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Abstract

One of the most important steps in designing more sensitive and stable DNA based biosensors is the immobilisation procedure of the
nucleic acid probes on the transducer surface, while maintaining their conformational flexibility. MAC Mode AFM images in air
demonstrated that the oligonucleotide sequences adsorb spontaneously on the electrode surface, showing the existence of pores in the
adsorbed layer that reveal big parts of the electrode surface, which enables non-specific adsorption of other molecules on the uncovered areas.
The electrostatic immobilisation onto a glassy carbon electrode followed by hybridisation with a complementary sequence and control with a
non-complementary sequence was studied using differential pulse voltammetry and electrochemical impedance spectroscopy. Changes in the
oxidation currents of guanosine and adenosine were observed after hybridisation events as well as after control experiments. Modification of
the double layer capacitance that took place after hybridisation or control experiments showed that non-specific adsorption of complementary

or non-complementary sequences occur allowing the formation of a mixed multilayer.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years an increasing interest in developing small
and portable DNA-biosensor devices using molecular
recognition of hybridisation events was observed. The
DNA sensor combines the specificity of the DNA biological
recognition mechanism with a physical transduction techni-
que, which can be based either on electrochemical [1-12],
mechanical [13—15], thermal [16,17] or optical sensing
principles [18-20].

Nucleic acid based biosensors normally employ immo-
bilized DNA sequences on the sensor surface as the
recognition element and sequence specific hybridisation
can be monitored and analysed. Short, synthetic oligonu-
cleotides are ideal chemical recognition elements, because
the hybridisation is highly sequence-selective.
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The hybridisation strategy at a DNA biosensor consists
essentially of three steps: the immobilisation of the
oligonucleotide probe at the transducer surface, the hybrid-
isation with the complementary strand (target) present in the
solution and the transduction. The first step of immobilisa-
tion of the oligonucleotide probe enables the modification of
the chemical and structural properties of the sensor, playing
the most important role in the performance of the DNA
biosensor.

Careful attention has been paid to different factors such
as substrate material, DNA nature, immobilisation density,
and a variety of experimental conditions, temperature, pH or
ionic strength, as well as sample processing in order to
increase the selectivity, sensitivity or final speed of the
hybridisation assay [21].

Magnetic AC mode Atomic Force Microscopy (MAC
Mode AFM) is a gentle technique that permits the
investigation of DNA molecules, which are loosely attached
to conducting electrode surfaces [22,23]. MAC Mode AFM
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was used to study the adsorption process of short synthetic
oligonucleotides onto a highly oriented pyrolytic graphite
(HOPG) electrode surface. The global morphology of the
DNA based biosensor surface obtained after adsorption of
oligonucleotides on the electrode surface was analysed, in
order to characterize the relationship between the degree of
surface coverage of the HOPG electrode surface when
different oligonucleotide sequences were adsorbed, and the
DNA biosensor efficiency.

The hybridisation of two complementary oligonucleo-
tides detected electrochemically without modification of the
electrode surface is reported. The hybridisation event at a
glassy carbon electrode was detected by differential pulse
voltammetry, of guanosine and adenosine oxidation peaks,
and electrochemical impedance spectroscopy, was used to
characterize the changes in the interfacial region. Control
experiments were performed in order to characterize the
non-specific adsorption that took place during the hybrid-
isation experiments.

2. Experimental
2.1. Materials

The 10-mer oligonucleotides used in this study were
synthesised on an Applied Biosystems 380B automated
DNA synthesizer (USA) using reagents for oligonucleotide
chemistry purchased from Fluka (Germany). The purity of
the oligonucleotide sequences was verified by NMR and
HPLC analysis. The base sequences used were:

Probe-oligo (1)
Target-complementary
sequence oligo (2)
Control-I-non-complementary
sequence oligo (3)
Control-II-duplex

S-AAAGAAAAAGY
SCTTTTTCTTT¥

SCTCTCCTTTT3

oligo(1)—oligo(2)

The supporting electrolyte was pH 4.5 0.1 M acetate
buffer and was prepared using analytical grade reagents and
purified water from a Millipore Milli-Q system (conductiv-
ity <0.1 uS cm™ ). Solutions of different concentrations
were obtained by direct dilution of the appropriate volume
in acetate buffer electrolyte.

