JHL

Methylene blue as an electrochemical discriminator of single-
and double-stranded oligonucleotides immobilised on gold

substrates

d3idvd 11N4

Akiko Tani, Andrew J. Thomson and Julea N. Butt*

School of Chemical Sciences, University of East Anglia, Norwich, UK NR4 7TJ.

E-mail: j.butt@uea.ac.uk

Received 15th May 2001, Accepted 12th July 2001

1SATVNY

www.rsc.org/analyst

First published as an Advance Article on the web 25th September 2001

Self-assembly of thiol-terminated oligonucleotides on gold substrates provides a convenient and versatile route to
DNA-functionalised surfaces. Here we show that the square-wave voltammetric peak position of methylene blue
complexed to thiol-terminated single-stranded oligonucleotides immobilised on gold electrodes differs from that of
methylene blue complexed to thiol-terminated double-stranded oligonucleotides immobilised on gold electrodes.
The peak potential of methylene blue at the single-stranded oligonucleotide array was consistently found to occur
at potentials ca. 10-15 mV more positive than that at double-stranded oligonucleotide arrays, the precise
difference being dependent on the direction of the voltammetry. This voltammetric behaviour mirrors that found
for methylene blue bound to freely diffusing single- and double-stranded calf thymus DNA and suggests that the
immobilised oligonucleotides retain the methylene blue binding properties of their freely diffusing counterparts.
Thus methylene blue provides a simple electrochemical indicator for the status of oligonucleotide-functionalised

gold surfaces.

Introduction

DNA-functionalised surfaces provide versatile substrates for a
wide variety of applications. Many diagnostic devices exploit
arrays of single-stranded (ss) DNA probe sequences. The
single-stranded probes hybridise with DNA targets of com-
plementary sequence to generate double-stranded (ds) DNA and
these probe arrays lend themselves to applications including the
diagnosis of genetic and infectious disease, sequencing by
hybridisation and the identification of genes in modified
organisms.'=* The sensing surface can be regenerated by
chemical or thermal dehybridisation and signal transduction
may be through optical, electrochemical or mass-sensitive
methods. DNA-ligand interactions can also be investigated at
DNA arrays. The ligand of interest may be a drug or a protein
with DNA repair or expression activities.>-¢ Recently, advances
in nucleotide chemistry have allowed the rational design of
oligonucleotides with terminal and internal functionalities.
These chemistries have facilitated the incorporation of signal
transducing and surface anchoring species into oligonucleotides
and have led to the use of oligonucleotides as powerful
molecular ‘scaffolds’ in the construction of nanoscale assem-
blies from solid supports.”

Self-assembly of terminally thiol-labelled oligonucleotides
on gold surfaces represents a direct and simple method for the
formation of oligonucleotide-functionalised surfaces. Covalent
attachment of oligonucleotides to the surface occurs through
Au-S bond formation and the resulting Au—S—oligonucleotide
(Au-S—-Oligo) array exhibits thermal stability to at least 80 °C,
allowing multiple cycles of thermally directed de/re-hybrid-
isation to be performed.”-8 Redox transformations of the
immobilised oligonucleotides occur outside the potential range
of stability for these electrodes, ca. —1 to 0.5 V vs. SHE.%-10
However, interactions between oligonucleotides and redox-
active molecules of appropriate reduction potential provide an
opportunity for voltammetric characterisation of Au—S—Oligo
systems. For example, redox molecules which bind preferen-
tially or more numerously to ds- than ss-oligonucleotides give
rise to enhanced voltammetric signals from Au-S—dsOligo
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systems.>-11.12 Redox molecules which intercalate at remote
sites within an Au—S—dsOligo array can also be ‘wired’ to
exchange electrons with the electrode through the st-stack of ds-
oligonucleotides.!3-15 In this latter configuration, single base
mismatches within the st-stack perturb the conductivity of the
Au-S—dsOligo array, allowing for sensitive detection of
oligonucleotide sequences with complete complementarity.

