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Scanning the electrochemical potential negative results in the gradual denaturation of dsDNA immobilised at a
nanostructure gold electrode, the DNA melting is monitored by SERS. We demonstrate the effect of the experi-
mental temperature on the electrochemically driven melting (E-melting) by carrying out experiments between
10 and 28 °C using two DNA duplexes (20 and 21 base pairs). Significant temperature dependence for both the
melting potentials, Em, and the steepness of themelting curveswas found over the range 10 to 18 °C. Above 18 °C
the results were found to be independent of temperature. The relative temperature insensitivity of the melting
potentials above 18 °C is advantageous for the application of the electrochemically driven melting technique be-
cause precise temperature control is not necessary for measurements that are carried out around room temper-
ature. Conversely temperature dependence below 18 °C offers a way to improve discrimination for highly similar
DNA sequences.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Detection and identification of specific DNA sequences are critical in
clinical diagnostics [1], drug screening [2] and forensic analysis [3].
Optical and electrochemical DNA-biosensors have attracted particular
attention due to their sensitivity, robustness, low cost and ability to
carry out multi-target analysis. Both types of DNA biosensors rely for
their specificity on DNA hybridization. The most common optical bio-
sensors usually utilise techniques such as fluorescence [4–6], fluores-
cence resonance energy transfer (FRET) [7,8] or surface Plasmon
resonance (SPR) [9,10]. Fluorescence based techniques measure the
emission intensity of a dye-labelled probe DNA or an intercalating dye
after hybridization whereas surface plasmon resonance methods
utilise the change in the refractive index at the SPR sensor surface
upon hybridization with a surface bound probe. On the other hand,
electrochemical biosensors use electrical measurement and can be
based either on changes in impedance [11,12] or on the measurement
of redox currents [13].

Surface-enhanced Raman spectroscopy (SERS) is an alternative
technique that has attracted interest in the development of DNA sensors
due to the high sensitivity of the technique and the specificity provided
by the use of vibrational spectroscopy. Label free approaches that
ally driven melting.
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directly detect the distinctive SERS spectra from DNA bases have been
reported [14–17], in particular the discrimination of single base-
mismatches within short single stranded oligonucleotides has been
shown [14]. Although these approaches do not require a hybridization
event to discriminate DNA sequences, they have currently been restrict-
ed to studies of short (b25 base pairs (bp)) synthetic DNA samples and
no data have been published that show discrimination of long
(N100 bp) DNA strands generated from biological samples. Attaching
Raman dye-labelled oligonucleotides to SERS substrates [18–20] or
utilising dye-coded nanoparticles [21,22] generates strong, specific
Raman signals, permitting identification of a large number of oligonu-
cleotides without the need for separation. These techniques have been
demonstrated to be useful for the analysis of clinical samples. However
they are usually hybridization-based, thus they are not sensitive enough
to very small differences in the DNA such as single base mutations.

Alternatively, DNA discrimination can be achieved using techniques
that exploit the denaturation of DNA rather than the hybridization. The
most popular examples are real-time polymerase chain reaction (PCR)
in conjunction with absorption/fluorescence melting analysis [23] and
denaturating gradient gel electrophoresis that uses a gel to separate
DNA fragments according to their melting characteristics (DGGE) [24,
25]. Both techniques require expensive instrumentation. Electrochemi-
cal techniques can also be used to monitor the denaturation. This
“electrochemical melting” [26,27] is distinct from the process described
here as themelting of the dsDNA is brought about thermally but detect-
ed electrochemically. Thus, for example in early work in this area
ture on electrochemically driven denaturation monitored by SERS,
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Table 1
Oligonucleotide sequences used (5′–3′)a.

