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Surface plasmon resonance (SPR) spectroscopy has been used for the detection of reversible refractive
index changes that occur in a redox mediator film during potentiostatic oxydoreduction. We investigated
the theoretical and experimental parameters of electrochemical SPR (eSPR) sensing using as an example
of the electroactive labels the Methylene Blue (MB) organic dye. The optimal eSPR interrogation method
for MB sensing in a solution and in a uniform interfacial thin film formed by stem-loop oligonucleotides
tagged with MB are evaluated. Electrochemical activation of the optical SPR response depends on the
local MB concentration and can be used to design sensitive and highly selective biosensing approaches.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Continuous, sensitive and real-time analysis of complex, unpro-
cessed aqueous samples is an essential requirement for a broad
spectrum of biosensing applications ranging from medical diagnos-
tics to environmental monitoring. Even though many of the current
biosensor technologies show exquisite sensitivities and limits of
detection in laboratory settings, their use in point-of-care applica-
tions is stillimpeded by a high level of nonspecific response in crude
samples due to the confounding effects of non-specific adsorption
to sensor surface [1]. One of the potential solutions to this chal-
lenge is to combine compatible biosensing approaches into one
analytical tool that is able to measure and analyze a higher quan-
tity of complementary parameters. In this article, we consider such
an analytical tool based on the integration of electrochemical and
surface plasmon resonance (SPR) sensing methods.

The electrochemical transducers offer a very attractive low-
cost approach for converting the results of biochemical events into
a measurable analytical signal. The most common transduction
principle is based on the detection of faradaic current generated
by electroactive redox mediators. A good example of such redox
mediator is methylene blue (MB), an organic dye that has been
applied as an electron transfer mediator [2]| and as an electro-
chemical indicator for oligonucleotides hybridization [3,4]. Due to
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the relative scarceness of electroactive contaminants in biologi-
cal samples, MB can be used as a very selective redox tag and has
already shown great performance for analyte detection in complex
media when integrated into E-DNA structure switching sensors
[5,6]. Electrochemical transduction can also be achieved with the
spectral analysis of a MB mediator film: the red-absorbing oxidized
state of MB can be converted to its reduced, colorless leuco-MB
state using potentiostatic reduction. Spectroelectrochemical analy-
sis of this phenomenon was experimentally realized with an optical
waveguide platform [7,8]. On the other hand, SPR is recognized
as one of the most sensitive analytical tool for the optical detec-
tion of biological binding at an interface and is widely used for
biosensing and bio-affinity measurements. In an effort to further
enhance its versatility and sensitivity, SPR has been integrated
with electrochemistry, which allows to gain a new insight into the
changes in optical properties occurring as a result of electrochemi-
cal phenomena. This integrated electrochemical SPR device (eSPR)
has notably been used for the characterization of electropolymer-
ized thin films [9-14] and for the monitoring of refractive index
changes in a redox mediator film during bio-recognition processes
[15-18]. In the last years, the eSPR technique has led to excit-
ing results by measuring the electrochemical modulation of redox
tags with a plasmonic sensor [19-22]. Recently, we presented
an example of such sensor based on electrochemical structure-
switching sensors adapted for the SPR detection method [23]. In this
approach, we immobilized a stem-loop DNA probe modified with
a MB tag on a gold plasmonic electrode. Upon hybridization of the
target, the stem-loop unfolds and changes the distance between the
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redox-active MB reporter and the gold, thus changing its electron
transfer efficiency. We activated the redox activity of MB using elec-
trochemistry and then measured the resulting changes in refractive
index with SPR. We found this method to be highly selective even
in complex media and adaptable in a multiplexed format.

However, we believe that a more detailed investigation of the
combined eSPR transducing principle for redox mediators sensing
is necessary. Indeed, an important effect that is often overlooked in
the eSPR literature is the difference in absorption between the oxi-
dized and reduced states of the mediator, as is the case for MB.
The theoretical aspects of absorption-based SPR principle were
previously investigated [24]| and employed for the detection of
ammonium ions, the development of a SPR enzyme sensor [25]
and for probing of absorptive nanoplasmonic particles attached to
a gold substrate [26]. In this work, we aim to define the optimal
parameters of experimental eSPR technique applied for and fully
realize potential of electroactive SPR biosensing in selectivity, sen-
sitivity and eventual eSPR analytical tool construction. enhance the
detection sensitivity of thin films of various compositions and var-
ious properties, notably absorbing films [27]. We think that such
eSPR technique is a promising technology to overcome the prob-
lem of limited selectivity and nonspecific responses of biosensors
in real complex liquids.

