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a b s t r a c t

In this paper, we present the development of a nanoswitch-based electrochemical surface plasmon re-
sonance (eSPR) transducer for the multiplexed and selective detection of DNA and other biomolecules
directly in complex media. To do so, we designed an experimental set-up for the synchronized mea-
surements of electrochemical and electro-plasmonic responses to the activation of multiple electro-
chemically labeled structure-switching biosensors. As a proof of principle, we adapted this strategy for
the detection of DNA sequences that are diagnostic of two pathogens (drug-resistant tuberculosis and
Escherichia coli) by using methylene blue-labeled structure-switching DNA stem-loop. The experimental
sensitivity of the switch-based eSPR sensor is estimated at 5 nM and target detection is achieved within
minutes. Each sensor is reusable several times with a simple 8 M urea washing procedure. We then
demonstrated the selectivity and multiplexed ability of these switch-based eSPR by simultaneously
detecting two different DNA sequences. We discuss the advantages of the proposed eSPR approach for
the development of highly selective sensor devices for the rapid and reliable detection of multiple
molecular markers in complex samples.

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

Faster advancement of biosensor technologies for point-of-care
applications requires the development of devices that are sensi-
tive, portable, reliable and, most importantly, sufficiently selective
to work directly in complex media (Rosi and Mirkin, 2005). Po-
tential solutions for the improvement of existing biosensing
methods can originate either from new advancements in tech-
nologies or from the combination of well-established approaches
that will mutually contribute to the quantity and quality of re-
quired analytical parameters. Notable examples of the later strat-
egy are the combination of quartz crystal microbalance and sur-
face plasmon resonance (SPR) (Reimhult et al., 2004), dielec-
trophoresis and nanoplasmonic (Barik et al., 2014) and not the
least SPR and electrochemistry (Dahlin et al., 2012a; Sannomiya
et al., 2010; Wang et al., 2011).

It has early been established that the application of an electrical
potential affects the properties of surface plasmons (Gordon and
Ernst, 1980; Koetz et al., 1977), however the mechanisms behind
. Vallée-Bélisle),
this effect are still not completely understood (Dahlin et al.,
2012b). The major contributions have been identified as variations
in the electron density at the metal surface, changes in the double
layer capacitance, electrochemical formation of an interfacial thin
film, and changes in bulk refractive index often induced by redox
reactions (Wang et al., 2010). The experimental combination of
electrochemical and surface plasmon resonance sensing (eSPR) is
inherently simple as it only requires a sensing surface that is both
conductive and plasmonic (e.g. the conventional gold SPR chip).
This technique has been successfully used in a wide range of ap-
plications such as thin films characterization (Baba et al., 2004),
the study of redox reactions at a metal/liquid interface (Iwasaki
et al., 1998; Wain et al., 2008) and biosensing (Kang et al., 2001;
Nakamoto et al., 2012; Patskovsky et al., 2014). One of its main
advantages for biosensing is that eSPR is less sensitive to bulk
refractive index changes and non-specific adsorption than con-
ventional SPR (Lu et al., 2012). In recent years, the Tao group has
combined electrochemistry with imaging SPR, achieving high re-
solution mapping of electrochemical phenomena with a sensitivity
that is not obtainable by either method on their own (MacGriff
et al., 2013; Shan et al., 2010; Wang et al., 2011), underlining the
potential for eSPR as a multi-parametric analytical technique with
enhanced performance.

In this paper, we report the development of a new sensing
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Fig. 1. (a) Schematic of the nanoswitches signalization mechanism. When the
target binds the immobilized probe, the switch undergoes a conformational change
from the “ON” state to the “OFF” state that increases the distance between the
methylene blue reporter (blue sphere) and the electrode, hindering the electron
transfer process. (b) Schematic of the multi-parametric plasmonic biosensor for the
detection of oligonucleotides assisted with electrochemical nanoswitches. A po-
tentiostat is used to measure electrochemical voltammograms (i) and apply the
voltage on the gold surface. The light containing plasmonic information is collected
in two ways. First, a collimated beam is detected on a CCD camera to obtain the full
angular/intensity dependency used in conventional angular SPR sensing (ii). Sec-
ond, light from a fixed angle is sent on a photodetector. The average intensity
measured by this Si detector is the SPR curve intensity at fixed angle (DC compo-
nent). The detector is also coupled to a lock-in amplifier to obtain the eSPR signal
(AC component) (iii). The inset graph shows the relation between the full SPR curve
and the eSPR signal as the refractive index is modulated. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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device that combines the sensitivity and multiplexing capability of
eSPR methods together with the selectivity and robustness of
structure-switching sensors (Lubin and Plaxco, 2010; Vallee-Be-
lisle and Plaxco, 2010). We expect this combined approach to
improve the selectivity of plasmonic sensing in complex media
and to have more multiplexing potential than electrochemical
sensors.

