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In this article, the implementation of electrochemical plas-
monic nanostructures functionalized with DNA-based
structure-switching sensors is presented. eNanoSPR de-
vices with open and microfluidic measurement cells are
developed on the base of nanohole arrays in 100 nm gold
film and applied for combined microscopic and electro-
chemical surface plasmon (eSPR) visualization. eSPR voltam-
mograms and spectroscopy are performed using planar
three electrode schematic with plasmonic nanostruc-
ture operated as working electrode. Limit of detection of
eNanoSPR devices for oligonucleotide hybridization is esti-
mated in the low nanomolar and applications for structure-
switching electro-plasmonic sensing in complex liquids are
discussed.

1 Introduction

Continuous, real-time monitoring of specific small
molecules in complex, unprocessed aqueous samples
is very important for a broad spectrum of demanding
applications ranging from medical diagnostics to envi-
ronmental monitoring. Ideal sensor needs to be label-
free, sensitive, stable, and selective enough to deploy di-
rectly in complex sample matrices. Surface plasmon res-
onance (SPR) is one of the most sensitive label-free de-
tection techniques for real-time study of molecular in-
teractions. However, wide spreading of this technology
is impeded by a high level of nonspecific responses in
crude samples due to the confounding effects of non-
specific adsorption to sensor surface [1]. In contrast,
structure-switching sensors based on binding-induced
conformational changes in a biomolecule have proven
selective enough to work directly in many unprocessed
aqueous samples [2, 3]. In such case, the nonspecific
binding of contaminants does not trigger the specific

conformational change in the biomolecule due to lack
of precise molecular recognition. Another advantage of
structure-switching sensors is that their binding induced
conformational change can be readily adapted to gen-
erate an electrochemical signal using electroactive re-
dox tags with a potential range which a rarely found in
contaminants. Here we proposed to combine the per-
formance of structure-switching sensors with the high
sensitivity of SPR sensing in plasmonic-based electro-
chemical biosensing (eSPR). SPR is an optical method
that detects changes in refractive index near a plasmon
supporting metal surface. Such changes can be gen-
erated by fluctuation of surface charge density due to
the local electrochemical reaction and detected [4] or
even imaged [5] by eSPR. Thus, the eSPR method al-
lows for simultaneous SPR and electrochemical analy-
sis of molecular binding processes and is less sensitive
to bulk refractive index changes or nonspecific binding
than conventional SPR [6]. Electrochemical plasmonic
sensing can be realized on nanoplasmonic structures
[7–10] that offer multiplexing capability with high sensi-
tivity and low detection limit [11], micro and flow-throw
fluidic [12] approaches. Key advantages of the nanoplas-
monic sensors are their potential to simplify optical sys-
tems design, to achieve multiplexed detection by spatial
translation or by spectral separation and their ease of in-
tegration with portable and disposable sensing chips. In
the article we evaluate the feasibility of combined elec-
trochemical structure-switching and nanoplasmonic
sensing based on nanohole arrays. We propose a de-
sign of eNanoSPR chips for analytical applications where
main advantages of nanoplasmonic sensing – namely
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Figure 1 (A) SEM of the nanohole array with a hole diameter of
150 nmand periodicity of 450 nm. (B)Microscopy image of the gold
nanohole arrays (100 μm× 100 μm) with fixed MDA-MB-231 cells.

wide-field microscopy and microfluidic biosensing – can
be fully realized.

2 Experimental section

2.1 Chemicals and materials

Oligonucleotides were purchased from Biosearch Tech-
nologies (Petaluma, CA). Oligonucleotide probe P2
(5′ HS-MC6 – act ctc caa gcg ccg act gtt gag agg -MB 3′)
contains a sequence complementary to the rpoB gene
of Mycobacterium Tuberculosis associated with drug
resistant tuberculosis. It was modified at its 5′ end with
a thiol group to promote immobilization to the gold
surface and at its 3′ end with a methylene blue (MB)
reporter. This structure-switching oligonucleotide was
designed to adopt a stem-loop conformation with a
5 base pair stem. The target T2 (5′ tc aa cag tcg gcg
ctt gg 3′) is complementary to the loop sequence in P2.
Tris(carboxyethyl)phosphine (TCEP), saline-sodium cit-
rate (SSC) buffer and all other reagents were obtained
from Sigma Aldrich.