2. Materials and methods
2.1. Materials

Methylene blue powder, Tris(carboxyethyl)phosphine (TCEP),
Phosphate buffered saline (PBS 10mM, pH 7.2) and all other
reagents were obtained from Sigma-Aldrich. Oligonucleotides
were purchased from Biosearch Technologies (Petaluma, CA).
Stem-loop oligonucleotide 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 resis-
tant 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 oligonucleotide was
designed to adopt a stem-loop conformation with a 5 base pairs
stem.

2.2. Structure-switching sensor film preparation

Prior to functionalization, glass slides with 50 nm thin gold
film were cleaned by an oxygen plasma cleaner, rinsed in MilliQ
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water and dried under a N, flow. Stem-loop oligonucleotides
were immobilized on the sensor surface with thiol-gold chemistry
(Fig. 1(I)) using the following protocol. First, to reduce disulfide
bonds between the thiol-modified oligonucleotides, 2 L of 100 wM
P2 were incubated with 4 wL of 10 mM reducing agent TCEP for an
hour at 4°C. This mix was then diluted in 350 L PBS to obtain a
P2 concentration of 650 nM. Second, a 175 p.L drop of this solution
was placed on the gold chip and left to incubate for an hour in a
humid chamber at room temperature. Third, the chip was rinsed
with water and incubated in a solution of 2 mM 6-mercapto-1-
hexanol (MCH) in PBS at 4 °C overnight. MCH fills the free sites on
the gold using thiol-gold chemistry and has three functions: pas-
sivate the electrode, block non-specific adsorption and maintain
the oligonucleotides in an upright orientation. As the stem-loop
oligonucleotides P2 maintain the MB molecules near the electrode,
this functionalization protocol effectively results in a single layer
of MB at a fixed distance from the surface.

3. Experimental electrochemical SPR system

To perform synchronous measurements of electrochemical
voltammograms and conventional SPR spectroscopy, we designed
the multi-parametric experimental platform presented in Fig. 1.
A white light source (LED, Thorlabs), collimating optics and a
BK7 Dove coupling prism were used for SPR excitation in the
Kretschmann configuration over a 50 nm gold film. This metal film
was used as a working electrode (3 mm diameter disk) in a three-
electrode configuration and the electrochemical experiments were
controlled by a potentiostat (Solartron ModuLab). A platinum disk
(1 cm diameter) and an Ag/AgCl electrode filled with 3 M KCl elec-
trolyte were used respectively as a counter-electrode and as a
reference electrode. Upon application of a voltage scan on the gold
film, the SPR spectrum at a fixed incident angle was analyzed in
real-time by a custom-written LabView software. To find and mon-
itor the SPR resonance peak position and its amplitude, dynamic
tracking centroid algorithms [28] were applied. A plastic measur-
ing open-cell with a capacity of 5 mL was designed and the liquid
was agitated at constant speed with a mechanical stirrer (Instech)
during experiments. Two types of samples were characterized: the
first was a solution of MB in PBS, resulting in an absorbing media
with dye molecules free to diffuse (Fig. 1(I)), the second was a PBS
buffer media and a surface functionalized with P2 oligonucleotides
that fix the MB molecules close to the electrode, resulting in an
absorbing interfacial layer (Fig. 1(II)).
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Fig. 1. Schematic of the electrochemical SPR experimental system with spectral interrogation method. A collimated white light is sent at a fixed angle on the SPR chip
through a dove prism and analyzed with a spectrometer to obtain the resonant wavelength and intensity of the SPR spectral curve. The gold chip is simultaneously used as
the working electrode in an electrochemical cell. Two types of redox-active media were tested: (I) MB in solution and (II) Stem-loop oligonucleotides with MB redox tag.
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Fig. 2. Optical properties of the oxidized state of methylene blue dye and their influence on the SPR spectral peak. (A) Experimental absorption extinction coefficient of
10 wM MB (black) and the corresponding Lorentz model for two oscillators resonant at 615 and 664 nm (red). (B) Theoretical complex refractive index (real part n: black,
imaginary part k: blue) calculated from the two-oscillators Lorentz model for solutions of 0.1 mM and 0.5 mM MB in water. (Inset) Influence of the MB optical properties on
the SPR peak shift as a function of the SPR spectral position (Aspr ) relative to the MB absorption peak (Amax ). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

