Quartz Crystal Microbalance was demonstrated by Wang et al. who
measured the hybridisation of single-base altered DNA strands, even in the presence of a
large excess of single-base mismatch oligonucleotides (Wang et al., 1997a). They estimated
the detection limit, in the case of a 15 mer-long probe, around 1 pg/ml.

In a more recent study, QCM measurements were combined to SPR analyses in order to
circumvent the problem raised by changes in the refractive index when denaturants, or
potential changes, are applied to facilitate single mismatch detection (Lao et al., 2009).
When 22-mer probes are involved, hybridisation to both PNA and DNA probes occurs but
PNA probes show a higher efficiency for single mismatch discrimination. The authors
demonstrate that PNA probes are more stable and efficient in mismatch identification, even
when dehybridisation is assisted by potential changes.

Another type of chemistry was applied to immobilise single-stranded DNA molecules at the
air-water interface, using cationic Langmuir monolayers (Ramakrishnan et al., 2002; Sastry
et al., 2000). Interestingly, the hybridisation of complementary PNA molecules was achieved
at this interface, leading to very stable DNA-PNA hybrid monolayers. The PNA-DNA
hybridisation was measured by QCM; again, in the case of a single mismatch DNA
sequence, no hybridisation with PNA was observed. Note that the stability of these hybrid
complexes was investigated by measuring the absorbance as a function of temperature,
showing an enhanced stability on the cationic layer; this has been ascribed to the screening
of the DNA charges by the monolayer, thus stabilising the duplex. This approach
demonstrated first that DNA or PNA may be immobilised and hybridised successfully at an
air-water interface and second, the importance of the attachment layer; in the presented
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case, the cationic monolayers screened the electrostatic interactions and leaves the bases of
the DNA molecules well oriented and accessible thus favouring hydrogen bonding of the
complementary PNA; this had never been observed in solution.

PNA-DNA interactions have been used to direct the assembly of nanoparticles into
macroscopic arrangements. The quantification of the hybridisation efficiency was ensured
by fluorescence (Chakrabarti & Klibanov, 2003).

In a very recent study, hybridisation of hepatitis B virus by PNA was detected by QCM with
a detection limit of 8.6 pg/L (Yao et al., 2008). This work relied on the immobilisation of
PNA probes on a gold quartz using Carruso et al. method, grafting of a thiol on which
avidin was chemically bound and then the biotinylated PNA probe (Carruso et al., 1997).
Hybridisation with complementary and mismatch sequences was then measured by
monitoring the quartz frequency, showing a remarkable mismatch discrimination. The
authors underline the paramount importance of the probe immobilisation procedure to
ensure low non-specific interaction and high reproducibility. Eventually, the detection
sensitivity was improved by coating complementary ssDNA probes with RecA protein,
before hybridisation to PNA in the QCM cell.

2.3 Electrochemistry

Electrochemical concepts have also proven to be very useful for sequence-specific
biosensing of DNA, because they provide simple, rapid, lable-free and low-cost detection of
nucleic acid sequences [Wang et al., 2000; F. Patolsky et al., 1999]. The binding of the
surface-confined probe and its complementary target strand is translated into a useful
electrical signal. Among the electrochemical methods, the most used is based on redox
labels, which generate a signal change upon hybridisation. Of course, the main drawback of
these techniques is the need for this redox label to be added in solution, or grafted on DNA
strands. To solve this problem, the redox indicator can be covalently grafted onto the
electrode. Following this scheme, electrochemical methods like Cyclic Voltametry (CV),
Differential Pulse Voltametry (DPV) or Electrochemical Impedance Spectroscopy (EIS) have
been successfully used (Reisberg et al., 2008 and ref. in).

