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Denaturation of dsDNA immobilised at a negatively
charged gold electrode is not caused by electrostatic
repulsion†

Robert P. Johnson,a Nittaya Gale,b James A. Richardson,a Tom Browna

and Philip N. Bartlett*a

Double-stranded DNA immobilised through a thiol anchor at a gold electrode surface can be unwound

and denatured by applying a negative potential. One proposed mechanism for this electrochemical

denaturation is that electrostatic field effects are responsible for the destabilisation of the dsDNA

through repulsion of the DNA sugar-phosphate backbone away from the electrode surface. Herein, we

demonstrate conclusively that electrochemical melting at gold electrodes cannot be explained solely as

a simple repulsion mechanism by showing that immobilised DNA denatures at high ionic strengths,

where the DNA base-pairs are situated outside of the electrochemical double-layer (and outside the

influence of the electric field), and further, that oligomers comprised of the mimic peptide nucleic acid

(PNA) can also be denatured at negative potentials, despite the absence of a negatively charged backbone.
Introduction

The rst reported observation of electrochemical unwinding
and denaturation of DNA at negative potentials was at amercury
drop electrode in 1974.1,2 In the years since, potential driven
changes in DNA conformation at the surfaces of mercury elec-
trodes were studied extensively by the laboratories of Paleček3–8

and Nurnberg.9–12 A tentative scheme for DNA unwinding at
negative electrode potentials was proposed based on electro-
static repulsion of the sugar-phosphate backbone of DNA.2,4,8 In
this scheme, DNA is absorbed at the electrode surface through
the sugar phosphate backbone, and sporadically through
hydrophobic base-pairs. As the potential is driven negative, the
parts of the DNA adsorbed through the backbone desorb, whilst
those parts attached through the base-pairs remain, resulting in
unwinding and denaturation. This type of DNA unwinding was
found to be dependent on nucleotide sequence.13 Electro-
chemically induced denaturation has also been observed at
graphite,14 gold15,16 and platinum electrodes.17 At gold and
platinum, the denaturation of dsDNA upon exposure to negative
potentials was found to be dependent on the stability of
duplex and was used to discriminate mismatched from fully
thampton, SO17 1BJ, UK. E-mail: pnb@

ampton, SO17 1BJ, UK

tion (ESI) available: Additional
of synthetic modications made to

esis of DNA and PNA, comparison of
o our previous work. See DOI:

Chemistry 2013
complementary sequences. In these examples, a constant bias
voltage was used, and because of the low magnitude of the
applied voltage only partial denaturation (unwinding) was
observed.16,17

In our recent work we have exploited complete electro-
chemically induced DNA denaturation, or electrochemical
melting, to develop assays that are capable of differentiating
between oligonucleotides based on their sequence and
composition.18–21 In a typical electrochemical melting assay a
target nucleotide of interest is hybridised to a probe nucleotide
immobilised at the surface of a nanostructured sphere segment
void (SSV) substrate. The substrate is specically designed to
provide large (�107) and reproducible Raman enhancement.22,23

Typically, detection of DNA hybridisation is through a Raman
label attached to the target nucleotide, although, we have
recently demonstrated that hybridisation of un-labelled nucle-
otides can also be detected by exposing the immobilised duplex
to a dsDNA specic binding molecule such as methylene blue.24

Following hybridisation, the potential at the surface is driven
negative, resulting in complete denaturation of the dsDNA,
which is monitored through attenuation of the intensity of
signal from the Raman label. The signal intensity drops during
denaturation because the target nucleotide diffuses away from
the surface. The SERS effect is surface selective; that is,
enhancement of signal intensity occurs only within �50 nm of
the substrate surface. Using electrochemical melting, we have
been able to discriminate mutations in the gene responsible for
cystic brosis,18 and to distinguish between short tandem
repeats as used in criminal forensics from PCR products
without the need for purication.25 We have also demonstrated
Chem. Sci., 2013, 4, 1625–1632 | 1625
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that the potential required to induce denaturation is related
to the sequence of the immobilised DNA, suggesting that
electrochemical melting can be useful in a wide range of
applications.20