DNA-2 XXXH-ATATCATCTTTGGTGTTTCCT
DNA-1 XXXH-AGGAAACACCAAAGATGATATT

a H = hexaethyleneglycol spacer; X = dithiol monomer.
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Paleček used polarography to study conformational changes in DNA
with temperature [28]. More recently techniques such as cyclic volt-
ammetry [29], square wave voltammetry [30], differential pulse volt-
ammetry [26,27,31] and AC voltammetry [32] have all been used to
monitor the thermally driven melting of dsDNA at electrode surfaces.
In contrast we have developed an alternative denaturation-based ap-
proach to discriminate DNA sequences in which we use electrochemi-
cally driven denaturation (E-melting) of double-stranded (ds) DNA
immobilised at a nanostructured gold electrodewhere the DNAmelting
is monitored by SERS. Electrochemically driven melting has been re-
ported by several authors. Early studies by Brabec and Palecek observed
melting of dsDNA adsorbed on mercury electrodes [33], and Sosnowski
et al. [34] described electrochemically driven denaturation of dsDNA
bound to an agarose gel up to 1 μm above a Pt electrode surface. In ad-
dition, Hassmann et al. [35,36] described studies in which they cova-
lently attached nucleic acid probes to conducting polycarbonate/
carbon fibre electrodes and showed that complementary oligonucleo-
tides were enriched at the electrodes by cyclic inversion of an electro-
chemical potential between −0.2 and −1.5 V vs. Ag/AgCl. In our
work a DNA target labelledwith a fluorophore is hybridised to a surface
bound probe, followed by the application of a suitably negative poten-
tial so that the dsDNAmelts [37]. E-melting curves, constructed by plot-
ting the SERS intensity of the fluorophore Raman signal against the
electrode potential, are then used to discriminate DNA sequences
based on differences in the stability of the dsDNA [38]. This technique
relies on the fact that the less stable DNA duplexes e.g. duplexes con-
taining a single base mutation, will have less negative denaturation
(melting) potentials. Sphere segment void (SSV) Au surfaces [39] are
used as the SERS substrates due to their large and reproducible SERS en-
hancements, well defined surface areas and good electrochemical sta-
bility [40–43].

We have demonstrated that this methodology is sensitive, robust
and suitable for analysis of DNA generated from biological samples.
More precisely, we showed discrimination of geneticmarkers and path-
ogenic bacteria by targeting short tandem repeats [44] and single nucle-
otide polymorphism [37,38,45] with detection limits of 0.3 μMwithout
the need for prior-purification of the DNA samples. In addition, electro-
chemical potentials were found to be insensitive to changes in the local
pH over the range 6–8 [46].Most significantly,we have recently demon-
strated the discrimination of nucleotide polymorphism in long
(N250 bp) PCR ampliconswhich allowedus to distinguishDNA generat-
ed from Yersinia pestis, the causative agent of plague, from the closely
related species Y. pseudotuberculosis [45]. In this case the discrimination
was significantly improved when the experiments were conducted at
lower temperature due to the slope of the wild type amplicon melting
profile being steeper when compared to that recorded at room
temperature.

In the current study we expand this work to examine in greater de-
tail the effect of the experimental temperature on the electrochemical
melting potential and the sharpness of themelting curves. E-melting ex-
periments were carried out for two different DNA duplexes, 20 and
21 bp, over a temperature range from 10 °C to 28 °C. The results clearly
show a shift in the melting potential to more negative values coupled
with sharper melting curves when the temperature is ≤18 °C. The re-
sults are of interest since E-melting experiments can be combined
with reduced temperature to directly address more complicated prob-
lems for real life applications.

2. Material and methods

All reagents usedwere of analytical grade and obtained from Sigma-
Aldrich unless otherwise stated. Oligonucleotide synthesis was per-
formed using standard methods by ATDBio Southampton, United
Kingdom. The DNA probes (Table 1) had a three di-thiol linker at the
5′ end (Fig. S1). The DNA target sequences were fully complementary
to the probes and labelled with Texas Red.
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2.1. Preparation of sphere segment void (SSV) substrates

Agold-chrome coatedmicroscope slidewasprepared by thermal va-
pour deposition of a 10 nm chromium adhesion layer followed by ap-
proximately 200 nm of gold onto a standard glass microscope slide. A
monolayer template of 600 nm polystyrene spheres (Fisher Scientific,
1% wt. aqueous suspension) was formed at the surface using a convec-
tive assembly method. Gold was deposited through the template to a
height of 480 nm at−0.72 V vs. SCE from commercial gold plating solu-
tion (ECF 60, Metalor) containing 100 μl brightener (E3, Metalor) in
20 ml of plating solution. After deposition the polystyrene spheres
were removed by immersion in DMF (HPLC grade, Rathburn) for
30 min, and the substrates were rinsed in deionised water immediately
before use.
2.2. Immobilisation of probe oligonucleotides on the substrate and DNA
hybridization