4. Results and discussion

In regards to the refractive index of the analyzed medium, a
conventional SPR sensor measures only changes in the real part
associated with the peak resonant wavelength. In the case of
a sensing layer containing absorbing markers such as MB dye,
changes in both the real and imaginary parts that result from the
optical absorption have to be monitored. This was experimen-
tally realized by detecting both the SPR resonance peak position
and amplitude in optical-absorption-based SPR sensors [24]. To
theoretically estimate the properties of SPR sensors with spec-
tral interrogation for optical absorption detection, we applied the
Fresnel equation for multilayer structure. Three or four layer were
considered including the BK7 coupling prism, plasmon supporting
thin gold film in direct contact with the absorbing medium (i.e. MB
solution) or with the absorbing interfacial layer in a buffer medium
(i.e. MB-modified oligonucleotides). The dielectric constant &5 of
the MB absorbing layer that consists of Nyg absorbing oscillators
per unit volume can be obtained by assuming a Lorentz model:
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where e is the elementary electric charge; me is the mass of an elec-
tron; &g is the permittivity of vacuum; wg and are the absorption
frequency and the damping frequency, respectively; fis the oscilla-
tor strength, A° is the background dielectric constant of the sensing
layer; Amax is the absorption maximum wavelength and the Ay, is
full width wavelength at half-maximum of absorption spectrum.
The experimental absorption spectrum of a 10 wM MB solution is
shown in Fig. 2A and was used for comparison with the theoret-
ical spectrum calculated using Eq. (1). For the theoretical Lorentz
model, we used a resonance at Amax =664 nm with A1, =45 nm and
an oscillator force fof 0.68 [29]. There is a shoulder on the pure MB
monomer spectra at approximately Amax =615 nm which has been
identified as a vibrational component of a single electronic band.
This position is also very close to the resonance absorption of the
MB dimer, but in our case we use a rather diluted MB solution con-
sisting mostly of MB monomers. For the 615 nm peak, we used in
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the calculation A4, =70nm, f1=0.5 and A* assumed at (1.333)?,
which is typical for dye molecules in water [24]. The theoretical
molar extinction coefficient is obtained from the imaginary part
of the refractive index that is defined by ns + iks = \/€s and we
found that the experimental results for 10 WM MB solution were
well-matched with the parameters used in Eq. (1) (Fig. 2A). We
also show the theoretical real and imaginary parts of the refractive
index ng and n; of MB solutions in Fig. 2B 0.1 mM and 0.5 mM con-
centration. We observe that MB absorption produces nil, negative
or positive variation in the real part of the RI of the sensing layer
depending on the spectral position. As a result, the experimental
spectral SPR curves will be shifted in different directions depending
on the resonance wavelength (Fig. 2B, inset). Such particularities of
absorption-based SPR sensing must be included into the analysis
to correctly interpret obtained experimental SPR results.