As a proof of principle model for our eSPR transducer, we first
adapted the well-characterized E-DNA sensor “nanoswitch”, which
consists in a DNA stem-loop (Fan et al., 2003) that contains an
electroactive reporter (e.g. methylene blue MB) at one of its ex-
tremity and a thiol group at the other extremity to promote im-
mobilization to the electrode surface (Fig. 1a). Upon binding of its
complementary DNA sequence or target biomolecule on the loop,
this stem-loop undergoes stem opening, which separates the
electroactive reporter from the electrode surface, leading to a
significant decrease in the electron transfer rate, thus affecting the
measurable electrochemical signal. As the conformational changes
of the structure-switching probe only occurs upon binding of the
specific target, the measured signal is mostly unaffected by non-
specific adsorption of contaminant molecules on the sensor head.
In this article we designed and tested a multiplexed eSPR switch
sensing device and obtained preliminary experimental results for
DNA detection in whole blood, confirming the good potential of
the structure-switching sensor for a reliable biosensing in complex
samples such as bodily fluids or foodstuffs.
2. Materials and methods

2.1. Materials

Labeled oligonucleotide nanoswitches were purchased from
Biosearch Technologies (Petaluma, CA). Two oligonucleotide na-
noswitches were designed and synthetized: Nanoswitch_1: 5′ HS-
C6- act ctc caa gcg ccg act gtt gag agg -MB 3′ and Nanoswitch_2: 5′
HS-C6- act ctc gat cgg cgt tt ta gag agg -MB 3′, the first which
contains a sequence that is complementary to the rpoB gene of
Mycobacterium Tuberculosis associated with drug resistant tu-
berculosis (Rachkov et al., 2011), the second with a sequence as-
sociated to Escherichia coli. Both sequences are modified on their 5′
extremity with a hexamethylene linker (C6) and a thiol group to
promote immobilization to the gold surface and on their 3′ ex-
tremity with a methylene blue (MB) redox reporter. Both na-
noswitches were designed in a stem-loop conformation with a
5 base pair stem that contains 4 GC and 1 AT to insure sufficient
stem stability. Oligonucleotides Target_1 (5′ tc aa cag tcg gcg ctt gg
3′) and Target_2 (5′ ctc ta aa acg ccg atc gag 3′) were designed to
be complementary to Nanoswitch_1 and Nanoswitch_2. Bovine
whole blood was purchased from Innovative Research Inc. All
other reagents were obtained from Sigma-Aldrich.

2.2. Sensor preparation

To fabricate the sensing chips, a 5 nm chromium adhesion layer
and a 50 nm gold layer were deposited on BK7 glass slides using
an electron beam evaporator. Prior to functionalization, slides
were cut into smaller 1 cm2 chips, cleaned in a fresh “piranha”
solution (H2SO4 3:1 H2O2) (WARNING: Piranha solution is highly
hazardous, handle with care in a fume hood and avoid contact
with organic matter), rinsed abundantly in MilliQ water and dried
under a N2 flow. The nanoswitches were immobilized on the
sensor surface using thiol-gold chemistry according to the fol-
lowing protocol (Rowe et al., 2011). To reduce disulfide bonds
between the thiol-modified nanoswitches, 2 mL of 100 mM na-
noswitches were incubated with 4 mL of 10 mM tris(2-carbox-
yethyl)phosphine (TCEP) for one hour at 4 °C. This mixture was
then diluted with 300 μL of 10 mM phosphate buffered saline (pH
7.2) to obtain a final concentration of 650 nM nanoswitches. A
200 mL drop of this solution was then deposited on the gold chip
and left to incubate for one hour in a humidity chamber consisting
of a closed container half-filled with water. The chip was then
rinsed with water and incubated in a solution of 2 mM 6-mer-
capto-1-hexanol (MCH) in PBS at 4 °C overnight. MCH is used as a
diluent thiol to fill the free sites on the gold and has three main
functions: block the surface from non-specific adsorption, prevent
the oligonucleotide probes from lying on the surface (Arinaga
et al., 2006) and passivate the electrode. Before the measurements,
the chip was rinsed with water and let to equilibrate in PBS for
10 min. Control samples were prepared by incubating freshly
cleaned gold chips in a 2 mM MCH solution overnight at 4 °C.
These control samples resulted in a MCH self-assembled mono-
layer without nanoswitches.