The SSV substrates were incubated in a solution of 1 μMprobe dilut-
ed in 10mMTris buffer (pH 7.2) containing 1MNaCl overnight, at room
temperature. After rinsing the substrates several times with 10mMTris
buffer/1 M NaCl solution, the remaining surface was passivated by im-
mersing the substrates in 10 mM mercaptohexanol diluted in 10 mM
Tris/1 M NaCl buffer for 20 min. After passivation the substrates were
rinsed with 10 mM Tris buffer/1 M NaCl solution. Hybridization of the
surface bound probes to the labelled DNA targets was achieved by
heating the substrates in 3 μM solutions of the targets diluted in
10 mM Tris buffer/1 M NaCl to 90 °C and then allowing it to cool slowly
to room temperature in awater bath. The substrateswere rinsed several
timeswith 10mMphosphate buffer/0.1MNaCl (pH 7.2) and kept in the
same buffer until used.
2.3. E-melting procedure

Electrochemically driven melting experiments were carried out in a
custom-built thermostatically jacketed spectro-electrochemical Raman
cell (Ventacon Ltd.), where the substrate is used as the working
electrode, a platinum wire as the counter electrode, and silver/silver
chloride pellet as the reference electrode. In a typical E-melting experi-
ment, the potential was swept at 1 mV s−1 from a starting potential of
−0.4 to −1.3 V in 10 mM phosphate buffer/0.1 M NaCl (pH 7.2). All
electrochemical measurements were carried out using an EcoChemie
AutolabIII potentiostat/galvanostat.
2.4. Raman instrumentation

Raman spectra were acquired using a 50× objective on a Renishaw
2000 microscope instrument equipped with a 632.8 nm He–Ne laser.
The laser power was 2.3 mW and spectra were recorded with an expo-
sure time of 5–15 s. The temperature was controlled by flowing water
through the cell jacket via a computer controlled water bath (Grant, ac-
curacy ±1 °C). The stability of the temperature during the measure-
ment was monitored by a thermocouple built into the body of the cell.
The actual temperature at the SSV surface was measured before the
start of each experiment by a second thermocouple placed in contact
with a cover slip in direct contact with the SSV surface.
ture on electrochemically driven denaturation monitored by SERS,
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Fig. 1. (a) SERS spectra, acquiredwith 633 nmexcitation laser, at increasingly cathodic potentials from the Texas Red labelledDNA target hybridised onDNA-1 probe vs. Ag/AgCl reference
electrode at 10 °C. The spectra have been background subtracted and are all displayed with the same intensity scale but have been offset for clarity and normalised with respect to laser
power and accumulation time. The potential was swept at a scan rate of 1mV s−1 in 10mMphosphate buffer (pH 7.2) containing 0.1MNaCl. (b) Plot of the changes in the absolute signal
intensities of the band at 1504 cm−1 as a function of applied potential. The red line shows thefittedE-melting curve fromEq. (1). (For interpretation of the references to colour in thisfigure
legend, the reader is referred to the web version of this article.)
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2.5. Data analysis

SERS spectrawere baseline-corrected using a polynomial multipoint
fitting function in Origin 9.1. The Raman intensities of the peaks are
taken as height above the baseline. Origin 9.1 was used to fit sigmoidal
curves to the melting profiles.
3. Results