Molecules which exhibit distinct reduction potentials when
bound to ss- or dsDNA also afford the opportunity to
discriminate between Au—S—ssOligo and Au—-S—dsOligo sur-
faces. The reduction potential of benzyl viologen has been
shown to afford discrimination between calf thymus ss- and
dsDNA immobilised on gold electrodes.!® The reduction
potential of methylene blue allows similar discrimination of calf
thymus DNA immobilised on carbon paste electrodes.!” Here
we report that methylene blue provides a rapid and convenient
voltammetric probe for discrimination between Au—S—ssOligo
and Au-S—dsOligo surfaces. The voltammetric behaviour of
methylene blue at Au—-S—ssOligo and Au-S—dsOligo arrays
mirrors that of methylene blue bound to freely diffusing calf
thymus ss- and dsDNA, respectively. Our observations suggest
that the immobilised oligonucleotides retain the methylene blue
binding properties of their freely diffusing counterparts. Thus
methylene blue may have utility as an electrochemical indicator
of oligonucleotide strandedness within a DNA biosensor
exploiting Au—S—Oligo arrays or for monitoring the status of an
oligonucleotide functionalised gold surface during nanostruc-
ture assembly.

Experimental

Samples were prepared and voltammetric experiments per-
formed in 20 mM HEPES, 100 mM NaCl, pH 7.5, unless stated
otherwise. All solutions were passed through a 0.2 pm filter
prior to use and were prepared with water having resistivity
> 18 MQ cm. Methylene blue (BDH) was used as received and
dissolved in water to provide a stock standard solution of ca. 1.6
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g 1~L. Methylene blue concentrations were determined by
absorption spectroscopy using the method of Miiller and
Crothers.!8 DNA solutions were prepared from the sodium salts
of calf thymus dsDNA (Sigma) and calf thymus ssDNA (Fluka)
by gently stirring overnight at 4 °C. The absorption ratio
As60 nm/A280 nm Was confirmed to be >1.8 and solutions were
used within 2 d of preparation. The concentrations of dSDNA
and ssDNA (moles of base 1-1) were determined using €0 nm
= 6600 I mol—! cm~! and &gonm = 8250 1 mol—! cm—!,
respectively.19 Purified oligonucleotides AT1* 5'-CAGCTAA-
CACGACA(CH,)6-SS—(CH,)e—OH (MWG Biotech, Ger-
many), ATl 5-CAGCTAACACGACA(CH,)¢—SS—(CH,)s—
OH and AT2 5-GTCGTGTTAGCTG-3’ (Sigma-Genosys, UK)
were dissolved overnight at 4 °C, then diluted to a concentration
of 200 pM bases. Equal concentrations (200 pM bases) of
AT1*, AT1 and AT2 were mixed at room temperature to
prepare  alcohol—disulfide—ds-oligonucleotides. ~ Absorption
spectroscopy showed the expected decrease in Agonm and
hybridisation was essentially instantaneous. Oligonucleotide
concentrations (moles of base 1—!) were determined using
&E60nm (AT1*, AT1) = 1.38 X 106 I mol—! cm—! and &¢0 nm
(AT2) = 1.25 X 1061 mol—! cm—1!.

Voltammetry was performed using a three-electrode cell
configuration with a platinum counter electrode. A saturated
calomel reference electrode (SCE) contacted the sample
through a Luggin capillary tip and the sample compartment
thermostated at 18 °C, was made anaerobic by a flow of
humidified argon gas. Polycrystalline gold electrodes (radius
0.15 mm) were prepared by polishing with an aqueous slurry of
0.3 pm aluminium oxide placed on the cotton wool-covered
head of an electric toothbrush (Sunstar, Japan) until a highly
reflective ‘mirror’ finish was achieved. The electrode was then
sonicated, rinsed thoroughly with water, dried and placed in 50
mM H,SO,. Cyclic voltammetry (0-1.5 V vs. SCE, 100
mV s—1) was performed until stable voltammograms were
obtained. The voltammograms were in good agreement with
those previously reported for clean gold surfaces.20-21 The
electrode surface area and surface roughness factor were
calculated from the area of the gold oxide reduction wave and
typically found to be 0.17 = 0.01 cm? and 2.44 + 0.20,
respectively. Two-component functionalised electrodes com-
posed of thioalcohol and thiooligonucleotide molecules were
prepared by overnight incubation at 4 °C of freshly prepared
gold electrodes in freshly prepared solutions of alcohol—
disulfide—ss-oligonucleotide (200 pM bases) or alcohol—dis-
ulfide—ds-oligonucleotide (200 pM base pairs). Single-compo-
nent thioethanol-funtionalised electrodes were prepared in a
similar manner from solutions of 200 pM 2,2’-dithiodiethanol
(Fluka). Functionalised electrodes were rinsed thoroughly with
buffer—electrolyte prior to use.