Absorption-based SPR also employs resonance peak intensity
as a sensing parameter. However, the peak intensity depends not
only on absorption but also on the coupling prism RI and, most
importantly, on the plasmon supporting gold layer thickness. For
example, using MB as a model, we calculated spectral SPR depen-
dences for different gold layers thickness 40 nm, 50 nm and 65 nm,
and for different MB concentrations 0.1 mM, 0.2 mM and 1 mM.
In Fig. 3A, we observe minimal SPR intensity variation at 50 nm
gold thickness in regards to MB concentration, whereas for 40 nm
and 65 nm, there are significant changes in the intensity amplitude
going in opposite directions as the MB concentration is increased.
In the inset of Fig. 3A, the absolute SPR intensity dependence on
the gold film thickness for different MB concentrations is pre-
sented. These results confirm the importance of gold thickness
optimization for efficient electrochemical SPR sensing. Using the
equation for SPR resonance peak dependence [24], we obtained the
differential dR,,;,/dAbs (Abs is a parameter proportional to ng) at
the resonant 664 nm spectral position. Two extremes are obtained
(Fig. 3B): thinner gold layer of about 36 nm is related to negative
SPR intensity variations as absorption is increased while thicker
68 nm leads to a positive SPR intensity variation. A gold thickness
of about 51 nm minimizes Ry, at 664nm and shows the small-
est overall intensity variation as absorption is varied (Fig. 3A). The
following analytical equation allows us to estimate optimal gold
thickness at different spectral ranges and for different SPR experi-
mental techniques:
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Fig. 3. (A) Spectral SPR curves at MB resonance wavelength (Aspr = Amax ) for different MB concentrations (black=0.1 mM, red = 1 mM, blue =2 mM) and gold layer thickness
(40, 50, 65 nm). The influence of gold film thickness on the SPR intensity response to variations in MB concentration is shown. The intensity variation upon addition of MB
is positive (+Alnt) at 65 nm thickness and negative (—Alnt) at 40 nm. (Inset) Absolute SPR intensity dependence on the gold film thickness for different MB concentrations.
(B) Differential dRp,,/dAbs as function of gold film thickness. Ry, is the SPR intensity at resonance and Abs is a parameter proportional to ng, the real part of the refractive
index of MB. The gold thickness can be optimized to obtain the highest SPR intensity contrast (positive at dAup, negative at dAuy, nil at dAug) between absence and presence
of the absorbing MB dye. (Inset) Spectral dependences of optimal gold thicknesses for maximal dAuy, dAup and minimal dAuy intensity variation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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where da, is the gold layer thickness, A is the pumping wave-
length, em and &, are the dielectric constants of the metal and
coupling prism. Parameter K for dAuy =0.069; for dAug =2.703, and
for dAup =1.386, and the corresponding spectral dependences are
shown in Fig. 3B, inset.

The real part of the absorbing media RI affects the spectral posi-
tion of the SPR resonance peak. In Fig. 4 we present theoretical
spectral SPR resonance curves obtained with optimal gold layer
thickness 47 nm, 50 nm and 51 nm for surface plasmon excitation at
630 nm, 664 nm and 685 nm respectively. Such optimal gold thick-
ness is equal to the optimal thickness for conventional SPR that
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Fig. 4. Spectral SPR resonance curves obtained with optimal gold layer thicknesses
47 nm, 50nm and 51 nm for surface plasmon excitation at 630 nm (Aspr < Amax)s
664 nm (Aspr = Amax) and 685 nm (Aspr > Amax ) respectively. The calculations are per-
formed for water (black), 0.1 mM (red)and 0.2 mM (blue) MB solutions. The principle
for SPR intensity interrogation at 630 nm and 685 nm is presented. The spectral
dependence of the absolute refractive index changes is shown as dotted line. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

assures close to zero reflectance at SPR resonance and is calcu-
lated using Eq. (2). Calculations are performed for water, 0.1 mM
and 0.2 mM MB solutions. The absolute value of RI variation in
response to the MB concentration is determined by the initial spec-
tral position of the SPR resonance minimum in water (Fig. 2B). It is
approaching maximum at 685 nm corresponding to the Amax + 112
wavelength (Fig. 4). At Amax — A1, We expect lower absolute RI
changes as MB second absorption peak at 615 nm decreases Rl vari-
ation. An increased gold film absorption at A, < 600 nm also reduces
the overall SPR efficiency at shorter wavelengths. We can conclude
that a 685 nm excitation wavelength is optimal for detection of the
real part of RI of a MB solution in a condition of using correct gold
film thickness. For comparison, the dotted line in Fig. 4 shows spec-
tral dependences of the absolute real part of RI changes for 0.5 mM
MB.