Microvolumes were measured using EP-10 and EP-100
Plus Motorized Microliter Pipettes (Rainin Instruments,
Woburn, USA). The pH measurements were carried out
with a GLP 21 Crison pH meter.

2.2. Atomic force microscopy

Highly oriented pyrolytic graphite (HOPG), grade ZYH
of 15x 15 x 2 mm® dimensions, from Advanced Ceramics,
was used in the AFM study as a substrate. The HOPG was
freshly cleaved with adhesive tape prior to each experiment

and imaged by MAC Mode AFM in order to establish its
cleanliness.

Potential control adsorption procedures were carried out
in a one-compartment Teflon cell of approximately 12.5 mm
internal diameter, holding the HOPG sample, the working
electrode, on the base. A Pt wire counter electrode and an
Ag wire as quasi-reference electrode (AgQRE) were placed
in the cell, dipping approximately 5 mm into the solution.
The AgQRE electrode was calibrated against the Ag/AgCl
reference electrode. Electrochemical measurements were
carried out with a PalmSens potentiostat, running with
PalmScan version 1.11, from Palm Instruments BV, The
Netherlands.

AFM was performed with a PicoSPM controlled by a
MAC Mode module and interfaced with a PicoScan
controller from Molecular Imaging, Tempe, AZ. All the
AFM experiments were performed with a CS AFM S
scanner with a scan range 6 um in x—y and 2 pm in z, from
Molecular Imaging. Silicon type I MAClevers of 225 pm
length, 2.8 N m~' spring constants and 60-90 kHz
resonant frequencies in air (Molecular Imaging) were used.
All images (256 samples/linex256 lines) were taken at
room temperature; scan rates 1.00-1.13 lines s '. The
MAC Mode AFM images were processed by flattening in
order to remove the background slope and the contrast and
brightness were adjusted. All images were visualized in
three dimensions using the Scanning Probe Image Pro-
cessor, SPIP, demo version 3.0.0.12, Image Metrology
ApS, Denmark. Section analysis over DNA molecules and
films was performed with PicoScan software version 4.19,
Molecular Imaging.

2.3. Electrochemical conditions

A glassy carbon working electrode (GCE) (d=1.5 mm),
a platinum wire counter electrode and a Ag/AgCl reference
electrode were used in a 0.5 ml one-compartment electro-
chemical cell. All electrochemical and impedance measure-
ments were carried out using a PGSTAT 10 Autolab Eco-
Chemie, Utrecht, Netherlands.

Differential pulse (DP) voltammetry measurements were
recorded using GPESversion 4.9 software. The experimen-
tal conditions were pulse amplitude 50 mV, pulse width 70
ms and scan rate 5 mV s . All the voltammograms
obtained were smoothed using Savitsky—Golay algorithm
and base line corrected by the moving average method
with a step window of 1 mV included in the software. This
mathematical treatment improves the visualisation and
identification of peaks over the baseline without introduc-
ing any artefact, although the peak intensity is in some
cases reduced (<10%) relative to that of the untreated
curve and was used in the presentation of all experimental
voltammograms for a better and clearer identification of
the peaks.

The electrochemical impedance measurements were
carried out using FRA version 4.9 software. A rm.s.
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perturbation of 5 mV was applied over the frequency
range 100 kHz-0.1 Hz with five frequency values per
decade and each spectrum was recorded at +0.5 V vs. 7
Ag/AgCl.

All the plots were treated and presented in Microcal
Origin Version 6.0.

2.4. Atomic force microscopy and electrochemical
experimental procedures

For AFM surface characterization, 500 uL of the desired
oligonucleotide solution were placed in the electrochemical
cell holding the HOPG working electrode on the base. A
positive potential of +0.65 V, vs. AgQRE, was applied to the
electrode for 180 or 300 s. The HOPG with adsorbed
oligonucleotide molecules was rinsed with a jet of Millipore
Milli-Q water and dried in a sterile atmosphere.

The electrochemical hybridisation experiments were
carried out at room temperature following a procedure that
consists of four steps: probe immobilisation, hybridisation,
transduction and control.

