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ABSTRACT

A comparison between sensing performance of traditional SPR (Surface Plasmon Resonance) and magneto-
optic SPR (MOSPR) transducing techniques is presented in this work. MOSPR comes from an evolution of
traditional SPR platform aiming at modulating Surface Plasmon wave by the application of an external
magnetic field in transverse configuration. Previous work demonstrated that, when the Plasmon resonance is
excited in these structures, the external magnetic field induces a modification of the coupling of the incident
light with the Surface Plasmon Polaritons (SPP). Besides, these structures can lead to an enhancement in the
magneto-optical (MO) activity when the SPP is excited. This phenomenon is exploited in this work to
demonstrate the possibility to use the enhanced MO signal as proper transducer signal for investigating
biomolecular interactions in liquid phase. To this purpose, the transducer surface was functionalized by thiol
chemistry and used for recording the binding between Bovine Serum Albumin molecules immobilized onto
the surface and its complementary target. Higher sensing performance in terms of sensitivity and lower limit

of detection of the MOSPR biosensor with respect to traditional SPR sensors is demonstrated.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

One of the foremost technologies for labeling-free biosensing is
based on the Surface Plasmon Resonance (SPR) phenomenon
(Liedberg et al., 1995; Schuck, 1997; Garland, 1996). In fact, at a
metal-dielectric interface, the free electrons of the metal surface can
support a collective oscillation, generating an associated electromag-
netic (EM) wave and a Surface Plasmon Polariton (SPP) (Raether,
1988). The field vectors of this EM wave reach their maxima at the
interface and decay evanescently into both media. The evanescent
field is responsible for the detection of refractive index changes at the
metal/dielectric interface. Small variations in the refractive index of
the medium located in contact with the metal layer are recorded by
changes in the SPR optical signal (Fig.1 a, b).

The SPP oscillations are excited by an external illumination on
condition that the wave-vector of the surface plasmon wave matches
the photon momentum of light. If a metal film is coated directly on a
prism (Kretschmann and Raether, 1968; Cullen et al. 1987-1988;
Jorgenson and Yee, 1993; Homola et al, 1999) (Kretschmann
geometry), such matching can be achieved by a proper choice of
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the angle of incidence of a monochromatic light beam onto the
prism base.

Biological and chemical analyses are achieved by functionaliz-
ing the gold surface with surface bioreceptors and measuring the
shift of corresponding optical signals (Homola et al, 1999).As
widely reported in the literature, intensity interrogation demon-
strates a higher sensitivity with respect to angular interrogation;
this is why it is the most common choice for the realization of SPR
sensing setup (Zacher and Wischerhoff, 2002; Ran and Lipson,
2006; Kanda et al., 2004; Giebel et al., 1999).

Numerous studies have been carried out to optimize the
performance of SPR-based detection technology, owing to the fact
that the detection performance of the current practical SPR bio-
sensors is often insufficient to monitor low concentrations of small
biomolecular analytes (i.e., drugs, vitamins, and antigens). The
optimization of the optical metrology systems or the choice of
efficient data analysis methods can lead only to slight improvement
in SPR sensing performances. Better results can be obtained by
modifying transducers interfaces or modulating the optical signals
(Schasfoort and Tudos, 2008; Liedberg et al., 1983; Melendez et al.,
1996; Zhang and Uttamchandani, 1988; Karlsson, 2004).

Transducer layers can be modified, for instance, by adding a
nanostructuration on the metal sensing layer: localized SPR (LSPR)
using periodic nanowires and nanoposts as well as sub wave-
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Fig. 1. (a) Schematic representation of the experimental setup for SPR excitation in Kretschmann configuration; (b) detail of the metal transducer/dielectric interface of a
standard SPR sensor and excitation of surface plasma wave exponentially decaying into the dielectric. The changes in SPR curves upon a change in refractive indexes n; < n,
is also shown; and (c) detail of the hybrid metal/ferromagnetic/metal trilayer transducer of a MOSPR sensor and excitation of surface plasmon wave exponentially decaying
into the dielectric. The EM field is enhanced at the MO active layer, thus enhancing the magneto-optical signal. A schematic response of SPR and MOSPR signal to the same
change in refractive index is reported. The graph on the right shows the effect of the reverse of magnetization on the SPR curve, namely on the angular minima shift A¢ and

on the reflectance AR.

