CHEMICAL SENSORS AND BIOASSAYS

236

Chimia 59 (2005) 236—242
© Schweizerische Chemische Gesellschaft
ISSN 0009-4293

CHIMIA 2005, 59, No. 5

Recent Advances in Optical DNA
Biosensors Technology

Bambang Kuswandi2, Sara Tombelli®, Giovanna MarazzaP, and Marco Mascini®*

Abstract: Recent advances in nucleic acids-based biosensors have led to the development of DNA biosensors
for DNA hybridisation detection and for nucleic acid-ligand binding studies. This review presents a concise de-
scription and an evaluation of the optical devices that have been employed in the development of optical DNA
biosensors. Such optical devices include optical fibres, planar waveguide, surface plasmon resonance, resonant
mirror and surface-enhanced Raman scattering. The specificity and response of each optical DNA biosensor are
discussed. Overall, a rapid growth in the development of optical DNA biosensor technology will be seen in the
near future, which will lead to the establishment of optical DNA biosensor technology as a major tool of analytical

biochemistry.
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1. Introduction

The revolutionary developments in medi-
cine and biology in recent years, which have
been influenced greatly by the progress of
the Human Genome Project, have offered
a variety of approaches for a better under-
standing of the molecular basis of life. Mo-
lecular diagnostics based on the analysis
of genomic sequences has offered a highly
sensitive and quantitative method for the
detection of genetic variations, genetic mu-
tations and infectious species at molecular
level, opening up the possibility of perform-
ing reliable diagnoses even before appear-
ance of any symptoms of a disease.
Generally, classical methods for the
analysis of specific gene sequences are
based on either direct sequencing or DNA
hybridisation. DNA hybridisation is more
commonly used in diagnostic laborato-
ries, due to its simplicity, than the direct
sequencing method [1]. In classical meth-
ods, the sequence of the target gene was
identified by a DNA probe that can form
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a double-stranded hybrid with its comple-
mentary strand with high efficiency and ex-
tremely high specificity, even in the pres-
ence of a mixture of many different nucleic
acids. Normally, nucleic acid probes were
single-stranded oligonucleotides labelled
with either radioactive or non-radioactive
material to provide detectable signals for
DNA hybridisation [2]. Radioactive la-
bels are extremely sensitive but have obvi-
ous disadvantages, such as short shelf life,
risks associated with exposure of its radia-
tion, cost, storage and disposal problems.
In contrast, non-radioactive probes, such as
enzymatic or luminescence labels, are less
sensitive but more flexible in terms of design
and application. Therefore, using currently
available technologies, large-scale and rou-
tine clinic screening based on gene diagnos-
tics is limited. Thus, developments of faster,
simpler, label-free and reliable methods are
needed in order to significantly improve the
applications of DNA molecular diagnostics
[1].

The acceleration in the development of
biosensors for the analysis of specific gene
sequences has arisen from current advances
in automated DNA synthesis and the con-
venient site-specific labelling of synthetic
oligonucleotides with suitable functional
moieties, coupled with advances in micro-
electronics. By definition, a biosensor is an
analytical device that incorporates a bio-
logically active layer as the recognition el-
ement and converts the physical parameters
of the biological interaction into a measur-
able analytical signal proportional to target
analyte concentration [3]. The signal may

be further amplified, processed, or stored
for later analysis. A DNA biosensor em-
ploys an immobilised synthetic sequence as
recognition element. Optical DNA biosen-
sors rely on the conversion of the base-pair
recognition event into a useful optical sig-
nal. Optical devices are favoured because of
their potentially easier fabrication, higher
chemical stability and lower risk of external
interferences, compared to sensor devices
based on other transduction principles,
such electrochemical devices [4], since no
electrical contact or magnetic field is ap-
plied in such sensor devices.

Recently, various reviews regarding
DNA biosensors with various transduc-
ers [5][6], including electrochemical ones
[1][7-10], have been reported. Here, we
will focus on the most recent development
in optical DNA biosensors, with basic in-
sight for the optical detection methods and
optical biosensor device structure, such as
optical fibres, planar waveguide, surface
plasmon resonance and surface-enhanced
Raman scattering. This discussion leads to
an evaluation of the advantages of optical
devices for the study of the various events
that occur in the DNA hybridisation process.
This review does not consider nanosensor
technology in terms of nanobiosensor and
biochips, since this field has been recently
reviewed in more detail in [11][12].