2.2 Fabrication of nanohole array structure

150 nm diameter nanohole array with periodicities 375,
400, 425, 450, 475 nm and size 100 μm ×100 μm,
were fabricated using electron-beam lithography in a
lift-off process, using a cross-linked PMMA resist bi-
layer (negative tone) as a deposition mask (Figure 1A).
A first layer of 170 nm 950k PMMA 2% in anisole
(MicroChem) was spun onto a glass substrate covered
with a 100 nm Indium Tin Oxide (ITO) layer (Sigma
Aldrich) using a Brewer Science 200cbx spin coater.
A second layer of 400 nm 450k PMMA 4% in anisole
(MicroChem) is spun on top of the first layer. Hav-
ing a higher molecular weight, the dose required to
crosslink the bottom layer is higher, resulting in a slightly
underexpose layer, which creates an undercut for the
lift-off process. The bilayer was then patterned using

electron beam lithography at a dose of 10 mC/cm2 us-
ing a Raith eLine Plus system at an acceleration volt-
age of 20 kV. Development of the resist is achieved by
gently agitating the sample manually in acetone for
about 180 seconds. The sample is then placed in a
high vacuum chamber inside an Edwards electron beam
evaporator where a 100 nm gold layer is deposited on
top of the pattern. Dry etching of the underlying resist
is achieved by an O2 plasma at 500 W at a pressure of
200 mTorr for 15 minutes using a PVA Tepla GIGAbatch
310 plasma asher. The sample is then rinsed in acetone
in an ultrasonic bath for about 5 minutes to remove any
undesirable etching residues.

2.3 Structure-switching sensor preparation

Prior to functionalization, slides with nanohole arrays
were cleaned by the oxygen plasma cleaner, rinsed in
MilliQ water and dried under a N2 flow. Probe oligonu-
cleotides were immobilized on the sensor surface us-
ing thiol-gold chemistry following a protocol previously
described [13]. To reduce disulfide bonds between the
thiol-modified probes, 2 μL of 100 μM probe were in-
cubated with 4 μL of 10 mM TCEP for an hour at 4°C
then diluted in PBS to obtain a probe concentration of
650 nM. A 200 μL drop of this solution was then placed
on the gold chip and left to incubate for an hour in a
humid chamber. The chip was then rinsed with water
then incubated in a solution of 2 mM 6-mercapto-1-
hexanol (MCH) in PBS at 4°C overnight. MCH is used to
fill the free sites on the gold and has three main func-
tions: block the surface from non-specific adsorption,
prevent the oligonucleotide probes from lying on the sur-
face and passivate the electrode. Before testing, the chip
was rinsed with water and let to equilibrate in 2xSSC for
10 minutes.

2.4 Apparatus and measurement

Our experimental set-up is shown in Figure 2. The opti-
cal system was built on the base of Nikon Ti inverted mi-
croscope equipped with a 50W halogen light source and
an imaging spectrophotometer (Andor). A supercontin-
uum laser (Fianium) coupled to an optical filter (Photon
Etc) served as a tunable narrow (4 nm) band light source.
Electrochemical measurements were performed by a po-
tentiostat (Solartron Analytical) wired to the sample by
a three electrodes schematic. A platinum disk (1 cm di-
ameter) and an Ag/AgCl electrode filled with 3 M KCl
electrolyte were used respectively as a counter-electrode
and as a reference electrode. Electro-optical responses

C© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 807www.ann-phys.org



O
rig

in
al
Pa
pe
r

S. Patskovsky et al.: Electrochemical structure-switching sensing using nanoplasmonic devices

Figure 2 Schematic of the experimental set-up and eSPR biosens-
ing chip.

of nanoplasmonic structures to the voltage modulations
were measured by an amplified detector (Thorlabs) con-
nected to a lock-in amplifier (SR830, Stanford Research
Systems).

Real time monitoring of the light spectrum transmit-
ted through the nanohole array was used for the nanos-
tructure plasmonic characterization and evaluation of
its sensitivity to the bulk refractive index (RI) changes.
Homemade software based on LabView calculated spec-
tral position of the resonance peak, its maximum inten-
sity and displayed dynamic of the biosensing response.