In order to gain increased insight into the electrochemical
unwinding and denaturation mechanism, we have recently
studied the use of the electrostatically neutral DNA analogue
peptide nucleic acid (PNA) in an electrochemical melting assay.
PNA was rst synthesised by Peter Nielsen and co-workers at the
University of Copenhagen in 1991.26 In PNA, nucleobases are
linked by peptide bonds rather than a sugar-phosphate back-
bone. PNA/PNA and PNA/DNA duplexes are signicantly more
stable than their DNA/DNA counterparts of the same base-pair
sequence because of the reduction in electrostatic repulsion
between the complementary nucleotides.27,28 For this reason,
PNA has found a number of applications in molecular biology
where there is a need to design probes that bind strongly to a
complementary DNA target whilst keeping the probe as short as
possible.29,30 The properties of PNA mean that it has received
extensive attention as a probe molecule in DNA detection
assays, including those using electrochemical methods.31–33

Despite widespread use, there are few studies of the under-
lying electrochemistry of PNA,31,34–36 and, to the best of our
knowledge, electrochemical unwinding and denaturation of
PNA/PNA duplexes and DNA/PNA hybrids under an applied
potential has not previously been observed. The utilisation of
PNA targets permits a possible mechanism for electrochemical
melting unwinding and denaturation to be tested. If the dena-
turation process is driven purely by an electrostatic repulsion
between the target strand and the negatively charged electrode
surface, then PNA targets, which hold no formal charge, should
remain hybridised complementary to an immobilised probe
strand at the electrode surface as the potential is driven nega-
tive. In addition to providing a test of the denaturation mech-
anism, PNA has several advantages over DNA that may later
prove useful in the development of electrochemical melting
assays. Firstly, PNA/DNA chimera are signicantly more stable
than DNA/DNA duplexes of the same sequence,37 and therefore
defects in structure such as base-pair mismatches are more
easily detected relative to the perfectly complementary.27,28

Further, an immobilised PNA probe strand is likely to be
signicantly more stable than a DNA probe strand under an
applied potential because there will be no repulsion between
the neutral backbone of the PNA and the electrode surface. Rant
et al. have demonstrated previously that repulsion between the
sugar-phosphate backbone of thiol-anchored ssDNA and the
electrode surface makes a signicant contribution to reductive
desorption of the DNA,38 and thus, electrochemical melting
assays that utilise immobilised PNA probes are likely to prove
more robust.
Experimental
Preparation of Sphere Segment Void (SSV) substrates

A gold-chrome coated microscope slide was prepared by
thermal vapour deposition of a 10 nm chromium adhesion layer
followed by approximately 200 nm gold onto a standard glass
1626 | Chem. Sci., 2013, 4, 1625–1632
microscope slide (76 mm � 26 mm � 1 mm). A monolayer
template of 600 nm of polystyrene spheres (Fisher Scientic as a
1 wt% aqueous suspension) was formed at the surface using a
convective assembly method described by our group previ-
ously.23 Gold was deposited through the template to a height of
480 nm at �0.72 V vs. saturated calomel electrode (SCE) from a
commercial cyanide free gold plating solution (Metalor, ECF 60)
containing an additive (Metalor, Brightener E3) to leave a bright
and smooth nish. Following electrodeposition, the polystyrene
spheres were removed by dissolving in DMF (Rathburn, HPLC)
and the substrates rinsed thoroughly with water.