Among the electrochemical sensors, we will report on those, which involve PNA
immobilised on the electrode surface as a probe for the recognition of the target DNA. The
electrical neutrality of the PNA backbone, the adsorption of PNA onto charged carbon or
mercury electrodes differs greatly from that of DNA in terms of potential dependence, and
surface packing. Therefore, the strong adsorption of PNA, combined with the electroactivity
of the nucleobases, can be exploited for developing highly sensitive and selective sensors for
measuring trace levels of DNA (Wang et al., 1996).

2.3.1 Potentiometry

The signal measured is the potential difference (voltage) between the working and the
reference electrodes. The working electrode's potential depends on the concentration of the
analyte in the gas or solution phase. The reference electrode is needed to provide a defined
reference potential.

Direct methods rely on the intrinsic electrochemical properties of DNA (the oxidation of
purine bases, particularly guanine), or in changes in some of the interfacial properties after
hybridisation. The first report in which guanine oxidation chemistry was used for target
detection was described by Wang et al., who showed how the chronopotentiometric signal
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of guanine decreased after incubation of an oligo d[G] modified electrode with a guanine-
free target (Wang et al., 1997b). Wang et al. have reported the use of PNA as a recognition
probe for the electrochemical detection of the hybridisation event using
chronopotentiometric measurements. The method consists of four steps: probe (PNA)
immobilisation onto the transducer surface, hybridisation, indicator binding (Co(phen)s3*),
and chronopotentiometric transduction (Wang et al., 1996).

A carbon-pasted electrode is in this process bearing the immobilised DNA or PNA probe.
The hybridisation experiment was carried out by immersing the electrode into the stirred
buffer solution containing a desired target, followed by measurement of signal. The
detection limit was of 10 pmol of the 15-mer oligonucleotide target was observed following
a 10 min hybridisation. PNA carbon-paste biosensor was used for the detection of specific
mutation in the p53 gene, a mutation related to various types of cancer. Challenging, the
PNA biosensor with single-base mismatch oligomer resulted in a 3% error, as compared to a
91% error for the DNA recognition (Wang et al. 1997c).

2.3.2 Voltametry

Voltametry is an electrochemical technique in which a controlled potential is applied to an
electrode (the working electrode), and any current that results from an electron transfer
reaction at the electrode is measured. A potentiostat is used to apply the desired potential to
the working electrode, relative to a reference electrode, and to measure the resulting current.
While it is possible to perform voltametry with just two electrodes, in practice a third
electrode, the auxiliary electrode, is employed in the current measurement system. The
potentiostat is designed to prevent any current flow at the reference electrode, which might
result in changes to its electrochemical potential (Van Benschoten, 1983). There are different
modes of voltametry depending of the information desired. Cyclic Voltametry (CV) is a
form of linear sweep voltametry that is carried out at a stationary electrode in a quiet
solution, and is an important technique for characterisation of electroactive species. In cyclic
voltametry, a solution component is electrolysed (oxidised or reduced) by placing the
solution in contact with an electrode surface, and then making that surface sufficiently
positive or negative in voltage to force electron transfer.

Voltametry technique has been applied for PNA-DNA detection in several studies. PNA
molecules are immobilised as capture probes on a gold substrate. The redox complexes do
not interact electrostatically with the PNA probes due to the absence of the anionic
phosphate groups on the PNA probes. But after hybridisation, the complex is adsorbed on
the DNA backbone, giving a clear hybridisation detection signal in ac voltametry. The
process combines the selectivity of the peptide nuclecic acid recognition layer with the
sensitivity of ac voltametry.

We describe several examples using complexes as redox markers, and different modes of
applying voltametry as a detection technique. Aoki et al. have described the use of mixed
monolayers of PNA and 6-mercapto-1-hexanol on gold disk electrodes to detect
complementary oligonucleotides at micromolar level by cyclic voltametry. The system relies
on the electrostatic repulsion of the diffusing ferrocyanide redox marker, accrued from the
hybridisation of the negatively-charge target DNA and the neutral PNA probe. Binding of
the complementary oligonucleotide to the PNA probe monolayer increases the negative
charge at the surface of the electrode, which results in electrostatic repulsion between the
redox marker [Fe(CN)¢] 4/3 in solution and the monolayer, thereby hindering the redox
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reaction of the maker; this allows the indirect detection of the complementary
oligonucleotide (Aoki et al., 2000).