The eSPR method used in this work is similar to the
electrochemical plasmonic sensing technique [6]. In the
case where the surface of the sensor chip is function-
alized with electroactive redox tags, the applied poten-
tial will generate a variation of concentration for the
oxidized and reduced species. As both species have dif-
ferent refractive indices, the monitored SPR response
will also contain component associated with local RI
fluctuation [14]. Spectro-electrochemical analysis of this
phenomenon was experimentally realized with a con-
ventional SPR system [15] and an optical waveguide plat-
form [16, 17]. In this article, we investigate a structure-
switching sensor that contains an electroactive redox tag
– namely methylene blue – at one of its extremity. The
sensors signalization is based on the selective binding to
a complementary DNA target (Figure 3A) that induces
conformational changes in structure-switching sensors
and leads to increase of the distance between the redox
tags (Figure 3B) and a conducting surface [18]. Redox
electrochemical reaction becomes less probable, result-
ing in a decrease in the local RI modulation amplitude
detectable by SPR that allows us to estimate target DNA
concentration [6].

Figure 3 eSPR principle of structure-switching sensing using
nanoplasmonic devices. Structure-switching sensor with redox
tag close to the surface (A) and far from the surface (B) after DNA
hybridization. (C) Modulated by AC voltage nanoholes resonance
transmission spectrum.

Experimentally, we apply on the nanoholes struc-
ture the constant potential and add an AC component
at a 100 Hz frequency that is optimized for structure-
switching sensors [13]. This perturbation generates a
modulation of the transmitted resonance spectrum
(Figure 3C). When we fix a wavelength of the transmit-
ted light, the spectral modulation is transformed into
an intensity modulation and its amplitude is measured
by a lock-in amplifier. As a result, the eSPR response
in our set-up is measured in volts and the phase infor-
mation of the detected modulated signal is also avail-
able and can be used for evaluation of interfacial electro-
chemical parameters [19]. Several eSPR scanning modes
can be realized by our set-up depending on the param-
eters of the experiments. First is eSPR AC Voltamme-
try, in which low-amplitude AC perturbations generate
electro-optical plasmonic response detected at differ-
ent DC potentials [20]. Second, a supercontinuum tun-
able light source available in our experimental set-up
allows us to perform eSPR AC spectroscopy by scan-
ning probing wavelength and fixing the applied DC volt-
age, usually at a potential that initiates a redox reaction
(i.e. −0.275 mV for methylene blue). And third, dynamic
eSPR measurements, where temporal dependences of
eSPR responses at fixed wavelength and DC potential
are obtained [6]. Due to the resonance nature of the
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Figure 4 Photograph of eNanoSPR device with three planar elec-
trodes for open (A) and microfluidic (B) measurement cell.

nanoplasmonic transmission spectra, the eSPR ampli-
tude – and therefore the overall performance of eSPR
devices – depends on the spectral position of the prob-
ing light. The information about optimal working wave-
length and optimal redox DC potential for specific
nanoholes structure with structure-switching sensor is
obtained from corresponding eSPR AC Voltammetry and
eSPR AC spectroscopy measurements.

2.5 Fabrication of microscopy eNanoSPR devices

Prototypes of eNanoSPR devices for microscopy appli-
cations with open and microfluidic measurement cell
were fabricated using femtosecond laser micromachin-
ing system. A first eNanoSPR device was designed with
a 1 mm2 central working electrode with nine nanohole
arrays, a closely separated reference electrode and a
larger counter electrode (18 mm2) shaped on a circu-
lar 18 mm BK7 glass substrate (Figure 4A). Such diam-
eter allows a precise installation into petri dishes with
glass bottom that are used for live cell microscopy. Spring
loaded electrodes (Interconnect Devices) were wired to
the potentiostat and provided contacts to the biosensing
chip directly through liquid medium, greatly simplify-
ing biosensing chip replacement. During measurements,
the whole set-up is placed on a microscopy stage and
the same light source is used for live cell imaging and
nanohole array spectral and eSPR investigation.