Oligonucleotide and PNA synthesis

DNA and PNA synthesis was performed using standardmethods
at ATDBio, Southampton, United Kingdom. A full description of
the synthetic methodology and structural modications are
given in the ESI.† The sequence used for both the DNA and PNA
probes was 50-ATA GAC TGT CCG, with a 50 thiol anchor
modication (Fig. S1†). The DNA or PNA target sequence
labelled with Cy3 at the 30 (Fig. S2†) was the fully complemen-
tary sequence. The thiol anchors utilised are stable over the
potential ranges used in this work (up to�1200mV vs. Ag/AgCl),
as demonstrated for the DNA anchor in previous publica-
tions,18,21 and shown for the PNA anchor in Fig. S6.†

Immobilisation and hybridisation protocol

To perform the immobilisation of DNA, substrates were
immersed into a 10 mM Tris buffer (pH 7.2) containing 1 M
NaCl and 1 mM of the di-thiol modied DNA strand for 12 h. For
the immobilisation of PNA, the immobilisation buffer consisted
of 1 mM of the di-thiol modied PNA in water with 5% DMSO by
volume (Rathburn, HPLC) to facilitate complete dissolution of
the modied PNA, and 10 mM mercaptohexanol (98%, Sigma-
Aldrich) to ensure a surface coverage of the same order of
magnitude as is normally obtained for DNA. The addition of
mercaptohexanol to the DNA immobilisation buffer is necessary
because of the smaller footprint of the PNA thiol anchor
(Fig. S1†), which would otherwise permit a much larger surface
coverage. In both cases following immobilisation, the remain-
ing gold surface was passivated by immersing the substrate in a
10 mM Tris buffer (pH 7.2) containing 1 M NaCl and 10 mM
mercaptohexanol for 20 min. Aer passivation, the substrates
were rinsed thoroughly and stored in buffer solution until
required.

Hybridisation of Cy3-labelled DNA was achieved by
immersing the substrate into a 10 mM Tris buffer (pH 7.2)
containing 1 M NaCl and 1 mM of the DNA target. The same
procedure was used for the immobilisation of PNA, except that
immobilisation buffer consisted of 5% DMSO (Rathburn,
HPLC) to facilitate complete dissolution of the Cy3 labelled
target. Substrates were rinsed thoroughly with buffer before use
in an electrochemical melting experiment.

Surface coverage determination

The surface coverage of the immobilised oligonucleotides was
determined using the coulometric method described by Steel
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Sequences of the four possible combinations of DNA and PNA studied at
the electrode surface (S is probe strand and T is target strand).
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and co-workers.39 A three electrode system was used for the
measurements, where the DNA covered SSV surface and a
platinum gauze were used as the working and counter elec-
trodes respectively. An SCE was used as the reference. A 500 ms
pulse at �400 mV vs. SCE was applied from an initial potential
of 100 mV in the presence and absence of ruthenium hexamine.
The supporting electrolyte used was a 10 mM Tris (pH 7.2)
buffer which was purged with argon for 30 min and blanketed
with argon thereaer.

Electrochemical melting procedure

Electrochemical melting experiments were carried out in a
custom built spectro-electrochemical Raman cell (Ventacon
Ltd.) specically designed for use with a Renishaw 2000 Raman
microscope. It utilises a horizontal geometry for viewing under
the microscope, maintaining a thin 150 ml liquid lm on the
substrate. Electrochemical control is provided by a three elec-
trode arrangement inside the cell, where the substrate is used as
the working electrode, and a platinum wire as the counter and a
silver/silver chloride as the reference. In a typical electro-
chemical melting experiment the potential was swept at 0.5 mV
s�1 from a starting potential of �0.4 V up to �1.6 V in a 10 mM
Tris buffer with added NaCl. The total ionic strength was either
0.01, 0.1 or 1 M. All electrochemical measurements were carried
out using an EcoChemie mAutolabIII potentiostat/galvanostat at
room temperature.

Raman instrumentation

Raman spectra were acquired using a 50� objective on a
Renishaw2000microscope instrument equippedwith a632.8nm
He–Ne laser and Prior XYZ stage controller. The diameter of the
laser spotwas 1 mm.Typically, Raman spectrawere acquired from
a 10 � 10 mm area with the laser moved approximately 2 mm
between measurements in order to avoid bleaching effects.
Typically, a single 30 s acquisition was used to acquire spectra.