2.4.1. Probe immobilisation

A freshly polished GCE was cycled in differential
pulse voltammetry until two voltammograms were coin-
cident. The probe oligo(1) was immobilized on to this
activated electrode surface by adsorptive accumulation for
180 s applying a potential of +0.50 V vs. Ag/AgCl, in a
solution containing 0.28 pM oligo(1). Then the probe
oligo(l)-modified electrode was rinsed with acetate
buffer.

2.4.2. Hybridisation

The hybridisation was performed by immersing the
probe oligo(1)-modified electrode into a 0.8 uM target
oligo(2) solution for 300 s while holding the potential at
+0.5 V. Then the electrode was rinsed with acetate
buffer.

2.4.3. Transduction

Transduction was always carried out in pH 4.5 0.1 M
acetate buffer using differential pulse voltammetry or
electrochemical impedance spectroscopy at +0.5 V.

2.4.4. Control
Two control procedures were used before transduction:

1. Probe oligo(1)-modified electrode was immersed for 300
s into a solution containing 0.8 M non-complementary
oligo(3) while the potential was held at +0.50 V.

2. The duplex oligo(1)-oligo(2) was adsorbed on the
electrode surface for 180 s from a 0.26 pM duplex
solution while the potential was held at +0.5 V.

During all these steps except transduction the solutions
were under continuous stirring.

3. Results and discussion
3.1. AFM characterisation of the adsorbed oligonucleotides

The process of adsorption of different oligonucleotide
sequences was studied by MAC Mode AFM in air, in order
to morphologically characterize the oligonucleotide-modi-
fied electrode surface.

In all AFM experiments, the HOPG substrate was used as
working electrode. The extremely smooth, inert in air and
easy to clean terraces of the HOPG electrode basal plane are
an important advantage in studying adsorbed biological
molecules. While the glassy carbon presents a root-mean-
square (r.m.s.) roughness of 2.10 nm, the HOPG electrode
surface has an r.m.s. roughness of less than 0.06 nm, for a
1000 x 1000 nm?” surface area [22,24].

The adsorption of the oligonucleotide sequences was
performed during 180 s, by applying an adsorption potential
of +0.65 V, vs. AgQRE, as described in the Experimental
section.

The first approach was to analyse the HOPG electrode
modified by a thin film of an oligonucleotide sequence
obtained by adsorption of 0.284 uM (0.88 pg/ml) oligo(1),
the probe sequence. The surface as observed in the MAC
Mode AFM images, Fig. 1A-1), confirmed the high capacity
of single-stranded oligo(1) molecules to interact with the
HOPG surface. The electrode appeared covered by a well-
spread, uniform, but incomplete film, with a high degree of
compactness, as observed in the section analysis from Fig.
1A-2). However, the oligo(1)-modified electrode surface
layer presented holes, which correspond to the darker
regions in the three dimensional image, that left the HOPG
electrode surface exposed underneath.

Adsorption from a solution of 0.284 uM (0.84 pg/ml)
oligo(2), the target, complementary sequence of oligo(1),
also led to an incomplete network film onto HOPG surface,
as observed in Fig. 1B. The network showed coiled fibres
which joined together in end-to-end aggregations. The
oligonucleotides condensed leaving large parts of the HOPG
surface free.

Carrying out the adsorption from a solution 0.284 pM
(0.83 pg/ml) oligo(3), the non-complementary sequence of
oligo(1), a small degree of surface coverage was again
observed. The adsorbed oligo(3) molecules were stacked on
the HOPG surface and appeared in the MAC Mode AFM
images as small rods, Fig. 1C. The difference in the
adsorption pattern of oligo(2) and oligo(3) pyrimidine-type
oligonucleotides is probably due to differences in the
oligonucleotide structure.

The first and most important step in DNA hybridisation
detection experiments consists of the adsorption of the
oligonucleotide probe sequence at the carbon electrode
surface. Immobilisation of DNA probe on the sensing
surface, while keeping the maximum conformational flex-
ibility, is fundamental for the successful preparation of DNA
biosensors. In order to obtain a DNA electrochemical
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Fig. 1. MAC Mode AFM 3D images in air showing the adsorption, after applying a adsorption potential of +0.65 V, vs. AgQRE, of DNA oligonucleotides in
pH 4.5 0.1 M acetate buffer electrolyte onto the HOPG electrode surface. (A—C) Adsorption on the HOPG electrode immersed into 0.284 pM of (A-1) oligo(1),
(B) oligo(2), and (C) oligo(3) sequences, after applying the adsorption potential for 180 s. (A-2) Cross-section profile through the white line in the image (A-1).
(A-3) Schematic diagram showing the adsorption of oligo(1) on the HOPG electrode surface. (D, E) Final adsorption on the HOPG electrode, first immersed in
a 0.284 pM oligo(1) and applying the adsorption potential for 180 s, followed by immersion and applying the adsorption potential for 300 s in a 0.8 pM: (D)

oligo(2) and (E) oligo(3).