In this article we have considered two types of absorptive redox
mediator films that have been applied as sensing medium in eSPR
sensors. I[nitially we investigated eSPR voltammograms for MB
solution with different concentrations. Then, we applied eSPR spec-
troscopy to detect local redox reaction in the interfacial thin film
created by stem-loop oligonucleotides with MB tags. Experimen-
tal eSPR voltammograms for 0.005, 0.05, 0.1 and 0.5 mM MB in
PBS were obtained by cyclic potential scanning in the range of
+0.1 to —0.5V at 10mV/s (Fig. 5). The wavelength difference cor-
related to the spectral resonance position at 0V is presented on
the y-axis and is directly related to variations in the real part
of the refractive index. We estimated sensitivity of our spectral
SPR at 2030 nm/RI at 664 nm. In Fig. 5A, we present eSPR results
obtained at a 615 nm resonance wavelength, which is spectrally
situated on the left shoulder of the oxidized MB absorption peak
(AsprR < Amax)- €SPR voltammograms measured at 675 nm excita-
tion wavelength are shown in Fig. 5B (Aspg > Amax). The choice of
these working wavelengths follows from the theoretically esti-
mated maximal variation of the MB solution refractive index n
(Fig. 2B). We observe rather different behaviors of the eSPR voltam-
mograms for these two wavelengths. For example, when reduced
at —0.5V, the low 0.005 mM MB concentration demonstrates a pos-
itive wavelength shift at 615 nm (Fig. 5A, green) whereas at 685 nm,
the wavelength shiftis negative (Fig. 5B, green). These experimental
results are in agreement with theoretical predictions for the RI dif-
ference as a function of wavelength (Fig. 2B). However, at 615 nm,
even for 0.05mM MB concentration, the voltage scan to —0.5V
already shows almost no RI changes. At higher MB concentrations,
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Fig. 5. Variations in the resonant SPR wavelength during cyclic voltammetry (10 mV/s, 100 mV to —500 mV) for various free MB concentrations. (A) Experimental results at
Aspr =615 nm, where the real part of the refractive index of the MB oxidized state is lower than the reduced state (nox <mneq). At low MB concentrations (0.005 and 0.05 mM),
the SPR peak is shifted to lower wavelengths when oxidized in agreement with theory. At higher MB concentrations, the peak is shifted to higher wavelengths when oxidized.
This is due to the competitive process of deposition of a thin MB layer on the surface. The peak observed at 0.5 mM is attributed to the dissolution of this MB thin film. (B)
Experimental results at Aspr =675 nm, where nox > neq. At all MB concentrations, the resonant wavelength is shifted to higher wavelengths when oxidized in agreement with
the theory. The same thin film deposition process is observed with a similar peak associated with dissolution at 0.5 mM. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)

the negative potential induces a decrease in RI, which is in opposi-
tion with our theoretical predication that the RI will increase with
MB concentration. The explanation lies in the fact that the negative
potential applied to the working electrode generates two competi-
tive processes. Inaddition to the MBreduction at —0.27 V, a thin film
formed from positively charged oxidized MB molecules is formed
at the interface and decreases the total measured RI. This effect is
observed up to higher 0.5 mM MB concentration. We predict that
these processes for eSPR sensing with 675 nm excitation will lead
to increased RI at negative potentials for MB concentration equal
and larger than 0.05 mM. However, it happens only for concentra-
tion larger than 0.1 mM. Explanation lies in the nonsymmetrical RI
dependence around resonance 664 nm point (Fig. 2B). At 675 nm,
reduction of MB will initiate absolute RI changes almost two times
larger than at 615 nm due to existence of a second MB absorption
peak at 615 nm. For MB in a solution with 0.5 mM concentration,
we also observe additional positive peaks on the eSPR voltam-
mograms related to the dissolution of the oxidized MB thin film.
We can conclude that due to the complicated character of the eSPR
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measurement of the MB in the solution, multiple parameters have
to be accurately considered for successful sensor realization. A
careful choice of experimental eSPR parameters and sometimes
multispectral detection will allow to correctly estimate measured
effect and separate the RI changes due to MB reduction from the RI
changes due to reversible MB thin film formation.