Voltammetry was performed with an Autolab Electro-
chemical Analyser (EcoChemie, The Netherlands) under the
control of GPES software. The parameters for square-wave
voltammetry, defined in Fig. 1, were step potential = 0.15 mV,
pulse height = 50 mV and frequency (1/7) = 100 Hz. Prior to
initiating the pulse sequence, the electrode was held for 10 s at
the starting potential. Quantification of baseline-corrected
voltammograms was performed with GPES software to deter-
mine the peak potential (E},), peak height (ip) and width at half-
height (J) of the voltammetric wave as defined in Fig. 1. The
superscript + or — is used to distinguish those parameters
derived from a voltammetric sweep to increasingly positive or
increasingly negative potentials, respectively. Baseline correc-
tion was performed by subtraction of a voltammogram
measured in buffer—electrolyte alone or a polynomial base curve
fitted to the experimental voltammogram. Analysis by either
method produced indistinguishable values of E,, i,and . The
data in Table 1 represent the averaged results from experiments
with at least three independently prepared electrodes for each
surface functionalisation. All potentials are reported relative to

the standard hydrogen electrode (SHE) by addition of 240 mV
to the measured value.?2

Results and discussion

Voltammetry of methylene blue and its complexes with
freely diffusing calf thymus DNA

Reduction of methylene blue proceeds by the addition of two
electrons and one proton under the experimental conditions to
form leucomethylene blue.23.24
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Voltammetry was performed at naked gold electrodes with
both methylene blue and calf thymus DNA freely diffusing in
solution to establish whether the electrochemical properties of
methylene blue were sensitive to the presence and strandedness
of DNA. Cyclic voltammograms of 25 uM methylene blue at 20
mV s—! showed a quasi-reversible wave pair having 36 £ 6 mV
separation between anodic and cathodic peak potentials (Fig. 2).
The average of the anodic and cathodic peak potentials was 6 *
11 mV, in agreement with the reduction potential of methylene
blue determined under comparable conditions in previous
studies.23-24 The asymmetry of the anodic and cathodic waves
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Fig.1 Definition of the parameters used in this study for quantification of
square-wave voltammograms; i, is the peak height, E,, the peak position and
0 the peak width at half-height. Inset: square-wave excitation profile.

Table 1  Square-wave voltammetric peak parameters for methylene blue
at functionalised gold electrodes after immersion for 20 min in 3 pM
methylene blue, 20 mM HEPES, 100 mM NaCl, pH 7.5, at 18 °C

EjtfmV  Ey=/mV | it | /] iy~ | 848~
Au-S-ssOligo/alcohol 5 + 6 —10+8 0.58+0.18 0.79 +£0.07
Au-S—dsOligo/alcohol —9+7 —21+9 045+0.13 0.89 £0.04
Au-S—ethanol —2+5 —4+6 1.13+£0.08 1.00+0.05
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has been seen previously and may result from kinetic complex-
ity in the methylene blue <> leucomethylene blue transforma-
tion.2> A plot of cathodic peak height, i,c, versus (scan rate)”
was linear from 5 to 200 mV s—1.

Cyclic voltammetry of 25 pM methylene blue in the presence
of 0.75 mM bases ssDNA or 0.75 mM base pairs dsDNA
showed a large decrease in the amplitude of the voltammetric
response compared with that in the absence of DNA (Fig. 2).
The smaller peak currents introduced some error into their
quantification but within this error the proportionality of 7,. and
(scan rate)” persisted. These observations are in agreement with
the results of previous studies where small redox molecules
bind to DNA and adopt the diffusion coefficient of the much
larger molecule.2® Voltammetry of potassium hexacyanoferra-
te(ur) or ferrocenemonocarboxylic acid, which do not bind to
DNA, was unchanged by the presence of equivalent concentra-
tions of DNA.