Data analysis

SERS spectra presented have been baseline corrected using a
polynomial multipoint tting function and curve-tting per-
formed as required with Renishaw WiRe 3.1. The Raman
intensities of the peaks are taken as height above the baseline. A
Boltzmann function was used to t sigmoidal curves to the
melting proles (Origin 8.6) and the mid point of the sigmoidal
curves were used to determine the melting potential, along with
the associated standard error.

Results
Probe design, immobilisation and characterisation

Two PNA and two DNA oligomers were synthesised such that it
was possible to produce all four possible combinations of probe
and target strands at the substrate surface (Fig. 1). The probes
were designed to bind to the gold substrates through three
dithiol groups attached to the probe oligonucleotide on the 50

end and three cysteine residues attached to the PNA N-
terminus. The target strands were all labelled with Cy3 at the 30
This journal is ª The Royal Society of Chemistry 2013
end of the DNA and carboxy-terminus of the PNA, such that the
label was proximal to the surface. This maximises the SERS
signal because the intensity of the signal attenuates as a func-
tion of distance from the surface. Structures of the oligonucle-
otide and PNA modications are given in the ESI.† During
design, particular consideration was given to the GC content of
the oligomers, because high GC content signicantly decreases
the solubility of PNA strands in aqueous media. Despite this, we
found that it was necessary to add dimethyl sulfoxide (DMSO) to
the PNA-containing immobilisation and hybridisation buffers
in order to compensate for the decrease in solubility caused by
the addition of the thiol-anchor and label modications to the
PNA. Immobilisation and hybridisation buffers for PNA con-
tained 5% DMSO by volume. Whilst DNA containing buffers
consisting of just salt and water were found to be consistently
stable, buffers that had added DMSO became unstable aer a
few days as the co-solvent became immiscible over an extended
period of time.

The surface density of DNA probes at a gold electrode were
estimated using a chronoamperometric method published by
Steel and co-workers.39 Reductive pulses were applied to a
nanostructured gold substrate in the presence and absence of
the redox probe ruthenium(III) hexamine, which displaces NaCl
bound to DNA, and, under conditions of saturation, can be used
to deduce the probe surface density as has been described
previously.We found the surface coverageof immobilised ssDNA
to be 1.02 � 1012 molecules per cm2 ([Ru(NH3)6

3+] ¼ 25 mM,
electrode area 0.17 cm�2), which is consistent with previous
results from our group, obtained using the same immobilization
protocols and probes with the same thiol anchor.18

Given the lack of charge on the backbone of PNA, and the
different structure of the thiol anchor used to immobilize the
PNA probes at the electrode surface (Fig. S1†), we anticipated
the surface coverage of PNA at the surface in our experiments to
be different. To characterize the surface density of PNA, we rst
exposed the immobilised PNA probes to fully complementary
DNA for 12 h, and then carried out the chronoamperometric
experiments in the presence and absence of ruthenium hex-
amine in the same way as described above for the DNA probes.
We found that the surface coverage of immobilised PNA to be
3.74 � 1012 molecules per cm2 (Fig. 2), notably higher than the
results obtained for DNA. It is probable that the lack of charge
on the backbone of PNA means that adsorbing strands do not
repel one another as they adsorb on the surface, resulting in a
Chem. Sci., 2013, 4, 1625–1632 | 1627
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Fig. 2 Binding isotherm for the interaction of [Ru(NH3)6]
+ with DNA hybridised

to fully complementary PNA which is immobilised at a sphere segment
void surface. Inset: colorimetric curves were recorded by stepping the potential
from 0.1 to �0.4 V vs. SCE at a PNA coated electrode bound to fully comple-
mentary DNA targets in a 10 mM Tris (pH 7.2) buffer The area of the electrode
was 0.26 cm2.