biosensor with high stability, selectivity and sensitivity
necessary for the hybridisation and electrochemical detec-
tion of the process, the orientation and the packing of the
DNA probe adsorbed layer is essential. Ideally, the
oligonucleotide probes must be connected with the electrode
surface at one point only, oriented with the sequences
perpendicularly to the electrode surface in such a way that
the complementary target sequence will have complete
access to the immobilised probe, and sufficiently separated
one from another to be able to enable hybridisation.

The potential of +0.65 mV vs. AgQRE, applied to the
HOPG electrode, enhanced the stability of the DNA
molecules at the electrode surface, due to the electro-
static interaction between the positive electrode and the
negative sugar-phosphate DNA backbone. The oligonu-
cleotides were strongly adsorbed under conditions of
applied potential, leading to uniform, stable and repro-
ducible MAC Mode AFM images, Fig. 1A-1) and each
molecule could be attached at the surface by several
sites, Fig. 1A-3).
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The DNA hybridisation efficiency is directly dependent
on the accessibility of the DNA target to the DNA probe
immobilized on the electrode surface, and consequently is
dependent on the orientation of the DNA probe, perpen-
dicular or parallel, on the electrode surface. The strong and
compact DNA probe film observed, Fig. 1A-1), prevents
hybridisation of many of the oligonucleotide sequences
and, consequently, reduces the hybridisation efficiency.

Another critical issue in the development of a DNA
electrochemical biosensor is to avoid non-specific adsorp-
tion of the target DNA sequences, since the electrochemical
response of the DNA biosensor can be influenced by the
electrochemical response of the target sequence. The high
specificity and selectivity required by the DNA electro-
chemical biosensor is achieved by control and minimization
of the non-specific adsorption on the electrodes.

Ideally, the oligonucleotide probe must be sufficiently
densely packed to prevent the non-specific adsorption of the
target between the probe molecules. However, as observed
in the MAC Mode AFM images, due to the extensive
existence of pores on the oligo(1)-modified electrode, large
areas of the HOPG surface are not covered by the
oligonucleotide probe molecular film, Fig. 1A.

The fact that the electrode is not completely covered
allows the diffusion of other oligonucleotide molecules
from the bulk solution to the surface and leads to non-
specific adsorption. Both complementary and non-comple-
mentary oligonucleotides adsorb at the HOPG surface, Fig.
IB and C, and adsorb non-specifically on the uncovered
areas of the electrode left after the oligonucleotide probe
immobilisation.

The evaluation of the surface coverage after hybridisation
is also very important. For this reason, the hybridisation
procedure with the complementary oligonucleotide, in the
AFM electrochemical cell, was performed. The surface
coverage was analysed by MAC Mode AFM in air.

First, the HOPG electrode was modified by adsorption
of the probe oligo(1), applying the adsorption potential for
180 s, in a 0.284 uM (0.88 pg/ml) oligo(1) solution and an
oligo(1)-modified HOPG electrode was obtained, Fig. 1A-
1). This procedure was followed by the hybridisation step,
which consisted in applying the adsorption potential for
300 s, to the HOPG electrode immersed into 0.8 pM (2.35
pg/ml) oligo(2) target complementary sequence solution,
Fig. 1D.

After performing the hybridisation on the oligo(1)-
modified HOPG electrode surface, the MAC Mode AFM
image from Fig. 1D shows that the molecules self-organize
in a dense, thick and uniform film of DNA, covering the
electrode completely, and not leaving any pores.

Ideally, after the DNA hybridisation is completed, all
the probe molecules should be hybridised. However, the
surface topography observed was formed by adsorbed
hybrid double-stranded oligo(1)—oligo(2) molecules,
together with adsorbed single-stranded oligo(1) and sin-
gle-stranded oligo(2) molecules, forming a compact film.