2. Optical DNA Biosensor Devices

In principle, nearly all techniques
known from conventional optics have been
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adapted to waveguiding or near-field sens-
ing geometries [13] and for their potential
in sensor application. The most common
and promising methods can be divided into
two groups. In sensors based on evanes-
cence (also called evanescence-field), such
as optical fibres and planar waveguide, the
detection is based on total reflection of an
incident light beam, an evanescence wave,
extending some 100 nm into the lower re-
fractive-index medium. The other sensors
are also related to such optical phenomena,
with detection schemes based on the change
in refractive index, such as surface plasmon
resonance (SPR) sensors, resonant mirrors
and grating couplers. They are associated
with the attractive feature of direct sensing,
without necessary labels, due to the signals
of this devices being directly associated
with adsorbed molecular mass. Several
kinds of optical devices can be employed
in the development of an optical DNA bio-
sensor. Such devices ranging from optical
fibres, planar waveguide, surface plasmon
resonance, resonant mirror to surface-en-
hanced Raman spectroscopy are discussed
in detail below.

2.1. Optical Fibres
2.1.1. Single Fibre-Optic Biosensors

These biosensors employ optical fi-
bres that serve both as waveguides for
the transmission of radiation to the sens-
ing area as well as solid supports for the
immobilised biorecognition elements.
Fibre-optic biosensors are based on the
principle of the evanescence wave, which
stimulates fluorescent labels attached or
in close proximity to the surface of the
fibre, as shown in a scheme of a fibre-
optics biosensor given in Fig. 1a and 1b
[14]. The evanescent wave is an electro-
magnetic wave which is generated when
light is completely reflected within the
sensor surface (total internal reflection
phenomenon). The evanescent wave pen-
etrates beyond the optical interface into
the lower reflection index medium by the
distance of a wavelength from the surface
and decays exponentially.

Various fibre-optic sensor configura-
tions for the detection of nucleic acid hy-
bridisation by fluorescence have been de-
scribed [15-17]. A number of these biosen-
sors for selective detection of nucleic acid
sequences use fluorescent intercalating and
groove binding dyes to detect hybridisation
of DNA. Such an approach can provide
very high sensitivity and also introduces the
advantage of a high degree of selectivity for
the detection of hybridisation because the
dyes are activated for emission only by the
presence of hybridised nucleic acid.

Hybridisation usually involves only a
fraction of the ssDNA at the surface of the
device. Dye solutions are usually at concen-
trations of about 108 M and use hundreds
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Fig. 1. A dedicated spectrofluorimeter (b) used in DNA hybridisation detection based on a single
optical fibre biosensor (a) (adapted from Hanafi-Bugby et al. [14])

of microlitres to cover a surface, and then
most methods wait for dye incorporation
with double stranded DNA (dsDNA) to
reach equilibrium. This means that the dye/
dsDNA ratio is often greater than 1:1 in a
two-dimensional plane of DNA at an inter-
face. Almost all work investigating dyes is
done in bulk solution, and most often uses
the dye at a relatively low concentration
with respect to DNA, but this does not re-
flect what is usually encountered in a device
using immobilised DNA [16].

Krull and coworkers have described
works in the direct analysis of DNA hybrid-
isation at the surface of this type of device
[18][19]. The method involved covalent
immobilisation of ssDNA onto the opti-
cal fibre by first activating the surface of
the quartz optical fibres with aminopropyl-
triethoxysilane (APTES) and 5’ -dimethoxy-
trityl-2’-deoxythymidine conjugated with a
long-chain aliphatic spacer arm, followed
by solid-phase oligonucleotide synthesis.
Detection of dsDNA at the fibre surface

after hybridisation was achieved by stain-
ing the duplex with ethidium bromide (EB),
a fluorescent intercalating dye. It was re-
ported that the EB fluorescence intensity
detected using this device was directly pro-
portional to the amount of complementary
DNA present in solution. A detection limit
of 86 ng/ml was obtained with a sensitivity
of 200% fluorescence intensity increase per
100 ng/ml. The sensor can be regenerated
and sustains full activity after prolonged
storage time, harsh washing conditions and
sterilisation [19].