Steichen et al. have reported that the cationic ruthenium complexes ([Ru(NHs;)®]3*), is
adsorbed on the DNA backbone only after hybridisation, giving a clear hybridisation
detection signal in ac voltametry (Steichen et al., 2007). Furthermore, new method for the
PNA-DNA detection has been developed. Ferrocene-containing cationic polythiophene does
not bind electroscally to the PNA probes due to the absence of the anionic phosphate groups
before hybridisation. After the PNA-DNA hybrid is formed, ferrocene-containing cationic
polythiophene interacts electrostatically with the negatively charged phosphate groups and
is adsorbed on the DNA backbone, giving a clear hybridisation detection signal in the cyclic
voltamograms (qualitative information) and Differential Pulse Voltametry (DPV)
(quantitative information). DPV has a much higher current sensitivity and better resolution
than cyclic voltametry, because DPV provides a convenient peak shape for quantification,
and the compounds, that get oxidized at different potential, will show up as separate peaks
if their oxidation potentials are sufficiently different (Adams et Justice, 1997; Fang et al.,
2008b). Kerman et al. report on electrochemical biosensor based on PNA for detection of
PNA-DNA hybridisation the oxidation signal of guanine at carbon paste electrode detected
by using DPV (Kerman et al., 2003).

Square Wave Voltametry (SWV) is a very sensitive and fast technique (voltamograms can be
obtained in a few seconds), therefore, very well suited to study DNA hybridisation (Liu et
al., 2006). SWV have been used to detect and quantify PNA-DNA hybridisation, based on
ferroceno (Fc)-streptavidin conjugates. The quantification of target DNA can be easily
obtained on this sensor platform with good stability and reproducibility, and the PNA-DNA
affinity constants can be obtained from the redox-labeled streptavidin coupled to the
duplex. Another example of detection of the electrochemical changes using SWV, PNA were
attached covalently onto a quinone-based electroactive polymer, following changes in
flexibility of the PNA probe strand upon hybridisation generates electrochemical changes at
the polymer-solution interface. An increase in the peak current of quinone was observed
upon hybridisation of probes by the target DNAs, whereas no change is observed with non-
complementary sequence. Hybridisation was detected by recording the modification of the
redox process of the quinone group, using SWV (Reisberg et al, 2008).

Hashimoto et al. have described the elaboration of electrochemical PNA arrays for the
detection of the cancer gene ras; PNA was immobilised on gold electrodes of the array, and
by using Linear Sweep Voltammetry (LSV) can provide a quick and convenient method for
determining target DNAs specifically and quantitatively, with a detection limit of 1013 M (3
fmol) (Hashimoto, K. & Ishimori, Y. 2001).

The PNA-SAM sensor was tested to differentiate the A2143G point mutation of H. pylori
versus the wild-type sequence oligonucleotide, showing a good selectivity and sensitivity.
H. pylori is recognised as one of the most common pathogens afflicting humans, the presence
of the bacterium in the gastric mucosa is associated with chronic active gastritis and is
implicated in more severe gastric diseases (Steichen et al., 2007). The detection limit of the
complementary DNA oligonucleotide is 80 pM. Currently a hybridisation volume of 20 pl of
DNA target is exposed to the PNA-SAM electrode, meaning that 1.6 fmol of the
complementary target can be detected. However the use of microelectrodes could
significantly improve the detection limit. DPVs detection limit for PNA-DNA hybridisation
is 1.0x108 M on a planar electrode and reproducible results Residual Standard Deviation
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(RSD) of 5% was obtained for four repetitive measurements of hybridisation of ss-PNA
probe with 4.0x10-8 M target DNA (Fang et al., 2008).
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Fig. 6. (A) Schematic representation of the electrostatic DNA hybridisation detection method
using [Ru (NHs)s]3* as redox markers, and PNA as capture probes on gold. (B) Imaginary
admittances of the PNA sensor before (a) and after (b) hybridisation with 1pM
complementary DNA (from Steichen et al., 2007).