The dose–response curves for individual sensors were obtained
by sequentially increasing the target DNA concentration. Dose–
response curves were fitted to a single-site binding mechanism
([T]¼target concentration; Amp¼Maximum signal attenuation;
C50%¼concentration of target at which 50% of the sensor's sig-
naling amplitude is reached):

Signal attenuation[T]¼Amp [T]/([T]þC50%)

2.3. Experimental set-up

We designed the multi-parametric experimental platform
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presented in Fig. 1b to perform our synchronous measurements of
electrochemical voltammograms, conventional angular SPR de-
pendencies and eSPR signal. A 633 nm laser light source (Crys-
talLaser), convergence optics and a BK7 coupling prism were used
for SPR excitation over a 50 nm surface plasmon supporting gold
film in the Kretschmann configuration. The same metal film was
used as a working electrode in electrochemical experiments con-
trolled by a ModuLab potentiostat in a three-electrode configura-
tion. The working area of the gold metal film was a 3 mm diameter
disk. We used a larger 1 cm platinum disk as a counter-electrode
and an Ag/AgCl electrode filled with 3 M KCl electrolyte as a re-
ference. The reference electrode was positioned 2 mm from the
working electrode. Upon application of a voltage modulation on
the gold film, SPR at a fixed angle generated an electro-optical
response (eSPR), which was measured by an amplified Si detector
(Thorlabs) connected to a lock-in amplifier (SR830, Stanford Re-
search Systems) (Fig. 1b iii). The signal measured by this detector
contains two parameters: the average “DC” SPR intensity at a fixed
angle, and the “AC” amplitude upon modulation of the refractive
index (i.e. the eSPR amplitude, in mV). A teflon measuring open-
cell with a capacity of 5 mL was designed and the liquid was
agitated at constant speed with a stirrer (Instech) during
experiments.
3. Results and discussions

3.1. Espr structure switching sensor

The principle behind eSPR sensing relies on the optical
Fig. 2. (a) Schematic of the nanoswitches detection based on the refractive index (RI)
switches, more or less MB will be oxidized and reduced as the potential V is swept acros
therefore be high in the ON state and low in the OFF state. (b) Refractive index changes in
without target) and on a MCH-modified sample. (c) Schematic of the eSPR AC voltammet
eSPR signal and amplitude (down). (d) eSPR AC voltammograms measured experimen
parison, an electrochemical voltammogram obtained from the same Nanoswitch_1 mod
detection of the nanoswitches' MB tags redox reaction (Fig. 2a). In
its initial state, the sensor is covered with nanoswitches in their
folded “ON” configuration where their MB group is fixed near the
surface. When the potential on the gold surface is swept towards
negative values, the MB may gain electrons from the electrode and
be reduced to MBred. When the potential is swept towards positive
values, MBred may lose electrons to the electrode and be oxidized
to MBox. Since MBred and MBox have different refractive indices
(RI), what will be sensed by the SPR is a thin layer with an effective
refractive index RIredON (at very negative potential) or RIoxON (at
less negative potential), with a difference of ΔRIredoxON. When the
target binds the nanoswitch, it unfolds to its “OFF” configuration
where the MB is brought far from the surface. As the electron
transfer rate is highly dependent on the distance to the electrode,
less MB molecules will be oxidized and reduced when the po-
tential is swept, and the difference between RIoxOFF and RIredOFF
sensed by SPR will be the lower ΔRIredoxOFF. Therefore, the target
can be detected through a measurement of ΔRIredox.