While ethidium bromide has become an
established fluorescent standard for the de-
tection of hybridisation, the recent prolifera-
tion of asymmetric cyanine dyes, which are
capable of significantly greater fluorescence
enhancements over EB, suggests alternatives
which may provide greater sensitivity in hy-
bridisation detection schemes. One of these
alternatives is the use of thiazole orange
derivatives, such as thiazole orange meth-
oxy hydroxy ethyl (TOMEHE) as reported



CHEMICAL SENSORS AND BIOASSAYS

238

by Krull and coworkers [14]. This dye was
chosen for its fluorescence enhancement of
up to 1000-fold when bound to dsDNA and
an apparent wavelength shift of approxi-
mately 65 nm in the fluorescence emission
maximum on going from association with
ssDNA to dsDNA. The results demonstrated
that TOMEHE displays a 10-fold greater
fluorescence enhancement over EB when
bound to dsDNA, but also displayed a 2.5-
fold increase in fluorescence intensity over
EB when associated with ssDNA. It was
also apparent that TOMEHE can interact
with ssDNA and provide enhanced emis-
sion. With this latter feature, measurement of
the ratio between the fluorescence emissions
from the two types of associations could po-
tentially be used to determine the amount of
hybridisation on the sensor surface without
interferences by spectral source fluctuations,
detector drift and ionic strength variations,
which typically limit the accuracy and preci-
sion of single fluorescence intensity meas-
urements.

In the last few years, a kind of drop-
based optical fibre device has been devel-
oped, in which a drop itself can serve as
an optical cell when a light beam probes
the drop and the transmitted light or the re-
sulting emission is detected. By using the
drop-based optical detector, some problems
existing in a conventional optical detector,
such as scattering and background fluores-
cence due to the window in a fluorescence
detection system, can be solved, and it has
been successfully applied to efficiently
detect trace amounts of DNA in flowing
solution [6]. By using a flow injection-re-
newable fluorescence cells technique, this
procedure permits a simple, fast, and inex-
pensive measurement with high-sensitivity
and very low reagent cost. 3,3',5,5'-tetra-
methylbenzidine dihydrochloride (TMB-d)
has been applied for the analysis of DNA.
Here, the interaction between TMB-d and
DNA, the most noticeable quenching TMB-
d fluorescence was observed. The value of
fluorescence quenching was linear over a
wide concentration range of calf thymus
DNA. Hence, calf thymus DNA can be de-
termined down to the ng/ml level.

2.1.2. Fibre-Optic Arrays

The first generation of DNA arrays
explored oligonucleotide probe sequences
photopolymerised onto fibre bundle sur-
faces [20] or directly coupled to fibre cores
[21]. The initial photopolymerised fibre-
optic sensor arrays were capable of single
nucleotide polymorphism (SNP) detection
and sampled at extremely small (submicro-
liter) volumes. The arrays could be regen-
erated over three assays with reproducible
experimental results and provided a rapid
assay time with high specificity [20]. The
schematic device of fibre and its image ar-
rays is given in Fig 2a and 2b [22].
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Fig. 2. A custom-built epifluorescence imaging system (b) to be used with
fibre-optic arrays as shown in (a) (adapted from Epstein et al. [22]). (a): White
light images of a 1 mm diameter fibre bundle. (A) The entire hexagonally
packed bundle. (B, C) Higher magnifications of the fibre bundle illustrating
the miniature feature sizes (3 pm) and close-packed arrangement. The

large circle is a positional marker built into the array.

The derivative fibre core experiments
were able to detect unlabeled (non-fluores-
cent) target solutions by competitive hy-
bridisation with fluorescent target samples.
In this method, fluorescent synthetic target
complements were synthesised and initially
hybridised to the array to saturate the array
probe elements. The unlabeled target solu-
tion was then hybridised to the same array,
competing with the pre-hybridised synthet-
ic targets. The presence of unlabeled target
was determined by a fluorescence decrease
caused by displacement of the fluorescent
synthetic target by the unlabeled species.
This procedure eliminates the need to in-
corporate fluorescence into the target and
allows quantitative measurements to be
performed.