2.3.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is an experimental method to characterise
electrochemical systems. This technique measures the impedance of a system over a range of
frequencies; the frequency response of the system, including the energy storage and
dissipation properties, is revealed. Often, EIS reveals information about the reaction
mechanism of an electrochemical process: different reaction steps will dominate at certain
frequencies, and the frequency response shown by EIS can help identifying the rate limiting
step. Among the used electrochemical techniques, electrochemical impedance spectroscopy
has been shown very effective and sensitive for the characterisation of biomaterial-
functionalised electrodes and biocatalytic transformation at electrode surfaces.

The principle of impedimetric sensing of DNA hybridisation is based on the formation of
nucleic acid/DNA complexes at an electrode surface. The resulting negatively charged
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interface electrostatically repels the negatively charged redox indicator Fe(CN)e3-/4. The
electrostatic repulsion of the redox-active molecules leads to an enhanced charge transfer
resistance, Re. Thus, R will increase with the increasing amount of hybridised DNA.
Electrochemical impedance spectroscopy was already successfully used for the visualisation
of DNA hybridisation. In EIS, the binding of the target strands to surface-immobilised
capture probes is indicated by a shift in the impedance spectrum of the modified electrode
[Katz et al., 2003]. In addition, label-free detection of DNA can be obtained by interaction of
DNA with electrochemically active ligands [Wang 2003]. Liu et al. have studied in situ
hybridisation kinetic studies with label-free DNA target oligonucleotides on a mixed
monolayer of PNA and mercaptohexanol on Au electrodes using EIS. EIS can be used to
follow the in-situ hybridisation kinetics of PNA/DNA by recording the change of R with
time (Liu et al., 2005). The immobilised PNA probes on the sensor surface are uncharged,
and hence, do not affect the charge transfer from the redox indicator Fe(CN)s*/4 to the
electrode. Once DNA targets hybridise to PNA, the charge density at the sensor surface will
be changed, being a probe to monitor the PNA/DNA hybridisation process. This
experiment demonstrated for the first time that EIS is a simple and convenient technique for
the in-situ kinetic analysis of DNA hybridisation. A single-base mismatch can be directly
seen in the kinetic curves. Moreover, the exact association (hybridisation) and dissociation
rate constants can be obtained. Thus, the method is comparable to a fluorescence technique
(Liu et al., 2005).

Monolayers of cysteine-linked peptide nucleic acid assembled on gold electrodes, were
investigated for the sensing of DNA recognition (Degefa et al., 2008). The monolayer was
characterised by cyclic voltametry. The electron transfer through the monolayers was
investigated using electrochemical impedance spectroscopy in the presence of target DNA
and redox marker ions [Fe(CN)s]3/4 as hybridisation indicator. The sensing of DNA at the
PNA SAMs was also investigated at different concentration of the target DNA. Degefa et al.
show that at lower target DNA concentration, a lower charge-transfer resistance, Rct, was
observed, and as the concentration was increased the resulting charge-transfer resistance,
Rct, increased too. The PNA surface was also studied for the detection of mismatched target
DNA, the fully matched DNA resulted in a higher charge transfer resistance, Rct, than that
of mismatched DNA target at higher target concentration. The non-complementary nucleic
acid showed a much reduced effect at all target concentrations.

Keighley et al. present a detailed EIS-based study of the simultaneous co-immobilisation of
thiol-modified PNA probes and mercaptohexanol (MCH) onto gold electrodes, an optimal
density exists, corresponding to a maximum in the change of Rct for the negatively charged
ferri/ferrocyanide redox couple, upon hybridisation with target DNA (Keighley et al., 2008).
The optimisation of PNA surface density and the measurement ionic strength are key factors
to the success of electrochemical impedance spectroscopy for label-free detection of DNA
hybridisation. A detection limit of 25 fmol target is demonstrated. This is likely to be further
improved by reduction of the electrode area and sample volume, this would allow reducing
the detection limit to 3 amol.