In order to measure ΔRIredox with eSPR, gold samples were
functionalized with Nanoswitch_1 and MCH using the protocol
from Section 2.2. We monitored the immobilization step with
angular SPR which resulted in an average shift of 2.3�10�3

77% RIU. Using the Maxwell–Garnett effective medium theory
and parameters described in (Dallaire et al., 2012), we estimated
the filling factor of Nanoswitch_1 to be 22% corresponding to a
surface coverage of 5.8�1012 nanoswitches/cm2. As a control, a
second sample was prepared with only MCH.

The first eSPR method tested was to run cyclic potential sweeps
in PBS (0 to �450 mV, 10 mV/s) on each sample and to measure
the resulting shift in refractive index with angular SPR (Fig. 2b).
changes of the methylene blue (MB) layer. Depending on the ON/OFF state of the
s the reduction potential Vredox. The effective refractive index variation ΔRIredox will
duced by a potential sweep on a Nanoswitch_1-modified surface in its ON state (i.e.
ry methodology showing the potential applied to the surface (up) and the resulting
tally for a Nanoswitch_1-modified surface and a MCH-modified surface. For com-
ified surface is shown (inset).
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The MCH-modified sample showed a reversible linear increase in
refractive index when the potential was swept towards negative
values. As there are no MB reporters and therefore no redox re-
action, this response is mostly due to the double layer capacitance
and other non-specific effects (ΔRInon-spec). On the other hand, the
Nanoswitch_1 sample showed a sigmoidal response with max-
imum slope at �275 mV, the redox potential of MB, as the RI re-
versibly changes from RIoxON to RIredON when the MB molecules
are oxidized and reduced. The ΔRIredoxON is the difference be-
tween the two samples responses and estimated at 3.3�10�4 RIU.

However, using this eSPR approach shows no great advantage
in comparison with conventional SPR as a control MCH sample is
needed to separate the contributions from ΔRIredox and
ΔRInon-spec. Nanoswitches are typically detected in the literature
using square wave voltammetry, which is much more efficient at
distinguishing reactions with different rates and discarding the
non-specific double layer charging current (White and Plaxco,
2010). In this article, we have instead used the similar AC vol-
tammetry technique for its ease of filtering with a lock-in
amplifier.

Briefly, this eSPR method consists in applying a sinusoidal
perturbation (50 mV, 100 Hz) that will rapidly oxidize and reduce
the MB molecules, effectively modulating the refractive index and
eSPR signal. This perturbation is superimposed on a linear sweep
of potential (0 mV to �450 mV) that results in a peak of the eSPR
amplitude around �275 mV typical of the redox activity of MB
(Fig. 2c). The amplitude of this peak can be correlated with the
electron transfer efficiency between MB and the electrode.
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relation to their maximum attenuation. (c) Real-time hybridization dynamics for various
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On Fig. 2d, we show eSPR voltammograms that were obtained
experimentally for a Nanoswitch_1-modified surface and for a
surface with only a MCH self-assembled monolayer. The MCH
sample shows a linear voltammogram of low amplitude A0, char-
acteristic of double-layer capacitance. This low signal is expected
as MCH passivates the electrode and prevents redox species in
solution to reach the surface (Andersson et al., 2008; Shan et al.,
2011). The Nanoswitch_1 sample shows two characteristics: at
�275 mV, a peak of amplitude Amax associated with the redox
activity of MB, and at 0 and �450 mV (i.e. far from the reduction
potential), a line of amplitude A0. This result indicates that the
eSPR redox peak Amax can be normalized in regards to the back-
ground line A0 to separate the selective amplitude response
A¼Amax�A0. We confirmed that the eSPR peak originates from the
redox reaction by comparing with the AC voltammogram obtained
with the potentiostat (Fig. 2d inset). Indeed, electrochemical SPR is
efficient at reproducing the results obtained with most conven-
tional electrochemical methods, as was already demonstrated by
the Tao group (Liang et al., 2014; Lu et al., 2012; Shan et al., 2010,
2011; Wang et al., 2010, 2011).