length nanogratings deposited onto metal surfaces can be used
(Moon et al.,, 2010; Kim et al., 2006; Byun et al., 2007; Malic et al.,
2007). Further examples can include signal amplification using
functionalized nanoparticles (He et al., 2000), or using the combi-
nation of metal nanoparticles and dielectric materials. In the latter
cases sensing improvements are due to the possibility to enhance
SPs capabilities and increase its ability to sense small analyte
molecules. Such modifications of transducer interfaces are respon-
sible for the enhancement of the electromagnetic field (EM) in
the close vicinity of the metal transducer layer (Nenninger et al.,
2001); hence, increasing the sensitivity of the biosensor when
compared to traditional interfaces.

On the other hand, external modulation techniques can be used
to improve the signal-to-noise (SNR) ratio of the SPR sensing
measurements, thus increasing the limit of detection (LOD) with
respect to traditional SPR sensors. For this purpose, the mechanical
(Hooper and Sambles, 2004; Patskovsky et al., 2008) and the phase
(Wu et al., 2003; Markowicz et al., 2007; Kabashin et al., 2009)
modulated SPR sensors have been proposed in the literature.

In this work, the idea is to use both modification of traditional
SPR transducer layer and modulation of SPR signal in order to get
significant increase in sensitivity with respect to standard SPR sensors.
For this purpose Au/Co/Au trilayers were used as transducer, and the
magnetic modulation of the plasmon wave vector was used as the
sensor signal (Fig. 1c). The modulated nature of the signal together
with a proper choice of metal and ferromagnetic trilayer tailored on
the nanoscale will ensure the achievement of the goal of the work.

Different papers have reported the possibility of controlling SPP
excitations in metallic trilayer structures by means of an external
magnetic field (Gonzalez-Diaz et al., 2007; Ferreiro-Vila et al., 2009;
Armelles et al., 2009). When the SPP is excited in these structures, an
external magnetic field can induce a modulation in the SPP wave-
vector, provided that the magnetic field is applied perpendicularly to
the direction of propagation of the SPP and parallel to the interface.
In addition, an enhancement in the magneto-optical (MO) activity is
evidenced when the SPP is excited in these structures (Gonzalez-Diaz
et al,, 2007; Armelles et al.,, 2009; Armelles et al., 2013; Wallis et al.,
1974; Hermann et al., 2001; Armelles et al., 2008).

The amplified MO signal induced by the excitation of the SPP
is chosen as sensor signal which is able to record biomolecular
interactions occurring at the metal/dielectric interface. For this
purpose, a simple experimental setup is required, based on intensity
interrogation provided with magnetic actuation in a transverse
configuration. A small electromagnet producing a proper magnetic
field intensity can be used for this purpose. These multilayered
structures, showing both plasmonic and magneto-plasmonic activity,
have been demonstrated to be used as proper new transducers in a
MOSPR gas sensor (Manera et al, 2011; Septlveda et al, 2006;
Regatos et al., 2010; Regatos et al.,, 2011; Manera et al., 2012).

In this work, by investigating a simple bioassay experiment,
we demonstrate that this new strategy can be used to enhance SPR
biosensor sensitivity. Biosensing measurements obtained in this
work give us a complete view of functional characterizations
carried out by using these novel transducers; the work extends
in liquid phase our previous sensing results performed on gaseous
environment.

2. Materials and methods
2.1. Materials

N-hydroxysuccinimide(NHS), N-(3-dimethylamino- propyl)-
NO-ethylcarbodiimide hydrochloride (EDAC), ethanolammine
and11-mercaptoundecanoicacid (11-MUA), Bovine serum albumin
(BSA) and the corresponding antibody anti-BSA (a-BSA) were
purchased from Sigma-Aldrich. Hybridization measurements were
performed using a saline phosphate-buffer (PBS, pH 7.4). Deio-
nized water was used for the preparation of all solutions.