Fig. 3 Detection of DNA and PNA duplexes at the surface of a sphere segment
void substrate. (a) DNA/DNA(Cy3) (b) PNA/DNA(Cy3) (c) DNA/PNA(Cy3) (d) PNA/
PNA(Cy3). Utilising PNA instead of DNA for the probe results in a �2� increase in
spectral intensity (compare a and b). Replacing a Cy-3 labelled DNA target strand
with Cy-3 labelled PNA results in an increase in spectral intensity, in addition to
changes in the observed bands (compare a and c). Spectra were recorded with a
single 30 s acquisition at a potential of �450 mV in a 10 mM Tris (pH 7.2) buffer
with added NaCl (I ¼ 0.1 M) and are presented baseline corrected.
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higher surface density. The lack of backbone charge has also
been attributed to the strong adsorption of PNA at mercury34,35

and carbon electrodes.34 We note however that the surface
densities obtained for PNA using the chronoamperometric
method described here can only be considered as an estimate,
as it is impossible to demonstrate conclusively that all of the
PNA probes are bound to a DNA target (meaning that the true
surface coverage may well be greater than reported here), nor
that the PNA/DNA duplex interacts with ruthenium hexamine in
the same manner as a immobilised DNA molecule.
SERS detection of DNA and PNA

Complementary oligomers of either DNA or PNA were bound to
the immobilised probe strand by exposing the substrate to a
1 mM solution of the desired target for 12 h, followed by thor-
ough rinsing with buffer solution. Binding of the complemen-
tary oligomer of either DNA or PNA, which was in all cases
labelled with Cy3, was determined by acquiring the surface
enhanced Raman spectra.

We found the order of intensity of the spectra acquired
under the same conditions for the different duplex combina-
tions to vary in the order

DNA(S)/DNA(T) < PNA(S)/DNA(T) < DNA(S)/PNA(T) �
PNA(S)/PNA(T)

as shown in Fig. 3. The higher SERS intensities observed when
PNA probes are utilised can easily be attributed to the higher
surface densities for these systems, as shown through the
chronoamperometric experiments presented earlier. Utilising a
PNA probe instead of DNA results in a �2� increase in spectral
intensity (compare a and b). The higher SERS intensities
observed for systems in which Cy3 labelled PNA targets are
utilised is more complex. We suggest that the orientation of the
Cy3 dye relative to the surface, which is likely different
depending on whether the Cy3 is attached to DNA or PNA, is
responsible for the differences observed in intensity. This
theory is supported by notable differences in relative intensities
and positions of the bands in the recorded spectra (Fig. 3). For
1628 | Chem. Sci., 2013, 4, 1625–1632
example, the band at 1190 cm�1 appears only when Cy3 is
attached to DNA, whilst the band 1220 cm�1 appears only when
Cy3 is attached to PNA. Further, the bands at 1240 cm�1 and
1470 cm�1 are signicantly more intense where Cy3 is attached
to DNA rather PNA, whilst the reverse is true of the bands at
1437 cm�1 and 1480 cm�1. Given that Cy3 is positively charged,
and the linker through which it is attached to either the DNA or
PNA is exible (Fig. S2†), it is entirely plausible that there will be
differences in the interaction and thus the favoured orientation
of the dye depending on whether the nucleic acid to which it is
attached is either charged (DNA) or uncharged (PNA). Further,
Cy3 is also well known to interact specically with DNA duplexes
through stacking interactions with the terminal base-pairs,40–44

and thus the consequences of the duplex construction (either
DNA or PNA) on Cy3 orientation cannot be ignored.
Electrochemical melting of DNA and PNA duplexes

Electrochemical melting experiments were performed using
each of the four possible nucleotide combinations. In each
experiment, aer hybridisation with the target, the potential
was ramped at 0.5 mV s�1 from a starting potential of �0.3 V to
a nal potential of �1.6 V vs. Ag/AgCl. SERS spectra were
recorded at 25 mV intervals.