We first tested the performance of our eSPR structure-switch-
ing sensor by detecting a single stranded DNA sequence in PBS
buffer. Using our experimental set-up, we performed synchronous
electrochemical and eSPR AC voltammetry measurement of our
Nanoswitch_1-functionalized sensor following the addition of
various concentrations (0.1–1500 nM) of complementary Target_1.
Each target concentration was incubated with the sensing chip for
30 min before acquisition of the voltammogram. This experiment
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was repeated on three different samples. We found the eSPR
voltammograms for different concentrations of target (Fig. 3a) to
be almost identical to those monitored with electrochemical
method (not shown). The dose–response curves for both eSPR
(black circles) and electrochemical (filled black circles) were traced
on Fig. 3b. As a control, we added up to 1500 nM of a mismatched
oligonucleotide sequence (Target_2) and found no significant sig-
nal variation. The experience was repeated to obtain the dose–
response curves for the Nanoswitch_2-functionalized sensor using
Target_2 (Fig. 3b) and again eSPR (red circles) and electrochemical
(filled red circles) measurements were concordant.

The noise of the sensor was defined as the standard deviation
(SD) over 10 consecutive measurements of the peak amplitude of
eSPR AC voltammogram in the blank sample PBS. The limit of
detection was set at 3xSD and was 5 nM for Target_1 and 10 nM
for Target_2. The half-signal attenuation concentrations C50%
measured with eSPR and electrochemistry were respectively 95
and 135 nM for Target_1 and 320 nM and 420 nM for Target_2.

We also estimated the binding kinetics of the sensor using an
impedance method (DC: �275 mV, AC: 50 mV 100 Hz). The ki-
netics of the Nanoswitch_1/Target_1 hybridization were well fitted
with an exponential decay function with lifetime τ (i.e. signal is
attenuated to 1/e) of 1171 min on average (Fig. 3c). Finally, the
sensors were reusable by regenerating them in 8 M urea solution
for 5 min (Fig. 3d). These results confirmed the efficiency of the
eSPR approach to monitor the nanoswitch conformational
changes.

3.2. Measurements in whole blood

Electrochemical structure-switching sensors have proven to be
more effective than SPR label-free method for biosensing in
complex samples such as blood plasma and foodstuffs (Lubin et al.,
2006; Swensen et al., 2009; Vallee-Belisle and Plaxco, 2010). This
is due to the fact that structure-switching mechanisms requires a
significant input in energy (43 kcal/mol (Vallee-Belisle et al.,
2009)) via a very specific binding event in order to be activated.
This highly specific binding energy input (loop binding, which
triggers stem opening in the case of E-DNA) cannot generally be
provided by non-specific absorption on the sensor head. We
therefore tested the performance of our switch-based eSPR sensor
directly in whole blood. For these tests, we functionalized the gold
surface with MB-containing Nanoswitch_2. We first measured the
blank eSPR voltammogram in PBS, then added 200 nM of Target_2.
The target was incubated for 40 min before measurement of the
response eSPR voltammogram (Fig. 4a, black). During incubation,
real-time hybridization dynamics were obtained with impedance
method by fixing the potential at �275 mV and applying a small
50 mV perturbation at 100 Hz (Fig. 4b, black). These parameters
were found suitable after analysis of the Bode plot and fitting with
the equivalent circuit presented in (Uzawa et al., 2010). The sensor
was then regenerated using the 8 M urea washing procedure, and
the test was repeated using whole blood as a blank media (Fig. 4a
and b red). The signal attenuation compared to blank values was of
43% in buffer and 46% in whole blood. They displayed similar re-
sponse time in both media with 1/e signal decrease taking place
within 11.5 min (Fig. 4b). In contrast, the angular SPR generated a
very high response in the whole blood media and no clear dy-
namics could be observed upon addition of the target (not shown).
These results confirm that electrochemical structure-switching
plasmonic sensing displays a high selectivity in complex media
such as bodily fluids and may be of great potential for point-of-
care applications. However, it should be noted that due to the high
refractive index difference between PBS and whole blood
(ΔRI�6�10�2 RIU), the sensor needs to be calibrated in each
media before the test (see Section 3.4).
3.3. Multiplexing and differential measurements