The second generation of fibre-optic
arrays incorporated microspheres into its
sensing element design [23][24]. The micro-
spheres were localised into the etched wells
of a fibre optic imaging bundle. Microsphere-
based sensing elements provided the experi-
menter more control over the array design.
The number of identical microspheres present
in an array influences the assay parameters

[23]. The signal-to-noise ratio increases by
the square root of the number of identical
sensors examined. In contrast, fewer iden-
tical microspheres present in an array offer
a concentration advantage. Assuming that
hybridisation goes to completion, the same
number of target molecules hybridised to
fewer numbers of microspheres, yields more
target molecules per microsphere and results
in an increased signal. Using this methodol-
ogy, zeptomolar concentrations of DNA tar-
get molecules were detected (1072! mol, ~
600 total target molecules) [23]. Multiplexed
arrays were fabricated to monitor specific hy-
bridisations in real time, enabling quantitative
analysis of unknown target concentrations
[25]. Fibre-optic microsphere based gene ar-
rays demonstrated allelic discrimination or
identification of RNA isoforms originating
from a single gene [26][27]. Employing mi-
crospheres containing addressable sequences
for decoding, a single series of microsphere
arrays can serve as a universal platform for
multiple genomic applications [22][28].

A third generation of microsphere-
based arrays employs a different approach
by changing the nucleic acid probe design
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[29]. Detection using molecular beacons
[30] has provided another level of nucleic
acid interaction not established with other
platforms.

Molecular beacons probe sequences
contain a reporter fluorophore, which is
quenched by an adjoining quenching mol-
ecule. The quenching molecule can be
either a non-fluorescent species that non-
radioactively captures the reporter fluoro-
phores energy or another fluorophore with
an excitation wavelength overlapping the
emission wavelength of the reporter fluoro-
phore. In the absence of target molecules,
the quencher and reporter fluorophore are
close to one another due to the self-comple-
mentary DNA sequences, or stem structures
present in the molecular beacon molecule.
When proximal, the fluorescence energy is
transferred from the molecular beacon re-
porter fluorophore and a low signal is meas-
ured. The probe sequence connecting the
two self-complementary stems is termed
a loop sequence. The interaction between
the molecular beacon loop sequence and
the correct target molecule causes a con-
formational change in the molecular bea-
con structure, spatially separating the two
stems as well as the reporter fluorophore
and quencher [30].

2.2. Planar Waveguide

2.2.1. Fluorescence-based Biosensor
Planar waveguides, as used in the to-
tal internal reflection fluorescence (TIRF)
technique, offer advantages in optical de-
tection, such as an increased sensitivity
due to multiple reflections of light within
the waveguide, and the potential to perform
hundreds, or even thousands, of different
hybridisation assays on a single device. Af-
finity assays, such as DNA hybridisation,
are inherently sensitive because the energet-
ic of base pair formation is the mechanism
of selectivity, rather than subtle changes
in conformation within a single-stranded
DNA molecule. Furthermore, TIRF is a
suitable technology for performing affinity
assays due to its inherent high sensitivity
and rapid assay speed. In TIRF assays, a
planar waveguide (an optical substrate)
presents an attached DNA probe (station-
ary phase) for capture oligonucleotides that
will bind to their complementary strands of
DNA. The evanescent wave generated by
the substrate will excite only fluorescently
labelled analyte DNA molecules that have
bound to the stationary capture oligonucle-
otides, thereby eliminating the need for a
washing step. The assay system, combining
DNA hybridisation with planar waveguide
fluorescent biosensor technology to detect
single nucleotides, is given in Fig. 3 [31].
Peter et al. [32] reported the use of such
techniques based on evanescent field exci-
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Fig. 3. lllustration of the planar waveguide DNA biosensor showing the evanescent field created by
reflected light, stretching ca. 110 nm from waveguide surface to excite bound fluorescent molecules