Uniform and stable redox mediator film with constant MB
concentration for biosensing application can be created on the
conducting interface by electropolymerization [30] or by function-
alization with self-assembled monolayers or with redox-tagged
DNA. In this article, stem-loop oligonucleotides with electrochemi-
cally active MB indicator were experimentally tested with spectral
eSPR method (Fig. 1(II)). Electrochemical eSPR voltammograms for
multiple spectral positions around MB absorption peak are pre-
sented in Fig. 6. As no diffusion processes are involved into MB
electrochemical reduction-oxidation process experimental results
for resonance eSPR peak position (Fig. 6A) and intensity varia-
tion (Fig. 6B) show very good agreement with absorption-based
SPR principle for MB detection (Fig. 2B). In Fig. 7, we presented
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Fig. 6. Experimentals eSPR voltammograms showing the resonant SPR wavelength (Aspr) and intensity during cyclic voltammetry (10 mV/s, 0 mV to —500 mV) at various SPR
resonant wavelengths for a surface modified with structure-switching sensor with MB indicator. (A) Variations in the resonant wavelengths as a function of applied potential.
In accordance with Fig. 2, for Aspgr < Amax (600, 610, 630, 650 nm), the absorbing oxidized state has a lower refractive index than the reduced state (1nox < neq) and the SPR peak
is blue-shifted when oxidized. For Aspr > Amax (665 and 675 nm), nex > neq and the SPR peak is red-shifted when oxidized. (B) Variations in the SPR resonance peak intensity
as a function of applied potential. The highest k difference, and therefore intensity contrast, between the oxidized and reduced states occurs around Agspg = Amax =664 nm, as
predicted in Fig. 2, and gradually decreases when Aspr departs from Amax. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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experimental spectral dependences for electrochemical variation
of eSPR resonance peak intensity and effective medium RI changes
in comparison with MB absorption spectrum (dotted line). We
observe a good matching of experimental eSPR results with absorp-
tion characteristic of MB mediator film. Presented results could help
to find optimal experimental conditions for electrochemical SPR
sensing.

eSPR method allows for simultaneous SPR and electrochemical
analysis of molecular binding processes and is less sensitive to bulk
refractive index changes or nonspecific binding than conventional
SPR. Its sensitivity and complexity of experimental realization
depends on the choice of eSPR interrogation method. Real time
detection of the SPR resonance peak position allows to reduce
fluctuation in a light source and detector. Optimal experimental
conditions include use of gold film thickness assuring minimum
SPR reflection at Amax + A1/, resonance wavelength. However, eSPR
intensity interrogation allows faster detection and compatibility
with electrochemical impedance and AC voltammetry methods
applied for reduction potential determination. Several choices of
the optimal gold film thickness can be proposed (Fig. 3B). Gold
film thickness dAug with fixed excitation wavelength will generate
intensity variation due to the real RI changes (Fig. 4, dotted lines).
Two different gold film thickness values could be used to maximize
absorption response of eSPR sensor (Fig. 3B). Whereas 68 nm layer
will be more stable for simultaneous electrochemical experiments,
using 36 nm provides larger SPR peak. It could simplify the optical
setup alignment for correct incident angle-wavelength combina-
tion and allows using cheap LED light source with larger spectral
range. Also, nonspecific attachments that shift the SPR resonance
curve will have lower influence on the final eSPR results.

5. Conclusion

Complex behavior of the combined electrochemical and SPR
biosensing technique applied to the analysis of the absorptive redox
mediator film requires careful design of the experimental work and
interpretation of the obtained results. The optimal eSPR system
parameters are important to improve sensitivity and to find better
interrogation method depending on the available technique and
biosensing application. Methylene Blue electroactive redox tags
show a good potential in the field of biosensors based on the detec-
tion of optical differences between reduced and oxidized species.

Electrochemical MB modulation detected by eSPR methodology
opens new possibilities in biosensor devices development by using
all variety of plasmonic approaches from conventional propagat-
ing SPR to highly localized nanoplasmonic and nanoparticles based
sensing.
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