A simple electrostatic repulsion mechanism for oligomer
denaturation at an electrode surface suggest that it should be
impossible to denature those duplexes which contained a non-
anchored PNA strand because of the absence of charge on the
oligomer backbone. However, electrochemical denaturation of
an all-PNA duplex proved easily possible at moderately cathodic
potentials. The potential required to denature the PNA duplex
was similar to that required to electrochemically denature a
DNA/DNA duplex of identical composition (Fig. 4).

We performed electrochemical melting experiments for all
four possible combinations of DNA and PNA at the surface, at
This journal is ª The Royal Society of Chemistry 2013

https://doi.org/10.1039/c3sc22147d


Fig. 4 Electrochemical melting of duplexes constructed of DNA and/or PNA at a
sphere segment void surface. Representative spectra for the case of (A) PNA/
PNA(Cy3) and (B) DNA/DNA(Cy3), and the peak intensity at 1590 cm�1 for (C)
PNA/PNA(Cy3), (D) DNA/DNA(Cy3), (E) DNA/PNA(Cy3) and (F) PNA/DNA(Cy3) as
a function of the applied potential. Sigmoidal curves have been fitted to the
region corresponding to denaturation of duplex. The potential was swept at a
scan rate of 0.05 mV s�1 in a 10 mM Tris buffer (pH 7.2) with added NaCl (I ¼ 0.1
M). Spectra were acquired with a 2.7 mW 633 nm excitation laser and have been
background subtracted and normalized to maximum.

Table 1 Melting potentials of the nucleic acid duplexes studied (determined
from the mid-point of the sigmoidal fit to melting region as shown in Fig. 4, S3
and S4). Determination of the Tm values is shown in Fig. S7.

Probe DNA PNA DNA PNA
Target DNA(Cy3) DNA(Cy3) PNA(Cy3) PNA(Cy3)

Tm (0.1 M)/�C 47 63 67 >80
Em (0.01 M)/mV �1030 � 17 �1050 � 13 �1097 � 13 �1130 � 15
Em (0.1 M)/mV �963 � 9 �979 � 20 �1007 � 12 �1024 � 16
Em (1 M)/mV �890 � 38 �910 � 26 �953 � 9 �985 � 17
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three different ionic strengths; 0.01, 0.1 and 1 M. It was
possible to denature the immobilised duplexes in all cases.
Denaturation of the duplexes was monitored through attenu-
ation of the band at 1593 cm�1, attributed to the C]N chro-
mophore stretch, and the attenuation of signal plotted as a
function of the potential. Data obtained at an ionic strength of
0.1 M are shown in Fig. 4. Unlike the Texas Red labelled
oligonucleotides presented in our previous work,20 no initial
rise in intensity was observed upon driving the potential
negative. Instead, for the Cy3 labelled oligomers used here, we
observed a decrease in signal before a plateau is reached,
which suggests that label re-orientates in a position away from
the surface as the potential is driven negative. It is possible
that this re-orientation affect is responsible for the greater
uctuation in intensity values observed at less negative
potentials, where the position and orientation of the Cy3 label
relative to the substrate surface stabilises as the potential
becomes more negative. The onset of electrochemical dena-
turation was similar regardless of the construction of the
probe or target, at approximately �700 mV. Melting potentials
for the duplexes, determined from the rst derivative of the
sigmoidal t, are shown in Table 1.
This journal is ª The Royal Society of Chemistry 2013
At all three ionic strengths, the melting potentials became
progressively more negative in the same order as would be
expected based on the experimentally determined melting
temperatures in solution at 0.1 M for the four combinations of
DNA and PNA. However, there are a number of aspects of the
determined melting potentials that are puzzling. Firstly, PNA
duplexes appears to denature at cathodic potentials not signi-
cantly different from DNA duplexes, despite the huge differences
inmelting temperature, suggesting that the potential required to
achievedenaturation isnot directly related to the thermodynamic
stability. Whilst the melting potential for the DNA/DNA duplex is
close to that which would be predicted based on our previously
developed model, the melting potentials of the PNA containing
duplexes are much less negative than expected (Fig. S5†). For
example, the PNA/PNA duplex, which had a melting temperature
outside the range of our instrumentation (>80 �C), had a melting
potential only circa 100 mV negative of the DNA/DNA duplex of
identical base-pair composition. The way in which the melting
potentials vary with the ionic strength is also surprising. Whilst
PNA containing duplexes destabilise with increasing ionic
strength,37 double-stranded DNA is well known to increase in
thermodynamic stability with increasing ionic strength.45