A second eNanoSPR device for work with microflu-
idic was fabricated on a rectangular 12.5 mm × 25 mm
glass substrate (Figure 4B). The three planar electrodes
were long enough to accept contacting electrode from
one side and to be embedded in a microfluidic channel
with an area of 1 mm × 8 mm from another. The central
working electrode patterned with nanoplasmonic struc-
ture has a size of 1 mm × 2 mm. The reference elec-
trode is 1 mm × 0.5 mm and placed close to the working
and both are enclosed by a larger counter electrode. The

microfluidic chamber is formed by an O-ring cut from a
200 μm silicone sheet. An upper cover was made from
circular 20 mm glass substrate 1 mm thick with two 1 mm
drilled opening to allow liquid delivery to the sensing
surface. Microfluidic eNanoSPR device can be installed
on the same microscopy stage for visual and eSPR tests
or used with independent simplified optical set-up com-
prising a LED light source and a silicon monodetector.

3 Results and discussion

A set of experimental transmission spectra in water
medium for nanohole array samples with 150 nm diam-
eter and 375, 400, 425, 450, 475 nm periodicities is pre-
sented on Figure 5A. We observed two distinctive reso-
nance peaks related to the plasmonic enhancement of
the electromagnetic wave at the gold-medium and the
gold-substrate interface. Spectral peaks positions can be
estimated by using an approximate equation for the free-
space incident wavelength that excites a surface plasmon
[21]:

λSPR= P√
s2

1 + s2
2

Re
√

εAu(λSPR)εm

εAu(λSPR) +εm
(1)

where (s1, s2) are integer pairs that correspond to
the particular order of the SP mode, εm the rela-
tive dielectric constant of medium, and εAu(λSPR) is the
complex wavelength-dependent dielectric constant of
gold. Calculated λSPR dependences for metal interfaces
with medium (water) and substrate (BK7 glass) on the
nanohole array periodicities are presented on Figure 5B
by dashed lines. For every resonance peak we found two
characteristic parameters λ(Imin) and λ(Imax) correspond-
ing to the spectral position at minimum and maximum
intensity of the peak (Figure 5A). Results for all nanoplas-
monic structures are shown on Figure 5B. We observed a
rather good match between the λ(Imin) and the theoreti-
cal λSPR for Au-medium resonance mode. Spectral posi-
tions for λ(Imax) are red shifted for about 50 nm. This shift
has to be considered to find the optimal combination of
excitation light wavelength and nanohole array period
applied for eSPR detection. λ(Imin) and λ(Imax) depen-
dences for the peaks related to the Au-substrate interface
demonstrated similar tendency but with larger red shifts.
Such difference can be partially explained by approxima-
tion included in equation (1) that ignored coupling be-
tween top and bottom resonances of the metal film with
limited thickness.

We have also verified the sensitivity of our nanoplas-
monic structures in response to the bulk refractive

C© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 809www.ann-phys.org
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Figure 6 Spectral (black line) and intensity (red line) sensitivity to
the bulk RI for different nanohole array periods. Inset (A) present
direction of spectral and intensity shifts on RI increase. Inset (B)
shows typical time dependence on the RI changes.

index changes. Ethanol-water solutions with different ra-
tio and RI were delivered to the surface of the nanoplas-
monic structure. Real-time transmission spectra were
monitored and the dynamic of intensity and spectral
position of the resonance peak were calculated. Exam-
ples of spectra shift upon increase on 1.2*10−2 RIU are
shown as dashed lines on Figure 5A. As expected, larger
shifts are observed for the first resonance peaks, whereas
slight changes in the peak positions related to the Au-
substrate interface can be explained by SPR coupling
through 100 nm metal film and bulk RI changes inside
nanoholes. On Figure 6 we present experimental spectral
(black line) and intensity (red line) sensitivity to the bulk
RI for different nanohole arrays. Inset (A) present typical
behavior and direction of spectral and intensity shifts on

bulk RI increase. Inset (B) shows example of typical time
dependence on the RI changes.

As a model structure-switching electrochemical sen-
sor, we used the well-characterized E-DNA sensor, which
consists in a DNA stemloop [22] that contains an elec-
troactive reporter methylene blue (MB) at one of its
extremity and a thiol group at the other extremity to
promote immobilization to the electrode surface. Upon
binding to its complementary DNA sequence on its loop,
this stemloop will undergo stem opening, which will sep-
arate the electroactive reporter from the electrode sur-
face leading to a significant decrease in the electron
transfer rate on thus measurable electrochemical sig-
nal. We can monitor the conformation of the stemloop,
and thus the presence of the complementary target se-
quence, by using AC voltammetry [18]. Linear scanning
of potential from 0 mV to −450 mV with added 50 mv
100 Hz AC signal results in a peak of current around
−275 mV (vs. Ag/AgCl reference electrode filled with 3
M KCl electrolyte) associated with the redox activity of
MB. The amplitude of this peak is correlated with the
electron transfer efficiency between MB and the elec-
trode and will vary according to the “on/off” state of the
E-DNA switches.