2.2. Preparation of plasmonic and magneto-optical transducing
layers

Transducer layers were composed of 15 nm Au (capping) /6 nm
Co/25 nm Au/2 nm Ti deposited on SF10 glass substrates. They were
deposited by dc magnetron sputtering at room temperature in an
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ultrahigh-vacuum chamber with a base pressure of 10~° mbar. In
these conditions all the layers are polycrystalline and the Co layer
has in-plane magnetization. The 2 nm thick Ti layer between the
substrate and the 25nm Au layer has a role to improve the
adherence of the magnetoplasmonic structure to the glass substrate.

The thickness values were chosen in order to maximize the
magneto-optical AR signal upon the change in the real part of
refractive index n (Gonzélez-Diaz et al.,, 2007) while preventing
Co oxidation.

For the sake of comparison, a set of 50 nmAu/2 nm Ti layers
were also deposited onto SF10 glass substrate by consecutive
thermal evaporation. This set of transducers was used for tradi-
tional SPR experiments carried out in parallel with respect to
MOSPR measurements.

2.3. SPR and MOSPR characterization techniques

Surface Plasmon Polaritons (SPPs) are charge density oscillations,
which may propagate along the interface between two media with
dielectric constants of opposite sign (e.g., metal-dielectric interface).
Surface Plasmon Resonance (SPR) is the optical excitation of these
charge-density oscillations.

Generally, a two-phase system consisting of a metal and a
dielectric, can be analyzed by using Maxwell's equations, yielding
the dispersion relation:

EméEq
Em+E&q

kspp = kO (1)
where kgpp, is the wave-vector of a Plasmon, &, is the dielectric
constant of the metal at frequency w and g, is the dielectric
constant of the dielectric medium (sample), ko is the wavevector of
light in vacuum (Homola et al., 1999).

Now, if a magnetic field is applied perpendicular to the direction
of propagation of the SPP and parallel to the interface, it will
necessarily modify the SPP wavevector. In simple structures such
as dielectric/ferromagnetic and dielectric/ferromagnetic/dielectric
layers, the SPP wavevector modification will depend linearly on both
the film thickness and the values of the nondiagonal elements of the
dielectric tensor (Kushwaha and Halevi, 1987).

As a consequence of the SPP wave-vector change, the angle at
which the SPP excitation is obtained changes as well. When the
magnetization of the ferromagnetic layer is reversed from a value
+M to — M, the variation of the SPR angle can be expressed by

A0 =[0(+M)—0(—M)]. (2)

The angular shift obtained is proportional to the wavevector
variation of the SPP excitation condition induced by the magne-
tization inversion Akspp

Ak
" nky cos 0

3)

This variation translates into a modification of the reflectance
signal AR than can be approximated by the following Eq.

AR:R(+M)—R(—M)=%><A9 )

where A@ is the same as defined by Eq. (2).

The latter is translated into a relative variation in the reflected
p-polarized light (R), which is related to the Transverse Magneto-
optic Kerr effect (TMOKE)

AR R(M)—R(—M)

R~ R(0) )

More detailed information about the theoretical aspects can be
found in references (Gonzalez-Diaz et al., 2007; Ferreiro-Vila et al.,
2009).

Taking into account that SPP wavevector depends on the
optical properties of the metal/dielectric interface, both R and
modulated AR signals can be used as a novel transducer probes for
the monitoring of optical changes at the metal/dielectric interface
(Fig. 1). The modulated nature of the MO signals is expected to
ensure a high signal-to-noise ratio which will put into higher
sensitivity values.

2.4. SPR and MOSPR experimental setups

A home-made experimental set-up using Kretschmann's prism
configuration was used for traditional SPR measurements (Fig. 1).
An index-matching fluid was used to bring an optical contact
between the glass substrate and the prism (refractive index n=1.7,
determined by Brewster angle measurement). Surface plasmon
excitation was achieved by focusing a p-polarized He-Ne mono-
chromatic laser source (1=632.8 nm) onto the prism/sample
interface. The incidence angle of light beam is chosen by rotating
the prism/sample combination, placed on a #-26 rotation table
driven by a microprocessor-controlled stepping motor (with
a resolution of 0.01°). The reflected light is detected by a Si
photodiode.