However, the results here clearly showed a trend to less negative
potentials with increasing ionic strength in electrochemical
melting. It is worth noting that a similarly unexpected trend was
observed by Paleček and Ostatna for the denaturation of BSA at
mercury electrodes,46 and it something that we intend to explore
inmore detail forDNA at a later stage. From the results presented
here, it is clear that PNAduplexes canbedenaturedat anegatively
charged electrode surface at potentials similar to those that are
required to denature double-stranded DNA, despite the lack of
charge on the backbone of PNA.
Mechanisms for denaturation at negative potentials

For electrostatic repulsion to be a plausible mechanism for
electrochemically induced unwinding and denaturation in our
experiments, those duplexes in which the non-immobilised
oligomers were constructed from PNA should have been stable
under an applied negative potential. This is because, under the
neutral pH regime used here (pH 7.2), the backbone of PNA has
no formal charge, and, unlike DNA at an electrode surface, will
experience no electrostatic effect under an applied electric eld.
Nevertheless, we observed electrochemical unwinding and
denaturation of DNA/PNA and PNA/PNA duplexes at negative
Chem. Sci., 2013, 4, 1625–1632 | 1629
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Fig. 5 Potential profileof theelectricaldouble layeratdifferent ionic strengthsand
a cathodic potential of 0.8 V based on the Gouy–Chapman–Stern model with an
outer-helmholtz plane at �0.8 nm. The 12 base-pair dsDNA molecule (�4 nm)
attached to thesurfaceby the thiol anchorgroup (�1nm) is overlain forcomparison.
At high ionic strength all of the dsDNAbase-pairs are situated outside of the double
layer. In this model we have ignored the mercaptohexanol monolayer.
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potentials. Whilst an indirect mechanism of electrostatic
repulsion might still hold for the case of the immobilised DNA
and the PNA target through an indirect repulsion of the
immobilised strand, electrostatic repulsion does not serve as a
plausible explanation for the observed denaturation of duplexes
comprising entirely of PNA. We have demonstrated previously
that nucleic acid sequence20 and the presence or absence of
mismatches18,24 is related to the magnitude of the potential
required to drive denaturation. Whilst we found this was also
the case here, the magnitude of potential required to drive
denaturation was much lower than would be expected based on
our previously developed model20 (Fig. S5†). This is in sharp
contrast to the well-known increased thermodynamic stability
of duplexes that contain PNA,27 suggesting that whilst electro-
chemical denaturation in our assays is related to the base-pair
composition, this does not extend to the composition of the
nucleic acid backbone. Any simple relationship between the
potential required to electrochemically denature immobilised
DNA in our assay and thermodynamic properties of that duplex
is therefore unlikely.