In this article we are considering electro-plasmonic
eSPR method for the redox reaction detection. The fol-
lowing experiments were performed on the nanoplas-
monic structures functionalized with structure – switch-
ing sensor modified with methylene-blue redox reporter.
eSPR spectroscopy measurements were executed for all
nanostructures by scanning probing wavelength and fix-
ing the applied DC voltage, and similar tendency was
observed. Experimental results for gold nanohole array
with periodicity 450 nm are presented on Figure 7. The
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eSPR spectrum obtained with applied 0V potential is il-
lustrated by a red line and obtained at MB reporter re-
dox potential −0.275 V by a blue line. The black line
shows conventional transmission spectra for compari-
son. As was explained above, eSPR method is based on
the detection of electro-optical signal induced by small
AC modulation and can be considered in our case as dif-
ferentiation method of transmission spectra. It explains
the fact that resonance peak related to the Au-substrate
interface was transformed into double peak curve with
maximums corresponding to the points of highest spec-
trum deviation. As shown in the literature [7], the op-
tical spectrum of plasmon resonances in electrochem-
istry depends on multiple effects even in the absence of
electron transfer reactions. However, in the case of Au-
substrate interface we have no direct contact with solu-
tion. The existence and high intensity of detected eSPR
response is attributed to modulation of electron density
of the metal by an applied potential [23]. eSPR detec-
tion in this case could be used as an approach to inves-
tigate plasmonic coupling, and other parameters such as
the Drude plasma frequency and other plasmonic phe-
nomena localized at the Au-substrate interface. When
applying a potential of −0.275 V (voltage for optimal
electron transfer for MB), this causes a sharp increase
in the eSPR intensity for the first resonance peak and,
as expected, a much lower change for the second one
(Figure 7, blue line). The eSPR spectral positions at peak
maximum for all tested nanostructures typically deviated
by 4–6 nm from corresponding values found for trans-
mission spectra (Figure 5B). For example, for a nanohole
array with 450 nm periodicity we observed resonance

peak with maximum intensity positioned at 685 nm,
and a narrow full width at half-maximum (FWHM) of
about 20 nm. Corresponding data for transmission spec-
trum are 689 nm and 37 nm. Since transmission spec-
tra shift due to the bulk RI changes usually is accompa-
nied by amplitude change (Figure 6, inset (A)) eSPR spec-
trum at Au-medium interface shows only one strongly
pronounced peak. For the following experiments we fo-
cused on this peak at 685 nm and for comparison we
considered 825 nm corresponding to the resonance on
Au-substrate interface.

Figure 8A shows the typical eSPR cyclic AC voltam-
mograms obtained for gold nanohole array with a pe-
riodicity of 450 nm and functionalized with our model
structure switching sensor (E-DNA). The potential was
scanned from 0 to −0.45 V with 50 mV of AC amplitude
at 100 Hz frequency. eSPR amplitude was monitored at
685 nm and 825 nm excitation wavelength. A very pro-
nounced eSPR amplitude peak was obtained at −0.275 V
confirming the presence of the MB reporter. Small peak
was also observed for 825 nm excitation light and ex-
plained by the coupling resonances on metal surfaces
and local RI fluctuations near nanoholes walls. For com-
parison, an electrochemical AC voltammogram is shown
as a blue line. The observed results confirm the feasibility
of eSPR method and allow us to consider nanohole array
based structure – switching nanoplasmonic sensing for
analytical applications.