Cyclic voltammograms such as those shown in Fig. 2
indicated that the reduction potential of methylene blue was
displaced to more negative values on complexation with DNA.
However, poor definition of the cyclic voltammetric waveforms
prevented confident calculation of the reduction potentials for
the methylene blue—DNA complexes. By contrast, square-wave
voltammetry afforded clear resolution of the distinct peak
potentials arising from the methylene blue—ssDNA and methy-
lene blue—dsDNA complexes (Fig. 3). The peak potentials
determined from square-wave voltammetric sweeps performed
to increasingly positive potentials (E,*) were —27 + 4 and —35
+ 1 mV for the methylene blue-ssDNA and methylene blue—
dsDNA complex, respectively. When voltammetry was per-
formed in the direction of increasingly negative potentials, the
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Fig. 2 Cyclic voltammograms of 25 pM methylene blue at a naked gold
electrode in buffer—electrolyte (dotted line) containing 0.75 mM bases calf
thymus ssDNA (dashed line) and 0.75 mM base pairs calf thymus dsDNA
(solid line). The buffer—electrolyte was 20 mM HEPES, 100 mM NacCl, pH
7.5, the scan rate was 20 mV s—! and the temperature was 18 °C.
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Fig. 3 Square-wave voltammograms from 25 pM methylene blue at a
naked gold electrode in buffer—electrolyte (dotted line) containing 0.75 mM
bases ssDNA (dashed line) and 0.75 mM base pairs dsDNA (solid line).
Inset: magnified view of the voltammetric waves after normalisation.
Voltammetry was performed to increasingly positive potentials with step
potential = 0.15 mV, pulse height = 50 mV and frequency = 100 Hz. All
other conditions as in Fig. 2
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methylene blue-ssDNA complex also showed more positive
values of E,~ than the dSDNA complex, —40 = 7 and —50 * 2
mV, respectively. The non-equivalence of E,* and E,~ noted
for each methylene blue—DNA complex was found in square-
wave voltammograms of non-complexed methylene blue (E,*
=2+2mV, E,~ = —18 £ 1 mV), most likely reflecting the
kinetic complexity of the methylene blue «» leucomethylene
blue transformation. Titration of 25 yM methylene blue with
increasing concentrations of ss- or dsDNA showed that the E,
values reported here were recorded under conditions of almost
complete complexation of the methylene blue by each form of
DNA.

Voltammetry of methylene blue at oligonucleotide
functionalised gold electrodes

Non-specific interactions between gold and nucleotide bases
cause adsorbed oligonucleotides to lie across a gold surface.?’
Such a situation has a detrimental effect on the efficiency and
rate of hybridisation of a probe array and may hinder the use of
such an array as a structural scaffold. Formation of a two-
component array comprised of terminally thiol-labelled oligo-
nucleotides and alcohols removes the opportunity for non-
specific interactions between oligonucleotides and a gold
surface.?” The interactions between immobilised alcohol and
oligonucleotide molecules are minimal and homogeneous
behaviour of the immobilised oligonucleotides towards solution
molecules is expected.

Electrodes functionalised with two-component arrays of
thioalcohol and thiooligonucleotide molecules were prepared
by spontaneous adsorption of alcohol-disulfide—oligonucleo-
tides onto gold electrodes as described in Experimental. Several
experiments were performed to confirm that the voltammetry of
methylene blue at these electrodes, termed Au—S—Oligo/alcohol
electrodes, was determined by the oligonucleotide rather than
the alcohol coadsorbate. Voltammetry was performed at gold
electrodes functionalised with propanol- or hexanol—disulfide—
oligonucleotides and also at single-component, thioethanol-
functionalised (Au—S—ethanol) electrodes. Square-wave vol-
tammetry of the functionalised electrodes in buffer—electrolyte
showed no Faradaic response over the potential range of interest
(—360 to 240 mV).

In solutions containing 3 uM methylene blue, there were
clear differences in the square-wave voltammetric response
from each functionalised electrode. The signal magnitude, |i,
recorded at Au—S—ethanol electrodes immersed in the methy-
lene blue solution showed little variation over 30 min. However
|ip| measured at the Au-S-Oligo/alcohol electrodes increased
over ca. 15 min to approach a limiting value (not shown). These
results are consistent with relatively slow accumulation of
methylene blue within a densely packed layer of oligonucleo-
tide immobilised on the gold surface. Typical square-wave
voltammograms from each of the electrodes recorded after
immersion for 20 min in 3 pyM methylene blue are shown in Fig.
4. The magnitude of the voltammograms in this figure has been
normalised to emphasise the distinct voltammetric response
from methylene blue at each electrode. It is clear that the
waveforms arising from methylene blue at the Au—S—Oligo/
alcohol electrodes are much broader than that measured at the
Au-S—ethanol electrode. Comparison of the square-wave
voltammograms obtained for sweeps to increasingly positive
and increasingly negative potentials showed further differences
in the voltammetry of methylene blue at the Au—-S-Oligo/
alcohol electrodes compared with the Au—S—ethanol electrodes
(Table 1). Non-equivalence of 6+ and 6~ was observed at the
Au-S-Oligo/alcohol arrays with §— larger than 6+ by ca. 23 and
15 mV for the ss- and ds-Oligo, respectively. In addition,
voltammetry at the Au-S—Oligo/alcohol electrodes yielded
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values of |iy*| consistently smaller than |i,~| whereas for the
Au-S-ethanol electrode |ip*|/|i ,—| = 1.