An important advantage of the SPR methods is that the optical
excitation of surface plasmons facilitates highly multiplexed detec-
tion in an array format (Scarano et al., 2010). Indeed, while elec-
trochemistry offers no spatial resolution and is limited to measuring
all the current flowing through the electrode, eSPR has the ability to
map the redox potential amplitude with high spatial resolution, al-
lowing for multi-sensing and even imaging (Shan et al., 2010). As a
proof of principle for multi-detection, here we present results for the
simultaneous detection of two target oligonucleotides Target_1 and
Target_2 by using complementary nanoswitches Nanoswitch_1 and
Nanoswitch_2 attached to the same working electrode. In this ex-
periment, SPR reflection from two illuminated spots functionalized
with Nanoswitch_1 and Nanoswitch_2 is detected by two silicon
detectors connected to the inputs of a lock-in amplifier (Fig. 5a). As
shown on the set-up schematic, we used a planar geometry of
counter and reference electrodes that greatly facilitate sensor ap-
plication in the portable format with microfluidic liquid delivery
(Swensen et al., 2009). To facilitate the alignment of the double-
beam for surface plasmon excitation, a BK7 dove prismwas used for
coupling. Using this experimental setup, we monitored in real time
the successive addition of Target_1 and Target_2 using a single
functionalized working electrode (Fig. 5b). By introducing 1D or 2D
translation of the excitation beam we can therefore map multi-
plexed-electrodes where independent sensor density will be limited
only by the surface plasmon propagation length or precision of DNA
surface functionalization.
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3.4. eSPR calibration and effect of non-specific interactions

As the eSPR method is based on a modulation of the SPR in-
tensity at fixed angle, the eSPR amplitude is proportional to the
differential of the angular SPR curve (Fig. 6). Therefore, the eSPR
maximum sensitivity will be achieved when measuring at the
angle of maximum deviation point of the SPR dependence. How-
ever, since the differential of the SPR curve is not constant along
the curve, any phenomenon that changes the experimental angle
of incidence or leads to the shift of resonance curve will influence
the sensor response. This is why we define the eSPR calibration
parameter, which is the relative amplitude of the eSPR signal at a
given angle/RI shift compared to the maximum sensitivity point. It
is used to correct the effect of changes in RI to the eSPR amplitude
and is directly obtained from the normalized derivative of the SPR
peak. While it is very important to finely tune SPR angle at the
start of experiments to the maximum sensitivity point, we ob-
served that bulk refractive index changes up to 10�3 RIU had a
calibration parameter 40.99 which did not considerably affect the
eSPR signal (Fig. 6 inset). We tested with conventional SPR that
hybridization of saturating concentrations of target molecules in
buffer resulted in RI changes 10�3 RIU, and therefore did not need
to be corrected. In some cases, it is however necessary to eliminate
possible error linked to the formation of a nonspecific thin film at
the surface of the sensor or by a change in the bulk refractive index
of the sample. To do so, we tested three methods. Using the full
SPR curve measured with conventional angular SPR, we measured
the resonant angle shift between the blank and after hybridization
of the target, then recalculated the eSPR calibration parameter. A
second approach consisted in repeatedly readjusting the incident
angle at the maximum deviation point of the SPR curve. Although
it requires a complicated experimental set-up, the later method
was needed in this article to measure in two medium with very
different RI such as PBS and whole blood. A third, simpler ap-
proach that provided a satisfactory result was to perform con-
tinuous measurement of the SPR curve intensity at the detection
angle, which is obtained from the average intensity measured by
the Si detector (DC component described in Fig. 1b schematics).
The DC amplitude follows the development of the SPR curve
(Fig. 6), which helps to eliminate nonspecific responses.
4. Conclusion

In this paper we proposed to combine the high sensitivity and
multiplexing capability of eSPR method together with the high
selectivity and robustness of structure-switching sensor in order
to resolve several limitations of current biosensor for point-of-care
applications. We did this by combining electrochemical and SPR
characterization of a DNA-based structure-switching sensor that
initiate spatial redox reporter displacement. This switch-based
eSPR sensor displays a detection limit of 5 nM oligonucleotide and
works as well in whole blood than in buffer. The multiplexing
potential of this switch-based eSPR sensor was highlighted by si-
multaneous detection of two different oligonucleotide targets
using two distinct nanoswitches attached to the same working
electrode. This sensor supports the use of simplified planar elec-
trodes for electrochemical scanning and can be implemented in a
portable device arrangement with microfluidic and disposable
sensing chips.
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