Consequently, from the present MAC Mode AFM data it is
very difficult to distinguish the binding specificity in the
DNA hybridisation.

In a control experiment the same hybridisation procedure
was performed, but instead of the target complementary
oligo(2) sequence the non-complementary oligo(3)
sequence was used. After adsorption of probe oligo(1)
molecules for 180 s, the oligo(1)-modified HOPG electrode
was immersed into a 0.8 mM (2.35 pg/ml) oligo(3) non-
complementary solution, and the adsorption potential was
applied during 300 s. After analysing the surface by MAC
Mode AFM, it was also observed that the HOPG electrode
had a complete coverage with DNA molecules, Fig. 1E.

After both hybridisation, Fig. 1D, and control, Fig. 1E,
experiments the observed MAC Mode AFM images showed
insignificant differences in surface coverage. However the
density of molecules at the surface is much higher than the
number of molecules that are hybridised at the surface, since
the concentration of oligo(2) and oligo(3) is more than
double of oligo(1). Consequently MAC Mode AFM study
showed that the level of non-specific adsorption at the
HOPG electrode surface is quite high, giving rise to a
featureless image and making it impossible to distinguish
between the hybridised and non-hybridised molecules on
the HOPG surface, Fig. 1D, E.

3.2. Voltammetric studies in incubated solutions

The first hybridisation experiments were carried out in
incubated solutions containing the complementary oligonu-
cleotides (1) and (2) and differential pulse voltammograms
were recorded in pH 4.5 0.1 M acetate buffer containing 0.8
uM probe oligo(l) and 0.8 puM target complementary
oligo(2), before and after different hybridisation periods,
Fig. 2A. The electrode surface was polished between each
measurement to avoid current drops due to the strong
adsorption of oligonucleotides on the glassy carbon surface.
A gradual decrease of both guanosine and adenosine
oxidation peaks with incubation time was observed and
constant peak currents were obtained only after 24 h of
hybridisation in solution.

At the same time, control experiments consisting of 0.8
uM probe oligo(1) incubated for different time intervals
with 0.8 pM non-complementary oligo(3) were also carried
out. Differential pulse voltammograms, Fig. 2B, always
using freshly polished electrodes, showed very small
changes of the oxidation peak currents of guanosine and
adenosine residues even for very long time intervals. But,
since small differences were also observed in the base line
recorded after polishing the electrode they could be
responsible for the small fluctuations of the current peaks
presented in Fig. 2B.

This experiment showed that in solution probe oligo(1)
hybridised with its complementary target oligo(2) and not
with the non-complementary oligo(3) and the process could
be followed by differential pulse voltammetry.



186 A.M. Oliveira Brett et al. / Bioelectrochemistry 67 (2005) 181-190

A
omin m
15 min |3
5nA
I T T T T T 1
0.8 1.0 1.2 14

E/V vs Ag/AgCI

B

5nA

AN B

T T T T T 1
0.8 1.0 12 14
E/V vs. Ag/AgCI

Fig. 2. DP voltammograms obtained in a mixture of 0.8 pM oligo(1) with: (A) 0.8 pM complementary oligo(2) after different hybridisation times. (B) 0.8 pM
non-complementary oligo(3) after: 0, 1 and 24 h. Supporting electrolyte pH 4.5 0.1 M acetate buffer. Scan rate 5 mV s~ ', pulse amplitude 50 mV, pulse width

70 ms.

The limitations of such an experiment are obvious and
immobilisation of a known oligonucleotide sequence onto
an electrode surface followed by hybridisation in the
complementary solution and transduction in pure electrolyte
was investigated. However, much attention has to be paid to
the probe immobilisation conditions in order to reduce the
contribution of non-specifically adsorbed oligonucleotides

[7].
3.3. Voltammetric studies of the adsorption of probe oligo(1)

Prior to hybridisation experiments, the adsorption proper-
ties of probe oligo(1) at a GCE surface were investigated.
Different probe oligo(1) concentrations, between 0.02
and 0.5 puM, were assessed in connection with different
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adsorption times, 10—400 s, using an applied adsorption
potential of +0.50 V. Guanosine and adenosine peak
currents obtained in buffer after adsorption of oligo(1) at
the adsorption potential for 180 s in solutions of different
concentration of oligo(1) are shown in Fig. 3A. A linear
increase of the guanosine and adenosine peak currents was
found to take place when the oligo(1) concentration was
varied between 0.05 and 0.5 pM. After fitting the curves,
this enabled the calculation of the detection limits of
adsorbed oligo(1) based guanosine and adenosine peak
currents. It was found to be 6.6 X 10~° M for guanosine and
3.5x 10~% M for adenosine.