Distinction between Au—S—ssOligo/alcohol and Au-S—
dsOligo/alcohol electrodes was afforded by the square-wave
voltammetric peak potentials exhibited by methylene blue at
these two surfaces (Fig. 4 and Table 1). Au—S—dsOligo/alcohol
electrodes exhibited E, values more negative than those
observed at Au—S—ssOligo/alcohol electrodes and the values of
E, were independent of whether the coadsorbate was thiopropa-
nol or thiohexanol. The difference in E,* values is sufficient to
allow for confident discrimination between Au—S—ssOligo/
alcohol and Au—S—dsOligo/alcohol electrodes. Thus methylene
blue provides a convenient redox indicator with which to
confirm the presence and nature of an oligonucleotide array.
The relative displacement of peak potentials from Au—-S—Oligo/
alcohol arrays is the same as for methylene blue complexed to
freely diffusing ss- and dsDNA. Comparison of the insets in
Figs. 3 and 4 shows that the absolute values of E}, for methylene
blue complexed to freely diffusing calf-thymus DNA and the
surface-immobilised oligonucleotides differ. This may reflect
differences in the nucleotide sequence binding methylene blue
in each case or the higher density of nucleotides and/or
methylene blue in the electrode-immobilised array. During
accumulation of methylene blue at the Au—S—Oligo/alcohol
electrodes there were no detectable changes in the parameters
describing the waveform aside from an increase in |i,| which
indicates that the oligonucleotides rather than the alcohol
molecules determine the voltammetric response at all times.
The voltammetric behaviour described above persisted for at
least 2 weeks after electrode functionalisation.

Reduction of aqueous methylene blue is accompanied by
protonation events which produce a pH dependence of the
methylene blue/leucomethylene blue reduction potential.2324
To determine whether greater separation of £, values from Au—
S—ssOligo/alcohol and Au—S—dsOligo/alcohol electrodes could
be achieved experiments were performed across the pH range
6-8.5 where Au—S—X arrays are stable and dehybridisation of
ds-oligonucleotides is not expected.?® E}, values from each
electrode were displaced to more negative potentials on
increasing the pH but the difference between E;, values from the
ss- and ds-oligonucleotide-functionalised electrodes remained
essentially invariant.

Spectroscopic studies have shown that methylene blue
interacts with dsDNA by three binding modes: (i) intercalation
between successive base pairs with face-to-face binding of the
bases and methylene blue; (ii) insertion into the minor groove;
and (iii) insertion into the major groove of the double helix.?%-31
Intercalation is predicted as the dominant binding mode for
DNA sequences such as those used in this study which contain
all four nucleotides. Studies of methylene blue binding to
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Fig.4 Representative normalised square-wave voltammograms from Au—
S—ethanol (dotted line), Au—S—ssOligo/alcohol (dashed line) and Au—S—
dsOligo/alcohol (solid line) electrodes after incubation for 20 min in 3 pM
methylene blue. Inset: magnified view of the voltammetric peak positions.
Voltammetry was performed to increasingly negative potentials. All other
conditions as Fig. 3.

ssDNA are less extensive. Our studies utilising absorption
spectroscopy indicate that methylene blue associates with calf
thymus ss- and dsDNA with comparable affinities under the
conditions of the voltammetric experiments.3> When methylene
blue binds to ssDNA the absorption spectrum experiences a red
shift and hypochromism similar to that observed when methy-
lene blue binds to dsDNA.29-31 Therefore, face-to-face binding
of methylene blue and the bases of both ss- and dsDNA is
expected although the absence of base pairs and long-range
structure in ssSDNA will result in distinct environments for the
methylene blue bound to each form of DNA. Consequently, the
observation of distinct reduction potentials for methylene blue
complexed to ss- and ds-nucleotide systems is not surprising.
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