Using our eNanoSPR devices we have performed ex-
perimental tests on hybridization between the E-DNA
P2 and its complementary target T2. We used a 2×SSC
running buffer concentration for the stage of hybridiza-
tion. eSPR voltammograms for different concentrations
of complementary oligonucleotide T2 and normalized to
the peak value of the voltammograms in PBS are shown
on Figure 8B. Real time results of P2-T2 hybridization
at 300 nM T2 concentration is presented in the inset.
The sensor surface can be used repeatedly by regener-
ation of bioselective element in 8 M urea solution [24].
The sensor demonstrated a reliable response to the P2-
T2 hybridization with an estimated resolution of 10 nM
T2 concentration. Final sensor sensitivity and resolution
depend on the stability and noise of light source, total
size of nanohole array, detector dynamic range and can
be increased by recent technological solutions.

Scientists are always looking for new advanced meth-
ods or technologies relying on the combination of
established approaches to improve the reliability and
selectivity of label-free biosensing in complex aque-
ous samples. Examples include combination of quartz
crystal microbalance and SPR method [25], SPR and
impedance spectroscopy [26], dielectrophoresis and
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nanoplasmonic [27]. We believe that the combination of
the sensitivity and multiplexing capability of nanoplas-
monic structures together with the selectivity and ro-
bustness of structure-switching sensor to non-specific
response represents an excellent avenue to develop
reliable sensors for complex samples. We see several
advantages of the proposed eSPR approach. It was al-
ready shown in literature [19] that electrochemical plas-
monic sensing is less sensitive to bulk refractive index
changes or nonspecific binding than conventional SPR.
Also, eSPR approach activates and detects modulated re-
sponse from reversible redox reactions whereas we ex-
pect no signal modulation from nonspecific biolayers
or bulk RI variations. Influence of nonspecifics on the
SPR resonance curve has to be rather big to influence
eSPR modulation amplitude from redox reaction. And
such influence can be recalibrated by measuring con-
ventional SPR shift from DC level of eSPR response. The
measurement protocol with differential channel for eSPR
method will be more efficient that for conventional SPR
as structure-switching sensing is immune to the nonspe-
cific influences in complex media.

In this article, we present a prototype eNanoSPR de-
vice designed for sensing applications directly in com-
plex media. Our eNanoSPR device for open measure-
ment cell (Figure 4A) is compatible with a petri dish
for live cell microscopy and allows cell growth on the
nanostructure directly in the incubator. We expect that
inverted microscopy set-up could be used to investigate
metabolism of living cells by structure-switching eSPR
sensors with direct visual monitoring. In Figure 1B, for
example, we presented a microscopy image of the fixed
MDA-MB-231 cells [28] attached to the surface of gold
nanohole arrays (100 μm × 100 μm) fabricated in 100 nm

thick gold film. Contrast of image is satisfactory for si-
multaneous cells and nanostructure visualization. More-
over, recent work on the nanohole arrays fabricated on
the optically thin 50 nm metal film demonstrated sat-
isfactory plasmonic properties with higher potential for
imaging applications [29]. Electrochemical SPR detects
RI changes that confined to the surface under illumina-
tion and thus less dependent on the total current pass-
ing through the system. We obtained very similar eSPR
voltammograms for configuration with three planar elec-
trodes fabricated on the same substrate and for the con-
ventional configuration with Pt counter and Ag/AgCl ref-
erence electrodes. Planar electrodes are very suitable for
microfluidic flow-injection eNanoSPR device configura-
tion (Figure 4B). Such compact sensing system is com-
patible with microscopy but could be particularly advan-
tageous for realizing a standalone portable device with
multiplexed and disposable sensing chips for investiga-
tion of untreated blood samples.

4 Conclusions

In this paper, we described the development of
eNanoSPR devices employing structure-switching
sensor as a mediator to transduce an electrochem-
ical reaction into measurable plasmonic response.
Our eNanoSPR devices were based on a multiple gold
nanohole arrays fabricated by e-beam and the vacuum
deposition of a 100 nm gold film. We performed the syn-
chronized measurement of optical spectral characteris-
tics and cyclic eSPR voltammograms for the devices and
estimated resolution using a model E-DNA sensor. Our
eNanoSPR devices take advantages of nanoplasmonic
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coupling at normal light incidence to realize combined
nanoplasmonic multiplexing sensing with microscopic
visualization. Proposed electrochemical structure-
switching sensing using nanoplasmonic devices is
promising for biosensing in the complex sample and
shows a potential for the development of low-cost
portable system with disposable sensing chips.
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