An electromagnet was placed perpendicular to the prism/
sample combination. It produces an alternating magnetic field
(intensity: 30 Oe and frequency: 800 Hz) that lies in the plane of
the Co layer and is perpendicular to the plane of incidence of light.
The modulated signal was processed by a pre-amplifier and then
by a lock-in amplifier which allowed extracting the variation of
the reflected intensity signal at the specific reference frequency
removing the noise due to other frequencies.

A peristaltic pump was used to deliver the investigated solution
into an home-made test chamber (volume: 10 pl). All experiments
were carried out at room temperature.

2.5. Calibration to refractive index changes

In order to enable comparison of different experiments, the sensor
response was calibrated to bulk refractive index changes. Four
refractive indexes standard solutions were prepared by ethanol diluted
in deionized water. The refractive indexes were from 1.33289 to
1.33639, corresponding to volume concentrations of 5, 10, 20, 30, 40,
50 % (v[v).

2.6. Sensor chip functionalization and biosensing assay

Before the immobilization of the probe, the metal transducers
were washed in a boiling solution of H,0, (30%), NH3 (30%) and
milliQ water in a 1:1:5 ratio for 10 min and then rinsed with
milliQ water.

Plasmonic and magneto-plasmonic multilayer transducers
were submerged into a glycerol/ethanol (1:1, v/v) solution con-
taining 150 mM 11-mercaptoundecanoic acid (11-MUA) overnight
(Yam et al., 2001). The carboxylic group of 11-MUA was activated
by a solution of 50 mM NHS for 10 min followed by 30 mM EDAC
at the same concentration, in recycle for 30 min in water/ethanol
(10/1, v/v). A self-assembled monolayer of BSA was obtained by
incubation of the activated transducer substrate in a solution of
50 ppm in ultra pure water. Remaining active sites were blocked
using ethanolamine (1 M). Hence, different solutions of anti-BSA
antibodies at different concentrations were allowed to flow over
the sensor surface (interaction time 15 min).

For the regeneration of the sensor surface, HCl solution was
used (10 mM).
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Fig. 2. Experimental reflectivity curve (R vs. angle) and Magneto-optic curve (AR/R
vs. angle) of Au/Co/Au multilayers deposited on SF10 glass substrates. The
experimental curves are recorded when deionized water is present into the test
chamber.

3. Results and discussions
3.1. SPR and MOSPR characterization

All samples exhibited low saturation field (around 30 Oe), as
expected for a Co thin layer of a few nanometer thick. Transverse
Magneto-optic Kerr effect (TMOKE) loops have been reported in
Ref. (Gonzalez-Diaz et al., 2007).

In Fig. 2 the angular dependence of the reflectivity of the
investigated Au/Co/Au transducer together with the relative varia-
tion of the reflectivity (AR/R) induced by the magnetic field
actuation, are recorded in water medium. As shown, the angular
variation of the reflectivity shows firstly total internal reflection at
50.7° and then the SPP excitation with the clearly observed
minimum at 57.5°. Also the magneto-optic AR/R signal is char-
acterized by a sharp resonance in the angular behavior around
such as a value, ie. when the SPP is excited. In absence of
resonance condition, both R and AR/R are basically constant in
the same angular range (see for instance (Gonzalez-Diaz et al.,
2007)).

For angular positions where the SPP is excited, the EM field
gradually increases from the glass incident light side reaching as
expected a maximum value at the air-Au interface, where the SPP
is located (Homola et al., 1999) (Fig. 1). This implies that the EM
field is drastically enhanced at the MO active layer region, being
responsible for the enhancement of the magneto-optical signal.
Maximal changes in the magneto-optical signal will occur in the
angular region of the minimum of the SPR curve where the
probing electric field is maximal, whereas maximal reflectivity
changes are observed on the resonance slopes.

Like SPR curve, also magneto-optical curve will be able to sense
refractive index changes at metal-dielectric interface (Fig. 1). As
the MO signal can experience a much steeper change across the
plasmon resonance region than reflectivity curve (Fig.2), we
expect that it is more sensitive to small variations of refractive
index than reflectivity measurements.

3.2. Refractometry
A refractometric experiment was performed by sending into

the test chamber liquid samples with different refractive indexes
and recording the corresponding change in the sensor signal.
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Fig. 3. Experimental refractometric measurement carried out sending into the test
chamber different concentrations of ethanol solutions for a SPR (a)MOSPR (b)
sensor and calibration curves (c).