In the course of extensive studies of DNA electrochemistry at
mercury drop electrodes, Paleček and Jelen observed DNA
unwinding at ionic strengths of between 0.1 and 1 M NaCl, and
in common with our studies, found that the denaturation was
highly dependent on the base-pair sequence.13 They proposed a
tentative scheme based on an electrostatic repulsion.4,7 In their
experiments, DNA is adsorbed at the electrode surface in some
parts via the hydrophobic individual bases, and in other parts
through the sugar-phosphate backbone. Upon driving the
potential negative, those parts that are not bound through the
bases will be repelled away from the surface, resulting in a stress
force on the DNA that might be responsible for the unwinding.
It is important to note that, under these conditions, where the
sugar-phosphate backbone is adsorbed directly at the electrode
surface, the DNA is likely to experience strong electrostatic
forces even at high ionic strengths. Thus, even though the
results presented here preclude a simple electrostatic repulsion
mechanism as an explanation for electrochemical unwinding
and denaturation in our experiments, the mechanism proposed
by earlier by Paleček et al. is still plausible for the regime of DNA
directly adsorbed at mercury electrodes.4,7

Additional evidence discounting electrostatic repulsion as a
possible mechanism for electrochemical unwinding and dena-
turation in our system can be inferred from the observation of
electrochemically induced denaturation even at high ionic
strength. For our system, in which the dsDNA is immobilised at
the gold electrode through a thiol group at the terminus, the
conformation adopted at a gold surface by thiolated dsDNA is
upright where the base pairs are situated near-perpendicular
with respect to the electrode surface. This has been conrmed
in the literature by numerous experimental techniques,
including atomic force microscopy,47 uorescence,48,49 X-Ray
photoelectron spectroscopy50 and surface plasmon resonance.51

Under regimes of high ionic strength, and given the upright
conformation adopted by the dsDNA at the surface, the effective
electric eld experienced by the sugar phosphate backbone is
likely to be negligible. This is because the sugar-phosphate
1630 | Chem. Sci., 2013, 4, 1625–1632
backbone is anticipated to fall outside of the electrochemical
double layer (EDL), where the majority of the electric eld is
compensated by ions from the electrolyte over a distance
shorter than between the electrode surface and the rst base-
pair of the immobilised DNA (Fig. 5).

Previously, we have been able to discount a number of
plausible explanations, including, here, electrostatic repulsion,
and in our earlier work, localised pH changes at the vicinity of
the electrode surface21 as suggested by Sosnowski and co-
workers as a possible mechanism.17 Another plausible mecha-
nism for DNA and PNA denaturation at a negatively charged
electrode surface is the disruption of base stacking and/or
hydrogen bonding between nucleobases upon an increase in
electron density into the (pseudo)nucleic acid p-stack. The
stabilising effect of electron withdrawing groups on the p–p

stacking interaction of simple aromatic molecules has previ-
ously been demonstrated52,53 and recent studies on the modi-
cation of RNA with 20-deoxy-20uoro groups suggests that
electron withdrawing substituents can increase the thermody-
namic stability of this nucleic acid duplex.54,55 Thus, a mecha-
nism by which denaturation of DNA or PNA is brought about via
the donation of electron density from a negatively charged
surface into the duplex may provide an explanation.

Clearly, further work is required to fully understand the
mechanism for electrochemical denaturation at gold electrode
surfaces. Nevertheless, electrochemical melting offers great
potential for use indiagnostic assays. In particular, the use of PNA
probemolecules canbeexploited to improve the robustness ofour
assays through increased stability of the probe at the electrode
surface and the ability to access a wider range of target sequences
that would otherwise be unstable at room-temperatures.
This journal is ª The Royal Society of Chemistry 2013
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Conclusions

We have demonstrated that immobilised oligonucleotides of
both DNA and PNA can be unwound at an electrode surface at
negative potentials. Denaturation of duplexes comprised of
entirely PNA occurs despite the absence of backbone charge,
strongly suggesting that the mechanism of DNA denaturation at
electrodes cannot be a simple electrostatic repulsion. Further
evidence ruling out an electrostatic repulsion mechanism is
observed from electrochemical melting experiments at high
ionic strength, where immobilised dsDNA is anticipated to fall
outside of the electrical double layer and thus the inuence of
the applied electric eld.
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