(adapted from Tolley et al. [31])

tation of fluorophore-labelled DNA-targets
specifically binding to immobilised DNA
probes, for real-time analysis of hybridisa-
tion events. Oligonucleotide probes are di-
rectly immobilised on the surface of a dis-
posable sensor chip via biotin/neutravidin
linkage and hybridise to complementary
Cy5-labelled target DNA in the sample; this
isrecorded as an increase in the fluorescence
signal. Under optimised conditions, the hy-
bridisation rate was constant and directly
proportional to the target concentration.
When an 18-mer oligonucleotide was used
as a probe, a linear calibration curve was
obtained for a 56-mer single-stranded DNA
target derived from the neomycin phospho-
transferase gene, a selection marker in a
variety of genetically modified plants, with
an estimated limit of detection of 0.21 nmol
1-!. No cross-hybridisation to a 51-mer non-
complementary sequence was observed and
even a single-nucleotide mismatch led to a
negligible signal.

A more recent work on fluorescent pla-
nar waveguide was reported in [31]. The
technique has been employed to detect
single nucleotide polymorphisms (SNPs)
using a simple hybridisation assay with
the complementary strand (DNA probe/
capture oligonucleotide) immobilised on
the waveguide. Under normal conditions,
both the wild-type sequence and the SNP-
containing sequence will hybridise with
the capture oligonucleotide, but with dif-
ferent reaction kinetics and equilibrium
duplex concentrations. A ‘design of experi-
ments’ approach was used to maximise the
differences in the kinetics profiles of the

two. Nearly perfect discrimination can be
achieved at short times (2 min) with tem-
peratures that destabilise or melt the hetero-
duplex while maintaining the stability of
the homoduplex. The counterion content of
the solvent was shown to have significant
effect not only on the melting point of the
heteroduplex and the homoduplex, but also
on the hybridisation rate. Changes in both
the stability and the difference between
the hybridisation rates of the hetero- and
homoduplex were observed with different
concentrations of three different cations
(Na*, K*, Mg?*). With the difference in
hybridisation rates maximised, discrimina-
tion between the hetero- and the homodu-
plex can be obtained at lower, less rigorous
temperatures at hybridisation times of 7.5
min or longer.

2.2.2. Grating Coupler

The optical grating coupler biosen-
sor (OGCB) is a relative newcomer in the
field of integrated optics, i.e. the science of
light guided in structures smaller than the
wavelength of the light. As a technique for
investigating processes at the solid/liquid
interface, it pushes the sensitivity (as well
as the convenience and wealth of obtain-
able information) to levels even higher
than the already impressive achievements
of surface plasmon resonance (SPR) [33].
By incorporating a grating in a planar op-
tical waveguide one creates a device with
which the spectrum of guided lightmodes
can be measured. When the surface of the
waveguide is exposed to different solu-
tions, the peaks in the spectrum shift due
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Fig. 4. The optical setup of an optical grating coupler planar waveguide instrument. Light from a
He-Ne laser is diffracted by an optical grating at the surface and starts to propagate via total internal
reflection inside the waveguiding film (F). At a well-defined incident angle (o) the phase shift during
one internal reflection equals zero (constructive interference) and a guided mode is excited, which
generates an evanescent field penetrating into the bulk solution (C) up to a distance of about 100-200
nm. Changes in the refractive index at the surface (e.g. formation of an adlayer (A) of adsorbed
biomolecules, such as DNA) can then be monitored by precise measurement of the incoupling angle
(o) as a function of time (adapted from Voros et al. [33]).

to molecular interactions with the surface.
Optical waveguide lightmode spectroscopy
(OWLYS) is a highly sensitive technique
that is capable of real-time monitoring of
these interactions. Fig. 4 shows a schematic
diagram of the optical setup of an OWLS
instrument. Since this integrated optical
method is based on the measurement of the
polarisability density (i.e. refractive index)
in the vicinity of the waveguide surface, ra-
dioactive, fluorescent or other kinds of la-
bels are not required. In addition, measure-
ment of at least two guided modes enables
the absolute mass of adsorbed molecules to
be determined [33].