For this purpose, a set of ethanol solutions prepared in deionized
water with different refractive indexes were used.

Fig. 3(a) and (b) shows the changes in both SPR and MOSPR sensor
signals when different concentrations of the ethanol solutions were
poured into the test chamber. In Fig. 3c the corresponding calibration
curves are reported. Here the sensor response is intended as the ratio
of the intensity of the investigated sensor signals in presence of the
analyte and the signals recorded in water.

From the slopes of the calibration curves, the bulk refractive
index sensitivity was determined to be approximately 52 RIU™!,
133RIU-!, 155RIU-! (RIU: Refractive Index Unit) within the
whole range of measured refractive indexes, for the sensor using
R, AR and ARJR as sensor signals, respectively.

For a complete comparison, also refractometric measurements
were carried out with a bare Au transducer, which is the optimum
transducer for a standard SPR experiment, reflectance R being the
sensor signal in this case . The calculated sensitivity is 75 RIU™ .

A two-fold improvement in sensing performance can be seen
when using magneto-plasmonic transducers with both AR and
AR/R signals as sensor signals compared to SPR sensing with Au
layer transducer alone.

3.3. Biosensing assay

Once the MOSPR system is calibrated, a comparison between
traditional SPR and MOSPR techniques was performed for the
monitoring of specific binding reaction between bovine serum
albumin (BSA) antigen and the correspondent antibody. The



118 M.G. Manera et al. / Biosensors and Bioelectronics 58 (2014) 114-120

transducers used in this study were MOSPR transducer Au/Co/Au/
Ti/glass, and traditional SPR transducer Au/Ti/glass.
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Fig. 4. SPR (a) and MOSPR (b and c) curves recorded for each step of the biosensing
assay, namely after thiol functionalization, BSA immobilization, anti-BSA binding
and finally regeneration of the sensor.

Fig. 4 reports the SPR reflectivity curves and MOSPR AR and
relative AR/R curves recorded for each step in the biosensing
assay, namely after thiol functionalization, BSA immobilization,
anti-BSA hybridization and regeneration steps, respectively. As can
be noticed, surface modification of the transducers resulted in an
angular shift of the recorded curves towards higher angles. Thiol
functionalization, as well as BSA immobilization and consequent
hybridization with the corresponding antibody give rise to a
change, namely an increase of refractive index at the interface of
Au/water which is responsible for the change in the angular
positions of SPR and MOSPR curves. Both SPR and MOSPR angular
curves were also able to record biosensor surface regeneration.
This latter step allowed releasing the binding between BSA and the
corresponding antibodies, thus restoring the surface with BSA
molecules still present onto the surface. A series of 4 cycles of HCl
solution was performed in order to allow a complete regeneration
of the sample.

In Fig. 5 the dynamic evolution of the AR MOSPR signals upon
immobilization of BSA molecules and consequent hybridization of
the anchored probes with the target antibodies are shown. The
working angle chosen for dynamic measurements was 56° corre-
sponding to the highest slope of the angular curve.

In Fig. 5a the different steps involved in the immobilization of
BSA molecules are described in more details. The immobilization
phase started with preliminary cycles of a solution with 10%
ethanol in water and pure water to clean the sample surface and
to get a stable baseline of the signal for MOSPR sensing. Then, the
mixture of NHS/EDC (introduced to activate the thiol surface) gave
rise to the highest variation of the refractive index in the test
chamber. After that, the sample was cleaned with a solution of 10%
ethanol in water and pure water. Finally, an aqueous solution of
50 ppm of BSA protein was sent into the test chamber and left
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Fig. 5. Dynamic AR curves in the MO-SPR sensor recording (a) the activation of the
surface by NHS/EDAC solution and BSA immobilization after a proper washing in
air, and (b) the binding with increasing concentration of anti-BSA antibodies (Ab)
and regeneration step.
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in dynamic condition for 20 min, prior washing in pure water.
After washing, the sensor signals remained almost unchanged,
thus ensuring that BSA cannot be removed and therefore it
was correctly immobilized onto the transducer surface ; Fig. 5b
describes the hybridization phase. After a washing step in water,
ethanolamine (1 M) was introduced in order to block the surface
of non-specific interactions from the target biomolecule. After
switching back to the PBS buffer solution, the anti-BSA solution
was injected into the sensor flow-cell: a fast increase in the MO
signals occurred. This increase is associated with the specific
binding between BSA and anti-BSA molecules at the sensor
surface. The difference between this new level and initial baseline
is associated with the amount of bound anti-BSA. For higher anti-
BSA concentrations, the initial fast binding was followed by a
slower binding, thus demonstrating a kind of saturation in the
sensor surface towards further anti-BSA binding. The analog
sequence of experimental step recorded by the normalized MOSPR
signal AR/R is reported in Fig. S1 of Supporting information.