DNA biosensors, especially those based upon detection of the intrinsic negative charge of
target DNA, can be greatly improved by the use of uncharged peptide nucleic acid probes.
Hybridisation causes an increased electrostatic barrier for the negatively charged
ferri/ferrocyanide redox couple, resulting in an increase in charge transfer resistance Rct
that is measured using electrochemical impedance spectroscopy.
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3. Conclusion

PNA, an ingenious DNA mimic, has two main advantages compared to DNA as a probe:
first, it has no phosphate ions making the latter unique labels for the presence of DNA;
second, its backbone is uncharged permitting a better hybridisation and the use of other
matrix molecule or polymer to increase the binding and detection qualities. PNA offers a
promising opportunity for highly specific nucleic acid recognition.

In this chapter, we present a quick overview of some surface analysis techniques that have
been successfully applied to the detection of PNA-DNA hybridisation. While some surface
sensitive techniques are compatible with on line measurements, like all electrochemical
techniques, SPR and QCM, some are applied after hybridisation reaction; this is the case of
RAIRS, and of course XPS and ToF-SIMS that need vacuum conditions. It is clear from this
overview that, whatever the selected detection technique, the way of immobilising the PNA
probe is crucial; some gain in sensitivity were observed when the density and accessibility
of PNA were controlled. One also saw that playing with the hybridisation of neutral PNA
with positively charged DNA offers advantages, like binding nanoparticles, redox indicators
or polymerisation of oligomers, that increase the detection sensitivity. Chemical differences
in PNA and DNA backbones also provide with marked hybridisation “labels” that have
been exploited by the XPS or RAIRS techniques.

Table 1 summarise the techniques, their principle and associated sensitivity from the
literature overview. One main observation is that the reported sensitivity values are very
much fluctuating and this because researches in the PNA-DNA field are still recent and, for
some of them, focussing on the feasibility and technical developments for these rather novel

Technique Basic Principle Sensitivity | Reference
SPR Change in the refractive index 01pM (Su etal,, 2008)
upon hybridisation 0.7 pM (Endo et al., 2005)
A few nM | (Liu et al., 2006)
8.6pg/L (Yao et al., 2008)
Change in the resonance 5 uM (Ananthanawat et al., 2009)
QCM frequency of a quartz
d Y 1 10 pg/mL | (Wang et al., 1997)
1 uM (Hook et al., 2001)
SERS Enhanced electromagnetic field 1pM (Fang et al., 2008)
on nanostructured surfaces
Detection of PO, and POs- (Arlinghaus & Kwoka, 1997;
ToF SIMS fragments Brandt et al., 2003)
RAIRS POy vibrational frequency 100pM (Mateo-Marti et al., 2007)
XPS Phosphate binding energy 100pM (Mateo-Marti et al., 2007)
EIS Impedance/frequency response |1 nM (Keighley et al., 2008)
Potentiometry | Potencial difference (voltage) 10 pM (Wang et al., 1997¢)
Voltametry | current 3 ftM g(_)l(? 1S)h imoto & Ishimori,

Table 1. Summary of the techniques, their principle and their associated sensitivity for PNA-
DNA hybridisation detection.
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techniques in the domain. To our view, more important than sensitivity that very much
depends on the measurement conditions and, in some cases, types of labelling, the use of
synthetic PNA, instead of DNA, offers a remarkable specificity to a single mismatched
oligonucleotides ; this is critical for many gene desease recognition. Let’s keep in mind that
using this remarkably specific PNA-DNA hybridisation process, is attractive for genetic
diagnosis. Work is left to be done to improve the sensitivity, not forgetting that non specific
events have to be kept silent.
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