3.1. DNA preparation and design

To study the effect of the experimental temperature on the
E-melting, two different 21 and 22-bp double stranded DNA (dsDNA)
sequences were used. The two sequences possess similar thermody-
namic stabilities which can be seen from their calculated melting tem-
peratures: 56.6 °C for DNA-1 and 57.2 °C for DNA-2 (both calculated
using IDT OligoAnalyzer [47]). Similar conditions to the Raman experi-
ments were used to calculate the melting temperatures (10 mM phos-
phate buffer, 0.1 M NaCl). The probe sequences for each duplex were
immobilised on the Au SSV surface through three di-thiol linkers
(5′-end) to ensure that they are strongly bound to the Au surface. The
use of the three di-thiol linkers is important in order to ensure that
the probe remains attached to the gold surface at high negative poten-
tials required for the electrochemically driven melting as demonstrated
in our earlier work [37]. The probes were subsequently hybridised with
the target sequences, labelled with Texas Red, that were perfectly com-
plementary to each probe. Texas Red is in resonance with the 633 nm
excitation wavelength used in these experiments.
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E-melting experiments for each sequence were performed at con-
trolled temperatures in the range from 10 to 28 °C. The temperature
was controlled by flowing water through the cell jacket via a computer
controlled water bath (Grant, accuracy ±1 °C). The temperature dis-
crepancy between the water bath and the substrate surface was moni-
tored by a thermocouple attached on the surface of the cell. In each
experiment, the potential was ramped from a starting potential of
−0.4 V to a final potential of −1.3 V vs. Ag/AgCl. Upon application of
the negative potential the spectral intensities of the Texas Red bands
at 1647 cm−1 (aromatic ring stretching) and 1504 cm−1 (N–H
deformation) initially increased and then decreased sharply as the
dsDNA on the surface started to denature. The initial increase in intensi-
ty is reversible and has been previously attributed to a change in orien-
tation of the label with respect to the SSV surface [37]. Fig. 1 shows a
typical set of SERS spectra of Texas Red as a function of the applied po-
tential along with a plot of the intensity of the 1504 cm−1 Texas Red
band as a function of potential.

3.2. The effect of temperature on E-melting

Fig. 2 shows the E-melting profiles of the two sequences at various
temperatures. For each experiment, different SSV substrates were
used and the spectra were acquired at different positions on the same
substrate as the surface potential changes. The following sigmoidal
fitting function was used to construct the melting curves

I ¼ Imax � Imax

ð1þ exp
E � Em
dE

� � ð1Þ
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Table 2
Experimental melting potentials (Em) versus Ag/AgCl and dE values for dsDNA-1 and
dsDNA-2 determined from the fitting of the data collected for each DNA to Eq. (1).
Em values versus NHE after conversion of the experimental values.

Experimental
temperature/°C

Em (expt.) vs.
Ag/AgCl/mV

Em vs.
NHE/mV

dE/mV

DNA-1
10 −1135 ± 5 −854 ± 5 24 ± 4
11 −1115 ± 6 −834 ± 6 26 ± 5
12 −1114 ± 6 −832 ± 6 34 ± 4
14 −1109 ± 6 −826 ± 6 37 ± 4
18 −1073 ± 6 −789 ± 6 42 ± 4
23 −1074 ± 6 −787 ± 6 43 ± 4
28 −1076 ± 5 −787 ± 5 39 ± 4

DNA-2
10 −1131 ± 3 −850 ± 3 33 ± 3
12 −1126 ± 4 −844 ± 4 32 ± 3
14 −1105 ± 5 −822 ± 5 38 ± 4
16 −1098 ± 5 −814 ± 5 42 ± 3
18 −1084 ± 9 −800 ± 1 41 ± 7
20 −1086 ± 5 −801 ± 5 41 ± 4
25 −1087 ± 4 −799 ± 4 44 ± 3
28 −1085 ± 2 −796 ± 2 41 ± 2
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where I is the absolute spectral intensity of the band at 1504 cm−1

at the applied potential E, Imax is the average intensity value at the pla-
teau for the sigmoidal curve, Em, is the melting potential when I equals
Imax / 2, and dE is a constant that describes the sharpness of themelting
curve (the gradient of the curve at Em is Imax / 4dE). The data from each
experimentwere normalised to their respective Imax values before plot-
ting the melting curves to allow direct comparison.

The reference electrode used in these experimentswas a silver/silver
chloride electrode immersed in the same solution as the working elec-
trode (0.1MNaCl). To directly compare themelting potentials at differ-
ent temperatures the experimental values have been converted into
potentials versus standard hydrogen electrode (NHE) at 25 °C. This con-
version has been done using the Nernst equation, taking into account
that the standard potential E0 of Ag/AgCl against NHE (0.2222 V) and
the activity coefficient for the 0.1 MNaCl solution (0.78) [48]. The effect
of temperature on the potential of the Ag/AgCl electrode has been taken
into account in this calculation (the temperature coefficient for the
Ag/AgCl electrode in 0.1 M NaCl is 0.442 mV/deg) [48].