The effect of adsorption time on the oligo(1) guanosine
and adenosine current peaks is presented in Fig. 3B.
Adsorption for different times at an applied potential of
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Fig. 3. Oxidation peak currents in pH 4.5 0.1 M acetate buffer for (W) guanosine and (@) adenosine obtained after adsorption of oligo(1) onto the electrode
surface during: (A) 3 min in different concentrated solutions. (B) Different adsorption times from a solution of 0.28 uM.
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+0.50 V from a solution containing 0.28 uM oligo(1),
followed by the detection in buffer, showed a progressive
increase of the guanosine and adenosine current peaks
during the first 60 s of adsorption, but afterwards the
currents remained constant at 10 nA for guanosine and 40
nA for adenosine.

From these results, it was considered that 180 s
adsorption, at an applied potential of +0.5 V, in a 0.28
UM solution of probe oligo(1) ensured a good coverage of
the electrode surface and therefore these conditions have
been used for further evaluation of the hybridisation
experiments carried out at the GCE surface.

3.4. Voltammetric characterization of hybridisation on the
modified electrode surface

Differential pulse voltammograms of probe oligo(1)-
modified GCE before and after immersion of the electrode
into solutions containing target oligo(2) or non-comple-
mentary oligo(3) were recorded in buffer, Fig. 4A. After
each medium exchange the electrode was thoroughly
washed with deionized water to assure the removal of
unbound molecules, and between each series of experiments
the electrode surface was always polished.

Immobilisation of the probe oligo(1) at the GCE surface
was followed by transduction in buffer and showed the
oxidation peaks corresponding to the guanosine and
adenosine present in the oligonucleotide sequence, Fig.
4A (dotted line).

In another experiment, immobilisation of the probe
oligo(1) at the GCE surface was followed by immersing
the probe oligo(1)-modified GCE surface into 0.8 uM target
oligo(2) solution, during 300 s while the potential was kept

187

constant at +0.5 V, and allowing hybridisation to occur.
After this, the electrode was washed and transferred to
buffer solution and a big decrease of both guanosine and
adenosine oxidation peaks was observed, Fig. 4A (dash-dot
line). As the hybridisation reaction occurred hydrogen
bonds between complementary bases were formed giving
rise to the duplex form, more difficult to oxidize.

In a control experiment, a differential pulse voltammo-
gram was recorded in buffer, after adsorption from a 0.26
uM duplex oligo(1)-oligo(2) solution, for 180 s at an
applied potential of +0.5 V, Fig. 4A (full line). The
guanosine and adenosine oxidation peak currents of the
adsorbed duplex oligo(1)-oligo(2) can be easily compared
with those obtained after the previous hybridisation experi-
ment. In both cases smaller peaks for guanosine and
adenosine were recorded as expected.

The variation of guanosine and adenosine oxidation peak
currents with hybridisation time was also monitored, Fig.
4B. Both guanosine and adenosine peaks decreased rapidly
during the first 300 s of hybridisation. The adenosine
oxidation peak reached a constant value of about 10 nA after
300 s of hybridisation whereas the guanosine peak almost
disappeared, for longer hybridisation periods. An explan-
ation for this effect can be the composition of the probe
oligo(1) sequence 5-AAAGAAAAAG-3 with 8 adenines
and only 2 guanines.

Control experiments were also carried out using first the
non-complementary oligo(3) instead of the target comple-
mentary oligo(2).