2.3. Surface Plasmon Resonance

A surface plasmon is a quantised excita-
tion of the electron gas coupled to the elec-
tromagnetic field at the interface between
a metal and a dielectric medium. Under
suitable conditions, it can be used as a very
sensitive optical monitor of the changes in
the metal surfaces, for example by detect-
ing the dielectric constant changes induced
by the adsorption of biomolecules at metal
surfaces [34]. Surface plasmon resonance
(SPR) detects changes in the refractive in-
dex caused by variation of the mass on the
sensor chip surface, e.g. when the analyte
binds to the immobilised ligand on the sur-
face [35]. These changes are proportional to
the mass of molecules bound to the surface,
and stoichiometric and kinetic data for the
interaction can be determined. In most SPR
studies, reaction between macromolecules
such as protein—protein [36], drug with af-

finity for nucleic acids [37] and protein—
DNA interaction [38] were detected. Direct
(label less) monitoring of hybridisation re-
actions has been demonstrated with surface
plasmon resonance (SPR) [39-44].

Several commercial SPR instruments
have been introduced that detect the real-
time binding of molecular interactions:
Biacore (Biacore, Uppsala, Sweden), IBIS
(Hengelo, The Netherlands) and Spreeta
(Texas Instruments, US). Two of them have
been intensively reported in literature for
detection of DNA-DNA interactions: the
Biacore system as mostly employed in
many DNA hybridisation detections and
the Spreeta which is described as a port-
able device.

The Biacore device uses SPR which
arises in thin metal films under conditions
of total internal reflection. In the sensing
element of this instrument, the gold chip
surface can be modified with a dextran ma-
trix on which the biological probe is immo-
bilised (often via avidin—biotin links). Oli-
gonucleotides are introduced within a fluid
flow system. Hybridisation is carried out at
controlled temperature and positive signals
are obtained within several minutes. Since
the Biacore system is particularly efficient
for analysis of binding and dissociation
kinetics, real time DNA-protein binding
measurement have also been reported for
interaction between immobilised DNA tem-
plates with enzymes, such as endonuclease,
ligase and polymerase [45].

Spreeta is a low-cost SPR based bio-
sensing platform enabling real-time, quan-
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titative, affinity and kinetic analysis of
biomolecular interactions. Spreeta’s revo-
lutionary approach to SPR incorporates the
otherwise costly and technically challeng-
ing optical system inside the sensor. It is
easily incorporated into instruments and
provides additional flexibility through its
onboard memory, customised software and
fluidics options [46]. Light from a LED is
reflected from a gold surface and the angle
and intensity of the SPR minimum is meas-
ured. This measurement is used to calcu-
late the effective refractive index (RI) at the
gold surface. When molecules bind to the
gold surface, the measured RI changes. The
gold surface can be covered with a biofilm,
customised for essentially any molecule for
which detection is desired, such as DNA
hybridisation [47][48].

2.4. Resonant Mirror

The resonant mirror (RM) is an evanes-
cent wave sensor which has been designed
to combine the simple construction of
SPR devices with the enhanced sensitivity
of wave guiding devices, due to multiple
strikes of a photon producing an evanes-
cence wave with an increase of the attenu-
ation of the light or ratio of phase-change
light. RM differs from SPR in two aspects:
firstly, there is no significant variation in the
intensity of reflected light with angle in the
RM, but a phase shift occurs in some of the
reflected light which is translated into an
intensity peak at the resonant angle using
phase optics. Secondly, in the RM, light
propagating along the waveguide strikes the
sample-waveguide interface many times
over long interaction distance, whereas in
SPR there is a single point of interaction.
Fig. 5 shows a block diagram of a resonant
mirror system. Applications of this device
in biological analysis have been directed
to the detection of enzyme—substrate, an-
tibody—antigen [49] and protein—cell inter-
action [50] as well as for rapid and direct
detection of DNA hybridisation [51].