Fig. 6 reports the corresponding calibration curves for all tested
sensors. In order to compare all the recorded signals and take into
account the different nature and consequent operation range of
the sensors signal, the sensor response has been defined as the
ratio of the signal intensity at the steady state corresponding
to each analyte concentration (0.3, 2, 5, 10 ppm) and the baseline
signal recorded in the buffer solution before the first analyte
injection.

It can be noticed, the normalized MOSPR signal AR/R gives
the highest sensor response for all the investigated analyte
concentration ranges. By narrowing the focus on the linear part
of the calibration curve, the normalized AR/R signal also reports
the highest slope, namely the highest sensitivity. This means that
it is more able to record small variations in the antibodies
concentration.

On the other hand, non-normalized AR signal gives the best
signal-to noise ratio value, equal to 279 much higher with respect
to the normalized signal (44) and to the bare SPR signal (0.9).
A lower limit of detection can be also extracted for MOSPR signals,
equal to 6 x 102 ppm and 3 x 10~2 ppm for the AR/R and AR
signals, respectively. On the contrary, standard SPR signal is able to
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Fig. 6. Calibration curves relative to antibodies (Ab) detection recorded by AR/R
(squares), AR (circles) and reflectivity (rhombs) signals by using as optical and
magneto-optical transducer the Au/Co/Au/Ti trilayer. A comparison with reflectivity
sensor signal obtained also with a “classical” Au/Ti optical transducer (triangles) is
reported.

reach only 0.2 ppm. The limit of detection was estimated based
on the sensor signal corresponding to three times the standard
deviation of the baseline (LOD=3g/S, where S is the sensitivity
and o is the standard deviation of the baseline signal) (Hastings,
2008).

For the sake of completeness, Fig. 6 also reports the calibration
curve relative to a “standard” SPR sensor, namely a SPR sensor
using as transducer layer a Ti/Au bilayer deposited onto SF10 glass
substrate, as found in most of SPR configurations. The same biosen-
sing assay experimented onto this “standard” transducer allowed
recording higher sensitivity with respect to the SPR configuration
using a Au/Co/Au multilayer transducer for all investigated concen-
trations range, but in any case smaller if MOSPR sensing probe is
monitored. Lower performance can be also found in the determina-
tion of the limit of detection equal to 0.15 ppm, in line to previ-
ous results relative to SPR sensors using the Au/Co/Au trilayer as
transducer: Each measurements were repeated three times obtaining
a good reproducibility (better than 90% for all tested sensors).

4. Conclusions

A set of trilayers composed of a proper choice of metal and
ferromagnetic materials was tested as sensor transducers in a
MOSPR sensor. The proposed new MOSPR sensing probe is strictly
linked to the amplified MO signal induced by the excitation of the
SPP at the metal/dielectric interface.

A comparison between the sensing performance of the prepared
multilayers in standard SPR and MOSPR sensing experiments
has been presented, as well as compared to the performance of a
“classical” Au film deposited on glass in a standard SPR configuration.
To this purpose, a refractometric study and a simple biosensing assay
have been proposed. Both the chemical immobilization of Bovine
serum albumin proteins onto the transducer surface and of the
binding with the respective antibodies at increasing concentrations
by the two sensor signals were monitored.

Increase in biosensing sensitivity of the MOSPR sensor over
traditional SPR configuration is put as evidence. In particular AR
signal results the best choice in terms of accordance between
sensitivity and noise value, allowing calculating a limit of detec-
tion equal to 0.06 ppm, an order of magnitude better with respect
normalized MOSPR and SPR signals.
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