The probe oligo(1)-modified electrode was held at +0.5
V for 300 s in a solution containing 0.8 pM non-
complementary oligo(3). The electrode was then transferred
to buffer and the differential pulse voltammogram recorded,
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Fig. 4. (A) DP voltammograms obtained in pH 4.5 0.1 M acetate buffer after: (mmm) adsorption at +0.5 V for 3 min in a solution containing 0.26 pM duplex,
(serm) oligo(1)-modified GCE, (msm) hybridisation with complementary oligo(2) and (===) control experiments with non-complementary oligo(3). Scan rate 5
mV s~ ', pulse amplitude 50 mV, pulse width 70 ms. (B) Variation of (M) guanosine and (@) adenosine oxidation current peaks with hybridisation time of

complementary oligo(2) with oligo(1)-modified GCE.
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Fig. 4A (dashed line). Both guanosine and adenosine
oxidation current peaks decreased (more in the case of
adenosine) when compared with the differential pulse
voltammogram obtained after immobilisation of probe
oligo(1), Fig. 4A (dotted line). Since no hybridisation could
have occurred with the non-complementary oligo(3) during
the control experiment, the decrease of the peaks needs to be
explained.

DNA strongly adsorbs at the electrode surface in a
network pattern such that regions of the bare electrode
surface are exposed to the solution [22]. Therefore, during
the control experiments some of the non-complementary
oligo(3) adsorb on uncovered regions of probe oligo(1)-
modified electrode, Fig. 1A, and some displacement of
probe oligo(1) from the electrode surface by oligo(3) could
have occurred. This experiment was repeated several times
and good reproducibility was obtained. Electrode surface
renewal by polishing between successive scans only
caused small fluctuations in the background when using
a freshly polished electrode surface and cannot be
responsible for this effect which does not affect the
qualitative results.

The differential pulse voltammetric experiments showed
that after the hybridisation reaction a decrease in the
guanosine and adenosine oxidation peak currents occurred
as expected. However, an unexpected current drop was
observed for longer hybridisation periods and during
control experiments which could be due to non-specific
adsorption.

The effect of non-specific adsorption could not be
evaluated using only voltammetric experiments due to the
nature of the target and non-complementary oligonucleo-
tides and therefore further investigation of the properties of
the interfacial region formed at the electrode surface was
carried out.
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3.5. Impedance characterization of hybridisation on the
modified electrode surface

Electrochemical impedance spectroscopy measurements
were performed in order to characterize the electrical double
layer formed after immobilisation, hybridisation and control
experiments, of the oligonucleotide sequences.

The frequency dependence of the impedance spectra of
probe oligo(1)-modified electrode in a complex impedance
plot before and after hybridisation, and after control
experiments are shown in Fig. SA. All measurements were
performed at an applied potential of +0.5 V. The sequen-
tially recorded spectra after immobilisation, hybridisation or
control experiments, showed no different features which
confirms that during these measurements no detectable
desorption of the oligonucleotide sequences from the
electrode surface takes place.

The complex impedance is composed of a real (Z') and
an imaginary part (Z”) that provides direct information
about the overall capacitance of the electrode double layer
[25]. A pure capacitive behaviour of the probe oligo(1)-
modified electrode surface was observed after adsorption for
180 s at an applied potential of +0.5 V from a solution
containing 0.28 uM oligo(1).

Following the hybridisation procedure described in the
Experimental section an increase in the impedance occurred,
corresponding to a decrease of the capacitance of the
electrode double-layer, since in these cases the impedance
follows a relationship of inverse proportionality with the
capacitance of the system.

Control experiments were carried out. The impedance
spectrum obtained for the control is observed as being
intermediate between that recorded at the probe oligo(1)-
modified electrode and the impedance spectrum obtained
after hybridisation.
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Fig. 5. (A) Impedance spectra in pH 4.5 0.1 M acetate buffer at fixed potential E=+0.5 V using a 5 mV r.m.s. amplitude obtained from: (@) oligo(1)-modified
GCE, (m) after hybridisation with oligo(2) and (A ) control experiments with oligo(3). (B) Capacitance data from impedance spectra obtained for: (5¢) bare
GCE, (%) GCE modified by duplex adsorption; and after adsorption of 0.28 pM oligo(1) during (@) 3 and (O) 5 min, (A) after adsorption of 0.8 pM oligo(2)
during 5 min, (M) after hybridisation of complementary oligo(2) with oligo(1)-modified GCE and (A ) after control experiment of non-complementary oligo(3)

with oligo(1)-modified GCE.
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The capacitive behaviour of the system can be more
conveniently represented using the capacitance data
obtained from the impedance spectra. Changes taking place
in the double layer capacitance during immobilisation,
hybridisation and control experiments were plotted in
function of the applied a.c. perturbation frequency, Fig. 5B.