BEFARTE

Fig. 5. Block diagram of instrument configuration
(@) light source (LED or tungsten-halogen
lamp); (b) condenser lens; (c) aperture stop; (d)
removable filter; (e) polariser; (f) plano-convex
cylindrical lens; (g) 60° SF10 prism; (h) RM
chip, where DNA hybridisation can be detected
directly; (i) polariser; (j) focusing lens and (k) CCD
detector
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Commercial devices such as BIOS-1
and [Asys are resonant mirror instruments.
The BIOS-1 (Artificial Sensor Instruments,
Switzerland) comprises a glass or plastic
diffraction grating coated with a planar
waveguide overlayer, which comprised
various metal oxides, depending on the re-
quired refractive index. The IAsys system
(Affinity Sensor, UK) uses a waveguide in-
stead of a diffraction grating and it employs
an integrated prism with a low-index cou-
pling layer, high-index resonant layer, and
arange of derivatised sensor surfaces. Here,
the gold film is replaced by titanium or haf-
nium, acting as a dielectric resonant layer of
high refractive index (resonant mirror) [52].
The resonant mirror method has been used
to detect DNA hybridisation with an esti-
mated limit of detection in the femtomolar
range. Regeneration of the surface-immo-
bilised probe was possible, allowing reuse
without a significant loss of hybridisation
activity [53].

2.5. Surface-enhanced Raman
Scattering

Raman is a very useful spectroscopic
technique, allowing structural fingerprint-
ing due to its narrow and highly resolved
bands (as compared to a fluorescence
bandwidth of 10-50 nm). Laser-induced
fluorescence has traditionally been the
technique of choice for optical detection of
trace-level analytes (femtomolar or low-
er). For high quantum yield fluorophores,
the effective fluorescence cross-sections
can be as high as 10716 cm? per molecule.
In contrast, the cross-sections for Raman
scattering are extremely small, ranging
from 10730 to 10725 cm? per molecule,
producing low intensity scattered radia-
tion, and consequently requiring a higher
analyte concentration. However, very
large enhancements of the Raman scat-
tering (>10%) make the surface-enhanced
Raman scattering (SERS) technique sen-
sitive enough for trace analysis [12]. The
enhancement mechanism for SERS comes
from intense localised fields arising from
surface plasmon resonance in metal-
lic (e.g. Ag, Cu, Au) nanostructures with
sizes in the order of tens of nanometres.
This performance makes the technique
as competitive as fluorescence for certain
examples of trace analysis, such as DNA.
The schematic device and its enhancement
principle are given in Fig. 6a and 6b.

By using this technique, the develop-
ment of a new type of DNA probe based
on SERS detection has been reported by
Vo-Dinh et al. [12] as a surface-enhanced
Raman gene (SERG) probe. The SERG
probe does not require the use of radio-
active labels and has at the same time a
great potential for sensitivity and selectiv-
ity. Results showed that the SERG probe
could have a wide variety of applications
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principle (b)

in nucleic acid identification; ssSDNA can
be attached to SERG probes and the re-
sulting probe may be used to identify
specific genes or detect bacterial and vi-
ral components. Use in detection of PCR
DNA samples is also feasible.

SERS was reported for monitoring
DNA hybridisation of a fragment of the
BRCAI breast cancer susceptibility gene
on modified silver surfaces [54]. Rhod-
amine B was covalently attached to a 5'-
amino-labeled oligonucleotide sequence
(23-mer) through a succinimidyl ester
intermediate in methanol. The silver sur-
faces were prepared by depositing a dis-
continuous layer (9.0 nm) of silver onto
glass slides, which had been etched with

HF to form a microwell platform, and sub-
sequently modified with a monolayer of
mercaptoundecanoic acid. The comple-
mentary probe was covalently attached
to the silver surfaces using a succinimi-
dyl ester intermediate in acetonitrile. Hy-
bridisation with the SERS-active recog-
nition probe was performed at 37 °C for
16 h using a buffered saline medium.
Spectra were obtained using the 632.8 nm
laser line from a He—Ne laser, and an ac-
quisition time of 60 s. The silver island
substrate allows a very large enhancement
of the Raman signal of the DNA-Rhod-
amine B, and clear distinction between
hybridised samples and controls on a mi-
crowell array sampling platform.
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3. Concluding Remarks

As described above, over the last dec-
ade there has been a great surge in optical
DNA biosensor technology. Much of this
work has focused on optical fibres, planar
waveguide, surface plasmon resonance
(SPR) and surface-enhanced Raman scatter-
ing (SERS) techniques. Optical transducer-
based biosensors are receiving increasing
attention since they match with nanosensor
technology. Commercial devices, such as
Biacore, [Asys and Spreeta, represent reli-
able and desirable tools for DNA biosensor
configuration.
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