Table 2 shows the experimental melting potentials versus Ag/AgCl,
calculated after each set of data was fitted to Eq. (1), and the tempera-
ture independent values versus NHE at different temperatures for
DNA-1 andDNA-2. The overall change in themeltingpotential as a func-
tion of temperature, with the associated experimental errors calculated
from the fitting, is shown in Fig. 3(a). The corresponding dE values that
indicate the sharpness of the melting transitions, together with the
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associated experimental errors, are plotted as a function of temperature
in Fig. 3(b). It is clear that for both DNA sequences that the melting
potential shifts to less negative values as the experimental temperature
increases up to 18 °C and thereafter reaches a plateau over the temper-
ature range 18 to 28 °C. The dE values for both sequences show the
same trend with an increase in dE, corresponding to less steep melting
curves, up to ~18 °C and then a plateau thereafter. These results are con-
sistent with increased thermodynamic stability of the dsDNA as the
temperature decreases from 18 to 10 °Cmaking it more difficult to elec-
trochemicallymelt the DNA (amore negative potential is required). The
corresponding increase in the sharpness in the melting transition sug-
gests that the DNA melts more cooperatively approaching a two state
transition from duplex to single strands at temperatures ≤18 °C.

4. Discussion

Early studies on the melting of short oligonucleotides using NMR
showed that the terminal base pairs are unstable due to the tendency
of the inter-base hydrogen bonds at the ends of the duplex to exchange
with H-bonds to water (the solvent) [49–51]. Thus the terminal base
pairs can break before those located inside the duplex. This effect is re-
ferred to as terminal end-fraying and leads to melting of DNA through a
non-cooperative mechanism (the transition from duplex to single
strands involves intermediate states). This thermal end-fraying is signif-
icant even at room temperature and reduces as the temperature de-
creases. Here, the temperature dependence of the Em values for both
of the DNA sequences suggest that the effect of end-fraying is progres-
sively reduced at temperatures below 18 °C. As the temperature de-
creases, the DNA unwinding is mainly driven by electrochemical
forces rather than a combination of electrochemical and thermal forces
and the decrease in end-fraying allows the DNA to melt in a more co-
operative manner, hence the sharper melting curves recorded at low
temperatures along with more negative Em values. Above 18 °C and
up to 28 °Cwe see no significant effect of the experimental temperature
on Em or dE in our experiments. It is not clear why this should be. How-
ever being able to control the temperature alongwith the electrochem-
ical potential is a significant advantage of the E-melting technique since
by going to lower temperatures it is possible to significantly improve
the sharpness of the melting transitions as well as the stability of the
DNA duplexes and this can be used to improve the discrimination of
closely similar DNA sequences. For example, we have recently shown
that the detection of single nucleotide polymorphism within long
PCR amplicons (≥250 bp) extracted from pathogenic bacteria and
hybridised on 22 bases long surface bound probes, can be considerably
improved if the experiments are carried out at 10 °C [45]. On the other
hand the relative insensitivity of the Em values above 18 °C can be ad-
vantageous because it means that very precise temperature control
around room temperature (25 °C) is not necessary for most E-melting
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measurements. This is important and demonstrates the potential appli-
cability of the technique as a clinical diagnostic tool.

5. Conclusions

E-melting experiments for two different short DNA duplexes (20
and 21 bp) possessing similar melting temperatures were carried out
between 10 and 28 °C. A significant temperature dependence for both
the melting potentials, Em, and the steepness of the melting curves,
described by dE, was found over the range 10 to 18 °C. The results are
consistent with greater stability of the dsDNA at the lower temperature
together with greater cooperativity in the melting, approaching a two
state transition from duplex to single strands. These effects were
reproducible for the twoDNA sequences and can be attributed to the re-
duction of the thermal end-fraying as the experimental temperature
drops to values b18 °C. Both the electrochemical melting and sharpness
of themelting transitionswere found to be temperature independent in
the region 18 to 28 °C.

The relative temperature insensitivity of the melting potentials
above 18 °C is advantageous for the technique since it means that for
most discriminations carried out at room temperature precise tempera-
ture control is not necessary. On the other hand the possibility to
improve the dsDNA stability and increase the sharpness of the melting
transition by moving to lower experimental temperatures can be useful
to allow the E-melting technique to be used in the discrimination of
highly similar DNA sequences.
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