The capacitance variation with frequency of the GCE
double layer was recorded before and after adsorption at an
applied potential of +0.5 V for different time intervals in a
solution containing 0.28 pM probe oligo(1). The changes in
the capacitance could be easily followed for low frequen-
cies. In these conditions, modifications in the double layer
were taking place slowly and the initial conformation
(before the perturbation was applied) was reached before
the system is disturbed again.

The capacitance data obtained from the impedance spectra
after adsorption for 180 and 300 s in a solution containing
0.28 uM probe oligo(1) is shown in Fig. 5B. The immobi-
lisation of probe oligo(1) at the electrode surface leads to a
decrease in the capacitance when compared with that of the
surface of a bare GCE. Lower values of the capacitance were
achieved if the adsorption time was increased.

The data obtained from the impedance spectra after
adsorption for 300 s in a solution containing 0.8 uM target
oligo(2), Fig. 5B, also show a decrease in the double layer
capacitance. Although the changes obtained after adsorption
in 0.8 uM target oligo(2) are not so pronounced as in the
case of adsorption from a less concentrated 0.3 uM probe
oligo(1) solution the capacitance data clearly demonstrated
that oligonucleotides containing only pyrimidinic bases also
adsorb at the GCE surface.

Following the hybridisation procedure described in the
Experimental section a large drop in the capacitance values
was again observed. As the hybridisation reaction proceeds
changes take place both in the thickness of the double layer
and the medium permittivity, in such a way that the capacity
value is decreasing [26].

However, after adsorption at +0.5 V for 180 s from a
0.26 uM duplex solution, a higher value for the capacitance
was obtained. Comparing the capacitance data obtained
from the impedance spectrum of the duplex with the
spectrum obtained after hybridisation it can be concluded
that during the hybridisation, besides the double strand
formation, non-specific adsorption of the complementary
sequence in the uncovered regions took place forming a
mixed multilayer. The difference of capacitances measured
at high and low frequency in the double helix is not so clear,
due to its greater rigidity, as observed in the single stranded
oligonucleotides.

The contribution from non-specific adsorption to the
overall capacitance change was verified in the control
experiments performed using oligo(3). In the control
experiment the capacitance obtained from the impedance
spectra after adsorption for 180 s of probe oligo(1), Fig. 5B
(%) was first determined. After this, oligo(1)-modified
electrode was immersed in for 180 s in a solution of

oligo(3). A decrease of the capacitance after adsorption for
180 s of oligo(3) onto the oligo(1)-modified electrode was
observed when compared with that obtained after adsorption
for 180 s of probe oligo(1). Since no hybridisation could
have occurred during this experiment the capacitance
decrease can only be attributed to non-specific adsorption
of the non-complementary oligo(3).

4. Conclusions

The results clearly show the importance of characterising
the surface morphology and of understanding the adsorption
process of oligonucleotides on the carbon electrode surface,
in the evaluation of all the factors that can influence the
correct response of DNA electrochemical biosensors. The
MAC Mode AFM images of oligonucleotide films formed
under controlled potential showed the existence of extensive
uncovered areas on the electrode surface. This aspect must
be carefully considered when using unmodified DNA
electrochemical biosensors for the detection of DNA
hybridisation processes, as it enables the non-specific
adsorption of molecules on the uncovered areas.

Hybridisation experiments carried out in solution showed
that the recognition process between two complementary
oligonucleotides occurs slowly and it could be followed by
differential pulse voltammetry. Hybridisation and control
experiments carried out on the electrode surface showed a
decrease in the oxidation currents of guanosine and
adenosine residues, but the changes in the oxidation current
are due to hybridisation events as well as to non-specific
adsorption that cause also blockage of the electrode surface.

During the hybridisation procedure, a mixed DNA
multilayer was formed on the electrode surface, due to
double strand formation and to non-specific adsorption of
complementary DNA sequence. Avoiding and protecting the
biosensor from non-specific adsorption continue to be a
very important goal to achieve when developing reliable
electrochemical hybridisation biosensors.
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